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Chapter 1 
 
1.1 
          / 23/ 2 gE kT

in BT e−=  
     (a) Silicon 

     (i) ( )( ) ( )( )
[ ]

3 / 215
6

19

8 3

1.15.23 10 250 exp
2 86 10 250

2.067 10 exp 25.58
1.61 10  cm

i

i

n

n

−

−

⎡ ⎤−⎢ ⎥= ×
×⎢ ⎥⎣ ⎦

= × −
= ×

 

     (ii) ( )( ) ( )( )
[ ]

3 / 215
6

19

11 3

1.15.23 10 350 exp
2 86 10 350

3.425 10 exp 18.27
3.97 10  cm

i

i

n

n

−

−

⎡ ⎤−⎢ ⎥= ×
×⎢ ⎥⎣ ⎦

= × −
= ×

 

 
     (b) GaAs 

     (i) ( )( ) ( )( )

( ) [ ]

3/ 214
6

17

3 3

1.42.10 10 250 exp
2 86 10 250

8.301 10 exp 32.56

6.02 10  cm

i

i

n

n

−

−

⎡ ⎤−⎢ ⎥= ×
×⎢ ⎥⎣ ⎦

= × −

= ×

 

     (ii) ( )( ) ( )( )

( ) [ ]

3/ 214
6

18

8 3

1.42.10 10 350 exp
2 86 10 350

1.375 10 exp 23.26

1.09 10  cm

i

i

n

n

−

−

⎡ ⎤−⎢ ⎥= ×
×⎢ ⎥⎣ ⎦

= × −

= ×

 

______________________________________________________________________________________ 
 
1.2 

     a. 3 / 2 exp
2i

Egn BT
kT

−⎛ ⎞= ⎜ ⎟
⎝ ⎠

 

          12 15 3 / 2
6

1.110 5.23 10 exp
2(86 10 )( )

T
T−

⎛ ⎞−
= × ⎜ ⎟×⎝ ⎠

 

          
3

4 3/ 2 6.40 101.91 10 expT
T

− ⎛ ⎞×
× = −⎜ ⎟

⎝ ⎠
 

     By trial and error,  368 KT ≈
     b.  9 310  cmin −=

          
( )( )

9 15 3 / 2
6

1.110 5.23 10 exp
2 86 10

T
T−

⎛ ⎞−⎜ ⎟= ×
⎜ ⎟×⎝ ⎠

 

          
3

7 3 / 2 6.40 101.91 10 expT
T

− ⎛ ⎞×
× = −⎜ ⎟

⎝ ⎠
 

     By trial and error,  268  KT ≈ °
______________________________________________________________________________________ 
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1.3 
     Silicon 

     (a) ( )( ) ( )( )

( ) [ ]

3/ 215
6

18

10 3

1.15.23 10 100 exp
2 86 10 100

5.23 10 exp 63.95

8.79 10  cm

i

i

n

n

−

− −

⎡ ⎤−⎢ ⎥= ×
×⎢ ⎥⎣ ⎦

= × −

= ×

 

 

     (b) ( )( ) ( )( )

( ) [ ]

3 / 215
6

19

10 3

1.15.23 10 300 exp
2 86 10 300

2.718 10 exp 21.32

1.5 10  cm

i

i

n

n

−

−

⎡ ⎤−⎢ ⎥= ×
×⎢ ⎥⎣ ⎦

= × −

= ×

 

 

     (c) ( )( ) ( )( )

( ) [ ]

3 / 215
6

19

14 3

1.15.23 10 500 exp
2 86 10 500

5.847 10 exp 12.79

1.63 10  cm

i

i

n

n

−

−

⎡ ⎤−⎢ ⎥= ×
×⎢ ⎥⎣ ⎦

= × −

= ×

 

 
      Germanium. 

     (a) ( ) ( ) ( )( )
( ) [ ]3 / 215 18

6

3

0.661.66 10 100 exp 1.66 10 exp 38.37
2 86 10 100

35.9 cm

i

i

n

n

−

−

⎡ ⎤−⎢ ⎥= × = × −
×⎢ ⎥⎣ ⎦

=

 

     (b) ( )( ) ( )( )
( ) [ ]3 / 215 18

6

13 3

0.661.66 10 300 exp 8.626 10 exp 12.79
2 86 10 300

2.40 10  cm

i

i

n

n

−

−

⎡ ⎤−⎢ ⎥= × = × −
×⎢ ⎥⎣ ⎦

= ×

 

     (c) ( )( ) ( )( )
( ) [ ]3 / 215 19

6

15 3

0.661.66 10 500 exp 1.856 10 exp 7.674
2 86 10 500

8.62 10  cm

i

i

n

n

−

−

⎡ ⎤−⎢ ⎥= × = × −
×⎢ ⎥⎣ ⎦

= ×
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1.4 

(a) n-type; cm ;  1510=on 3− ( ) 11
15

2132

1076.5
10

104.2
×=

×
==

o

i
o n

n
p cm  3−

(b) n-type; cm ;  1510=on 3− ( ) 5
15

2102

1025.2
10

105.1
×=

×
==

o

i
o n

n
p cm  3−

______________________________________________________________________________________ 
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1.5 

(a) p-type; cm ;  1610=op 3− ( ) 4
16

262

1024.3
10

108.1 −×=
×

==
o

i
o p

n
n cm  3−

 

(b) p-type; cm ;  1610=op 3− ( ) 10
16

2132

1076.5
10

104.2
×=

×
==

o

i
o p

n
n cm  3−

______________________________________________________________________________________ 
 
1.6 
     (a) n-type 
     (b) 

( )

16 3

2102
3 3

16

5 10  cm

1.5 10
4.5 10  cm

5 10

o d

i
o

o

n N

n
p

n

−

−

= = ×

×
= = = ×

×

 

     (c)  16 35 10  cmo dn N −= = ×

     From Problem 1.1(a)(ii) 11 33.97 10  cmin −= ×  

             
( )211

6 3
16

3.97 10
3.15 10  cm

5 10op −
×

= = ×
×

 

______________________________________________________________________________________ 
 
1.7 

(a) p-type; cm ; 16105×=op 3− ( ) 3
16

2102

105.4
105
105.1

×=
×
×

==
o

i
o p

n
n cm  3−

(b) p-type; cm ; 16105×=op 3− ( ) 5
16

262

1048.6
105
108.1 −×=

×
×

==
o

i
o p

n
n cm  3−

______________________________________________________________________________________ 
 
1.8 

(a) Add boron atoms 
(b) cm  17102×== oa pN 3−

(c) ( ) 3
17

2102

10125.1
102
105.1

×=
×
×

==
o

i
o p

n
n cm  3−

______________________________________________________________________________________ 
 
1.9 
     (a) 

( )

15 3

2102
4 3

15

5 10  

1.5 10
4.5 10  

5 10

o

i
o o

o

n cm

n
p p

n

−

cm−

= ×

×
= = ⇒ = ×

×

 

     (b) n-type ⇒> oo pn
     (c)  15 35 10  o dn N cm−≅ = ×
______________________________________________________________________________________ 
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1.10 
     a. Add Donors
          15 37 10  cmdN −= ×

6 3 210  cm /o i d

 

n N−= =       b. Want p

     So ( )( )2 6 15

2 3

10 7 10 7 10

exp

in

EgB T
kT

= × = ×

−⎛ ⎞= ⎜ ⎟
⎝ ⎠

21  

          ( ) ( )( )
221 15 3

6

1.17 10 5.23 10 exp
86 10

T
T−

⎛ ⎞−⎜ ⎟× = ×
⎜ ⎟×⎝ ⎠

 

     By trial and error,  324  KT ≈ °
______________________________________________________________________________________ 
 
1.11 

(a) mA ( )( )( ) 15.0105.110 5 =⇒=Ε= − IAI σ

(b) ( )( )
( ) 4.2

102
4.0102.1

4

3

=
×

×
==Ε⇒

Ε
=

−

−

A
IAI ρ

ρ
V/cm 

______________________________________________________________________________________ 
 
1.12 

    ( ) 167.6
18
120 −−Ω==

Ε
=⇒Ε= cmJJ σσ  

    ( )
( )( )

16
19 1033.3

1250106.1
67.6

×=
×

==⇒≅
−

n
ddn e

NNe
μ
σμσ cm  3−

______________________________________________________________________________________ 
 
1.13 

(a) ( )( )( )
15

19 1069.7
65.01250106.1

111
×=

×
==⇒≅

−ρμμ
ρ

n
d

dn e
N

Ne
cm  3−

(b) ( )( ) 10416065.0 ===Ε⇒
Ε

= JJ ρ
ρ

V/cm 

______________________________________________________________________________________ 
 
1.14 

(a) ( )( )
15

19 10375.9
1000106.1

5.1
×=

×
==⇒≅

−
n

ddn e
NNe

μ
σμσ cm  3−

(b) ( )( )
16

19 1025.1
400106.1

8.0
×=

×
== −

p
a e

N
μ
σ cm  3−

______________________________________________________________________________________ 
 
1.15 
     (a) For n-type, ( )( )191.6 10 8500n d de N Nσ μ −≅ = ×  

          For ( ) 115 19 3 410 10  1.36 1.36 10dN cm cmσ −−≤ ≤ ⇒ ≤ ≤ × Ω −  

     (b) ( ) 3 20.1 0.136 1.36 10  /J E Jσ σ= = ⇒ ≤ ≤ × A cm  
______________________________________________________________________________________ 
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1.16 
    cm 2 /s;  ( )( ) 5.321250026.0 ==nD ( )( ) 7.11450026.0 ==pD cm /s 2

    ( )( ) 52
001.00
10105.32106.1

1216
19 −=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−
−

×== −

dx
dneDJ nn A/cm 2  

    ( )( ) 72.18
001.00
10107.11106.1

1612
19 −=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−
−

×−=−= −

dx
dpeDJ pp A/cm  2

     Total diffusion current density 
          A/cm 2  7.7072.1852 −=−−=J
______________________________________________________________________________________ 
 
1.17 

          
( )

( )( )( )

15

19 15

4

/

110 exp

1.6 10 15 10
exp

10 10

2.4 p

p p

p
p p

p
p

x L
p

dpJ eD
dx

xeD
L L

xJ
L

J e

−

−

−

= −

⎛ ⎞ ⎛ ⎞− −
= − ⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠

× ⎛ ⎞−
= ⎜ ⎟⎜ ⎟× ⎝ ⎠

=

 

     (a) x = 0  22.4 A/cmpJ =

     (b) 10 mx μ=   1 22.4 0.883 A/cmpJ e−= =

     (c) 30 mx μ=   3 22.4 0.119 A/cmpJ e−= =
______________________________________________________________________________________ 
 
1.18 
     a. 17 3 17 310  cm 10  cma oN p− −= ⇒ =  

               
( )262

5 3
17

1.8 10
3.24 10  cm

10
i

o o
o

n
n n

p
− −

×
= = ⇒ = ×  

     b. 5 15 15 3

17 15 17 3

3.24 10 10 10  cm
10 10 1.01 10  cm

o

o

n n n n
p p p p

δ
δ

− −

−

= + = × + ⇒ =
= + = + ⇒ = ×

 

______________________________________________________________________________________ 
 

1.19  ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= 2ln

i

da
Tbi n

NN
VV  

(a) (i)          ( ) ( )( )
( ) 661.0

105.1

105105ln026.0 210

1515

=
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡

×

××
=biV V 

(ii) ( ) ( )( )
( )

739.0
105.1

10105ln026.0 210

1517

=
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡

×

×
=biV V 

(iii) ( ) ( )( )
( ) 937.0

105.1

1010ln026.0 210

1818

=
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡

×
=biV V 
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(b) (i)           ( ) ( )( )
( ) 13.1

108.1

105105ln026.0 26

1515

=
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡

×

××
=biV V 

(ii) ( ) ( )( )
( ) 21.1

108.1

10105ln026.0 26

1517

=
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡

×

×
=biV V 

(iii) ( ) ( )( )
( ) 41.1

108.1

1010ln026.0 26

1818

=
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡

×
=biV V 

______________________________________________________________________________________ 
 
1.20 

          ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= 2ln

i

da
Tbi n

NN
VV  

     or 

          
( ) ( ) 16

16

22

1076.1
026.0
712.0exp

10
105.1exp ×=⎟

⎠
⎞

⎜
⎝
⎛×

=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

T

bi

d

i
a V

V
N
n

N cm  3−

______________________________________________________________________________________ 
 
1.21 

          ( )
( )16

2 1

10
ln 0.026 ln

(1.5 10 )
aa d

bi T
i

NN N
V V

n

⎡ ⎤⎛ ⎞
⎢ ⎥= =⎜ ⎟ ×⎢ ⎥⎝ ⎠ ⎣ ⎦

0 2

V
V

 

     For  15 310  , 0.637 a biN cm V−= =

     For  18 310  , 0.817 a biN cm V−= =
 

           
______________________________________________________________________________________ 
 
1.22 

          (0.026)
300
TkT ⎛ ⎞= ⎜ ⎟

⎝ ⎠
 

 kT (T)3/2

200 0.01733 2828.4 
250 0.02167 3952.8 
300 0.026 5196.2 
350 0.03033 6547.9 
400 0.03467 8000.0 
450 0.0390 9545.9 
500 0.04333 11,180.3 
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          ( )( ) ( )( )
14 3/ 2

6

1.42.1 10 exp
2 86 10in T

T−

⎛ ⎞−⎜ ⎟= ×
⎜ ⎟×⎝ ⎠

 

          2ln a d
bi T

i

N N
V V

n
⎛ ⎞

= ⎜ ⎟
⎝ ⎠

 

T ni Vbi
200 1.256 1.405 
250 6.02 × 103 1.389 
300 1.80 × 106 1.370 
350 1.09 × 108 1.349 
400 2.44 × 109 1.327 
450 2.80 × 1010 1.302 
500 2.00 × 1011 1.277 

 

           
______________________________________________________________________________________ 
 
1.23 

          
1/ 2

1 R
j jo

bi

V
C C

V

−
⎛ ⎞

= +⎜ ⎟
⎝ ⎠

 

          ( )
( )( )

( )
16 15

10 2

1.5 10 4 10
0.026 ln 0.684 V

1.5 10biV
⎡ ⎤× ×
⎢ ⎥= =

×⎢ ⎥⎣ ⎦
 

     (a) ( )
1/ 210.4 1 0.255 pF

0.684jC
−

⎛ ⎞= + =⎜ ⎟
⎝ ⎠

 

     (b) ( )
1/ 230.4 1 0.172 pF

0.684jC
−

⎛ ⎞= + =⎜ ⎟
⎝ ⎠

 

     (c) ( )
1/ 250.4 1 0.139 pF

0.684jC
−

⎛ ⎞= + =⎜ ⎟
⎝ ⎠

 

______________________________________________________________________________________ 
 
1.24 

     (a) 
1 2

1
/

R
j jo

bi

V
C C

V

−
⎛ ⎞

= +⎜ ⎟
⎝ ⎠

 

          For VR = 5 V, 
1 25(0 02) 1 0 00743 

0 8

/

jC . . p
.

−
⎛ ⎞= + =⎜ ⎟
⎝ ⎠

F  

         For VR = 1.5 V, 
1 21 5(0 02) 1 0 0118 

0 8

/

j
.C . . p
.

−
⎛ ⎞= + =⎜ ⎟
⎝ ⎠

F  
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          0 00743 0 0118( ) 0 00962 
2j

. .C avg . pF+
= =  

          ( ) ( ) ( ) ( )( ) t /
C C C Cv t v final v initial v final e τ−= + −  

     where 
           3 1( ) (47 10 )(0 00962 10 )jRC RC avg .τ −= = = × × 2

    or 
           104 52 10  . sτ −= ×
     Then ( ) ( )1 5 0 5 0 it /

Cv t . e τ−= = + −  

          1 /
1

5 5ln
1.5 1.5

re tτ τ+ ⎛ ⎞= ⇒ = ⎜ ⎟
⎝ ⎠

 

          10
1 5.44 10  t s−= ×  

     (b) For VR = 0 V, Cj = Cjo = 0.02 pF 

     For VR = 3.5 V, ( )
1/ 23.50.02 1 0.00863 

0.8jC p
−

⎛ ⎞= + =⎜ ⎟
⎝ ⎠

F  

          0.02 0.00863( ) 0.0143 
2jC avg pF+

= =  

           ( ) 106.72 10jRC avg sτ −= = ×

          ( ) ( ) ( ) ( )( ) /t
C C C Cv t v final v initial v final e τ−= + −  

          ( )2 2/ /3.5 5 (0 5) 5 1t te eτ τ− −= + − = −   

     so that 10
2 8.09 10  t s−= ×  

______________________________________________________________________________________ 
 
1.25 

          
2/1

1
−

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+=

bi

R
joj V

VCC ;   ( ) ( )( )
( )

739.0
105.1

10105ln026.0 210

1715

=
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡

×

×
=biV V 

      For V, 1=RV

                           391.0

739.0
11

60.0
=

+

=jC pF 

      For V, 3=RV

                           267.0

739.0
31

60.0
=

+

=jC pF 

      For V, 5=RV

                          215.0

739.0
51

60.0
=

+

=jC pF 

(a) 
( )( )

57.6
10391.0105.12

1
2

1
123

=⇒
××

==
−−

oo f
LC

f
ππ

MHz 

(b) 
( )( )

MHzff oo 95.7
10267.0105.12

1
123

=⇒
××

=
−−π
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(c) 
( )( )

86.8
10215.0105.12

1
123

=⇒
××

=
−−

oo ff
π

MHz 

______________________________________________________________________________________ 
 
1.26 

     a. exp 1 0.90 exp 1D D
S

T T

V VI I
V V

⎡ ⎤⎛ ⎞ ⎛ ⎞
= − − =⎢ ⎥⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠⎣ ⎦
−  

          exp 1 0.90 0.10D

T

V
V

⎛ ⎞
= − =⎜ ⎟

⎝ ⎠
 

          ( )ln 0.10 0.0599 VD T DV V V= ⇒ = −  
     b. 

          

0.2exp 1 exp 1
0.026

0.2exp 1exp 1 0.026

2190
1

2190

F

TSF

R S R

T

F

R

V
VII

I I V
V

I
I

⎡ ⎤⎛ ⎞ ⎛ ⎞−⎢ ⎥ −⎜ ⎟ ⎜ ⎟⎝ ⎠⎣ ⎦ ⎝= ⋅ =
−⎡ ⎤ ⎛⎛ ⎞

⎠
⎞ −− ⎜ ⎟⎢ ⎥⎜ ⎟ ⎝ ⎠⎝ ⎠⎣ ⎦

=
−

=

 

______________________________________________________________________________________ 
 

1.27   
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
= 1exp

T

D
SD V

VII  

(a) (i)          ( ) μ03.1
026.0

3.0exp10 11 ⇒⎟
⎠
⎞

⎜
⎝
⎛= −

DI A 

(ii) ( ) 25.2
026.0
5.0exp10 11 ⇒⎟

⎠
⎞

⎜
⎝
⎛= −

DI mA 

(iii) ( ) 93.4
026.0
7.0exp10 11 ⇒⎟

⎠
⎞

⎜
⎝
⎛= −

DI A 

(iv) ( ) 1211 1037.51
026.0

02.0exp10 −− ×−=⎥
⎦

⎤
⎢
⎣

⎡
−⎟

⎠
⎞

⎜
⎝
⎛ −=DI A 

(v) ( ) 1111 101
026.0

20.0exp10 −− −≅⎥
⎦

⎤
⎢
⎣

⎡
−⎟

⎠
⎞

⎜
⎝
⎛ −=DI A 

(vi) A ( )1110−−=DI
 

(b) (i)           ( ) μ0103.0
026.0

3.0exp10 13 ⇒⎟
⎠
⎞

⎜
⎝
⎛= −

DI A 

(ii) ( ) μ5.22
026.0
5.0exp10 13 ⇒⎟

⎠
⎞

⎜
⎝
⎛= −

DI A 

(iii) ( ) 3.49
026.0
7.0exp10 13 ⇒⎟

⎠
⎞

⎜
⎝
⎛= −

DI mA 
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(iv) ( ) 1413 1037.51
026.0

02.0exp10 −− ×−=⎥
⎦

⎤
⎢
⎣

⎡
−⎟

⎠
⎞

⎜
⎝
⎛ −=DI A 

(v) A 1310−−≅DI

(vi) A 1310−−≅DI
______________________________________________________________________________________ 
 

1.28  ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

S

D
TD I

I
VV ln  

(a) (i)  ( ) 359.0
10

1010ln026.0 11

6

=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ×
= −

−

DV V 

             ( ) 419.0
10

10100ln026.0 11

6

=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ×
=

−

−

DV V 

             ( ) 479.0
10
10ln026.0 11

3

=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= −

−

DV V 

      (ii) 018.01
026.0

exp10105 1112 −=⇒⎥
⎦

⎤
⎢
⎣

⎡
−⎟

⎠

⎞
⎜
⎝

⎛=×− −−
D

D V
V

V 

(b) (i)  ( ) 479.0
10

1010ln026.0 13

6

=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ×
= −

−

DV V 

             ( ) 539.0
10

10100ln026.0 13

6

=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ×
=

−

−

DV V 

             ( ) 599.0
10
10ln026.0 13

3

=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= −

−

DV V 

(ii) 00274.01
026.0

exp1010 1314 −=⇒⎥
⎦

⎤
⎢
⎣

⎡
−⎟

⎠

⎞
⎜
⎝

⎛=− −−
D

D V
V

V 

______________________________________________________________________________________ 
 
1.29 

     (a) 3 0.710 exp
0.026SI− ⎛ ⎞= ⎜ ⎟

⎝ ⎠
 

           152.03 10  ASI −= ×
     (b) 

DV  ( ) ( 1)DI A n =  ( )( )2DI A n =  

0.1  149.50 10 −×   141.39 10 −×  
0.2  124.45 10 −×   149.50 10 −×  
0.3  102.08 10 −×   136.50 10 −×  
0.4  99.75 10 −×   124.45 10 −×  
0.5  74.56 10 −×   113.04 10 −×  
0.6  52.14 10 −×   102.08 10 −×  
0.7  310 −   91.42 10 −×  
______________________________________________________________________________________ 
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1.30 
     (a) 
          1210SI A−=  
VD(v) ID(A) log10ID
0.10 114 68 10. −×  10 3.−  
0.20 92 19 10. −×  8 66.−  
0.30 71 03 10. −×  6 99.−  
0.40 64 80 10. −×  5 32.−  
0.50 42 25 10. −×  3 65.−  
0.60 21 05 10. −×  1 98.−  
0.70 14 93 10. −×  0 307.−  
     (b) 
          1410SI A−=  
VD(v) ID(A) log10ID
0.10 134 68 10. −×  12 3.−  
0.20 112 19 10. −×  10 66.−  
0.30 91 03 10. −×  8 99.−  
0.40 84 80 10. −×  7 32.−  
0.50 62 25 10. −×  5 65.−  
0.60 41 05 10. −×  3 98.−  
0.70 34 93 10. −×  2 31.−  
______________________________________________________________________________________ 
 
1.31 
     a. 

          
2 2 1

1

10 exp

ln (10) 59.9 mV 60 mV

D D D

D T

D T D

I V V
I V
V V V

⎛ ⎞−
= = ⎜ ⎟

⎝ ⎠
Δ = ⇒ Δ = ≈

 

     b. ( )ln 100 119.7 mV 120 mVD T DV V VΔ = ⇒ Δ = ≈  
______________________________________________________________________________________ 
 
1.32 

(a) (i)  ( ) 539.0
102
2ln026.0 9 =⎟

⎠
⎞

⎜
⎝
⎛

×
=

−DV V 

(ii) ( ) 599.0
102
20ln026.0 9 =⎟

⎠
⎞

⎜
⎝
⎛

×
=

−DV V 

(b) (i)  ( ) 60.9
026.0
4.0exp102 9 ⇒⎟

⎠
⎞

⎜
⎝
⎛×= −

DI mA 

(ii) ( ) 144
026.0
65.0exp102 9 ⇒⎟

⎠
⎞

⎜
⎝
⎛×= −

DI A 

______________________________________________________________________________________ 
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1.33 

          

3

14

3

12

2 10ln (0 026) ln 0 6347 V
5 10

2 10(0 026) ln 0 5150 V
5 10

0 5150 0 6347 V

D
D t

S

D

D

IV V . .
I

V . .

. V .

−

−

−

−

⎛ ⎞ ⎛ ⎞×
= = =⎜ ⎟ ⎜ ⎟×⎝ ⎠⎝ ⎠

⎛ ⎞×
= =⎜ ⎟×⎝ ⎠

≤ ≤

 

______________________________________________________________________________________ 
 
1.34 

(a) AII SS
83 1046.1

026.0
30.0exp105.1 −− ×=⇒⎟

⎠
⎞

⎜
⎝
⎛=×  

(b)   (i) ( ) 3.10
026.0
35.0exp10462.1 8 =⇒⎟

⎠
⎞

⎜
⎝
⎛×= −

DD II mA 

(ii) ( ) 219.0
026.0
25.0exp10462.1 8 =⇒⎟

⎠
⎞

⎜
⎝
⎛×= −

DD II mA 

______________________________________________________________________________________ 
 
1.35 

(a) ( ) 31.2
026.0
8.0exp10 22 ⇒⎟

⎠
⎞

⎜
⎝
⎛= −

DI nA 

       ( ) μ05.5
026.0
0.1exp10 22 ⇒⎟

⎠
⎞

⎜
⎝
⎛= −

DI A 

       ( ) 1.11
026.0
2.1exp10 22 ⇒⎟

⎠
⎞

⎜
⎝
⎛= −

DI mA 

       ( ) 2322 1037.51
026.0

02.0exp10 −− ×−=⎥
⎦

⎤
⎢
⎣

⎡
−⎟

⎠
⎞

⎜
⎝
⎛ −=DI  A 

 
For V,  A 20.0−=DV 2210−−=DI

For V, A 2−=DV 2210−−=DI
     (b) 

       ( ) 115
026.0
8.0exp105 24 ⇒⎟

⎠
⎞

⎜
⎝
⎛×= −

DI pA 

       ( ) μ253.0
026.0
0.1exp105 24 ⇒⎟

⎠
⎞

⎜
⎝
⎛×= −

DI A 

       ( ) 554.0
026.0
2.1exp105 24 ⇒⎟

⎠
⎞

⎜
⎝
⎛×= −

DI mA 

       ( ) 2424 1068.21
026.0

02.0exp105 −− ×−=⎥
⎦

⎤
⎢
⎣

⎡
−⎟

⎠
⎞

⎜
⎝
⎛ −×=DI A 

     For V, A 20.0−=DV 24105 −×−=DI

     For V,   A 2−=DV 24105 −×−=DI
______________________________________________________________________________________ 
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1.36 
           IS doubles for every 5C increase in temperature. 
          1210  SI A−=  at T = 300K 
     For 120.5 10  T 295 KSI A−= × ⇒ =  
     For  1250 10  , (2) 50 5.64n

SI A n−= × = ⇒ =
     Where n equals number of 5C increases. 
     Then  ( )( )5.64 5 28.2 T KΔ = =

     So 295 328.2 T K≤ ≤  
______________________________________________________________________________________ 
 
1.37 

          / 5( )
2 , 155  C

( 55)
TS

S

I T
T

I
Δ= Δ =

−
°  

          155 / 5 9(100)
2 2.147 1

( 55)
S

S

I
I

= = ×
−

0  

           @100 C 373 K 0.03220T TV V° ⇒ ° ⇒ =
           @ 55 C 216 K 0.01865T TV V− ° ⇒ ° ⇒ =

          ( )(
( )

)

9

9 8

13

3

0.6exp
(100) 0.0322(2.147 10 )

0.6( 55) exp
0.01865

2.147 10 1.237 10

9.374 10

(100) 2.83 10
( 55)

D

D

D

D

I
I

I
I

⎛ ⎞
⎜ ⎟
⎝ ⎠= × ×

− ⎛ ⎞
⎜ ⎟
⎝ ⎠

× ×
=

×

= ×
−

 

______________________________________________________________________________________ 
 
1.38 

(a)  DDPS VRIV +=

       ;    ( ) DD VI += 6108.2 ( ) ⎟
⎠

⎞
⎜
⎝

⎛×= −

026.0
exp105 11 D

D
V

I  

   By trial and error, 
       V,  282.0=DV μ52.2=DI A 
(b) 
       A,  V 11105 −×−≅DI 8.2−=DV

______________________________________________________________________________________ 
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1.39 

          ( )410 2 10D DI V= × +  and ( ) 120.026 ln
10

D
D

I
V −

⎛ ⎞= ⎜ ⎟
⎝ ⎠

 

Trial and error. 
VD(v) ID(A) VD(v) 
0.50 44.75 10−×  0.5194 
0.517 44.7415 10−×  0.5194 
0.5194 44.740 10−×  0.5194 
 

          
0.5194 V

0.4740 mA
D

D

V

I

=

=
 

______________________________________________________________________________________ 
 
1.40 
           135 10  AsI −= ×

           
 

          2

1 2

30(1.2) (1.2) 0.45 V
80TH

R
V

R R
⎛ ⎞ ⎛ ⎞= = =⎜ ⎟ ⎜ ⎟+ ⎝ ⎠⎝ ⎠

 

          0.45 , ln D
D TH D D T

S

I
I R V V V

I
⎛ ⎞

= + = ⎜ ⎟
⎝ ⎠

 

     By trial and error: 
          2.56 A, 0.402 VD DI Vμ= =  
______________________________________________________________________________________ 
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1.41 

(a) mA 121 == DD II

(i) ( ) 599.0
10
10ln026.0 13

3

21 =⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
==

−

−

DD VV V 

(ii) ( ) 617.0
105

10ln026.0 14

3

1 =⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

×
=

−

−

DV V 

              ( ) 557.0
105

10ln026.0 13

3

2 =⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

×
=

−

−

DV V 

(b)  21 DD VV =

(i) 5.0
221 === i

DD
I

II mA 

               ( ) 581.0
10

105.0ln026.0 13

3

21 =⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ×
== −

−

DD VV V 

(ii) 10.0
105
105

13

14

2

1

2

1 =
×
×

==
−

−

S

S

D

D

I
I

I
I  

     So    21 10.0 DD II =
            mA 11.1 221 ==+ DDD III
    So    mA,  mA 909.02 =DI 0909.01 =DI
   Now 

             ( ) 554.0
105

100909.0ln026.0 14

3

1 =⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

×
×

=
−

−

DV V 

             ( ) 554.0
105

10909.0ln026.0 13

3

2 =⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

×
×

= −

−

DV V 

______________________________________________________________________________________ 
 
1.42 

(a) ( ) 426.2
026.0
635.0exp106 14

3 ⇒⎟
⎠
⎞

⎜
⎝
⎛×= −

DI mA 

       635.0
1
635.0

==RI mA 

       mA 061.3635.0426.221 =+== DD II

       ( ) 641.0
106

10061.3ln026.0 14

3

21 =⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

×
×

==
−

−

DD VV V 

       V ( ) 917.1635.0641.02 =+=IV
(b) mA 426.23 =DI

       27.1
5.0

635.0
==RI mA 

       mA 696.327.1426.221 =+== DD II

        ( ) 6459.0
106

10696.3ln026.0 14

3

21 =⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

×
×

==
−

−

DD VV V 

        V ( ) 927.1635.06459.02 =+=IV
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1.43 
     (a) Assume diode is conducting. 
     Then,  0.7 DV V Vγ= =

     So that 2
0 7 23 3 
30R
.I . Aμ= ⇒  

          1
1 2 0 7 50 

10R
. .I Aμ−

= ⇒  

     Then 1 2 50 23 3D R RI I I .= − = −  
     Or 26 7 DI . Aμ=  

     (b) Let  Diode is cutoff. 1 50 R k= Ω

          30 (1 2) 0 45 
30 50DV .= ⋅ =

+
. V  

     Since  ,    0D DV V Iγ< =

______________________________________________________________________________________ 
 
1.44 

           
     At node VA: 

     (1) 5
2 2

A A
D

V V
I

−
= +  

     At node  γVVV AB −=

     (2) ( ) ( )5
2 2
A r A r

D

V V V V
I

− − −
+ =  

     So 
( )5 5

3 2 2
A r A A AV V V V V V− − − −⎡ ⎤+ − =⎢ ⎥⎣ ⎦ 2

r

)
A

 

     Multiply by 6: 
           ( ) (10 2 15 6 3A r A A rV V V V V− − + − = −

          25  2 3 11r rV V V+ + =
     (a)  0.6 VrV =

           ( )11 25 5 0.6 28 2.545 VA AV V= + = ⇒ =
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     From (1) 5
2.5

2 2
A A

D A
V V

DI V I
−

= − = − ⇒  Neg. 0DI⇒ =  

     Both (a), (b) 0DI =  

          VA = 2.5, 2 5 2 V 0.50 V
5B DV V= ⋅ = ⇒ =  

______________________________________________________________________________________ 
 
1.45 

(a) ; ; for mA ( )1iO IV = 0=DI 7.00 ≤≤ iI
       V; mA;  for mA 7.0=OV ( 7.0−= iD II ) 7.0≥iI
 
(b) ; ;  for ( )1iO IV = 0=DI 7.10 ≤≤ iI mA 
       V; mA;  for mA 7.1=OV ( 7.1−= iD II ) 7.1≥iI
 
(c) V;  ; ;  for 7.0=OV iD II =1 02 =DI 20 ≤≤ iI mA 

______________________________________________________________________________________ 
 
1.46 
     Minimum diode current for VPS (min) 
          (min) 2 , 0.7 D DI mA V V= =  

          2 1
2 1

0 7 5 0 7 4 3,    . .I I
R R

−
= = =

1

.
R

 

     We have 1 2 DI I I= +  

     so (1) 
1 2

4 3 0 7 2. .
R R

= +  

     Maximum diode current for VPS (max) 
          ( )10 0 7 14 3 D D D DP I V I . I . mA= = ⇒ =  
          1 2 DI I I= +  
     or 

     (2) 
1 2

9 3 0 7 14 3. . .
R R

= +  

     Using Eq. (1), 1
1 1

9 3 4 3 2 14 3 0 41 Ω. . . R . k
R R

= − + ⇒ =  

     Then 2 82 5 82 5R . .= Ω Ω  
______________________________________________________________________________________ 
 
1.47 

(a) (i)  215.0
20

7.05
=

−
=I mA,  7.0=OV V 

(ii) 220.0
20

6.05
=

−
=I mA,  6.0=OV V 

(b) (i)  ( ) 2325.0
40

57.05
=

−−−
=I mA,  ( )( ) 35.05202325.0 −=−=OV V 

(iii) ( ) 235.0
40

56.05
=

−−−
=I mA,  ( )( ) 30.0520235.0 −=−=OV V 
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(c) (i) ( ) 372.0
25

87.02
=

−−−
=I mA,  ( )( ) 14.05372.02 =−=OV V 

(ii) ( ) 376.0
25

86.02
=

−−−
=I mA,  ( )( ) 12.05376.02 =−=OV V 

(d) (i)  ,  V 0=I 5−=OV
(ii) ,  V 0=I 5−=OV

______________________________________________________________________________________ 
 
1.48 

(a) 
20

5 OV
I

−
= ,  ( ) ⎟

⎠

⎞
⎜
⎝

⎛×= −

026.0
exp105 14 DV

I  

      By trial and error,  =DV 5775.0=OV V,  221.0=I mA 

(b) 
40

10 DVI −
= ,   ( ) DO VIV −−= 205

            mA,  V,  2355.0=I 579.0=DV 289.0−=OV  

(c) 
25

10 DVI −
= ,   ( )52 IVO −=

            mA, V,  3763.0=I 5913.0=DV 1185.0=OV  

(d)  A,  V 14105 −×−=I 5−≅OV
______________________________________________________________________________________ 
 
1.49 
     (a) Diode forward biased VD = 0.7 V 
               5 (0.4)(4.7) 0.7 2.42 VV V= + + ⇒ =  
     (b) (0.4)(0.7) 0.28 mωDP I V P= ⋅ = ⇒ =  
______________________________________________________________________________________ 
 
1.50 

     (a) 2 1 1

2

0
2 1

1 1

0.65 0.65 mA
1

2(0.65) 1.30 mA
2 5 3(0.65) 1.30 2.35 K

R D D

D

I r
D

I I I

I
V V VI R

R R

= = = =

= =
− − −

= = = ⇒ =

 

     (b) 2

2 2

1 2 2

1

0.65 0.65 mA
1

8 3(0.65) 3.025 mA
2

3.025 0.65
2.375 mA

R

D D

D D R

D

I

I I

I I I
I

= =

−
= ⇒ =

= − = −
=

 

______________________________________________________________________________________ 
 
1.51 
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     a. 
(0 026) 0 026 k 26

1

0 05 50 A   peak-to-peak

(26)(50)  A 1 30 mV  peak-to-peak

T
d

DQ

d DQ

d d d d

V . .
I

i . I

v i v .

τ

μ

τ μ

= = = Ω = Ω

= =

= = ⇒ =

 

 

     b. For (0 026)0 1 mA 260
0 1DQ d
.I .

.
τ= ⇒ = = Ω  

          0 05 5 A  peak-to-peakd DQi . I μ= =  
          (260)(5)  V 1 30 mV  peak-to-peakd d d dv i v .τ μ= = ⇒ =  
______________________________________________________________________________________ 
 
1.52 

(a) 1
026.0
026.0

===
DQ

T
d I

Vr k  Ω

(b) Ω⇒= 100
26.0

026.0
dr  

(c) Ω⇒= 10
6.2

026.0
dr  

______________________________________________________________________________________ 
 
1.53 

           
 
     a. diode resistance  d Tr V I= /

          

d T
d S

Td S
S

T
d s o

T S

r V Iv v
Vr R R
I

Vv v v
V IR

⎛ ⎞
⎜ ⎟⎛ ⎞ /

= = ⎜ ⎟⎜ ⎟+⎝ ⎠ ⎜ ⎟+⎜ ⎟
⎝ ⎠

⎛ ⎞
= =⎜ ⎟+⎝ ⎠

Sv
 

 
     b.  260SR = Ω

          
( ) ( )

0 0

0 0

0 0

0 0261 mA, 0 0909
0 026 (1)(0 26)

0 0260 1 mA, 0 50
0 026 0 1 0 26

0 0260 01 mA.    0 909
0 026 (0 01)(0 26)

T

S T S S

s S

S S

v vV .I .
v V IR . . v

v v.I . .
v . . . v

v v.I . .
v . . . v

⎛ ⎞
= = = ⇒ =⎜ ⎟+ +⎝ ⎠

= = ⇒ =
+

= = ⇒ =
+

 

______________________________________________________________________________________ 
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1.54 
    pn junction diode 

        ( ) 548.0
105

1072.0ln026.0 13

3

=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

×
×

=
−

−

DV V 

    Schottky diode 

         ( ) 249.0
105

1072.0ln026.0 8

3

=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

×
×

=
−

−

DV V 

______________________________________________________________________________________ 
 
1.55 

           
  

     Schottky:  exp a
S

T

V
I I

V
⎛ ⎞

≅ ⎜ ⎟
⎝ ⎠

 

          

3

7

0.5 10ln (0.026) ln
5 10

0.1796 

a T
S

IV V
I

V

−

−

⎛ ⎞ ⎛ ⎞×
= =⎜ ⎟ ⎜ ⎟×⎝ ⎠⎝ ⎠

=

 

     Then 

           
 of pn junction 0.1796 0.30

0.4796
aV = +

=

          
30 5 10

0 4796exp exp 0 026

S
a

T

I .I
.V
.V

−×
= =

⎛ ⎞ ⎛ ⎞
⎜ ⎟⎜ ⎟ ⎝ ⎠⎝ ⎠

 

          124 87 10  ASI . −= ×  
______________________________________________________________________________________ 
 
1.56 
 
(a) 
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           3

1 2 0 5 10I I . −+ = ×

          8 125 10  exp 10  exp 0 5 10D D

T T

V V
.

V V
− −⎛ ⎞ ⎛ ⎞

× + =⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

3−×  

 
 

          8 35 0001 10  exp 0 5 10D

T

V
. .

V
− −⎛ ⎞

× =⎜ ⎟
⎝ ⎠

×  

          
3

8

0 5 10(0 026) ln 0 2395
5 0001 10D D

.V . V .
.

−

−

⎛ ⎞×
= ⇒⎜ ⎟×⎝ ⎠

=  

     Schottky diode, 2 0 49999 mAI .=  

     pn junction, 1 0 00001 mAI .=  
     (b) 

           

          12 81 210  exp 5 10  expD D

T T

V V
I

V V
− −⎛ ⎞ ⎛

= = ×⎜ ⎟ ⎜
⎝ ⎠ ⎝

⎞
⎟
⎠

 

           1 2 0.9D DV V+ =

          

12 81 1

8 1

0.910  exp 5 10  exp

0.95 10  exp exp

D D

T T

D

T T

V V
V V

V
V V

− −

−

⎛ ⎞ ⎛ ⎞−
= ×⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠
⎛ ⎞ ⎛ −

= × ⎜ ⎟ ⎜
⎝ ⎠ ⎝

⎞
⎟
⎠

 

          
8

1
12

2 5 10 0 9exp  exp
0 02610

D

T

V .
V .

−

−

⎛ ⎞ ⎛ ⎞× ⎛ ⎞=⎜ ⎟ ⎜ ⎟ ⎜ ⎟
⎝ ⎠⎝ ⎠⎝ ⎠

 

          
8

1 12

5 102  ln 0 9 1 1813
10D TV V . .

−

−

⎛ ⎞×
= + =⎜ ⎟

⎝ ⎠
 

          1 0 5907  pn junctionDV .=  

          2 0 3093  Schottky diodeDV .=  

          12 0 590710  exp 7 35 mA
0 026
.I I
.

− ⎛ ⎞= ⇒ =⎜ ⎟
⎝ ⎠

.  

______________________________________________________________________________________ 
 
1.57 

           
  
           0 5 6 V at 0 1 mAZ Z ZV V . I .= = =
           10Zr = Ω
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           ( )( )0 1 10 1 mVZ ZI r .= =
          VZ0 = 5.599 
 
 
 
 
 
     a.  LR →∞⇒

          10 5 599 4 401 8 63 mA
0 50 0 01Z

Z

. .I .
R r . .
−

= = =
+ +

 

          ( )( )0 5.599 0.00863 10Z Z Z ZV V I r= + = +  
          0 5 685 VZV V .= =  

     b. 11 5 59911 V 10 59 mA
0 51PS Z

.V I .
.

−
= ⇒ = =  

           ( )( )0 5.599 0.01059 10 5.7049 VZV V= = + =

          9 5 5999 V 6 669 mA
0 51PS Z

.V I .
.

−
= ⇒ = =  

            ( )( )0 5.599 0.006669 10 5.66569 VZV V= = + =

          0 05 7049 5 66569 0 0392 VV . . V .Δ = − ⇒ Δ =  
     c. I = IZ + IL

          0 0 0,    ,    0PS Z
L Z

L Z

V V V V VI I I
R R r

− −
= = =  

          0 010 5 599
0 50 0 010 2

V V . V
. .
− −

= + 0  

          0
10 5 599 1 1 1

0 50 0 010 0 50 0 010 2
. V

. . . .
⎡ ⎤+ = + +⎢ ⎥⎣ ⎦

 

          20.0 + 559.9 = V0 (102.5) 
          0 5.658 VV =  
______________________________________________________________________________________ 
 
1.58 

(a) 4.6
5.0

8.610
=

−
=ZI mA 

        mW ( )( ) 5.438.64.6 === ZZVIP
(b) mA ( )( ) 64.04.61.0 ==ZI
        76.564.04.6 =−=LI mA 

        18.1
76.5
8.6
===⇒=

Z

Z
L

L

Z
L I

VR
R
VI kΩ  

______________________________________________________________________________________ 
 
1.59 
           ( )( )0.1 20 2 mVZ ZI r = =

           0 6 8 0 002 6 798 VZV . . .= − =
     a.  LR = ∞

          10 6 798 6 158 mA
0 5 0 02Z Z

.I I .
. .
−

= ⇒ =
+
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          ( )( )0 0 6.798 0.006158 20Z Z Z ZV V V I r= = + = +  
          0 6 921 VV .=  
 
 
 
 
     b. Z LI I I= +  

          0 010 6 798
0 50 0 020 1

V V . V
. .
− −

= + 0  

          0
10 6 798 1 1 1

0 30 0 020 0 50 0 020 1
. V

. . . .
⎡ ⎤+ = + +⎢ ⎥⎣ ⎦

 

          359.9 = V0 (53) 
          V0 = 6.791 V 
           0 6 791 6 921V . .Δ = −
          0 0.13 VVΔ = −  
______________________________________________________________________________________ 
 
1.60 
     For VD = 0, 0.1 ASCI =  

     For ID = 0 14

0.2ln 1
5 10D TV V −

⎛ ⎞= +⎜ ⎟×⎝ ⎠
 

          0.754 VD DCV V= =  
______________________________________________________________________________________ 
 
1.61   A 2.0,0 == DD IV
          V, A 60.0=DV 1995.0=DI
          V,  A 65.0=DV 1964.0=DI
          V,  A 70.0=DV 1754.0=DI
          V,  A 72.0=DV 1468.0=DI
            V,  A 74.0=DV 0853.0=DI
          V,   7545.0=DV 0=DI
______________________________________________________________________________________ 
 
1.62 

(a) ( ) 7126.01
026.0

exp10520.016.0 14 =⇒⎥
⎦

⎤
⎢
⎣

⎡
−⎟

⎠

⎞
⎜
⎝

⎛×−= −
D

D V
V

V 

(b) W ( )( ) 114.07126.016.0 ==P
______________________________________________________________________________________ 
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Chapter 2 
 
2.1 

(a) For 6.0>Iυ V, ( )6.0
1020
1000

−⎟
⎠
⎞

⎜
⎝
⎛= IO υυ  

For 6.0<Iυ V, 0=Oυ  

(b) (ii) ( )[ ]6.0sin10
1020
10000 1 −⎟

⎠
⎞

⎜
⎝
⎛== tO ωυ  

             Then ( ) 06.0
10

6.0sin 1 ==tω ( ) πω 01911.044.31 ⇒°=⇒ t rad 

             Also  ( ) πω 9809.056.17644.31802 ⇒°=−=t  rad 
     Now 

            ( ) ( ) [ ]dxxdtt
T

avg
T

OO ∫∫ −==
π

π
υυ

2

00

6.0sin10
2
11  

                          ⎥
⎦

⎤
⎢
⎣

⎡
−−=

π

π

π

ππ

9809.0

01911.0

9809.0

01911.0
6.0cos10

2
1 xx  

                          = ( )( ) ([ ]ππ
π

01911.09809.06.09982.09982.010
2
1

−−−−− )  

           ( ) 89.2=avgOυ V 
 

       (iii) ( ) 2157.96.0
2

sin10
1020
1000

=⎥
⎦

⎤
⎢
⎣

⎡
−⎟

⎠
⎞

⎜
⎝
⎛

⎟
⎠
⎞

⎜
⎝
⎛=

πυ peakO V;  ( ) 2157.9max =di mA 

       (iv) V 10=PIV
______________________________________________________________________________________ 
 
2.2 

           

          

0

0

0
0

ln  and 

ln

I D

D
D T D

S

I T
S

v v v

viv V i
I R

vv v V
I R

= −

⎛ ⎞
= =⎜ ⎟

⎝ ⎠
⎛ ⎞

= − ⎜ ⎟
⎝ ⎠  

______________________________________________________________________________________ 
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2.3 

(a) 97.16
10
12120 =⎟
⎠
⎞

⎜
⎝
⎛=Sυ V (peak) 

        ( ) 27.16=peakOυ V 

(b) ( ) 14.8
2
27.16

==peakiD mA 

(c) 7.0sin97.16 −= tO ωυ  

                 ( ) ( ) °=⇒== 364.204125.0
97.16
7.0sin 11 tt ωω  

                                                  ( ) °=−= 64.177364.21802tω  

        %7.48%100
360

364.264.177% =×⎟
⎠
⎞

⎜
⎝
⎛ −

=  

(d) 

        ( ) [ ]dxxavgO ∫ −=
π

π
π

υ
9869.0

01313.0

7.0sin97.16
2
1  

                      ( ) ⎥
⎦

⎤
⎢
⎣

⎡
−−=

π

π

π

ππ

9869.0

01313.0

9869.0

01313.0
7.0cos97.16

2
1 xx  

                      ( )( ) ([ ]π
π

9738.07.099915.099915.097.16
2
1

−−−−= )  

         ( ) 06.5=avgOυ V 
 

(e) ( ) ( )
53.2

2
06.5

2
===

avg
avgi O

D
υ

mA 

______________________________________________________________________________________ 
 
2.4 

(a) ( ) 7.9sin1597.0sin15 −=−−= tttR ωωυ  

             ( ) πω 2238.029.40
15

7.9sin 1
1 ⇒°=⎟

⎠
⎞

⎜
⎝
⎛= −t  rad 

             ( ) πω 7762.071.13929.401802 ⇒°=−=t  rad 

        ( ) [ ]dxxavgR ∫ −=
π

π
π

υ
7762.0

2238.0

7.9sin15
2
1  

                      ( ) ( )( ) ([ ]π
ππ

π

π

π

π
5523.07.97628.07628.015

2
17.9cos15

2
1 7762.0

2238.0

7762.0

2238.0
−−−−=⎥

⎦

⎤
⎢
⎣

⎡
−−= xx )  

         ( ) 9628.0=avgRυ V 
 

         ( ) Ω=⇒== 20.19628.08.0 R
R

avgiD  

(b) 

         %6.27%100
360

29.4071.139% =×⎟
⎠
⎞

⎜
⎝
⎛ −

=  

______________________________________________________________________________________ 
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2.5 

(a) ( ) ( )
Ω=

−
=⇒= 417.4

2.1
7.915R

R
peak

peaki Rυ  

(b) ( ) 7.9sin15 −= ttR ωυ  
            ( ) πω 2238.01 =t ;  ( ) πω 7762.02 =t  

        ( ) [ ]dxxavgR ∫ −=
π

π
π

υ
7762.0

2238.0

7.9sin151  

     Or from Problem 2.4,  ( ) ( ) 9256.19628.02 ==avgRυ V 

         ( ) ( )
436.0

417.4
9256.1

===
R
avg

avgi R
D

υ
A 

(c) 

         %6.27%100
360

29.4071.139% =×⎟
⎠
⎞

⎜
⎝
⎛ −

=  

______________________________________________________________________________________ 
 
2.6 

(a) ( ) 7.127.012 =+=peakSυ V 

         4.13
7.12
2120

2

1 ==
N
N

 

(b) Ω== 60
2.0

12R  

        ( )( )( ) μ6667
25.060602

12
2

⇒==
r

M

fRV
V

C F 

(c) ( ) ( ) 7.247.07.122max2 =−=−= γυ VPIV S V 
______________________________________________________________________________________ 
 
2.7 

          ( ) ( )0 02 max maxS Sv v V v v V2γ γ= − ⇒ = +  

     a. For ( ) ( ) ( )0 max 25 V max 25 2 0.7 = 26.4 VSv v= ⇒ = +  

          

1 1

2 2

160 6.06
26.4

N N
N N

= ⇒ =
 

     b. For  ( ) ( )0 max 100 V max 101.4 VSv v= ⇒ =

          

1 1

2 2

160 1.58
101.4

N N
N N

= ⇒ =
 

     From part (a) ( ) ( )2 max 2 26.4 0.SPIV v Vγ= − = 7−  

     or 52.1 PIV V=  or, from part (b) ( )2 101.4 0.7PIV = −  or 202.1 PIV V=  
______________________________________________________________________________________ 
 
2.8 
     (a) 

          
( )

(max) 12 2(0.7) 13.4 V
13.4rms (rms) 9.48 V

2

s

s s

v

v v

= + =

= ⇒ =
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     (b) 

          ( ) ( )( )

2  2  
12 2222 F

2 60 0.3 150

M M
r

C r

V VV C
f R f V R

C C μ

= ⇒ =

= ⇒ =
 

     (c) 

          

( )

2,  peak 1

2 1212 1
150 0.3

,  peak 2.33 A

M M
d

r

d

V Vi
R V

i

π

π

⎡ ⎤
= +⎢ ⎥

⎢ ⎥⎣ ⎦
⎡ ⎤
⎢ ⎥= +
⎢ ⎥⎣ ⎦

=
 

______________________________________________________________________________________ 
 
2.9 
     (a) 

          

( )

( ) ( ) ( )

max 12 0.7 12.7 
max

rms rms 8.98 
2

S

S
S S

v V
v

v v

= + =

= ⇒ = V
 

     (b) ( )( )( )
12

60 150 0.3
M M

r
r

V V
V C

fRC fRV
= ⇒ = =

 or 
4444 C Fμ=

 

     (c) For the half-wave rectifier ( ),  max
12 121 4 1 4

2 150 2 0.3
M M

D
r

V Vi
R V

π π
⎛ ⎞⎛ ⎞

= + = +⎜ ⎟⎜ ⎟⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠  or , max 4.58 Di A=
 

______________________________________________________________________________________ 
 
2.10 

(a) ( ) 3.97.010 =−=peakOυ V 

(b) ( )( )( ) μ620
5.050060

3.9
⇒==

r

M

fRV
V

C F 

(c) V 3.193.910 =+=PIV
______________________________________________________________________________________ 
 
2.11 

(a) 3.123.10 ≤≤ Oυ V 

(b) ( )( )( )610350100060
3.12

−×
==

fRC
VV M

r 586.0= V 

        
( )( )( ) 490.0

10350100060
3.10

6
=

×
=

−rV V 

   So  V 586.0490.0 ≤≤ rV

(c) ( )( )( ) μ513
4.0100060

3.12
⇒==

r

M

fRV
V

C F 

______________________________________________________________________________________ 
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2.12  

(a) ( ) ( ) 02.1225.8 ==peakSυ V 
       32.117.002.12

max
=−=OV V 

(b) ( )( )( ) 03773.0
25.010602

32.11
2

===
r

M

RVf
V

C F 

(c) PIV ( ) ( ) 34.237.002.1222 =−=−= γυ VpeakS V 
______________________________________________________________________________________ 
 
2.13 
     (a) 

          

( ) ( )

( )

peak 15 2 0.7 16.4 V
16.4rms 11.6 V

2

s

s

v

v

= + =

= =
 

     (b) ( )( )( )
15 2857 F

2  2 60 125 0.35
M

r

VC
f RV

μ= = =
 

______________________________________________________________________________________ 
 
2.14 

           
______________________________________________________________________________________ 
 
2.15 

(a) 8.12=Sυ V 

        3.13
8.12
2120

2

1 ==
N
N

 

(b) Ω== 24
5.0

12R  

       V ( )( ) 36.01203.0%3 ==⇒= rr VV

        ( )( )( ) 0116.0
36.024602

12
2

===
r

M

fRV
V

C F 

(c) ( ) ( )
⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
+=⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛
+=

36.0
1221

24
122

1 ππ
r

MM
D V

V
R

V
peaki  

        A ( ) 3.13=peakiD
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(d) ( ) ( ) ( )
⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
+⎟

⎠
⎞

⎜
⎝
⎛=⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛
+⋅=

36.0
122

2
1

24
12

12
36.0212

2
1

21 π
π

π
π r

MM

M

r
D V

V
R

V
V
V

avgi  

       A ( ) 539.0=avgiD

(e) 8.24128.12 =+=PIV V 
______________________________________________________________________________________ 
 
2.16 

(a) ( ) 6.108.029 =+=Sυ V 

        16
6.10
2120

2

1 ==
N
N

 

(b)  Ω== 90
1.0

9R  

      
r

M

fRV
V

C
2

= ( )( )( ) μ4167
2.090602

9
⇒= F 

(c)  ( ) ( ) 08.3
2.0
921

90
92

1 =⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
+=⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛
+= ππ

r

MM
D V

V
R

V
peaki A 

(d) ( ) ( ) ( )
⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
+⎟

⎠
⎞

⎜
⎝
⎛=⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛
+⋅=

2.0
92

2
1

90
9

9
2.0212

2
1

21 π
π

π
π r

MM

M

r
D V

V
R

V
V
V

avgi  

        A ( ) 1067.0=avgiD

(e) PIV ( ) 8.98.06.10max =−=−= γυ VS V 
______________________________________________________________________________________ 
 
2.17 

           

           
     For  0iv >

           

      0Vγ =

     Voltage across 1L iR R v+ =  
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     Voltage Divider 
0

1

1
2

L
i i

L

R
v v

R R
⎛ ⎞

⇒ = =⎜ ⎟+⎝ ⎠
v

 

           
______________________________________________________________________________________ 
 
2.18 

     For  ( )0,  0iv Vγ> =

           
     a. 

          

2
0

2 1

2

0

||
||

|| 2.2 || 6.8 1.66 kΩ
1.66 0.43

1.66 2.2

L
i

L

L

i i

R Rv v
R R R

R R

v v

⎛ ⎞
= ⎜ ⎟+⎝ ⎠
= =

⎛ ⎞= =⎜ ⎟+⎝ ⎠
v

 

           

     b. 
( ) ( ) ( )0

0 0

max
rms rms 3.04 

2
v

v v= ⇒ = V
 

______________________________________________________________________________________ 
 
2.19 

(a) 975.0
4
9.3
==LI mA 

       342.1
12

9.320
=

−
=II mA 

       mA 367.0975.0342.1 =−=−= LIZ III
       mW ( )( ) 43.19.3367.0 === ZZZ VIP

(b) 39.0
10

9.3
==LI mA 

       mA 952.039.0342.1 =−=ZI
       mW ( )( ) 71.39.3952.0 ==ZP

______________________________________________________________________________________ 
 
 



Microelectronics: Circuit Analysis and Design, 4th edition                                                                Chapter 2 
By D. A. Neamen                                                                                                                  Problem Solutions 
______________________________________________________________________________________ 
 
2.20 
     (a) 

          ( )( )

40 12 0.233 A
120

0.233 12 2.8 W

ZI

P

−
= =

= =  
     (b) IR = 0.233 A, IL = (0.9)(0.233) = 0.21 A 

     So 

120.21 57.1L
L

R
R

= ⇒ = Ω
 

     (c) ( )( )( )0.1 0.233 12 0.28 WP P= ⇒ =  
______________________________________________________________________________________ 
 
2.21 

(a)  ZZZ VIP =
        mA ( )4.154 zI= ( ) 74.259max =⇒ ZI
    So  mA 74.25915 ≤≤ zI

(b) 33.297
15.0

4.1560
=

−
=II mA 

   So  mA ( ) 33.2821533.297max =−=LI
          mA ( ) 59.3774.25933.297min =−=LI

  Then  ( ) Ω== 55.54
28233.0

4.15minLR  

            ( ) Ω== 410
03759.0

4.15maxLR  

   So   Ω≤≤ 41055.54 LR
______________________________________________________________________________________ 
 
2.22 
     a. 

          

20 10 45.0 mA
222

10 26.3 mA
380

18.7 mA

I I

L L

Z I L Z

I I

I I

I I I I

−
= ⇒ =

= ⇒ =

= − ⇒ =
 

     b. 

          

( ) ( )

( ) ( )

( )

400max 400 mW max 40 mA
10

min max 45 40
10min 5 mA

2 kΩ

Z Z

L I Z

L
L

L

P I

I I I

I
R

R

= ⇒ = =

⇒ = − = −

⇒ = =

⇒ =
 

     (c) For  175iR = Ω 57.1 mA 26.3 mA  30.8 mAI L ZI I I= = =
 

          

( ) ( )max 40 mA min 57.1 40 17.1 mA
10 585

17.1

Z L

L L

I I

R R

= ⇒ = − =

= ⇒ = Ω
 

______________________________________________________________________________________ 
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     a. From Eq. (2.30) 

          

( ) [ ] [ ]
( )( ) ( )( )

( )
( )

500 20 10 50 15 10
max

15 0.9 10 0.1 20
5000 250

4
max 1.1875 A
min 0.11875 A

Z

Z

Z

I

I
I

− − −
=

− −

−
=

=
=  

     From Eq. (2.28(b)) 

20 10 8.08
1187.5 50i iR R−

= ⇒ =
+

Ω
 

     b. 

          

( )( )
( ) ( )( )0

1.1875 10 11.9 W

max 0.5 10 5 W
Z Z

L L L

P P

P I V P

= ⇒ =

= = ⇒ =  
______________________________________________________________________________________ 
 
2.24 

(a)  0=LI

       0.83
350
6.510
⇒

+
−

=ZI mA 

       V  ( )( ) 85.53083.06.5 =+=ZV LV=
       W ( )( ) 486.085.5083.0 === ZZZ VIP

(b) 
2003

6.5
50

10 LLL VVV
+

−
=

−
 

        ( )005.03333.002.0867.120.0 ++=+ LV  
  So  V 769.5=LV

  Then  84.28
2.0

769.5
==LI mA 

        62.84
050.0

769.510
=

−
=II mA 

  And  8.55=−= LIZ III mA 
        W ( )( ) 322.0769.50558.0 ==ZP
(c)  0=LI

       8.120
350
6.512
⇒

+
−

=ZI mA 

      V ( )( ) 962.531208.06.5 =+== LZ VV
      W ( )( ) 72.0962.51208.0 ==ZP

(d) 
2003

6.5
50

12 LLL VVV
+

−
=

−
 

        ( )005.0333.002.0867.124.0 ++=+ LV
  So  V 88.5=LV

  Then  4.29
20.0
88.5

==LI mA;  4.122
05.0

88.512
=

−
=II mA 

             mA 934.294.122 =−=ZI
             W ( )( ) 547.088.5093.0 ==ZP

______________________________________________________________________________________ 
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2.25 

(a) Set mA;  10=ZI 5.7
1
5.7
===

L

L
L R

V
I mA 

       mA 5.175.710 =+=II

       Ω=⇒
−

== 2575.7125.17 i
i

I R
R

I  

(b) V ( )( ) 38.71201.05.7 =⇒+= ZOZO VV
   For V ( )( ) 2.13121.1 ==IV

      
100012

38.7
257
2.13 LLL VVV

+
−

=
−

 

      ( )001.00833.000389.0615.005136.0 ++=+ LV 556.7=⇒ LV V 
  For V ( )( ) 8.10129.0 ==IV

      
100012

38.7
257
8.10 LLL VVV

+
−

=
−

 

      ( ) 450.708819.0615.004202.0 =⇒=+ LL VV V 

  Then,   Source Reg %42.4%100
8.102.13

450.7556.7
=×⎟

⎠
⎞

⎜
⎝
⎛

−
−

=  

(c) For k , V 1=LR Ω 50.7=LV

For ,  ∞=LR 17.17
12257
38.712

⇒
+

−
=ZI mA 

( )( ) 586.71201717.038.7 =+=LV V 

        Then ,  Load Reg %15.1%100
50.7

50.7586.7
=×⎟

⎠
⎞

⎜
⎝
⎛ −

=  

______________________________________________________________________________________ 
 
2.26 

          

( ) ( )
( )

( ) ( ) ( ) ( )( )
( )

( ) ( ) ( )

max min
% Reg 100%

max min

max min 3
0.05

6

L L

L

L Z z L Z

L

Z Z

V V
V nom

V nom I r V nom I r
V nom

I I

−
= ×

+ − +
=

−⎡ ⎤⎣ ⎦= =

z

A
 

     So  ( ) ( )max min 0.1 Z ZI I− =

     Now 
( ) ( )6 6max 0.012 ,   min 0.006 

500 1000L LI A I A= = = =
 

     Now 

( )
( ) ( )

min
min max
PS Z

i
Z L

V V
R

I I
−

=
+  

     or ( ) ( )15 6280 min 0.020 
min 0.012 Z

Z

I A
I

−
= ⇒ =

+  
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     Then  and ( )max 0.1 0.02 0.12 ZI A= + =
( )

( ) ( )
max

max min
PS Z

i
Z L

V V
R

I I
−

=
+  

     or 

( ) ( )
max 6

280 max 41.3 
0.12 0.006
PS

PS

V
V V

−
= ⇒ =

+  
______________________________________________________________________________________ 
 
2.27 
     Using Figure 2.19 

     a.  20 25% 15 25 VPS PSV V= ± ⇒ ≤ ≤

     For ( )min :PSV  

          

( ) ( )
( )
min max 5 20 25 mA
min 15 10 200

25

I Z L

PS Z
i i

I

I I I
V V

R R
I

= + = + =

− −
= = ⇒ = Ω

 

     b. For ( )maxPSV ( ) ( )25 10max max 75 mAI I
i

I I
R
−

⇒ = ⇒ =
 

     For  ( ) ( )min 0 max 75 mAL ZI I= ⇒ =

          

( )( )
( ) ( ) ( )
( ) ( )( )

0

0

0

0

10 0.025 5 9.875 V
max 9.875 0.075 5 10.25
min 9.875 0.005 5 9.90

0.35 V

Z Z Z ZV V I r
V
V

V

= − = − =
= + =
= + =

Δ =
 

     c. ( )
0

0

% Reg 100% % Reg 3.5%
nom
V

V
Δ

= × ⇒ =
 

______________________________________________________________________________________ 
 
2.28 
     From Equation (2.28(a)) 

          

( )
( ) ( )

min 24 16
min max 40 400
PS Z

i
Z L

V V
R

I I
− −

= =
+ +  or 

18.2iR = Ω
 

     

Also 
2 2

18.2 2 20.2

M M
r

r

i z

V V
V C

fRC fRV
R R r

= ⇒ =

≅ + = + = Ω  
     Then 

          ( )( )( )
24 9901 

2 60 1 20.2
C C Fμ= ⇒ =

 
______________________________________________________________________________________ 
 
2.29 

          

( )
( )( )

( ) ( )

0

0 0

nom 8 V
8 0.1 0.5 7.95 V

max nom 12 8 1.333 A
3

Z Z Z Z Z

Z Z

S Z
i

i

V V I r V
V V
V V

I
R

= + =
= + ⇒ =

− −
= = =

 
     For  0.2 A 1.133 AL ZI I= ⇒ =

     For  1 A 0.333 AL ZI I= ⇒ =
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( ) ( )
( )( )

( ) ( )
( )( )

( )

0

0

0

max max
7.95 1.133 0.5 8.5165

min min
7.95 0.333 0.5 8.1165
0.4 V

0.4% Reg % Reg 5.0%
nom 8

2 2
3 0.5 3.5

L Z Z Z

L Z Z Z

L

L

M M
r

r

i z

V V I r

V V I r

V
V

V
V VV C
fRC fRV

R R r

= +
= + =
= +
= + =

Δ =
Δ

= = ⇒ =

= ⇒ =

= + = + = Ω  

     Then ( )( )( )
12 0.0357 

2 60 3.5 0.8
C C= ⇒ = F

 
______________________________________________________________________________________ 
 
2.30 
     For 33.6 ≤≤− Iυ V,  IO υυ =  

     For 3>Iυ V, 
5.1

3−
= II
υ

 and ( )5.0IIO −=υυ  

          ( ) 0.1667.0
5.1

3
5.0 +=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛ −
−= I

I
IO υ

υ
υυ  

    For 3.6−<Iυ V,  
5.2

3.6+
= II
υ

 and ( )5.0IIO −=υυ  

         ( ) 26.18.0
5.2

3.6
5.0 −=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛ +
−= I

I
IO υ

υ
υυ  

______________________________________________________________________________________ 
 
2.31 

     (a) For  both diodes are conducting  10 0,Iv− ≤ ≤ 0Ov⇒ =

     For  Zener not in breakdown, so 0 Iv≤ ≤ 3, 1 0, 0Oi v= =
 

     
( )

1
3For 3  

20
3 110 1.5

20 2

I
I

I
o I

vv i mA

vv v

−
> =

−⎛ ⎞= =⎜ ⎟
⎝ ⎠

−
 

     At vI = 10 V, vo = 3.5 V, i1 = 0.35 mA 
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     (b) For  both diodes forward biased 0,Iv <

          
1

0
.

10
Iv

i
−

− =
 At  110 ,  1 Iv V i= − = − mA

     For 
1

3
3,  .

20
I

I
v

v i
−

> =
 At  110 ,  0.35 Iv V i m= = A

 

           
______________________________________________________________________________________ 
 
2.32 
     (a) 

           

          
1 0

1 15 5 V  for 5.7,  
3 I IV v= × = ⇒ ≤ =v v

 
     For  5.7 Iv V>

          

( )

( )

( )

( )

1 1 1
0 1

00 0

0 0

0 0

0

0

0.7 15 ,  0.7
1 2 1

15 0.7 0.7
1 2 1

15.7 0.7 1 1 1 2.5
1 2 1 1 2 1

18.55 2.5 3.42
2.5

5.7 5.7
15 9.42

I

I

I

I I

I

I

v V V V v V

vv v v

v v v

v v v v

v v
v v

− + −
+ = = +

− −− −
+ =

⎛ ⎞+ + = + + =⎜ ⎟
⎝ ⎠

+ = ⇒ = +

= ⇒ =
= ⇒ =  
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.7
 

     (b)  for  0Di = 0 5Iv≤ ≤

     Then for  5.7 Iv V>

          

3.42
2.5

1 1

I
I

I O
D

vv
v v

i

⎛ ⎞− +⎜ ⎟− ⎝ ⎠= =
 or 

0.6 3.42
1

I
D

v
i

−
=

 For vI = 15, iD = 5.58 mA 

           
______________________________________________________________________________________ 
 
2.33 

(a) (i) V 8.1=BV
               For 1.1≥Iυ V,  IO υυ =  
               For 1.1≤Iυ V,  1.1=Oυ V 
      (ii) V 8.1−=BV
               For 5.2−≥Iυ V, IO υυ =  
               For 5.2−≤Iυ V, 5.2−=Oυ V 
(b) (i) V 8.1=BV
               For 5.2≥Iυ V,  5.2=Oυ V 
               For 5.2≤Iυ V, IO υυ =  
      (ii) V 8.1−=BV
              For 1.1−≥Iυ V,  1.1−=Oυ V 
              For 1.1−≤Iυ V, IO υυ =  

______________________________________________________________________________________ 
 

2.34 

           

     For 

30 10.730 V, i 0.175 A
100 10Iv −

= = =
+  

           0 i(10) 10.7 12.5 Vv = + =
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     b. 

           
______________________________________________________________________________________ 
 
2.35 

(a) (i) V 5=BV
               For 7.5≥Iυ V,  7.5−= IO υυ  
               For 7.5≤Iυ V,  0=Oυ  
      (ii) V 5−=BV
               For 3.4−≥Iυ V,  3.4+= IO υυ  
               For 3.4−≤Iυ V,  0=Oυ  
(b) (i) V 5=BV
              For 3.4≥Iυ V, 0=Oυ  
              For 3.4≤Iυ V,  3.4−= IO υυ  
      (ii) V 5−=BV
              For 7.5−≥Iυ V, 0=Oυ  
              For 7.5−≤Iυ V,  7.5+= IO υυ  

______________________________________________________________________________________ 
 
2.36 
     a. 

           0γ =V

           
           0.6γ =V

           
     b. 

           0γ =V
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            0.6γ =V

           
______________________________________________________________________________________ 
 
2.37 

           
______________________________________________________________________________________ 
 
2.38 
     One possible example is shown. 

           
   
     L will tend to block the transient signals 
     Dz will limit the voltage to +14 V and 0.7 V.−  
     Power ratings depends on number of pulses per second and duration of pulse. 
______________________________________________________________________________________ 
 
2.39 

(a) Square wave between V and 0. 40+
(b) Square wave between V and 35+ 5− V. 
(c) Square wave between V and 5+ 35− V. 

______________________________________________________________________________________ 
 
2.40 

           
 

     a. For  0 2.7 VxV Vγ = ⇒ =

     b. For  0.7 V 2.0 VxV V= ⇒ =γ

______________________________________________________________________________________ 
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2.41 
     Circuit similar to Figure 2.31(a) with 10−=BV V. 
______________________________________________________________________________________ 
 
2.42 
     In steady-state, ( )5sin10 += tO ωυ V 
______________________________________________________________________________________ 
 
2.43   
      (i) V, In steady-state, 5=BV
                                ( )5sin10 −= tO ωυ  V 
     (ii) V, In steady-state, 5−=BV
                                  ( )15sin10 −= tO ωυ  V 
______________________________________________________________________________________ 
 
2.44 
     a. 

          
( )

1 1

0 1 0

10 0.6 0.94 mA 0
9.5 0.5

9.5 8.93 V

D D

D

I I

V I V

−
= ⇒ =

+
= ⇒ =

2DI =

 
     b. 

          
( )

1 1

0 1 0

5 0.6 0.44 mA 0
9.5 0.5

9.5 4.18 V

D D

D

I I

V I V

−
= ⇒ =

+
= ⇒ =

2DI =

 
     c. Same as (a) 
     d. 

          

( ) ( ) ( )

( )0 0

1 2 1 2

10 0.5 0.6 9.5 0.964 mA
2

9.5 9.16 V

0.482 mA
2D D D D

I
I I

V I V

II I I I

= + + ⇒ =

= ⇒ =

= = ⇒ = =
 

______________________________________________________________________________________ 
 
2.45 
     a.  

          1 2 00 1D DI I I V= = = = 0
 

     b. 

          

( ) ( )
( )

2 1

0 0

10 9.5 0.6 0.5 0.94 mA 0

10 9.5 1.07 V
D DI I I I I

V I V

= + + ⇒ = = =

= − ⇒ =
 

     c. 

          

( ) ( )
( )

2 1

0 0

10 9.5 0.6 0.5 5 0.44 mA 0

10 9.5 5.82 V
D DI I I I I

V I V

= + + + ⇒ = =

= − ⇒ =

=
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     d. 

          

( ) ( )

( )
1 2 1 2

0 0

10 9.5 0.6 0.5 0.964 mA
2

0.482 mA
2

10 9.5 0.842 V

D D D D

II I

II I I I

V I V

= + + ⇒ =

= = ⇒ = =

= − ⇒ =
 

______________________________________________________________________________________ 
 
2.46 
     a. 

          ( )

1 2 1 2 3 0

1 2 1 2

3 1 2 3

0 ,  ,  ,  on 4.4 V

10 4.4 0.589 mA
9.5

4.4 0.6 7.6 mA
0.5

2 7.6 0.589 14.6 mA

D D D D

D D D D

V V D D D V

I I

I I I I

I I I I I

= = ⇒ =

−
= ⇒ =

−
= = ⇒ = =

= + − = − ⇒ =  
     b. 

          

( ) ( )

( ) ( )( )

1 2 1 2 3

1 2 1 2

3

0 0

5 V  and  on,  off

10 9.5 0.6 0.5 5 0.451 mA
2

0.226 mA
2

0

10 9.5 10 0.451 9.5 5.72 V

D D D D

D

V V D D D
II I

II I I I

I

V I V

= =

= + + + ⇒ =

= = ⇒ = =

=

= − = − ⇒ =  

     c. V1 = 5 V, V2 = 0 D1 off, D2, D3 on 0 4.4 VV =
 

          

2 2

1

3 2 3

10 4.4 0.589 mA
9.5

4.4 0.6 7.6 mA
0.5

0

7.6 0.589 7.01 mA

D D

D

D D D

I I

I I

I

I I I I

−
= ⇒ =

−
= ⇒ =

=

= − = − ⇒ =
 

     d. V1 = 5 V, V2 = 2 V D1 off, D2, D3 on 0 4.4 VV =
 

          

2 2

1

3 2 3

10 4.4 0.589 mA
9.5

4.4 0.6 2 3.6 mA
0.5

0

3.6 0.589 3.01 mA

D D

D

D D D

I I

I I

I

I I I I

−
= ⇒ =

− −
= ⇒ =

=

= − = − ⇒ =
 

______________________________________________________________________________________ 
 
2.47 

(a) V,  4.41 =V 254.46.0102.0 1
1

1 =⇒
−−

== R
R

I D kΩ  

       mA 5.03.02.02 =+=RI

       V,  6.02 −=V ( ) 106.04.45.0 2
2

2 =⇒
−−

== R
R

I R kΩ  
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       mA 0.15.05.03 =+=RI

                  ( ) 4.4
0.1

56.0
3 =

−−−
=R kΩ  

(b) Assume all diodes conducting 

        V, 4.41 =V 5.0
10

4.46.010
1 =

−−
=DI mA 

        V,  6.02 −=V ( ) 25.1
4

6.04.4
2 =

−−
=RI mA 

  Then mA 75.05.025.12 =−=DI

         ( ) 2
2.2

56.0
3 =

−−−
=RI mA 

  Then  mA 75.025.123 =−=DI
(c) Diode  cutoff  2D 02 =⇒ DI

         V,  6.02 −=V ( ) 11.1
9

106.06.010

21
1 ==

+
−−−

=
RR

I D mA 

         V ( )( ) 07.6311.16.0101 =−−=V

          ( ) 76.1
5.2

56.0
3 =

−−−
=RI mA 

   Then mA 65.011.176.13 =−=DI
(d) Diode  cutoff  3D 03 =⇒ DI

          V,  4.41 =V 833.0
6

4.46.010
1 =

−−
=DI mA 

          ( ) 044.1
9
4.954.4

32
2 ==

+
−−

=
RR

I R mA 

          V  ( )( ) 27.156044.12 =−=V
   Then  mA 211.0833.0044.12 =−=DI

______________________________________________________________________________________ 
 
2.48 

(a) mA 5.221 == DD II

        ( ) 8.027.07.05.22 =⇒
−−−

== R
R

I D kΩ  

(b) ,   21 2.0 DD II = 521 =+ DD II
                                 167.452.0 222 =⇒=+ DDD III mA 

       48.02167.42 =⇒== R
R

I D k  Ω

(c) ,   21 5 DD II = 521 =+ DD II
                              833.055 222 =⇒=+ DDD III mA 

        4.22833.02 =⇒== R
R

I D kΩ  

______________________________________________________________________________________ 
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2.49 

(a)  and  on 1D 2D

        
( )

1.1
57.0

2
7.05

5
−−−

=
−−

+ AA VV
 

         30.2
1.1

1
2
1909.315.25 =⇒⎟

⎠
⎞

⎜
⎝
⎛ +=−+ AA VV V 

  Then  0.1
2

3.27.05
1 =

−−
=DI mA 

            ( ) 0.6
1.1

57.03.2
2 =

−−−
=DI mA 

(b)  cutoff, 1D 01 =DI  
        mA,  52 =DI ( )( ) 2.855.257.0 =−+=AV V 

(c) ,  0=AV 15.2
2

07.05
1 =

−−
=DI mA 

   Then  mA 15.715.252 =+=DI

       ( ) 60.057.0015.7 2
2

2 =⇒
−−−

== R
R

I D kΩ  

______________________________________________________________________________________ 
 
2.50 

(a) (i) 5=Iυ V,   and  on 1D 2D

             
( )

5.0
6.0

5.05
5

5
6.05 −

+=
−

+
+− OOOO υυυυ

 

             ( ) 7.00.20.220.020.02.10.188.0 =⇒+++=++ OO υυ V 
             (ii) 5−=Iυ V 

         455.0
55.0

5.0
−=⎟

⎠
⎞

⎜
⎝
⎛

+
= IO υυ V 

(b) (i) 5=Iυ V,  4.4=Oυ V 
           (ii) 5−=Iυ V,  6.0−=Oυ V 
______________________________________________________________________________________ 
 
2.51 
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     For  when D0.Iv >
1 and D4 turn off 

          ( )0

10 0.7 0.465 mA
20
10 k 4.65 V

−
= =

= Ω =

I

v I  

           
 

          0  for 4.65 4.65= − ≤ ≤I Iv v v
 

______________________________________________________________________________________ 
 
2.52 

(a) All diodes on 

       
( ) ( )

24
107.0

14
57.0

2
7.0

15.6
15 −−−

+
−−−

+
−

=
− AAAA VVVV

 

       ( ) 70.20417.00714.050.01626.03875.0307.035.0439.2 =⇒+++=−−+ AA VV V 

    Then  0.1
2

7.070.2
1 =

−
=DI mA 

              ( ) 50.0
14

57.070.2
2 =

−−−
=DI mA 

              ( ) 50.0
24

107.070.2
3 =

−−−
=DI mA 

(b)  cutoff, 1D 01 =DI  

        
( ) ( )

2.5
107.0

3.3
57.0

15.6
15 −−−

+
−−−

=
− AAA VVV

 

        ( ) 991.01923.0303.01626.0788.1303.1439.2 −=⇒++=−− AA VV V 

   Then  ( ) 0.1
3.3

57.0991.0
2 =

−−−−
=DI mA 

( ) 60.1
2.5

107.0991.0
3 =

−−−−
=DI mA 

(c)  and  cutoff,   1D 2D 021 == DD II

        ( ) 25.3
32.115.6

3.24107.015

41
3 =

+
=

+
−−−

=
RR

I D mA 

        V ( )( ) 515.625.315 −=−=AV
______________________________________________________________________________________ 
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2.53 
     a. 

           
 

           1 25 k , 10 kR R= Ω = Ω

            D1 and D2 on 0 0V⇒ =
 

          

( )
1

1

0 1010 0.7 1.86 1.0
5 10

0.86 mA

D

D

I

I

− −−
= − = −

=
 

     b. 

          

( )
1 2 1 2

0 2 0

10 k , 5 k ,  off,  on 0

10 0.7 10
1.287

15
10 3.57 V

DR R D D I

I

V IR V

= Ω = Ω =

− − −
= =

= − ⇒ = −

1

 
______________________________________________________________________________________ 
 
2.54 
     If both diodes on 
     (a) 

          

( )

( )
1

2

1 1 2 1

1

0.7 V,  1.4 V

10 0.7
1.07 mA

10
1.4 15

2.72 mA
5

2.72 1.07
1.65 mA

A O

R

R

R D R D

D

V V

I

I

I I I I
I

= − = −

− −
= =

− − −
= =

+ = ⇒ = −
=  

     (b) D1 off, D2 on 

          

( )

( )( )
1 2

2 2

1

1

10 0.7 15
1.62 mA

5 10
15 1.62 10 15 1.2 V

1.2 0.7 1.9  ff ,
0

R R

O R O

A

D

I I

V I R V
V V D o
I

− − −
= = =

+
= − = − ⇒ =
= + = ⇒
=  

______________________________________________________________________________________ 
 
2.55 
     (a) D1 on, D2 off 

          

1
10 0.7 0.93 mA

10
15 V

D

O

I

V

−
= =

= −  
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     (b) D1 on, D2 off 

           

1
10 0.7 1.86 mA

5
15 V

D

O

I

V

−
= =

= −  
______________________________________________________________________________________ 
 
2.56 

          

( )0 0 0

0 0

0

0

15 0.7 0.7
10 20 20

15 0.7 0.7 1 1 1 4.0
10 10 20 10 20 20 20

6.975 V

0.349 mA
20D D

V V V

V V

V
V

I I

− + +
= +

⎛ ⎞− − = + + =⎜ ⎟
⎝ ⎠

=

= ⇒ =

⎛ ⎞
⎜ ⎟
⎝ ⎠

 
______________________________________________________________________________________ 
 
2.57 

(a) Diode is cutoff,  ,  0=DI 0=DV
        V 3== BA VV
(b) Diode is conducting, V 7.0=DV

        
10

27.0
10

7.0
1010

5 −−
+

−
+=

− BBBB VVVV
 

        ( ) 1.210.010.010.010.027.007.050.0 =⇒+++=++ BB VV V and 4.1=AV V 

        D
BB I

VV
+=

−
1010

5
 

  So  08.0
10

1.2
10

1.25
=−

−
=DI mA 

(c) Diode is cutoff,  0=DI

       ( ) 5.25
2
1

==AV V,  ( ) 0.24
2
1

==BV V 

       V 5.05.22 −=−=DV
(d) Diode is conducting, V 7.0=DV

       
10

27.0
10

7.0
1010

8 −−
+

−
+=

− BBBB VVVV
 

       ( ) 85.240.027.007.080.0 =⇒=++ BB VV V and 15.2=AV V 

    Then ( )[ ] 23.085.228
10
1

1010
8

=−=−
−

= BB
D

VV
I mA 

______________________________________________________________________________________ 
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2.58 
  D0,Iv =

1 off, D2 on 

          ( )( )

10 2.5 0.5mA
15

10 0.5 5 7.5V for 0 7.5Vo o

I

v v

−
=

= − ⇒ = ≤ ≤Iv
V

 
     For  Both D7.5 ,Iv >

1 and D2 on 

          

2.5 10
15 10 5

I o o ov v v v− − −
= +

 or 
( )5.5 33.75I ov v= −

 
     When vo = 10 V, D2 turns off 

           ( )( )10 5.5 33.75 21.25 VIv = − =

     For  21.25 V,   10 VI ov v> =

______________________________________________________________________________________ 
 
2.59 

(a) For 5.0=Iυ V, 0321 === DDD III ,  5.0=Oυ V 
(b) For 5.1=Iυ V, on; 1D 032 == DD II  

       0667.0
84

7.05.1
1 =

+
−

=DI mA 

       ( )( ) 23.180667.07.0 =+=Oυ V 
(c) For 3=Iυ V,  and  conducting,  1D 2D 03 =DI  

       
6

7.1
8

7.0
4

3 −
+

−
=

− OOO υυυ
 

       ( ) 069.21667.0125.025.02833.00875.075.0 =⇒++=++ OO υυ V 

     Then  171.0
8

7.0069.2
1 =

−
=DI mA 

               0615.0
6

7.1069.2
2 =

−
=DI mA 

(d) For 5=Iυ V, all diodes conducting 

       
4

7.2
6

7.1
8

7.0
4

5 −
+

−
+

−
=

− OOOO υυυυ
 

       ( )25.01667.0125.025.0675.02833.00875.025.1 +++=+++ Oυ  
   So  90.2=Oυ V 

  Then  275.0
8

7.090.2
1 =

−
=DI mA 

             20.0
6

7.190.2
2 =

−
=DI mA 

             05.0
4

7.290.2
3 =

−
=DI mA 

______________________________________________________________________________________ 
 
2.60 

(a)  for 02 =DI 5.4<Iυ V 
       mA for 1002 =DI 5.4>Iυ V 
(b)  for 02 =DI 9<Iυ V 
       mA for 1002 =DI 9>Iυ V 

______________________________________________________________________________________ 
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2.61 

     a. 01 02 0V V= =
 

     b. 01 024.4 V, 3.8 VV V= =
 

     c. 01 024.4 V, 3.8 VV V= =
 

          Logic “1” level degrades as it goes through additional logic gates. 
______________________________________________________________________________________ 
 
2.62 

     a. 01 02 5 VV V= =
 

     b. 01 020.6 V, 1.2 VV V= =
 

     c. 01 020.6 V, 1.2 VV V= =
 

          Logic “0” signal degrades as it goes through additional logic gates. 
______________________________________________________________________________________ 
 
2.63 

           ( ) (1 2 3      V AND V OR V AND V )4

______________________________________________________________________________________ 
 
2.64 

          

10 1.5 0.2 12 mA 0.012
10

8.310 691.7
0.012

681.7

I
R

R

R

− −
= = =

+

+ = = Ω

= Ω  
______________________________________________________________________________________ 
 
2.65 

          ( )

10 1.7
8

0.75
10 1.7 8 0.75 2.3 V

I

I I

V
I

V V

− −
= =

= − − ⇒ =
 

______________________________________________________________________________________ 
 
2.66 

     220.0
15

7.15
=

−
=+ frR k  Ω

       Ω=⇒Ω= 20020 Rrf

______________________________________________________________________________________ 
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2.67 

            
 

          

( )( )
1 V, 0.8 mA
1 0.8 2
2.6 V

R

PS

PS

V I
V
V

= =
= +
=  

______________________________________________________________________________________ 
 
2.68 

          

( )( ) ( )3 19

2 2

0.6 10 1 1.6 10 10

3.75 10  cm

PhI e A
17 A

A

− −

−

= Φ

× = ×

= ×

η

 
______________________________________________________________________________________ 
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Chapter 3 
 
3.1 

          75.0
8.0

10
2

120
2

⇒⎟
⎠
⎞

⎜
⎝
⎛=⋅

′
=

L
Wk

K n
n mA/V  2

(a) (i)  0=DI

           (ii) ( ) ( )( ) ( )[ ] μ5.821.01.04.01275.0 2 ⇒−−=DI A 

          (iii) ( ) ( )( ) ( )[ ] 2325.01.01.04.02275.0 2 =−−=DI mA 

          (iv) ( ) ( )( ) ( )[ ] 3825.01.01.04.03275.0 2 =−−=DI mA 
(b) (i)  0=DI

            (ii) mA ( )( ) 27.04.0175.0 2 =−=DI

           (iii) mA ( )( ) 92.14.0275.0 2 =−=DI

           (iv) mA ( )( ) 07.54.0375.0 2 =−=DI
______________________________________________________________________________________ 
 
3.2 
           ( )[ ]22 DSDSTNGSnD VVVVKI −−=

           ( )[ ]26.025.0 DSDSn VVK −=

           ( )[ ]20.120.1 DSDSn VVK −=
     Take ratio 

          
2

2

2
2.1

5.0
DSDS

DSDS

VV
VV

−

−
= 22 2.15.0 DSDSDSDS VVVV −=−⇒  

     or   DSDS VV −=− 2.15.01
     which yields   V 4.0=DSV

     Then  ( )( ) ( )[ ]24.04.02.15.0 −= nK   56.1=⇒ nK mA/V  2

______________________________________________________________________________________ 
 
3.3 
     (a) Enhancement-mode 
     (b) From Graph VT = 1.5 V 
     Now 

           

( )
( )
( )
( )

2

2

2

2

0.03 2 1.5 0.25 0.12

0.15 3 1.5 2.25 0.0666

0.39 4 1.5 6.25 0.0624

0.77 5 1.5 12.25 0.0629

n n n

n n n

n n n

n n n

K K K

K K K

K K K

K K K

= − = ⇒ =

= − = =

= − = =

= − = =

     From last three,  
2(Avg) 0.0640 mA/VnK =

     (c)  

2

2

(sat) 0.0640(3.5 1.5) (sat) 0.256 mA for 3.5 V
(sat) 0.0640(4.5 1.5) (sat) 0.576 mA for 4.5 V

D D

D D

i i
i i

= − ⇒ = =
= − ⇒ = =

GS

GS

V
V

______________________________________________________________________________________ 
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3.4 

     a.  ( ) ( )
0

0 2.5 2.5 
GS

DS GS TN

V
V sat V V V

=
= − = − − =

     i. 
( ) ( )( ) ( )2

0.5 V Biased in nonsaturation

1.1 2 0 ( 2.5) 0.5 0.5 2.48 mA
DS

D D

V

I I

= ⇒

⎡ ⎤= − − − ⇒ =⎣ ⎦  

     ii. ( ) ( )( )2

2.5 V Biased in saturation

1.1 0 2.5 6.88 mA
DS

D D

V

I I

= ⇒

= − − ⇒ =  

     iii. VDS = 5 V Same as (ii) 
6.88 mADI⇒ =

 
     b. VGS = 2 V 

              ( ) ( )sat 2 2.5 4.5 VDSV = − − =

     i. ( ) 2

0.5 V Nonsaturation

1.1 2(2 ( 2.5))(0.5) (0.5) 4.68 mA
DS

D D

V

I I

= ⇒

⎡ ⎤= − − − ⇒ =⎣ ⎦  

     ii. ( ) 2

2.5 V Nonsaturation

1.1 2(2 ( 2.5))(2.5) (2.5) 17.9 mA
DS

D D

V

I I

= ⇒

⎡ ⎤= − − − ⇒ =⎣ ⎦  

     iii. ( ) ( )( )2

5 V Saturation

1.1 2 2.5 22.3 mA
DS

D D

V

I I

= ⇒

= − − ⇒ =
 

______________________________________________________________________________________ 
 
3.5 

(a) ( ) 8.14.02.2 =−=−= TNGSDS VVsatV V 
        Saturation ( ) ⇒=>= 8.12.2 satVV DSDS

(b) V ( ) 6.04.01 =−=−= TNGSDS VVsatV
       V( ) 4.016.0 =−−−=DSV ( ) 6.0=< satVDS V⇒ Nonsaturation 
(c) Cutoff ⇒=−= 011GSV

______________________________________________________________________________________ 
 
3.6 

(a) ⇒=−= 02.22.2SGV Cutoff 
(b) V,  V 2=SGV ( ) 312 =−−=SDV
        ( ) ( ) 6.14.02 =−+=+= TPSGSD VVsatV V 
     So  Saturation ( ) ⇒=>= 6.13 satVV SDSD

(c) V,  V 2=SGV 112 =−=SDV
       ( ) ( ) 6.14.02 =−+=+= TPSGSD VVsatV V 
    So  Nonsaturation ( ) ⇒=<= 6.11 satVV SDSD

______________________________________________________________________________________ 
 
3.7 

          ( )2

2 TNGS
n

D VV
L
Wk

I −⎟
⎠
⎞

⎜
⎝
⎛′=  

         ( )[ ]22.10
2
12.05.0 −−⎟

⎠
⎞

⎜
⎝
⎛=

L
W 79.5=⎟

⎠
⎞

⎜
⎝
⎛⇒

L
W  

______________________________________________________________________________________ 
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3.8 

            

( )( )( )14 10600 3.9 8.85 10 2.071 10n ox
n n ox

ox ox ox

k C
t t

μ
μ

− −×∈ ×′ = = = =
t  

     (a) 500 A  
241.4 A/Vnk μ′ =

     (b) 250  
282.8 A/Vnk μ′ =

     (c) 100  
2207 A/Vnk μ′ =

     (d) 50  
2414 A/Vnk μ′ =

     (e) 25  
2828 A/Vnk μ′ =

______________________________________________________________________________________ 
 
3.9 

(a) ( )( )( )( )
( )( ) 40.1

10200108.02
1085.89.36501020

2 84

144

=
××

××
=

∈
=

−−

−−

ox

oxn
n tL

W
K

μ
mA/V  2

(b)  ( ) ( )( 22 4.0240.1 −=−= TNGSnD VVKI )
    Or  mA 58.3=DI
(c) V ( ) 6.14.02 =−=−= TNGSDS VVsatV

______________________________________________________________________________________ 
 
3.10 

(a) ( )2

2 TNGS
n

D VV
L
Wk

I −⎟
⎠
⎞

⎜
⎝
⎛′=  

        ( ) 8.278.04.1
2
12.06.0 2 =⎟

⎠
⎞

⎜
⎝
⎛⇒−⎟

⎠
⎞

⎜
⎝
⎛
⎟
⎠
⎞

⎜
⎝
⎛=

L
W

L
W  

    Or  ( )( ) μ2.228.08.27 ==W m 

(b) ( ) ( )( ) ( )[ ] 534.04.04.08.04.128.27
2
12.0 2 =−−⎟

⎠
⎞

⎜
⎝
⎛=DI mA 

(c) ( ) 6.08.04.1 =−=−= TNGSDS VVsatV V 
______________________________________________________________________________________ 
 
3.11 

          ( )( )( )
8

14

10200
1085.89.3600

−

−

×
×

=
∈

==′
ox

oxn
oxnn t

Ck
μ

μ  

          mA/V  1035.0=′nk 2

          ( )2

2 TNGS
n

D VV
L
Wk

I −⎟
⎠
⎞

⎜
⎝
⎛′=  

          ( ) 026.46.03
2

1035.02.1 2 =⎟
⎠
⎞

⎜
⎝
⎛⇒−⎟

⎠
⎞

⎜
⎝
⎛
⎟
⎠
⎞

⎜
⎝
⎛=

L
W

L
W  

     Then  ( )( ) μ22.38.0026.4 ==W m 
______________________________________________________________________________________ 
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3.12 
          ( ) satTNGSoxD VVWCI υ−=  

          ( )( ) 7
8

14

10726.1
10200

1085.89.3 −
−

−

×=
×
×

=
∈

=
ox

ox
ox t

C F/cm 

          ( )( )( )( )774 1026.0310726.11022.3 ×−××= −−
DI  

          mA 67.2=DI
______________________________________________________________________________________ 
 
3.13 

          ( )2

2 TPSG
p

D VV
L
Wk

I +⎟
⎠
⎞

⎜
⎝
⎛′=  

          ( )22
2
05.0225.0 TPV

L
W

+⎟
⎠
⎞

⎜
⎝
⎛
⎟
⎠
⎞

⎜
⎝
⎛=  

           ( )23
2
05.065.0 TPV

L
W

+⎟
⎠
⎞

⎜
⎝
⎛
⎟
⎠
⎞

⎜
⎝
⎛=  

    Then   571.070.1
2
3

225.0
65.0

−=⇒=
+
+

= TP
TP

TP V
V
V

V 

    And   ( ) 41.4571.02
2
05.0225.0 2 =⎟

⎠
⎞

⎜
⎝
⎛⇒−⎟

⎠
⎞

⎜
⎝
⎛
⎟
⎠
⎞

⎜
⎝
⎛=

L
W

L
W  

______________________________________________________________________________________ 
 
3.14 

             ( )
5 V, 0 5 V

0.5 5 0.5 4.
S G SG

TP SD SG TP

V V V
V V V sat V V

= = ⇒ =
= − ⇒ = + = − = 5 V

     a. ( )2

0 5 V Biased in saturation

2 5 0.5 40.5 mA
D SD

D D

V V

I I

= ⇒ = ⇒

= − ⇒ =
 

     b. 
( )( ) ( )2

2 V 3 V Nonsaturation

2 2 5 0.5 3 3 36 mA
D SD

D D

V V

I I

= ⇒ = ⇒

⎡ ⎤= − − ⇒ =⎣ ⎦  

     c. 
( )( ) ( )2

4 V 1 V Nonsaturation

2 2 5 0.5 1 1 16 mA
D SD

D D

V V

I I

= ⇒ = ⇒

⎡ ⎤= − − ⇒ =⎣ ⎦  

     d. 
5 V 0 0D SD DV V I= ⇒ = ⇒ =

 
______________________________________________________________________________________ 
 
3.15 
     (a) Enhancement-mode 
     (b) From Graph VTP = + 0.5 V 

           

( )
( )
( )
( )

2

2

2

2

2

0.45 2 0.5 2.25 0.20

1.25 3 0.5 6.25 0.20

2.45 4 0.5 12.25 0.20

4.10 5 0.5 20.25  0.202
Avg 0.20 mA/V

p p p

p p

p p

p p

p

k K K

k K

k K

k K
K

= − = ⇒ =

= − =

= − =

= − =
=
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     (c)  

2

2

(sat) 0.20 (3.5 0.5) 1.8 mA
(sat) 0.20 (4.5 0.5) 3.2 mA

D

D

i
i

= − =
= − =

______________________________________________________________________________________ 
 
3.16 

              ( )SD SG TPV sat V V= +

     (a)  ( ) ( )1 2 1 SD SDV sat V sat V= − + ⇒ =

     (b)  ( ) ( )0 2 2 SD SDV sat V sat V= + ⇒ =

     (c)  ( ) ( )1 2 3 SD SDV sat V sat V= + ⇒ =

             
( ) ( ) 22

2 2
p p

D SG TP SD

k kW WI V V V sat
L L

′ ′
= ⋅ + = ⋅ ⋅ ⎡ ⎤⎣ ⎦  

     (a) 
( ) ( )20.040 6 1 0.12 

2D DI I⎛ ⎞= ⇒ =⎜ ⎟
⎝ ⎠

mA
 

     (b) 
( )( )20.040 6 2 0.48 

2D DI I⎛ ⎞= ⇒ =⎜ ⎟
⎝ ⎠

mA
 

     (c) 
( )( )20.040 6 3 1.08 

2D DI I⎛ ⎞= ⇒ =⎜ ⎟
⎝ ⎠

mA
 

______________________________________________________________________________________ 
 
3.17 

         375.0
8.0

12
2

50
2

=⇒⎟
⎠
⎞

⎜
⎝
⎛=⎟

⎠
⎞

⎜
⎝
⎛′= p

p
p K

L
Wk

K mA/V  2

(a) Nonsaturation 
            ( ) ( )( ) ( )[ ] 21.02.02.05.022375.0 2 =−−=DI mA 
(b) Nonsaturation 
            ( ) ( )( ) ( )[ ] 66.08.08.05.022375.0 2 =−−=DI mA 
(c) Nonsaturation 
            ( ) ( )( ) ( )[ ] 81.02.12.15.022375.0 2 =−−=DI mA 
(d) Saturation 
            ( )( ) 844.05.02375.0 2 =−=DI mA 
(e) Saturation 
            ( )( ) 844.05.02375.0 2 =−=DI mA 

______________________________________________________________________________________ 
 
3.18 

             

( )( ) ( )14 11

0 0

250 3 9 8 85 10 8 629 10p ox
p p ox

x x

. . .k C
t t

μ
μ

− −×∈ ×′ = = = =
0xt  

     (a)  
2500Å 17 3 A/Vox pt k . μ′= ⇒ =

     (b)  
2250Å 34 5 A/Vpk . μ′⇒ =

     (c)  
2100Å 86 3 A/Vpk . μ′⇒ =

     (d)  
250Å 173 A/Vpk μ′⇒ =

     (e)  
225Å 345 A/Vpk μ′⇒ =
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3.19 

          

( )( )

( ) ( )( )
( ) ( )( )

14
8 2

8
0

8 2

8 2

3.9 8.85 10
6.90 10  F/cm

500 10

675 6.90 10 46.6 A/V

375 6.90 10 25.9 A/V

ox
ox

x

n n ox

p p ox

C
t

k C

k C

μ μ

μ μ

−
−

−

−

−

×∈
= = = ×

×

′ = = × ⇒

′ = = × ⇒
 

     PMOS: 

          

( )

( )

( )

2

2

2

2

0.02590.8 5 0.6 3.19
2

4 m 12.8 m

0.0259 3.19 41.3 A/V
2

p
D SG TP

p

p p

p

p p n

k WI V V
L

W W
L L

L W

K K K

μ μ

μ

′ ⎛ ⎞= +⎜ ⎟
⎝ ⎠

⎛ ⎞⎛ ⎞ ⎛ ⎞= − ⇒⎜ ⎟⎜ ⎟ ⎜ ⎟
⎝ ⎠⎝ ⎠ ⎝ ⎠

= ⇒ =

⎛ ⎞= ⇒ =⎜ ⎟
⎝ ⎠

=

=
 

     Want Kn = Kp

          

41.3
2 2

46.6 41.3 1.77
2
4 m 7.09 m

pn

N p

N N

N

kk W W
L L

W W
L L

L Wμ μ

′′ ⎛ ⎞ ⎛ ⎞= =⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

⎛ ⎞⎛ ⎞ ⎛ ⎞= ⇒ =⎜ ⎟⎜ ⎟ ⎜ ⎟
⎝ ⎠⎝ ⎠ ⎝ ⎠
= ⇒ =
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3.20 

          

( )( )

( )( )
( )( )

( )( )

( )

2

0 0

2

0 0

2 V, 0.2 2 1.2 0.128 mA
1 1 781 k

0.01 0.128

4 V, 0.2 4 1.2 1.57 mA
1 63.7 k

0.01 1.57
1 1 100 V

0.01

GS D

D

GS D

A A

V I

r r
I

V I

r r

V V

λ

λ

= = − =

= = ⇒ = Ω

= = − =

= ⇒ = Ω

= = ⇒ =
 

______________________________________________________________________________________ 
 
3.21 

          ( ) ( )( ) 54.05.024
2
12.0

2
22 =−⎟

⎠
⎞

⎜
⎝
⎛=−⎟

⎠
⎞

⎜
⎝
⎛′= TNGS

n
D VV

L
Wk

I mA 

           ( )( ) 00926.0
1054.010200

111
33 =

××
==⇒=

−
DQoDQ

o IrI
r λ

λ
V  1−

    Then  1081
==

λAV V 

______________________________________________________________________________________ 
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3.22 

          

( ) ( )

( )

2 2

2 0.8 2 2 0.35

2.5 0.837 2 0.35 10.4 

TN TNO f SB f

TN f SB

SB SB

V V V

V V

V V

γ φ φ

φ

⎡ ⎤= + + −⎣ ⎦
⎡ ⎤Δ = = + −⎣ ⎦

+ = + ⇒ = V
 

______________________________________________________________________________________ 
 
3.23 

     

( ) ( )
[ ]

2 2

0.75 0.6 2 0.37 3 2 0.37

0.75 0.6 1.934 0.860
1.39 V

(sat) 2.5 1.39 1.11 V

TN TNo f SB f

TN

DS

V V r V

V
V

φ φ⎡ ⎤= + + −⎣ ⎦
⎡ ⎤= + + −⎣ ⎦

= + −
=
= − =  

     (a) 

( ) ( )20.08Sat Region 15 2.5 1.39
2

0.739 mA

D

D

I

I

⎛ ⎞= −⎜ ⎟
⎝ ⎠

=  

     (b) 

( ) ( )( ) ( )20.08Non-Sat 15 2 2.5 1.39 0.25 0.25
2

0.296 mA

D

D

I

I

⎛ ⎞ ⎡ ⎤= − −⎜ ⎟ ⎣ ⎦⎝ ⎠
=  

______________________________________________________________________________________ 
 
3.24 
           V/cm 6106×=Εox

(a) (i) V ( )( ) 2.710120106 86 =××=Ε= −
oxoxG tV

(ii) 4.2
3
2.7
==GV V 

(b) (i) V ( )( ) 1210200106 86 =××= −
GV

           (ii) 4
3

12
==GV V 

______________________________________________________________________________________ 
 
3.25 
     Want    ( )( ) ( ) oxoxox tt 6106243 ×=Ε=

           
5

0 1.2 10  cm 1200 Angstromsxt −= × =
 

______________________________________________________________________________________ 
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3.26 

           
( )2

1 2

18 10 3.6 V
18 32G DD

R
V V

R R
⎛ ⎞ ⎛ ⎞= = =⎜ ⎟ ⎜ ⎟+ +⎝ ⎠⎝ ⎠  

     Assume transistor biased in saturation region 

          

( )

( )( )( )

2

2

2

3.6 0.5 2 0.8
1.6 0.64

S G GS
D n

S S

GS GS

GS GS

V V VI K V
R R

V V
V V

−
= = = −

− = −
= − +

GS TNV

 

          

( ) ( )

( )
( )( )
( )

2

2

0.6 2.96 0

0.6 0.6 4 2.96
2.046 V

2
3.6 2.046 0.777 mA

2

10 0.777 4 2 5.34 V

sat

GS GS

GS GS

G GS
D D

S

DS DD D D S

DS

DS DS

V V

V V

V V
I I

R
V V I R R

V

V V

− − =

± +
= ⇒

− −
= = ⇒ =

= − +
= − + ⇒ =

>

=

 
______________________________________________________________________________________ 
 
3.27 

           
 

     (a)  4 V (sat) 4 0 8 3 2 VGS DSV V .= = − = .

           

( )2If Sat 0.25 4 0.8 2.56
1.44

D

DS

I
V

= − =
= ×

     Non-Sat 

          

( )
( )( ) ( )

( )

2

2

2

2

4 2

4 0.25 1 2 4 0.8

4 2.6 0.25
0.25 2.6 4 0

2.6 6.76 4 1.88 V
2 0.25

4 1.88 2.12 mA
1

D D DS n D GS T DS DS DS

DS DS DS

DS DS

DS DS

DS

D

I R V K R V V V V V

V V V

V V
V V

V

I

⎡ ⎤= + = − − +⎣ ⎦
⎡ ⎤= − − +⎣ ⎦

= −
− + =

± −
= =

−
= =

 
 



Microelectronics: Circuit Analysis and Design, 4th edition                                                                Chapter 3 
By D. A. Neamen                                                                                                                  Problem Solutions 
______________________________________________________________________________________ 
 
 
     (b) Non-Sat region 

          

( )
( )( ) ( )

2

2

2

5 2

5 0.25 3 2 5 0.8

5 7.3 0.75

D D DS n D GS T DS DS DS

DS DS DS

DS DS

I R V K R V V V V V

V V V

V V

⎡ ⎤= + = − − +⎣ ⎦
⎡ ⎤= − − +⎣ ⎦

= −  

          

( )

20.75 7.3 5 0

7.3 53.29 15
2 0.75

0.741 V
5 0.741 1.42 mA

3

DS DS

DS

DS

D

V V

V

V

I

− + =

± −
=

=
−

= =
 

______________________________________________________________________________________ 
 
3.28 

          ( )( ) 808.04.080
2
12.08.0 2 =⇒−⎟

⎠
⎞

⎜
⎝
⎛= GSGS VV V 

          DDinGS VR
R

V ⋅⋅=
1

1  

          ( )( ) 4458.1200180825.0 1
1

=⇒= R
R

kΩ  

          20021 == inRRR kΩ k3632 =⇒ R Ω  
______________________________________________________________________________________ 
 
3.29 

           
 

     (a)  ( )3.5     sat 3.5 0.8 2.7 VSG DD SDV V V= = = − =

      

( )( )2If biased in Sat region, 0.2 3.5 0.8
1.46 mA

DI = −
=

           ( )( )3.5 1.46 1.2 1.75 VSDV = − = ×
      Biased in Non-Sat Region. 
 
 
 
 
 
 



Microelectronics: Circuit Analysis and Design, 4th edition                                                                Chapter 3 
By D. A. Neamen                                                                                                                  Problem Solutions 
______________________________________________________________________________________ 
 
 

          

( )
( ) ( ) ( )

( )
( ) ( )( ) ( )

2

2

2

2

2

3.5 2

3.5 0.2 1.2 2 3.5 0.8

3.5 1.296 0.24 
0.24 2.296 3.5 0

2.296 5.272 3.36  use sign 1.90 V
2 0.24

0.2 2 3.5 0.8 1.9 1.9

SD D D SD p D SG TP SD SD

SD SD SD

SD SD SD

SD SD

SD SD

D

V I R V K R V V V V

V V V

V V V
V V

V V

I

⎡ ⎤= + = + + −⎣ ⎦
⎡ ⎤= + − −⎣ ⎦

= + −
− + =

+ ± −
= −

⎡ ⎤= − − =⎣ ⎦ [ ]

=

0.2 10.26 3.61

3.5 1.90 1.33 mA
1.2

1.33 mA

D

D

I

I

−

−
= =

=
 

     (b)  ( )5 V sat 5 0.8 4.2 VSG DD SDV V V= = = − =

     If Sat Region  ( )( )20.2 5 0.8 3.53 mA,  0D SI V= − = D <

     Non-Sat Region. 

          

( )
( ) ( ) ( )

( )

2

2

2

2

5 2

5 0.2 4 2 5 0.8

5 6.72 0.8 
0.8 7.72 5 0

7.72 59.598 16  use sign 0.698 V
2 0.8

5 0.698 1.08 mA
4

SD p D SG TP SD SD

SD SD SD

SD SD SD

SD SD

SD SD

D D

V K R V V V V

V V V

V V V
V V

V V

I I

⎡ ⎤= + + −⎣ ⎦
⎡ ⎤= + − −⎣ ⎦

= + −
− + =

± −
= −

−
= ⇒ =

=

 
______________________________________________________________________________________ 
 
3.30 

          ( ) 40.136
822

22
=−⎟

⎠
⎞

⎜
⎝
⎛

+
=GV V 

           ( ) GSGTPSGSp VVVVRK +++= 23

           ( )( )( ) 40.164.06.15.05.03 2 +++−= SGSGSG VVV

          V 483.1044.16.025.0 2 =⇒=−+ SGSGSG VVV

          mA ( )( ) 2332.08.0483.15.0 2 =−=DI
          V ( )( ) 72.455.02332.06 =+−=SDV
______________________________________________________________________________________ 
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SV

 
 
3.31 

      0,G SGV V= =
     Assume saturation region 

          

( )
( )( )

( )( )
( )

2

2

0.4

0.4 0.2 0.8

0.4 0.8 2.21 V
0.2

5 0.4 5 5 3 V
2.21 3 5.21 V

D p SG TP

S

S S

D D D

SD S D SD

I K V V

V

V V

V I R
V V V V

= = +

= −

= + ⇒ =

= − = − = −
= − = − − ⇒ =

 

          
( )satSD SDV V>

 
______________________________________________________________________________________ 
 
3.32 

          18.0
5

8.06.13.3
=

−−
=

−−
=

D

RSDSQDD
D R

VVV
I mA 

          ( ) 75.184.08.0
2
12.018.0 2 =⎟

⎠
⎞

⎜
⎝
⎛⇒−⎟

⎠
⎞

⎜
⎝
⎛
⎟
⎠
⎞

⎜
⎝
⎛=

L
W

L
W  

          44.4
18.0
8.0
==SR k  Ω

          ( )3.36.18.08.0
21

2
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

==+=
RR

R
VG  

     Now  ( )( ) 918.005.0 ⇒=RI μ A 

     So  367
009.0

3.3
21 ==+ RR k  Ω

    Then  ( ) 1783.3
367

6.1 2
2 =⇒⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= R

R
kΩ   and 1891 =R kΩ  

______________________________________________________________________________________ 
 
3.33 

          2.0
1
2.0
==DI mA 

           ( )( ) 8.0142.08.1 =+−=DSV V 
     Now  V ( ) 4.04.08.0 =−=satVDS

          ( ) GSGSTNGSDS VVVVsatV ⇒−=⇒−= 4.04.0 8.0= V 

          ( )2

2 TNGS
n

D VV
L
Wk

I −⎟
⎠
⎞

⎜
⎝
⎛′=  

           ( ) 8.204.08.0
2
12.02.0 2 =⎟

⎠
⎞

⎜
⎝
⎛⇒−⎟

⎠
⎞

⎜
⎝
⎛
⎟
⎠
⎞

⎜
⎝
⎛=

L
W

L
W  

     Now  ( )( ) 0.112.08.0 =+=+= SDGSG RIVV V 

           ( )( ) 3608.1200111 1
11

=⇒=⋅⋅== R
R

VR
R

V DDinG kΩ  

           20021 == inRRR k   kΩ 4502 =⇒ R Ω  
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3.34 

(a) ( )( ) 742.04.050
2
12.035.0 2 =⇒−⎟

⎠
⎞

⎜
⎝
⎛= GSGS VV V 

(b) V ( )( ) 1.1235.08.1 =−=DSV
       ( ) 342.04.0742.0 =−=−= TNGSDS VVsatV V 
       Saturation ( )⇒> satVV DSDS

_____________________________________________________________________________________ 
 
3.35 

          ( ) 2510
146

6
−=−⎟

⎠
⎞

⎜
⎝
⎛

+
=GV V 

          ( ) 5
2

5 2 −−⎟
⎠
⎞

⎜
⎝
⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ′
+=−+= TNGSS

n
GSSDGSG VVR

L
Wk

VRIVV  

          ( )( )( )16.08.05.025
2
12.025 2 +−⎟

⎠
⎞

⎜
⎝
⎛+=− GSGSGS VVV  

     Or  V 71.1088.24.075.0 2 =⇒=−+ GSGSGS VVV

         ( )( ) 58.24.071.125
2
12.0 2 =−⎟

⎠
⎞

⎜
⎝
⎛=DI mA 

         V ( )( ) 62.55.02.158.210 =+−=DSV
______________________________________________________________________________________ 
 
3.36 

          Let 20=⎟
⎠
⎞

⎜
⎝
⎛

L
W  for example, then 

          ( )( ) 232.16.020
2
05.020.0 2 =⇒−⎟

⎠
⎞

⎜
⎝
⎛= SGSG VV V 

     Then  ( ) 16.62.0232.1 =⇒== SSRS RRV kΩ  

          84.8
2.0

3232.16
=

−−
=DR kΩ  

          V 536.0232.1232.13 =−−=GV

          ( )( ) 02.02.01.06

21

==
+

=
RR

I R mA,  ⇒ 30021 =+ RR kΩ  

          ( ) ( ) 36
300

36536.0 2

21

2 −⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

==
R

RR
R

VG  

     Or  kΩ   and  k8.1762 =R 2.1231 =R Ω  
______________________________________________________________________________________ 
 
3.37 

    (a)  (i)

( )
( )

250 500 1.2 1.516 

5 1.516 6.516 
Q GS GS

DS DS

I V V

V V

= = − ⇒ =

= − − =⇒ =

V

V
 

              (ii) 

( )( )
( )

21 0.5 1.2 2.61 

5 2.61 7.61 
Q GS GS

DS DS

I V V

V V V

= = − ⇒ =

= − − ⇒ =

V
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     (b) (i)  Same as (a) 
1.516 GS DSV V V= =

 

              (ii)  
2.61 GS DSV V V= =

 
______________________________________________________________________________________ 
 
3.38 

          

( )
( ) ( )

( )( )

2

20.25 0.2 0.6

0.25 0.6 1.72 V 1.72 V
0.2

9 0.25 24 3 V

D n GS TN

GS

GS GS S

D D

I K V V

V

V V V

V V

= −

= −

= + ⇒ = ⇒ = −

= − ⇒ =
 

______________________________________________________________________________________ 
 
3.39 
 
     (a) 

           
 

          

( )
( )

2

5 1 8 K
0.5
0.5 0.25 1.4 2.81 V
2.81 5

4.38 K
0.5

D D

DQ GS GS

S S

R R

I V V

R R

−
= ⇒ =

= = − ⇒ =

− − −
= ⇒ =

 
     (b) Let  8.2 K,  4.3 KD SR R= =

          

( ) ( )

( )

( )
( )
( )( )

2

2

2

2

5
Now 0.25 1.4

4.3
5 1.075 2.8 1.96

1.075 2.01 2.89 0

2.01 4.04 12.427 2.82 V
2 1.075

0.25 2.82 1.4 0.504 mA
10 0.504 8.2 4.3 3.70 V

GS
D GS

GS GS GS

GS GS

GS GS

D D

DS DS

V
I V

V V V

V V

V V

I I
V V

− − −
= = −

− = − +

− − =

± +
= ⇒

= − ⇒ =
= − + ⇒ =

=
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     (c) If  4.3 10% 4.73 KSR = + =

          

( )

( )
( )( )

2

2

2

5 1.18 2.8 1.96

1.18 2.31 2.68 0

2.31 5.336 12.65 2.78 V
2 1.18

0.25 2.78 1.4 0.476 mA

GS GS GS

GS GS

GS

D D

V V V

V V

V

I I

− = − +

− − =

± +
= =

= − ⇒ =
 

     If  4.3 10% 3.87 KsR = − =

          

( )( )

( )
( )( )

2

2

2

5 0.9675 2.8 1.96

0.9675 1.71 3.10 0

1.71 2.924 12.0 2.88 V
2 0.9675

0.25 2.88 1.4 0.548 mA

GS GS GS

GS GS

GS

D

V V V

V V

V

I

− = − +

− − =

± +
= =

= − =  
______________________________________________________________________________________ 
 
3.40 

          655.2910.0 =⇒
−

== R
R

I D kΩ  

          ( )2

2 TPSG
p

D VV
L
Wk

I +⎟
⎠
⎞

⎜
⎝
⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ′
=  

    Now  V 5.2== SDSG VV

          ( ) 235.17.05.2
2
05.010.0 2 =⎟

⎠
⎞

⎜
⎝
⎛⇒−⎟

⎠
⎞

⎜
⎝
⎛
⎟
⎠
⎞

⎜
⎝
⎛=

L
W

L
W  

     And  ( )( ) μ988.08.0235.1 ==W m 
______________________________________________________________________________________ 
 
3.41 

          

( )

( ) ( )

( )

( )

( )

( )

1 2
1 2

2

2

2

1 2

2
2 1

5 2 2.5
1.25 

10 1.25 0.1 80 

1.251.25 0.5 1.5 1.5
0.5

0.0811 

2.5 0.0811 2.42 

10 5

2.42 10 5 59.4 ,
80

DQ S SDQ DQ

DQ

R

DQ p SG TP

SG SG

SG

G S SG

G

I R V I
I mA

I R R
R R

I K V V

V V

V V

V V V V

RV
R R

R R k R

= + = +
=

= = ⇒ + = Ω
+

= +

= + ⇒ − =

=

= − = − =

⎛ ⎞
= −⎜ ⎟+⎝ ⎠

⎛ ⎞= − ⇒ = Ω⎜ ⎟
⎝ ⎠

20.6 k

k

= Ω
 

______________________________________________________________________________________ 
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3.42 
 
     (a) 

           
 

          

( )

( )

( ) ( )

( )

2

2

5 5 2 12 K
0.25

2

0.0350.25 15 1.2 2.18 V
2

5 2.18 11.3 K
0.25

2.18 2 4.18 V

D
D D

DQ

p
D SG TP

SG SG

S S

SD

V
R R

I

kWI V V
L

V V

R R

V

− − −
= = ⇒ =

′⎛ ⎞⎛ ⎞= +⎜ ⎟⎜ ⎟
⎝ ⎠⎝ ⎠

⎛ ⎞= − ⇒ =⎜ ⎟
⎝ ⎠

−
= ⇒ =

= − − =  
     (b) 

          

( ) ( )

( )

2

2

2

2

35 5% 36.75 A/V
50.0367515 1.2

2 11.3

3.11 2.4 1.44 5

3.11 6.46 0.522 0

p

SG
D SG

SG SG SG

SG SG

k
V

I V

V V V

V V

μ′ = + =

−⎛ ⎞= −⎜ ⎟
⎝ ⎠

− + = −

− − =

=

 

          

( )

( )( )

6.46 41.73 6.49 2.155 V
2 3.11

5 2.155 0.252 mA
11.3

10 0.252 12 11.3 4.13 V

SG

D

SD

V

I

V

± +
= =

−
= =

= − + =  

          

( ) ( )

( )

( )

( )( )

2

2

2

2

35 5% 33.25 A/V
50.0332515 1.2

2 11.3

2.82 2.4 1.44 5

2.82 5.77 0.939 0

5.77 33.29 10.59 2.198 V
2 2.82

5 2.198 0.248 mA
11.3

10 0.248 12 11.3 4.22 V

p

SG
D SG

SG SG SG

SG SG

SG

D

SD

k
V

I V

V V V

V V

V

I

V

μ′ = − =

−⎛ ⎞= −⎜ ⎟
⎝ ⎠

− + = −

− − =

± +
= =

−
= =

= − + =

=

 
______________________________________________________________________________________ 
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3.43 

          

( )

( ) ( )

( )

( )( )

2 2

G

2

1 2

1 2

1
1

2
2

2

10 6 105 0

5 3 1.75

5 1.75 3.04 V V 3.04
3

10 5 3.04

|| 80 k
1 80 10 5 3.04 408 k

408 80 99.5 k
408

SD
D D

D D

D P SG TP SG

SG

G

in

V
I R

R R

I K V V V

V

RV
R R

R R R

R
R

R R
R

− − − − +
= ⇒ = ⇒ =

= + ⇒ = −

= + = ⇒ = −

⎛ ⎞
= − = −⎜ ⎟+⎝ ⎠
= = Ω

⋅ = − ⇒ = Ω

= ⇒ = Ω
+

.8 kΩ

 
______________________________________________________________________________________ 
 
3.44 

(a) Both  and  in saturation 1M 2M
        21 DD II =

       ( )( ) ( ) ( )[ ] 7.06.001
2

4.04
2

22 =⇒−−
′

=−
′

I
n

I
n kk

υυ V 

(b) (i) 6.0=Iυ V;  in saturation,  in nonsaturation 1M 2M
        21 DD II =

       ( )( ) ( ) ( )( )( ) ([ ]22 556.0021
2

4.06.04
2 OO

nn kk
υυ −−−−−

′
=−

′ )  

    We find  ( ) ( ) ( ) 153.05016.052.15 2 =−⇒=+−−− OOO υυυ  
    So  85.4=Oυ V 
      (ii) 5.1=Iυ V;  in nonsaturation,  in saturation 1M 2M
       21 DD II =

      ( ) ( )[ ] ( ) ( )( )22 6.001
2

4.05.124
2

−−
′

=−−
′ n

OO
n kk

υυ  

   We find   V 0417.0009.02.22 =⇒=+− OOO υυυ
______________________________________________________________________________________ 

 
3.45 
           in nonsaturation,  in saturation 1M 2M
           21 DD II =

          ( )( ) ( )[ ] ( ) ( )[ ]22

1

6.001
2

025.0025.04.032
2

−−
′

=−−⎟
⎠
⎞

⎜
⎝
⎛′ nn k

L
Wk

 

          ( ) 78.236.01294.0
11

=⎟
⎠
⎞

⎜
⎝
⎛⇒=⎟

⎠
⎞

⎜
⎝
⎛

L
W

L
W  

______________________________________________________________________________________ 
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3.46 

(a) Transistors matched 
          V,  V 5.221 == GSGS VV 5.2=OV

        ( )( ) 938.74.05.230
2
12.0 2 =−⎟

⎠
⎞

⎜
⎝
⎛=DI mA 

(b)  21 DD II =

        ( ) ( )2
2

2

2
1

1 22 TNGS
n

TNGS
n VV

L
Wk

VV
L
Wk

−⎟
⎠
⎞

⎜
⎝
⎛′=−⎟

⎠
⎞

⎜
⎝
⎛′  

              12 5 GSGS VV −=

    Then  ( ) ( 4.054.0
15
30

11 −−=− GSGS VV )  

   Which yields V, 14.21 =GSV 86.22 == OGS VV V 

      ( )( )24.014.230
2
12.0

−⎟
⎠
⎞

⎜
⎝
⎛=DI 45.5= mA 

(c)  21 DD II =

        ( )  ( ) ( )( )2
2

2
1 4.0304.015 −=− GSGS VV

         ( ) 4.054.07071.0 11 −−=− GSGS VV
    Which yields V, 86.21 =GSV 14.22 == OGS VV V 

        ( )( ) 45.54.086.215
2
12.0 2 =−⎟

⎠
⎞

⎜
⎝
⎛=DI mA 

______________________________________________________________________________________ 
 
3.47 

(a) V 5.231 == GSVV

       ( ) 69.36.05.2
2
12.08.0

3

2

3

=⎟
⎠
⎞

⎜
⎝
⎛⇒−⎟

⎠
⎞

⎜
⎝
⎛
⎟
⎠
⎞

⎜
⎝
⎛=

L
W

L
W  

       5.35.26 22122 =⇒+=+== GSGSGS VVVVV V 

       ( ) 59.16.05.3
2
12.08.0

2

2

2

=⎟
⎠
⎞

⎜
⎝
⎛⇒−⎟

⎠
⎞

⎜
⎝
⎛
⎟
⎠
⎞

⎜
⎝
⎛=

L
W

L
W  

       V 3699 21 =−=−= VVGS

       ( ) 31.26.03
2
12.08.0

1

2

1

=⎟
⎠
⎞

⎜
⎝
⎛⇒−⎟

⎠
⎞

⎜
⎝
⎛
⎟
⎠
⎞

⎜
⎝
⎛=

L
W

L
W  

(b) (i) ( )( ) 12605.1120 ==′nk μ A/V  2

            No change; V, V 5.21 =V 62 =V

       (ii) ( )( ) μ11495.0120 ==′nk A/V  2

             No change; V, V 5.21 =V 62 =V

(c) μ1141 =′nk A/V 2 , μ12632 =′=′ nn kk A/V  2

         32 DD II =

        ( )( ) ( )( )2
3

2
2 6.069.3

2
126.06.059.1

2
126.0

−⎟
⎠
⎞

⎜
⎝
⎛=−⎟

⎠
⎞

⎜
⎝
⎛

GSGS VV  

     Now  ,  13 VVGS = 122 VVVGS −=
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)     So  ( )  ( 6.0523.16.0 112 −=−− VVV
 
    And   3138.0523.2 12 −= VV
    Also   31 DD II =

    ( )( ) ( )( )2
3

2
1 6.069.3

2
126.06.031.2

2
114.0

−⎟
⎠
⎞

⎜
⎝
⎛=−⎟

⎠
⎞

⎜
⎝
⎛

GSGS VV  

    We have  ( ) 1121 523.23138.93138.0523.299 VVVVGS −=−−=−=  
    Also   13 VVGS =

    Then  ( )( ) ( )( )2
1

2
1 6.023247.06.0523.23138.913167.0 −=−− VV  

    ( )6.03287.1523.27138.8 11 −=− VV  
    Which yields  469.21 =V V  and  916.52 =V V 

______________________________________________________________________________________ 
 
3.48 
           in saturation,   in nonsaturation LM DM
           DLDD II =

           ( )( ) ( )[ ] ( )( )22 6.015.052
2

15.015.06.052
2

−−⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ′
=−−⎟

⎠
⎞

⎜
⎝
⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ′ n

D

n k
L
Wk

 

            ( ) 8.27125.362975.1 =⎟
⎠
⎞

⎜
⎝
⎛⇒=⎟

⎠
⎞

⎜
⎝
⎛

DD L
W

L
W  

______________________________________________________________________________________ 
 
3.49 
           in saturation,  in nonsaturation LM DM
           DLDD II =

           ( )( ) ( )[ ] ( ) ( )[ ]22 2.102
2

10.010.06.052
2

−−⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ′
=−−⎟

⎠
⎞

⎜
⎝
⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ′ n

D

n k
L
Wk

 

           ( ) 31.388.287.0 =⎟
⎠
⎞

⎜
⎝
⎛⇒=⎟

⎠
⎞

⎜
⎝
⎛

DD L
W

L
W  

______________________________________________________________________________________ 
 
3.50 

(a) Transistor in nonsaturation 

        09733.0
30

08.03
=

−
=DI mA 

         ( )( ) ( )[ ]208.008.04.06.22
2
12.009733.0 −−⎟

⎠
⎞

⎜
⎝
⎛
⎟
⎠
⎞

⎜
⎝
⎛=

L
W  

         ( ) 69.4020736.009733.0 =⎟
⎠
⎞

⎜
⎝
⎛⇒⎟

⎠
⎞

⎜
⎝
⎛=

L
W

L
W  

(b) ( )( ) ( )[ ]208.008.04.032
2
12.009733.0 −−⎟

⎠
⎞

⎜
⎝
⎛
⎟
⎠
⎞

⎜
⎝
⎛=

L
W  

       ( ) 96.3024576.009733.0 =⎟
⎠
⎞

⎜
⎝
⎛⇒⎟

⎠
⎞

⎜
⎝
⎛=

L
W

L
W  

______________________________________________________________________________________ 
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3.51 
           DSDD VVRI ++= γ5
          ( ) Ω=⇒++= 27115.06.1125 DD RR  

         ( )( ) ( )[ ] 23115.015.06.052
2
08.012 2 =⎟

⎠
⎞

⎜
⎝
⎛⇒−−⎟

⎠
⎞

⎜
⎝
⎛==

L
W

L
WI D  

______________________________________________________________________________________ 
 
3.52 
           γVRIV DDSD ++=5

          ( ) Ω=⇒++= 2136.11520.05 DD RR  

          ( )( ) ([ ]220.020.06.052
2
04.015 −−⎟

⎠
⎞

⎜
⎝
⎛
⎟
⎠
⎞

⎜
⎝
⎛==

L
WI D )  

          ( ) 4360344.015 =⎟
⎠
⎞

⎜
⎝
⎛⇒⎟

⎠
⎞

⎜
⎝
⎛=

L
W

L
W  

______________________________________________________________________________________ 
 
3.53 

(a) 097.0
50

15.05
=

−
=RI mA 

       ( )( ) ( )[ ]215.015.06.052
2
12.0

2
097.0

−−⎟
⎠
⎞

⎜
⎝
⎛
⎟
⎠
⎞

⎜
⎝
⎛==

L
WI D  

        ( ) 623.007785.00485.0
21

=⎟
⎠
⎞

⎜
⎝
⎛=⎟

⎠
⎞

⎜
⎝
⎛⇒⎟

⎠
⎞

⎜
⎝
⎛=

L
W

L
W

L
W  

(b)  nonsaturation,  cutoff 1M 2M

        ( ) ( )[ ]26.052623.0
2
12.0

50
5

OO
O

DR VV
V

II −−⎟
⎠
⎞

⎜
⎝
⎛=

−
==  

   We find  V 297.00545.17869.1 2 =⇒=+− OOO VVV
______________________________________________________________________________________ 
 
3.54 

(a) ( ) 9.04.05.0 2222 =⇒−=−== GSGSTNGSDS VVVVsatV V 

        ( ) 33.84.09.0
2

120125
2

2

2
1 =⎟

⎠
⎞

⎜
⎝
⎛⇒−⎟

⎠
⎞

⎜
⎝
⎛
⎟
⎠
⎞

⎜
⎝
⎛==

L
W

L
WI Q  

        V 9.023 == GSGS VV

        ( ) 154.09.0
2

120225
3

2

3
1 =⎟

⎠
⎞

⎜
⎝
⎛⇒−⎟

⎠
⎞

⎜
⎝
⎛
⎟
⎠
⎞

⎜
⎝
⎛==

L
W

L
WI REF  

         and  matched, so 1M 2M 33.8
1

=⎟
⎠
⎞

⎜
⎝
⎛

L
W  

(b) V9.01 =GSV 1.19.02111 =−=−=⇒ GSDSD VVV V 

        2.11
125.0

1.15.2
=

−
=DR k  Ω

______________________________________________________________________________________ 
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3.55 

(a) ( ) 2.14.08.0 =⇒−=+== SGBSGBTPSGBSDB VVVVsatV V 

       ( ) 5.124.02.1
2

50200 2
2 =⎟

⎠
⎞

⎜
⎝
⎛⇒−⎟

⎠
⎞

⎜
⎝
⎛
⎟
⎠
⎞

⎜
⎝
⎛==

BB
Q L

W
L
WI  

        V 2.1== SGBSGC VV

        ( ) 81.74.02.1
2

50125 2
2 =⎟

⎠
⎞

⎜
⎝
⎛⇒−⎟

⎠
⎞

⎜
⎝
⎛
⎟
⎠
⎞

⎜
⎝
⎛==

CC
REF L

W
L
WI  

        and  matched, so AM BM 5.12=⎟
⎠
⎞

⎜
⎝
⎛

AL
W  

(b) V 2.1=SGAV
       V 8.242.1 −=−=−= SDASGADA VVV

        ( ) 11
20.0

58.2
=

−−−
=DR k  Ω

______________________________________________________________________________________ 
 
3.56 
          ( ) 1.16.05.0 2222 =⇒−=−== GSGSTNGSDS VVVVsatV V 

          ( ) 3.236.01.1
2
12.035.0

2

2

2

=⎟
⎠
⎞

⎜
⎝
⎛⇒−⎟

⎠
⎞

⎜
⎝
⎛
⎟
⎠
⎞

⎜
⎝
⎛==

L
W

L
WI Q  

          V 1.123 == GSGS VV

          ( ) 106.01.1
2
12.015.0

3

2

3

=⎟
⎠
⎞

⎜
⎝
⎛⇒−⎟

⎠
⎞

⎜
⎝
⎛
⎟
⎠
⎞

⎜
⎝
⎛==

L
W

L
WI REF  

          V 9.31.154 =−=GSV

         ( ) 23.06.09.3
2
12.015.0

4

2

4

=⎟
⎠
⎞

⎜
⎝
⎛⇒−⎟

⎠
⎞

⎜
⎝
⎛
⎟
⎠
⎞

⎜
⎝
⎛==

L
W

L
WI REF  

          and  matched, so 1M 2M 3.23
1

=⎟
⎠
⎞

⎜
⎝
⎛

L
W  

         V; 1.11 =GSV 4.21.15.3111 =−=−= GSDSD VVV V 

         43.7
35.0

4.25
=

−
=DR k  Ω

______________________________________________________________________________________ 
 
3.57 

           ( )satDS GSV V= − PV  

     So 
( )sat ,  DS DS P D DSV V V I I> = − = S  

______________________________________________________________________________________ 
 
3.58 

          
( ) ( )sat 3 satDS GS P GS DSV V V V V= − = + =

 

     a. 
0 6GS D DSSV I I= ⇒ = =  mA

 

     b.

2 211 6 1 2.67
3

GS
D DSS D

P

V
I I I

V
⎛ ⎞ −⎛ ⎞= − = − ⇒ =⎜ ⎟ ⎜ ⎟−⎝ ⎠⎝ ⎠

 mA
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     c. 

226 1 0.667 mA
3D DI I−⎛ ⎞= − ⇒ =⎜ ⎟−⎝ ⎠  

     d. 
0DI =

 
______________________________________________________________________________________ 
 
3.59 

          

2

2

2

2

2

1

12.8 1

30.30 1

11
2.8 9.33

0.30 31

GS
D DSS

P

DSS
P

DSS
P

P

P

VI I
V

I
V

I
V

V

V

⎛ ⎞
= −⎜ ⎟

⎝ ⎠

⎛ ⎞
= −⎜ ⎟

⎝ ⎠

⎛ ⎞
= −⎜ ⎟

⎝ ⎠

⎛ ⎞
−⎜ ⎟

⎝ ⎠= =
⎛ ⎞
−⎜ ⎟

⎝ ⎠  

          

11
3.055

31

1 91 3.055

P

P

P P

V

V

V V

⎛ ⎞
−⎜ ⎟

⎝ ⎠ =
⎛ ⎞
−⎜ ⎟

⎝ ⎠

− = −
.165

 

          
( )

2

8.165 2.055 3.97 V

12.8 1 0.560 5.0 mA
3.97

P
P

DSS DSS DSS

V
V

I I I

= ⇒ =

⎛ ⎞= − = ⇒ =⎜ ⎟
⎝ ⎠  

______________________________________________________________________________________ 
 
3.60 

           ,  S GS SD S DV V V V V= − = − D

     Want  ( )satSD SD P GSV V V V≥ = −

          S DD P GS GS DD P GS DD PV V V V V V V V V V− ≥ − − − ≥ − ⇒ ≤ −
 

     So
2.5 VDDV ≤ −

 

          

2

2

2 1

2 6 1 1.06 V 1.06 V
2.5

GS
D DSS

P

GS
GS S

V
I I

V

V
V V

⎛ ⎞
= = −⎜ ⎟

⎝ ⎠

⎛ ⎞= − ⇒ = ⇒ = −⎜ ⎟
⎝ ⎠  

______________________________________________________________________________________ 
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N

 
 
3.61 

           

( )
( )
( )

2

2

2

18.5 0.35

86.2 0.5

D n GS TN

n T

n TN

I K V V

K V

K V

= −

= −

= −

          

( )
( )

( )

2

2

2 2

Then

0.3518.5 0.2146 0.221 
86.2 0.50

18.5 0.35 0.221 1.11 /

TN
TN

TN

n n

V
V V

V

K K mA V

−
= = ⇒ =

−

= − ⇒ =
 

______________________________________________________________________________________ 
 
3.62 

          

( )
( )

2

2 2250 0.75 0.24 0.961 /
D GS TNI K V V

K K

= −

= − ⇒ = mA V  
______________________________________________________________________________________ 
 
3.63 

          

( ) ( )( )
( )

( )( )

2

2

2

2

2

2

1

10 1
5 0.2

22 1
5 25

2 9 2 0
25 5
2 45 50 0

45 45 4 2 50
1.17 V

2 2
1.17 5.85 mA
0.2

20 5.85 2 8.3 V

GS S GS
D DSS

P S S

GS GS

GS GS
GS

GS GS

GS GS

GS GS

GS
D D

S

D

DS D S

V V V
I I

V R R

V V

V V V

V V

V V

V V

VI I
R

V
V V V

⎛ ⎞
= − = = −⎜ ⎟

⎝ ⎠

⎛ ⎞− = −⎜ ⎟−⎝ ⎠
⎛ ⎞
+ + = −⎜ ⎟

⎝ ⎠

+ + =

+ + =

− ± −
= ⇒

= − = ⇒ =

= − =
= −

= −

8.3 1.17 7.13 VDSV= − ⇒ =
 

______________________________________________________________________________________ 
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3.64 

          

( )
2

8 10 2 V 5 0.4 k

1

DS DD S

S S D S S S

GS
D DSS

P

V V V
V V I R R R

VI I
V

= −
= − ⇒ = = = ⇒ = Ω

⎛ ⎞
= −⎜ ⎟

⎝ ⎠  

          

2

2

15 1  Let 10 m

15 10 1 3.41 V

DSS DSS
P

P
P

I I
V

V
V

⎛ ⎞−
= − =⎜ ⎟

⎝ ⎠

⎛ ⎞−
= − ⇒ = −⎜ ⎟

⎝ ⎠

A

 

          

( ) ( )

2

1 2 1

1
1

2
2

2

1 2 1 V

1

11 500 10 5 M

5 0.5 0.556 M
5

G GS S

G DD i

V V V

RV V R
R R R

R
R

R R
R

= + = − + =

⎛ ⎞
= = ⋅⎜ ⎟+⎝ ⎠

= ⇒ =

= ⇒ = Ω
+

n DDV⋅

Ω

 
______________________________________________________________________________________ 
 
3.65 

          

2

2

1

5 8 1 0.838 V
4

GS
D DSS

P

GS
GS

V
I I

V

V
V

⎛ ⎞
= −⎜ ⎟

⎝ ⎠

⎛ ⎞
= − ⇒ =⎜ ⎟

⎝ ⎠  

          

( )
( ) ( )20 5 0.5 2 7.5 V

SD DD D S D

SD

V V I R R
V

= − +
= − + ⇒ =

 

          

( ) ( )

2

1 2 1

20 5 0.5 17.5 V
17.5 0.838 18.3 V

1

S

G S GS

G DD in

V
V V V

R
V V R V

R R R

= − =
= + = + =

⎛ ⎞
= = ⋅ ⋅⎜ ⎟+⎝ ⎠

DD

 

          

( ) ( ) 1
1

2
2

2

118.3 100 20 109 k

109
100 1.21 M

109

R
R

R
R

R

= ⇒ =

= ⇒ = Ω
+

Ω

 
______________________________________________________________________________________ 
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3.66 

          

( )
( )( )

2

2

1

5 7 1 0.465 V
3

6 12 5 0.3 0.9 k

GS
D DSS

P

GS
GS

SD DD D S D

D D

VI I
V

V V

V V I R R
R R

⎛ ⎞
= −⎜ ⎟

⎝ ⎠

⎛ ⎞= − ⇒ =⎜ ⎟
⎝ ⎠
= − +

= − + ⇒ = Ω
 

          

( )( )

( )

2

1 2

2
2 1

12 5 0.3 10.5 V
10.5 0.465 10.965 V

10.965 12 91.4 k 8.6 k
100

S

G S GS

G DD

V
V V V

RV V
R R

R R R

= − =
= + = + =

⎛ ⎞
= ⎜ ⎟+⎝ ⎠

⎛ ⎞= ⇒ = Ω⇒ =⎜ ⎟
⎝ ⎠

Ω
 

______________________________________________________________________________________ 
 
3.67 

          

( )

( )( ) ( )

2

1 2

2

2

2

60 20 6 V
140 60

1

8 2 1 6
4

16 1 6
2 16

G DD G

GS S G GS
D DSS

P S S

GS
GS

GS GS
GS

RV V V
R R

V V V VI I
V R R

V V

V V V

⎛ ⎞ ⎛ ⎞= = ⇒⎜ ⎟ ⎜ ⎟+ +⎝ ⎠⎝ ⎠

⎛ ⎞ −
= − = =⎜ ⎟

⎝ ⎠

⎛ ⎞
− = −⎜ ⎟⎜ ⎟−⎝ ⎠

⎛ ⎞
+ + = −⎜ ⎟

⎝ ⎠

=

 

          

( ) ( )

( )
( )

2

2

2

9 10 0

9 9 4 10
1.30

2

1.30
8 1 3.65 mA

4

GS GS

GS GS

D D

V V

V V

I I

+ + =

− ± −
= ⇒

⎛ ⎞−
= − ⇒ =⎜ ⎟⎜ ⎟−⎝ ⎠

= −

)

 

          

( )
( )(

( )
( )

20 3.65 2 2.7
2.85 V

sat
1.30 4

2.7 V (Yes)

DS DD D S D

DS

DS DS GS P

V V I R R

V
V V V V

= − +
= − +
=

> = −
= − − −
=  
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3.68 

          

( )
( )5 12 0.5 1 4.67 mA

DS DD D S D

D D

V V I R R
I I

= − +
= − + ⇒ =

 

          

( ) ( )

( )2

1 2

4.67 0.5 2.33 V

20 12 0.511 V
450 20

S D S S

G DD G

V I R V

R
V V V

R R

= = ⇒ =

⎛ ⎞ ⎛ ⎞= = ⇒ =⎜ ⎟ ⎜ ⎟+ +⎝ ⎠⎝ ⎠  

          

( )

2

2

0.511 2.33 1.82 V

1

1.82
4.67 10 1 5.75 V

GS G S GS

GS
D DSS

P

P
P

V V V V

V
I I

V

V
V

= − = − ⇒ = −

⎛ ⎞
= −⎜ ⎟

⎝ ⎠

−⎛ ⎞
= − ⇒ = −⎜ ⎟⎜ ⎟

⎝ ⎠  
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3.69 

          

2

1 ,  0

4 mA

10 3 1.75 k
4

GS
D DSS GS

P

D DSS

DD DS
D D

D

VI I V
V

I I

V V
R R

I

⎛ ⎞
= − =⎜ ⎟

⎝ ⎠
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− −
= = ⇒ = Ω
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3.70 

          

( )

( )

1 2

2

2

2

1 2

2
2

1

10 20 1 10 k

20 200 k
0.1

1

1 2 1 0.586 V
2

10 0.586 10.586

10.586 20 106 k
200

94 k

SD DD D S

S S

DD

GS
D DSS

P

GS
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G S GS

G DD

V V I R
R R

VR R
I

V
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V

V
V

V V V

RV V
R R

R R

R

= −
= − ⇒ = Ω

+ = = = Ω

⎛ ⎞
= −⎜ ⎟

⎝ ⎠

⎛ ⎞= − ⇒ =⎜ ⎟
⎝ ⎠

= + = + =

⎛ ⎞
= ⎜ ⎟+⎝ ⎠

⎛ ⎞= ⇒ =⎜ ⎟
⎝ ⎠

= Ω
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3.71 

          

( )
( )( )
( )
( )

( )( )

( )

2

2

2

1 2

2
2

1

2 3 0.040 10 15 k

40 250 0.20 0.60 V

0.60 0.040 10 1.0 V

1 3 50 k
150
100 k

DS DD D S D

D D

D GS TN

GS GS

G GS S

G DD

V V I R R
R R

I K V V

V V

V V V

RV V
R R

R R

R

= − +
= − + ⇒ = Ω

= −

= − ⇒ =

= + = + =

⎛ ⎞
= ⎜ ⎟+⎝ ⎠
⎛ ⎞= ⇒ = Ω⎜ ⎟
⎝ ⎠
= Ω
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3.72 

     For 

( )0.70 0.70
0.75 0.15 0.6

O DS DS GSV V V V sat V= ⇒ = > = −

− =
TNV

 
     Biased in the saturation region 

          ( ) ( )2 2 2

3 0.7 46 
50

46 0.75 0.15 128 /

DD DS
D D

D

D GS TN

V V
I I A

R

I K V V K K A V

μ

μ

− −
= = ⇒ =

= − ⇒ = − ⇒ =
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Chapter 4 
 
4.1 

(a) (i) DQ
n

m I
L

Wk
g ⎟

⎠
⎞

⎜
⎝
⎛′=

2
2  

            ( ) 5.25.0
2
1.025.0 =⎟

⎠
⎞

⎜
⎝
⎛⇒⎟

⎠
⎞

⎜
⎝
⎛
⎟
⎠
⎞

⎜
⎝
⎛=

L
W

L
W  

      (ii) ( )2
2 TNGSQ
n

DQ VV
L

Wk
I −⎟

⎠
⎞

⎜
⎝
⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ′
=  

             ( )( ) 4.24.05.2
2
1.05.0 2 =⇒−⎟
⎠
⎞

⎜
⎝
⎛= GSQGSQ VV V 

(b) (i) ( ) 33.815.0
2
1.025.0 =⎟

⎠
⎞

⎜
⎝
⎛⇒⎟

⎠
⎞

⎜
⎝
⎛
⎟
⎠
⎞

⎜
⎝
⎛=

L
W

L
W  

(ii) ( )( ) 0.14.033.8
2
1.015.0 2 =⇒−⎟
⎠
⎞

⎜
⎝
⎛= GSQGSQ VV V 

______________________________________________________________________________________ 
 
4.2 

(a) (i) DQ
p

m I
L

Wk
g ⎟

⎠
⎞

⎜
⎝
⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ′
=

2
2  

     ( ) 12015.0
2
04.022.1 =⎟

⎠
⎞

⎜
⎝
⎛⇒⎟

⎠
⎞

⎜
⎝
⎛
⎟
⎠
⎞

⎜
⎝
⎛=

L
W

L
W  

(ii) ( )2
2 TPSGQ

p
DQ VV

L
Wk

I +⎟
⎠
⎞

⎜
⎝
⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ′
=  

       ( )( ) 85.06.0120
2
04.015.0 2 =⇒−⎟

⎠
⎞

⎜
⎝
⎛= SGQSGQ VV V 

(b) (i) ( ) 3650.0
2
04.022.1 =⎟

⎠
⎞

⎜
⎝
⎛⇒⎟

⎠
⎞

⎜
⎝
⎛
⎟
⎠
⎞

⎜
⎝
⎛=

L
W

L
W  

(ii) ( )( ) 43.16.036
2
04.050.0 2 =⇒−⎟

⎠
⎞

⎜
⎝
⎛= SGQSGQ VV V 
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4.3 

          

( ) ( )
( )
( )

[ ] [ ]
( )( )

2

11

2 2

1
1 101 3.4

1 3.0 1 5
3.4 1 5 3.0 1 10
3.4 3.0 3 10 3.4 5 0.0308

5 12.5 k
0.4

D n GS TN DS

DSD

D DS

DS
o

D

I K V V V

VI
I V

Vr
I

λ
λλ

λ λ
λ λ
λ λ

= − +

++
= ⇒ =

+ +

+ = +
− = ⋅ − ⋅ ⇒ =

Δ
= = = Ω

Δ  
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4.4 

          ( ) ( )

0

0

1

1 1 0.833 mA
0.012 100

D

D D

r
I

I I
r

λ

λ

=

= = ⇒ =
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4.5 

(a)  ( ) ( DSTNGSnD VVVKI λ+−= 12 )
       ( )DSDOD VII λ+= 1  

   Then  
( )
( )λ

λ
5.11
3.31

250.0
258.0

+
+

=  

   Or  ( ) 01826.03.315.11032.1 =⇒+=+ λλλ V  1−

      ( )( )[ ] 2433.05.101826.01250.0 =⇒+= DODO II mA 

      ( )( ) 225
2433.001826.0

11
===

DO
o I

r
λ

kΩ  

(b) ( ) ( )( )[ ] 2655.0501826.012433.0 =+=DI mA 
______________________________________________________________________________________ 
 
4.6 
     (a) 

       (i) ( )( )
1 1 1000 K

0.02 0.05o
D

r
Iλ

= = =
 

       (ii) ( )( )
1 100 K

0.02 0.5or = =
 

     (b)  

       (i) 

1 0.001 mA 1.0 A
1000

DS
D

o

VI
r

μ
Δ

Δ = = = =
 

 

1.0 2%
50

D

D

I
I
Δ

= ⇒
 

        (ii) 

1 0.01 10 A
100

10 2%
500

DS
D

o

D

D

V
I

r
I

I

μ
Δ

Δ = = = ⇒

Δ
= ⇒
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4.7 

           ( )( )

1.0 mA
1 1 100 K

0.01 1

D

o
D

I

r
Iλ

=

= = =
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4.8 

(a)  DSQDDQDD VRIV +=

       mA ( ) 36.05.153.3 =⇒+= DQDQ II

       ( )2
2 TNGSQ
n

DQ VV
L

Wk
I −⎟

⎠
⎞

⎜
⎝
⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ′
=  

       ( )( ) 824.04.040
2
1.036.0 2 =⇒−⎟
⎠
⎞

⎜
⎝
⎛= GSQGSQ VV V 

(b) ( ) 240
2
1.0

2
=⎟

⎠
⎞

⎜
⎝
⎛=⎟

⎠
⎞

⎜
⎝
⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ′
=

L
Wk

K n
n mA/V  2

       ( )( ) 697.136.0222 === DQnm IKg mA/V 

        ( )( ) 1.111
36.0025.0

11
===

DQ
o I

r
λ

kΩ  

       ( ) ( )( ) 12.851.111697.1 −=−=−= Dom RrgAυ  
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4.9 

(a)  Dm RgA −=υ

         mA/V ( ) 38.0108.3 =⇒−=− mm gg

        DQnm IKg 2= DQ
n I

L
Wk

⎟
⎠
⎞

⎜
⎝
⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ′
=

2
2  

        ( ) 02.612.0
2
1.0238.0 =⎟

⎠
⎞

⎜
⎝
⎛⇒⎟

⎠
⎞

⎜
⎝
⎛
⎟
⎠
⎞

⎜
⎝
⎛=

L
W

L
W  

(b) mA/V ( ) 50.0105 =⇒−=− mm gg

        ( ) 4.1012.0
2
1.0250.0 =⎟

⎠
⎞

⎜
⎝
⎛⇒⎟

⎠
⎞

⎜
⎝
⎛
⎟
⎠
⎞

⎜
⎝
⎛=

L
W

L
W  
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4.10 

(a)  DSQDDQDD VRIV +=

        k  ( ) 435.05 =⇒+= DD RR Ω

        ( )2
2 TNGSQ
n

DQ VV
L

Wk
I −⎟

⎠
⎞

⎜
⎝
⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ′
=  

         ( ) 7.346.02.1
2
08.05.0 2 =⎟

⎠
⎞

⎜
⎝
⎛⇒−⎟

⎠
⎞

⎜
⎝
⎛
⎟
⎠
⎞

⎜
⎝
⎛=

L
W

L
W  

(b) ( )( ) 666.15.07.34
2
08.02

2
2 =⎟

⎠
⎞

⎜
⎝
⎛=⎟

⎠
⎞

⎜
⎝
⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ′
= DQ

n
m I

L
Wk

g mA/V 

        ( )( ) 3.133
5.0015.0

11
===

DQ
o I

r
λ

kΩ  

(c) ( ) ( )( ) 47.643.133666.1 −=−=−= Dom RrgAυ  
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4.11 

          

[ ]

[ ]

22 2

2

2
2

sin sin

1sin 1 cos 2
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So 1 cos 2
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2ω ω

ω ω
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K V
K v t
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( )

( )

2

cos 2
2Ratio of signal at 2  to that at :

2 s

The coefficient of this expression is then:
4

n gs

n GSQ TN gs

gs

GSQ TN

K V
t

inK V V V

V

V V

ω
ω ω

tω

⋅

− ⋅
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4.12 

          

( )
( )( )( )

0.01
4

So 0.01 4 3 1 0.08 V

=
−

= − ⇒ =

gs

GSQ TN

gs gs

V
V V

V V
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4.13 

(a) ( ) 66.03.3
24060

60

21

2 =⎟
⎠
⎞

⎜
⎝
⎛

+
=⋅⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

= DDGS V
RR

R
V V 

       ( ) ( )( ) 270.04.066.080
2
1.0

2
22 =−⎟

⎠
⎞

⎜
⎝
⎛=−⎟

⎠
⎞

⎜
⎝
⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ′
= TNGS

n
DQ VV

L
Wk

I mA 

       ( )( ) 14.18270.03.3 =−=−= DDQDDDSQ RIVV V 

(b) ( )( ) 078.2270.080
2
1.02

2
2 =⎟

⎠
⎞

⎜
⎝
⎛=⎟

⎠
⎞

⎜
⎝
⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ′
= DQ

n
m I

L
Wk

g mA/V 

        ( )( ) 185
27.002.0

11
===

DQ
o I

r
λ

kΩ  

(c) ( ) ⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

+
−=

Si
Dom RRR

RR
RrgA

21

21
υ  

         We find 668.78185 ==Do Rr  kΩ  

              482406021 ==RR  kΩ  

         So  ( )( ) 3.15
248

48668.7078.2 −=⎟
⎠
⎞

⎜
⎝
⎛

+
−=υA  
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4.14 

          

( )
( )
0 ||

10 100 || 5 2.1 mA/V
v m D

m m

A g r R
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4.15 

(a) ( ) 1875.25
225175

175

21

2 =⎟
⎠
⎞

⎜
⎝
⎛

+
=⋅⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

= DDG V
RR

R
V V 

       ( )21875.2 TNGSSnGSSDGS VVRKVRIV −+=+=  

        ( )( )( )64.06.1111875.2 2 +−+= GSGSGS VVV

   or   V 58.105475.16.02 =⇒=−− GSGSGS VVV

       mA ( ) ( )( ) 608.08.058.11 22 =−=−= TNGSnDQ VVKI
       ( ) ( )( ) 96.141608.05 =+−=+−= DSDQDDDSQ RRIVV V 

(b) 
Sm

Dm

Rg
Rg

A
+
−

=
1υ  

       ( )( ) 56.1608.012 ==mg mA/V 

       ( )( )
( )( ) 44.2

156.11
456.1

−=
+
−

=υA  

(c) 
( ) ( )( )

( )( ) ( )LD
LD

Sm

LDm RR
RR

Rg
RRg

A 6094.0
156.11

56.1
1

−=
+

−
=

+

−
=υ  

( )( ) ( )( ) 0.36094.044.275.0 =⇒−=− LDLD RRRR  kΩ  

1234 =⇒= LL RR  kΩ  
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4.16 

(a)  ( )DSDQDDDSQ RRIVV +−=

       ( )( ) 5.32125 =+⇒+−= DSDS RRRR kΩ  
       k ,  then k  5.0=SR Ω 3=DR Ω

        ( )2TNGSQnDQ VVKI −=

       V ( ) 355.22.15.12 2 =⇒−= GSQGSQ VV
       ( )( ) 355.35.02355.2 =+=+= SDQGSQG RIVV V 

       DDinDDG VR
R

V
RR

R
V ⋅⋅=⋅⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

=
121

2 1  

       ( )( ) 894122501355.3 1
1

=⇒= R
R

kΩ  

       347250894 2221 =⇒== RRRR kΩ  

(b) ( )( ) 464.325.12 ==mg mA/V 

       
( ) ( )( )

( )( ) 93.2
5.0464.31

103464.3
1

−=
+

−
=

+

−
=

Sm

LDm

Rg
RRg

Aυ  
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4.17 

(a) From Problem 4.16; 
        kΩ , kΩ , 5.0=SR 3=DR
        kΩ , kΩ  8941 =R 3472 =R
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(b) ( )( ) 464.325.12 ==mg mA/V 

       ( ) ( )( ) 99.7103464.3 −=−=−= LDm RRgAυ  
______________________________________________________________________________________ 
 
4.18 
     (a) 

          
15 2 7.5 K
v m D

D D

A g R
R R

= −
− = − ⇒ =

 
     (b) 

          

( )( )
( )

1
2 7.5

5 1
1 2

m D
v

m S

S
S

g RA
g R

R
R

−
=

+

−
− = ⇒ =

+
 K
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4.19 

     (a) 1
m D

v
m S

g R
A

g R
−

=
+  

     (1) ( )
8

1 1
m D

m

g R
g

−
− =

+  

     (2) 16 m Dg R− = −  

     Then 

( )
168 1

1 1
16 K

m
m

D

g
g

R

= ⇒ =
+

=

 mA/V

 
 

     (b) 

( )( )
( )
1 16

10
1 1

0.6 K

v
S

S

A
R

R

−
= − =

+

=
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4.20 

(a) ( )2
2 TNGSQ
n

QDQ VV
L

Wk
II −⎟

⎠
⎞

⎜
⎝
⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ′
==  

        ( )( ) 247.18.050
2
1.05.0 2 =⇒−⎟
⎠
⎞

⎜
⎝
⎛= GSQGSQ VV V 

        ( ) ( )( ) 25.3247.165.05 =+−=−−−= +
GSQDDQDSQ VRIVV V 

(b) ( )( ) 236.25.050
2
1.02

2
2 =⎟

⎠
⎞

⎜
⎝
⎛=⎟

⎠
⎞

⎜
⎝
⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ′
= DQ

n
m I

L
Wk

g mA/V 

        ( )( ) 100
5.002.0

11
===

DQ
o I

r
λ

kΩ  

       ( ) ( )( ) 7.126100236.2 −=−=−= Dom RrgAυ  
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(c) ( ) ( )( ) 86.9206100236.2 −=−=−= LDom RRrgAυ  

(d) ( ) ( )( ) 51.666100236.2 −=−=−= LDom RRrgAυ  
______________________________________________________________________________________ 
 
4.21 

(a) ( ) ( DSDQDSQ RRIV + )−−−= 55  
( )( ) 451.0105.5 =+⇒+−= DSDS RRRR kΩ  

( )2TNGSQnDQ VVKI −=  

( ) ( )( ) 143.18.085.01.0 2 =⇒−= GSQGSQ VV V 
5=+ SDGS RIV  

( ) 6.3851.0143.1 =⇒=+ SS RR kΩ  
                               k43.6=⇒ DR Ω  

(b) ( )( ) 583.01.085.022 === DQnm IKg  mA/V 

        ( )( ) 500
1.002.0

11
===

DQ
o I

r
λ

kΩ  

(c) ( ) ( )( ) 19.34050043.6583.0 −=−=−= LoDm RrRgAυ  
______________________________________________________________________________________ 
 
4.22 

(a)  ( )DSDQDDDSQ RRIVV +−=

       ( )( ) 6.25.03.32 =+⇒+−= DSDS RRRR kΩ  

        ( )2TNGSQnDQ VVKI −=

        V ( )( ) 3.08.025.0 2 −=⇒−−= GSQGSQ VV
         0=+ SDQGSQ RIV
        k( ) 6.005.03.0 =⇒=+− SS RR Ω  
                                      k2=⇒ DR Ω  

(b) ( )( ) 25.0222 === DQnm IKg  mA/V 

       
( ) ( )( )

( )( ) 52.1
6.021

1022
1

−=
+

−
=

+

−
=

Sm

LDm

Rg
RRg

Aυ  

______________________________________________________________________________________ 
 
4.23 

(a)   and  SDQDSQDDQDD RIVRIV ++= 0=+ SDQGS RIV  

   Then    ( ) GSDSQTNGSDnDD VVVVRKV −+−= 2

        ( )( )( ) GSGS VV −++= 5.28.0225 2

   Which yields 
       ,  006.04.54 2 =++ GSGS VV 0112.0−=⇒ GSV V 

   and   mA ( ) 244.18.00112.02 2 =+−=DQI
       ( )( ) ( ) Ω≅Ω=⇒++= 999.8244.15.22244.15 SS RR  
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(b)  ( )( ) 155.3244.1222 === DQnm IKg  mA/V 

      
( ) ( )( )

( )( ) 07.3
009.0155.31
22155.3

1
−=

+

−
=

+

−
=

Sm

LDm

Rg
RRg

Aυ  

______________________________________________________________________________________ 
 
4.24 
     a. 

           ( )
5 5
5 6 10

DQ S SDQ DQ D

DQ S DQ

I R V I R
I R I

= + + −
= + + − 5

     1. 

4
10

5

DQ
S

S SDQ DQ D SGQ

I
R

V V I R V

=
+

= + − =  

     2. ( )1 10DQ SI V+ = GQ  

     3.  ( )2
2DQ p SGQI K V= −

     

4Choose 10 k  0.20 mA
20S DQR I= Ω ⇒ = =

 

          
2 2

1 (0.2)(10) 3 V
0.20 (3 2) 0.20 /

SGQ

P P

V
K K mA

= + =
= − ⇒ = V

 
     b. 

          

( )( )
( )( )

( ) ( )( )

20.20 3 2 0.20 mA

2 2 0.2 0.2 0.4 /

|| 0.4 10 ||10 2.0

DQ

m P DQ

v m D L v

I

g K I mA V

A g R R A

= − =

= = =

= − = − ⇒ = −
 

     c. 

          

2 2

4Choose 20 k 0.133 mA
30

1 (0.133)(10) 2.33 V
0.133 (2.33 2) 1.22 /

2 (1.22)(0.133) 0.806 mA/V
(0.806)(10 10) 4.03

S DQ

SGQ

p p

m

v v

R I

V
K K mA V

g
A A

= Ω⇒ = =

= + =
= − ⇒ =

= =
= − ⇒ = −

 
            A larger gain can be achieved. 
______________________________________________________________________________________ 
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4.25 
     (a) 

          

( )
( )

( )

2

2
0.25 0.8 0.5

1.059 V
3 1.059 7.76 K

0.25
1.059 1.5 0.441 V

0.441 3
10.2 K

0.25

DQ p SGQ TP

SGQ

SGQ

S S

D S SDQ

D D

I K V V

V

V

R R

V V V

R R

= +

= −

=
−

= ⇒ =

= − = − = −

− − −
= ⇒ =

 
     (b) 

          

( )
( )( )

( )( )
2 2 0.8 0.25 0.8944 mA/V

0.8944 10.2 || 2
1.50

v m D L

m p DQ

v

v

A g R R

g K I

A
A

= −

= = =

= −
= −  

     (c) 

          

( ) ( )|| 0.25 10.2 || 2 0.418
So 0.836 peak-to-peak

O D L

O

V I R R
V

Δ = Δ = =
Δ =

 
______________________________________________________________________________________ 
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4.26 

          

( )

( )
( )

( )

( )

( )( )

2

2

2

2

2.2 2 6 0.202 /

6 0.202 2.8 2.65 

18
8 10 1.33 k 1.33

6

1

12.2
1

1
1 2.2 1.33

2.21 2.93 2.2
1

3.93 2.2

DQ n GSQ TN

m n DQ

n n

TN TN

DSQ DQ S D

S D S D

m D L
v

m S

D

D

D

D
D

D

I K V V

g K I

K K mA V

V V V

V I R R

R R R R

g R R
A

g R

R
R

R
RR
R

= −

=

= ⇒ =

= − ⇒ = −

= − +
1 −

+ = = Ω⇒ = −

= −
+

⎛ ⎞⋅
− ⎜ ⎟+⎝ ⎠− =

+ −

+ − =
+

−( )( )

( ) ( )( )
( )
( )( )

( )( )

2

2

2

1
1 1

2
2

2

1 2.2
3.93 1.73 2.2 2.2
2.2 0.47 3.93 0

0.47 0.47 4 2.2 3.93
1.23 k , 0.10 k

2 2.2
2.8 6 0.1 3.4 V

1 1 100 18 3.4 529 k

529 100 123 k
529

D D D

D D D

D D

D D

G GS S

G in DD

R R R
R R R

R R

R R

V V V

V R V R
R R
R R
R

+ =
+ − =
+ − =

− + +
= ⇒ = Ω

= + = + =

= ⋅ ⋅ = = ⇒ = Ω

= ⇒ = Ω
+

SR = Ω

 
______________________________________________________________________________________ 
 
4.27 

(a)  9−+== DDQSDQSGQS RIVVV

                ( ) ( )( ) 44945 2 −+=−+= TPSGQpDQSGQ VVKIV  

                 ( ) 444.14.28 2 −+−= SGQSGQSGQ VVV

    Or  V 071.2052.72.208 2 =⇒=+− SGQSGQSGQ VVV

        ( ) ( ) 518.12.1071.22 22 =−=+== TPSGQpQDQ VVKII mA 

(b) ( )( ) 485.3518.1222 === DQpm IKg  mA/V 

        ( )( ) 22
518.103.0

11
===

DQ
o I

r
λ

kΩ  

        ( ) ( )( ) 8.11224485.3 −=−=−= oDm rRgAυ  

(c) ( ) ( )( ) 29.88224485.3 −=−=−= LoDm RrRgAυ  
______________________________________________________________________________________ 
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4.28 
     (a) 

          

( )
( )

( )

2

2
0.5 0.25 0.8

0.614 
10 0.614 18.8 K

0.5
0.614 3 2.386 V

2.386 10
15.2 K

0.5

DQ p SGQ TP

SGQ

SGQ S

S S

D S SDQ

D D

I K V V

V

V V V

R R

V V V

R R

= +

= +

= =
−

= ⇒ =

= − = − = −

− − −
= ⇒ =

 
      (b) 

          

( )( )
( )( )

2 2 0.25 0.5 0.7071 mA/V

0.7071 15.2
10.7

v m D

m p DQ

v

v

A g R

g K I

A
A

= −

= = =

= −

= −
 

______________________________________________________________________________________ 
 
4.29 

          

( )
( )

( )( )10 20 1 10 k

v m D L

DSQ DD DQ S D

S D S D

A g R R

V V I R R
R R R R

= −

= − +
= − + ⇒ + = Ω  

     Let 
8 k , 2 kD SR R= Ω = Ω

 
          ( )20810 mgA −=−=υ  

          mA/V75.1=mg ( ) 766.0122 =⇒== nnDQn KKIK  mA/V  2

          

( )( )
( ) ( )

( )( )

2 2

1
1 1

2
2

2

1 2 2 V

1 0.766 2 3.14 V
3.14 2 5.14

1 1 200 20 5.14 778 k

778 200 269 k
778

S DQ S

DQ n GS TN GS GS

G GS S

G in DD

V I R

I K V V V V
V V V

V R V R
R R
R R
R

= = =

= − ⇒ = − ⇒ =
= + = + =

= ⋅ ⋅ ⇒ = ⇒ = Ω

= ⇒ = Ω
+  

______________________________________________________________________________________ 
 
4.30 

(a) ( )( )
( )( ) 998.0

10051
1005

1
=

+
=

+
=

om

om

rg
rg

Aυ  

        Ω≅⇒=== 2001002.0100
5
11

oo
m

o Rr
g

R  
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(b) 
( )
( )Som

Som

Rrg
Rrg

A
+

=
1υ  

    We have  762.45100 ==So Rr  kΩ  

        
( )( )
( )( ) 960.0

762.451
762.45

=
+

=υA  

______________________________________________________________________________________ 
 
4.31 

          

( )
( )1

0.98 49
1

m L o
v

m L o

m o
m o

m o

g R r
A

g R r

g r
g r

g r

=
+

= ⇒ =
+  

          

( )
( )

( )
( )

( )( )
( )( )

Also 0.49
1

1

0.49

49 1 490.49
1 49 1 50

L o
m

m L o L o

m L o L o
m

L o

m L o

L o m L o

o o

R rg
g R r R r

g R r R rg
R r

g R r
R r g R r

r r

⎛ ⎞
⎜ ⎟+⎝ ⎠= =

+ ⎛ ⎞
+ ⎜ ⎟+⎝ ⎠

=
+ +

= =
+ + +  

          

50 K

0.98 mA/V
o

m

r

g

=

=
 

______________________________________________________________________________________ 
 
4.32 
     (a) 

          

( )( )
( )( )
2 25

1 1 2 25
0.98
1 1 25 0.5 || 25

2
0.49 K

m o
v

m o

v

o o
m

o

g r
A

g r
A

R r
g

R

= =
+ +

=

= = =

=
 

    (b) 

          

( )
( )

( )
( )

( )
( )

|| 2 25 || 2 2 1.852
1 || 1 2 25 || 2 1 2 1.852
0.787

m o L
v

m o L

v

g r R
A

g r R
A

= = =
+ + +

=
 

______________________________________________________________________________________ 
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4.33 

(a) ( ) 15.0
10

5.10
=

−−
=DQI mA 

       ( )2
2 TNGSQ
n

DQ VV
L

Wk
I −⎟

⎠
⎞

⎜
⎝
⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ′
=  

       ( )( ) 594.04.080
2
1.015.0 2 =⇒−⎟
⎠
⎞

⎜
⎝
⎛= GSQGSQ VV V 

(b) ( )( ) 549.115.080
2
1.02

2
2 =⎟

⎠
⎞

⎜
⎝
⎛=⎟

⎠
⎞

⎜
⎝
⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ′
= DQ

n
m I

L
Wk

g mA/V 

        ( )( ) 333
15.002.0

11
===

DQ
o I

r
λ

kΩ  

    We find  708.910333 ==So Rr  kΩ  

   Then  
( )
( )

( )( )
( )( ) 938.0

708.9549.11
708.9549.1

1
=

+
=

+
=

Som

Som

Rrg
Rrg

Aυ  

(c) 708.96456.010333
549.1
11

=== So
m

o Rr
g

R  

   or    Ω= 605oR
______________________________________________________________________________________ 
 
4.34 

(a) 5.2
5.0

25.15.2
=

−
=

−
=

S

DSQDD
DQ R

VV
I mA 

(b) 
Sm

Sm

Rg
Rg

A
+

=
1υ  

        
( )
( ) 33.11

5.01
5.0

85.0 =⇒
+

= m
m

m g
g

g
mA/V 

        DQ
n

m I
L

Wk
g ⎟

⎠
⎞

⎜
⎝
⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ′
=

2
2  

        ( ) 2575.2
2
1.0233.11 =⎟

⎠
⎞

⎜
⎝
⎛⇒⎟

⎠
⎞

⎜
⎝
⎛
⎟
⎠
⎞

⎜
⎝
⎛=

L
W

L
W  

(c) ( )2
2 TNGSQ
n

DQ VV
L

Wk
I −⎟

⎠
⎞

⎜
⎝
⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ′
=  

        ( )( ) 041.16.0257
2
1.05.2 2 =⇒−⎟
⎠
⎞

⎜
⎝
⎛= GSQGSQ VV V 

        291.225.1041.1 =+=+= OGSQIQ VVV V 
______________________________________________________________________________________ 
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4.35 

(a) ( ) 15.25.2 =⇒=⇒= QQDDQ IIVIP mA 

(b) o
m

o r
g

R 1
=  

        ( )( ) 50
102.0

11
===

DQ
o I

r
λ

kΩ  

   So  98.15015.0 =⇒= m
m

g
g

mA/V 

         DQ
n

m I
L

Wk
g ⎟

⎠
⎞

⎜
⎝
⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ′
=

2
2  

         ( ) 6.191
2
1.0298.1 =⎟

⎠
⎞

⎜
⎝
⎛⇒⎟

⎠
⎞

⎜
⎝
⎛
⎟
⎠
⎞

⎜
⎝
⎛=

L
W

L
W  

(c) ( )( )
( )( ) 990.0

5098.11
5098.1

1
=

+
=

+
=

om

om

rg
rg

Aυ  

(d) ( )( ) 472.41100
2
1.02 =⎟
⎠
⎞

⎜
⎝
⎛=mg mA/V 

       Ω=⇒=== 223502236.050
472.4
11

oo
m

o Rr
g

R  
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4.36 

(a) ( ) 917.210
850350

350

21

2 =⎟
⎠
⎞

⎜
⎝
⎛

+
=⋅⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

= DDG V
RR

R
V V 

        GSGQSDQ VVRI ++=10

   Now  ( ) 6.180
2
04.0

2
=⎟

⎠
⎞

⎜
⎝
⎛=⎟

⎠
⎞

⎜
⎝
⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ′
=

L
Wk

K p
p  mA/V  2

   So   ( )( )( ) 917.22.146.110 2 ++−= SGQSGQ VV

  We find  V 084.20133.236.144.6 2 =⇒=+− SGQSGQSGQ VVV

     mA ( ) 25.12.1084.26.1 2 =−=DQI
      V ( )( ) 5425.110 =−=SDQV

(b) ( )( ) 828.225.16.122 === DQpm IKg  mA/V 

        ( )( ) 16
25.105.0

11
===

DQ
o I

r
λ

kΩ  

       778.14416 ==LSo RRr kΩ  

      
( )
( )

( )( )
( )( ) 834.0

778.1828.21
778.1828.2

1
=

+
=

+
=

LSom

LSom

RRrg

RRrg
Aυ  

(c) ( ) 2085.0834.0
4
11

==⋅=⋅==
i

o

Li

o

o

o

i

o
g R

ii
A

υ
υ

υ
υ

υυ
mA/V 
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(d) 2.33536.0164
828.2
11

=== oS
m

o rR
g

R  

        Ω= 318oR
______________________________________________________________________________________ 
 
4.37 

(a) (i) ( ) 120
2
1.0

2
=⎟

⎠
⎞

⎜
⎝
⎛=⋅

′
=

L
Wk

K n
n mA/V  2

             ( )( ) 472.45122 === DQnm IKg  mA/V 

             ( )( ) 10
502.0

11
===

DQ
o I

r
λ

kΩ  

             857.2410 ==Lo Rr  k  Ω

            
( )
( )Lom

Lom

Rrg
Rrg

A
+

=
1υ

( )( )
( )( ) 927.0

857.2472.41
857.2472.4

=
+

=  

       (ii) 10
472.4
11

== o
m

o r
g

R  

              Ω= 219oR

(b) (i) ( )( ) 828.2212 ==mg mA/V 

             ( )( ) 25
202.0

1
==or kΩ  

             448.3425 ==Lo Rr  k  Ω

            
( )( )
( )( ) 907.0

448.3828.21
448.3828.2

=
+

=υA  

      (ii) 25
828.2
11

== o
m

o r
g

R  

              Ω= 349oR
______________________________________________________________________________________ 
 
4.38 
     a. 

          

( )
( )

( )

( ) ( )

4
0.95

1 1
0.95 4 1 0.95 4.75 mA/V

12
2

4.75 2 0.030 4 47.0

mm L
v

m L m

m m

m n ox Q

gg R
A

g R g
g g

Wg C I
L

W W
L L

μ

= ⇒ =
+ +

= − ⇒ =

⎛ ⎞⎛ ⎞= ⎜ ⎟⎜ ⎟
⎝ ⎠⎝ ⎠

⎛ ⎞= ⇒⎜ ⎟
⎝ ⎠

4

=
 

     b. 
( )( )

12
2

4.75 2 0.030 60 3.13 mA

m n ox Q

Q Q

Wg C I
L

I I

μ⎛ ⎞⎛ ⎞= ⎜ ⎟⎜ ⎟
⎝ ⎠⎝ ⎠

= ⇒ =
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4.39 

          

( )
( )

( )

( )( )

( ) ( )

2

2

0

5 5 2 1 V 1 V
5 1 5 1.2 k

5

2 2 5 5 10 /

1 1 20 k
0.01 5

DQ n GS TN

GS GS S GS

S
DQ S S

S

m n DQ

DQ

I K V V

V V V V
V

I R R
R

g K I mA V

r
Iλ

= −

= + ⇒ = − ⇒ = − =

− − +
= ⇒ = ⇒ = Ω

= = =

= = = Ω
 

          

( )
( )

( )( )
( )( )

0

01

10 20 1.2 2
0.878

1 10 20 1.2 2

m S L
v

m S L

v

g r R R
A

g r R R

A

=
+

= ⇒
+

=
 

          
0 0

1 1|| || || 20 ||1.2 91.9 
10S o

m

R r R R
g

= = ⇒ = Ω
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4.40 

(a) ( )( ) ⇒=−=−= 05155SDQS RIV 0=GSV  

       ( )2
2 TNGSQ
n

DQ VV
L

Wk
I −⎟

⎠
⎞

⎜
⎝
⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ′
=  

       ( )[ ] 2520
2
1.05 2 =⎟

⎠
⎞

⎜
⎝
⎛⇒−−⎟

⎠
⎞

⎜
⎝
⎛
⎟
⎠
⎞

⎜
⎝
⎛=

L
W

L
W  

(b) ( )( ) 5525
2
1.02 =⎟
⎠
⎞

⎜
⎝
⎛=mg mA/V 

        ( )( ) 20
501.0

11
===

DQ
o I

r
λ

k  Ω

        9524.0120 ==So Rr  kΩ  

       
( )
( )

( )( )
( )( ) 826.0

9524.051
9524.05

1
=

+
=

+
=

Som

Som

Rrg
Rrg

Aυ  

(c) Ω=⇒== 165120
5
11

oSo
m

o RRr
g

R  

(d) 6452.02120 ==LSo RRr kΩ  

        
( )
( )

( )( )
( )( ) 763.0

6452.051
6452.05

1
=

+
=

+
=

LSom

LSom

RRrg

RRrg
Aυ  

______________________________________________________________________________________ 
 
4.41 

          
0

1
S

m

R R
g

=
 

     Output resistance determined primarily by gm 
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( )
( )
( )

( )

( )
( )

( )
( )

2

2

1Set 0.2 k 5 mA/V

2 5 2 4 1.56 mA

1.56 4 2
1.38 V, 1.38 V

1.38 5
4.09 k

1.56
5 4.09 2

0.870
1 1 5 4.09 2

m
m

m n DQ DQ DQ

DQ n GS TN

GS

GS S GS

S S

m S L
v v

m S L

g
g

g K I I I

I K V V

V
V V V

R R

g R R
A A

g R R

= Ω⇒ =

= ⇒ = ⇒ =

= −

= +
= − = − =

− −
= ⇒ = Ω

= = ⇒ =
+ +  

______________________________________________________________________________________ 
 
4.42 

(a) ( )( ) 14.1410522 === DQpm IKg  mA/V 

        ( )( ) 10
1001.0

11
===

DQ
o I

r
λ

k  Ω

       ( )( )
( )( ) 993.0

1014.141
1014.14

1
=

+
=

+
=

om

om

rg
rg

Aυ  

(b) Ω=⇒=== 2.701007072.010
14.14

11
oo

m
o Rr

g
R  

(c) 
( )
( )Lom

Lom

Rrg
Rrg

A
+

=
1υ  

        
( )( )
( )( )Lo

Lo

Rr
Rr

14.141
14.14

90.0
+

= ( ) 6365.0=⇒ Lo Rr  kΩ  

        Ω=⇒= 6806365.010 LL RR  
______________________________________________________________________________________ 
 
4.43 

          

( )

0

0

0

1

min
1

D DQ
S L

DQ S L
DQ S L

S L

DQ S

S

L

i I v
R R

I R R
v I R R

R R
I R

v
R
R

−
Δ = = ⋅Δ

⋅
Δ = − ⋅ = −

+

= −
+

 

          

( )
( )
( ) ( )

( )

( ) ( )

0

1

1

min 1

m S L
v

im S L

DQ S L m S L
i

m S L

DQ
i m S L

m

g R R v
A

vg R R

I R R g R R
v

g R R

I
v g R R

g

= =
+

⎡ ⎤− +⎣ ⎦=

⎡ ⎤= − +⎣ ⎦
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4.44 
     (a) 

          
( )3 1.5 0.25 6 K

DD DSQ DQ S

S S

V V I R
R R

= +
= + ⇒ =

 

           

( )
( )

2

2

1.5 V

0.25 0.5 0.4

1.107 V

S

DQ n GSQ TN

GSQ

GSQ

V

I K V V

V

V

=

= −

= −

=

          
( )( )

2

1 2 1

1 2
1

1.107 1.5 2.607 V

1

12.607 300 3 345.2 K 2291 K

G GSQ S

G DD L DD

V V V

RV V R V
R R R

R R
R

= + + + =

⎛ ⎞
= = − −⎜ ⎟+⎝ ⎠

= ⇒ = ⇒ =
 

      (b) 

          

( )( )

( )( )
( )( )

( )

2 2 0.5 0.25 0.7071 m
1

0.7071 6
0.809

1 0.7071 6

1 1 6 1.414 || 6
0.7071

1.14 K

m S
v m n DQ

m S

v v

o S
m

o

g R
A g K I

g R

A A

R R
g

R

= = = =
+

= ⇒ =
+

= = =

=

A/V
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4.45 

          2
5.0

15.01
==⇒== m

m
i g

g
R mA/V 

          DQ
n

m I
L

Wk
g ⎟

⎠
⎞

⎜
⎝
⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ′
=

2
2  

          ( ) 8025.0
2
1.022 =⎟

⎠
⎞

⎜
⎝
⎛⇒⎟

⎠
⎞

⎜
⎝
⎛
⎟
⎠
⎞

⎜
⎝
⎛=

L
W

L
W  

          Dm RgA =υ

          kΩ  ( ) 10220 =⇒= DD RR
______________________________________________________________________________________ 
 
4.46 

(a)  500== Do RR Ω
(b) V 2.1=GSQV

       
( )( ) ( )

5.0
3.04.02.12.2

5.0
3.02.2 +−−
=

+−
=

−
=

satV
R

VV
I DS

D

DSDD
DQ  

       mA 2.2=DQI
 
 



Microelectronics: Circuit Analysis and Design, 4th edition                                                                Chapter 4 
By D. A. Neamen                                                                                                                  Problem Solutions 
______________________________________________________________________________________ 

 
(c)  ( )2TNGSQnDQ VVKI −=

       mA/V  ( ) 438.34.02.12.2 2 =⇒−= nn KK 2

       ( )( ) 5.52.2438.322 === DQnm IKg  mA/V 

       Ω=⇒== 182
5.5

11
i

m
i R

g
R  

(d)  ( )( ) 75.25.05.5 === Dm RgAυ

______________________________________________________________________________________ 
 
4.47 

          ( ) 480
2
1.0

2
=⎟

⎠
⎞

⎜
⎝
⎛=⎟

⎠
⎞

⎜
⎝
⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ′
=

L
Wk

K n
n  mA/V  2

          ( )( ) 828.25.0422 === DQnm IKg  mA/V 

           ( )( ) 3.114828.2 === Dm RgAυ

          Ω=⇒=== 3423536.010
828.2
110110 i

m
i R

g
R  

______________________________________________________________________________________ 
 
4.48 
     a. 

          

( )

( )( )( )

( ) ( )( )
( )

( )( )
( )( )

2

2

2

2

2

5
5

5 10 3 2 1

30 59 25 0

59 59 4 30 25
1.35 V

2 30

3 1.35 1 0.365 mA

10 0.365 5 10 4.53 V

GS DQ S

GS
DQ n GS TN

S

GS GS GS

GS GS

GS GS

DQ DQ

DSQ DSQ

V I R
V

I K V V
R

V V V

V V

V V

I I

V V

+ =
−

= = −

− = − +

− + =

± −
= ⇒

= − ⇒ =

= − + ⇒ =

=

 
     b. 

          

( )( )

( ) ( )0 0

2 2 3 0.365 2.093 /

1 1
0 0.365

m n DQ m

DQ

g K I g mA V

r r
Iλ

= = ⇒ =

= = ⇒ = ∞
 

     c. ( ) ( )( )2.093 5 4 4.65v m D L vA g R R A= = ⇒ =
 

______________________________________________________________________________________ 
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4.49 
     a. 

          

( )
( )( )

( )
( )( )

2

20.75 0.5 1 2.225 V
5 2.2255 3

0.75
10

6 10 0.75 3.70 1.63 k

DQ p SG TP

SG SG

DQ S SG S S

SDQ DQ S D

D D

I K V V

V V

I R V R R

V I R R
R R

= +

= − ⇒ =
−

= + ⇒ = ⇒ =

= − +
= − + ⇒ = Ω

.70 kΩ

 
     b. 

          

( )( )

1

2 2 0.5 0.75 1.225 /

1 0.816 k
1.225

1.63 k

i
m

m p DQ

i i

o D o

R
g

g K I mA V

R R

R R R

=

= = =

= ⇒ = Ω

= ⇒ = Ω
 

     c. 

          

[ ]

( )
( )( ) ( )

0

0

0 0

0 0 0

1/

1.63 3.70
1.63 2 3.70 0.816

0.368 1.84sin

1.84 2 sin 3.68sin mV

SD
i

D L S m

i

i

L

RRi i
R R R g

i i

i i i t A

v i R t v t

ω μ

ω ω

⎛ ⎞⎛ ⎞
= ⋅⎜ ⎟⎜ ⎟⎜ ⎟+ +⎝ ⎠⎝ ⎠
⎛ ⎞⎛ ⎞= ⎜ ⎟⎜ ⎟+ +⎝ ⎠⎝ ⎠

= = =

= = ⇒ =
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4.50 

(a)  ( )( ) GSDSO VsatVV −+= 25.0
       15.025.04.025.0 −=+−=−+−= GSTNGSO VVVV V 

      ( ) 975.0
2

15.08.1
=

−−
=DR k  Ω

(b)  Dm RgA =υ

       mA/V ( ) 154.6975.06 =⇒= mm gg

       DQ
n

m I
L

Wk
g ⎟

⎠
⎞

⎜
⎝
⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ′
=

2
2  

       ( ) 7.942
2
1.02154.6 =⎟

⎠
⎞

⎜
⎝
⎛⇒⎟

⎠
⎞

⎜
⎝
⎛
⎟
⎠
⎞

⎜
⎝
⎛=

L
W

L
W  

(c) ( )2
2 TNGSQ
n

DQ VV
L

Wk
I −⎟

⎠
⎞

⎜
⎝
⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ′
=  

        ( )( ) 05.14.07.94
2
1.02 2 =⇒−⎟
⎠
⎞

⎜
⎝
⎛= GSQGSQ VV V 

______________________________________________________________________________________ 
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(a)  ( )2TNGSQnQDQ VVKII −==

        V ( ) 307.16.042 2 =⇒−= GSQGSQ VV
        193.2307.15.3 =−=−= GSQDSQD VVV V 

        554.0
2

193.23.3
=

−
=DR k  Ω

(b) ( )( ) 657.52422 === DQnm IKg mA/V 

       Ω=⇒== 177
657.5
11

i
m

i R
g

R  

(c) ( ) ( )( ) 75.24554.0657.5 === LDm RRgAυ  
______________________________________________________________________________________ 
 
4.52 

(a)  ( )2TPSGQpDQ VVKI +=

        V ( ) 493.18.05.22.1 2 =⇒−= SGQSGQ VV

        51.1
2.1

493.13.3
=

−
=

−
=

+

DQ

SGQ
S I

VV
R kΩ  

        ( ) ( ) 49.151.12.16.636.6 =⇒+−=⇒+−= DDDSDQSDQ RRRRIV kΩ  

(b) ( )( ) 464.32.15.222 === DQpm IKg mA/V 

      ( ) ( )( ) 76.3449.1464.3 === LDm RRgAυ  
______________________________________________________________________________________ 
 
4.53 

(a) 
( )
( ) 5===

L

D

L

D

LW
LW

K
K

Aυ  

    So  25=⎟
⎠
⎞

⎜
⎝
⎛

DL
W  

   From Example 4.11, 

      ( ) ( )( ) 05.1
51

516.06.03.3
=

+
++−

=GSDtυ V 

      825.06.0
2

6.005.1
=+

−
=GSDQυ V 

(b) ( ) ( )( )22 6.0825.025
2
1.0

2
−⎟

⎠
⎞

⎜
⎝
⎛=−⎟

⎠
⎞

⎜
⎝
⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ′
= TNGSDQ

D

n
DQ VV

L
Wk

I  

       mA 0633.0=DQI
    Now   DLDD II =

       ( ) ( )22
TNGSLQ

L
TNGSDQ

D

VV
L

WVV
L

W
−⎟

⎠
⎞

⎜
⎝
⎛=−⎟

⎠
⎞

⎜
⎝
⎛  

      ( ) TNODDTNGSDQ VVVVV −−=−
1
25  

       ( ) 6.03.36.0825.05 −−=− OV
   Or  V 575.1== ODSDQ VV

______________________________________________________________________________________ 
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4.54 

(a) Neglect λ  in dc analysis. 
Transition points:   
For point B, 
    2.48.05 =−=−= TNLDDOtB VVV V 
For point A, 
     DLDD II =

    ( ) ( 22
TNLGSLQnLTNDGSDQnD VVKVVK −=− )

    ( )( ) ( ) ( )[ ]22 8.002.06.02.1 −−=−GSDQV  

   So ( ) 9266.06.08.0
2.1
2.0

=+=GSDQV V 

   Then 3266.06.09266.0 =−=−= TNDGSDQOtA VVV V 
For point A:  V, 3266.0=OtAV 9266.0=GSDQV V 
For point B:  V, 2.4=OtBV 9266.0=GSDQV V 

(b) V, 9266.0=GSDQV

        2633.23266.0
2

3266.02.4
=+

−
=DSDQV V 

(c) ( ) ( )( ) 128.06.09266.02.1 22 =−=−= TNDGSDQnDDQ VVKI mA 

(d) ( )oLoDmD rrgA −=υ  

         ( )( ) 6.390
128.002.0

11
====

DQ
oLoD I

rr
λ

kΩ  

        ( )( ) 7838.0128.02.122 === DQnDmD IKg  mA/V 

        ( )( ) 1536.3906.3907838.0 −=−=υA  
______________________________________________________________________________________ 
 
4.55 

(a) V 6.0=TNV

         ( )2
TNDSnD VVKI −=

         mA/V  ( ) 6173.06.05.15.0 2 =⇒−= nn KK 2

        ( )TNDSn
DS

D VVK
dV
dI

r
−== 21  

   Then  ( ) ( )( ) Ω=⇒
−

=
−

= 900
6.05.16173.02

1
2

1 r
VVK

r
TNDSn

 

(b) mA ( )( ) 56.36.036173.0 2 =−=DI

        ( )( ) Ω=⇒
−

= 337
6.036173.02

1 rr  
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4.56 
     a. 

          

( ) ( ) ( )( )

( ) (
( )

)

22

2 2

2
0

0 0

0.5 0 1

0.5 

0.5 0.030 10 1

0.5 9 4.92 V
0.030

DQ nD GS TND

DQ

DQ nL GSL TNL nL DD O TNL

I K V V

I mA

I K V V K V V V

V

V V

= − = − −

=

= − = − −

= − −
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     b. 

          

( ) ( )

( )
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2 2

/
/
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30

DD DL

nD i TND nL DD o TNL

nD
i TND DD o TNL

nL

nD
o DD TNL i TND

nL

o nD D
v

i nL L

v v

I I

K V V K V V V

K V V V V V
K

K
V V V V V

K

W LdV K
A

dV K W L

A A

=

− = − −

− = − −

= − − −

= = − = −

= − ⇒ = −
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4.57 
     (a) 

          

( ) (
( )( )

( )
( )( )

)2 2

2

2

2

0.1 4 1 0.9 

0.9 1 1 1.95 V
1.95 4 5.95 V

DQ L GSL TNL L DSL TNL

D

DQ D GSD TND

GSD GSD

GG GSD DSL GG

I K V V K V V

I mA

I K V V

V V
V V V V

= − = −

= − =

= −

= − ⇒ =
= + = + ⇒ =

 
     b. 

          

( ) ( )

( )

( )

2 2

1

/ 1
1 / 1 /

DD DL

D GSD TND L GSL TNL

D
GG i o TND o TNL

L

D D
o GG i TND

L L

D Lo
v v

i

TNL

D L L

I I

K V V K V V

K V V V V V V
K

K KV V V V
K K

K KdVA A
dV D

V

K K K

=

− = −

+ − − = −

⎛ ⎞
+ = + − +⎜ ⎟⎜ ⎟

⎝ ⎠

= = ⇒ =
+ + K
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      (c) From Problem 4.55. 

          

( )

( )( )
( )( )

( )
( )

( )( )
( )( )

1
2

1 1.67 
2 0.1 4 1

2 2 1 0.9 1.90 /

|| 1.90 1.67 || 4
0.691

1 || 1 1.90 1.67 || 4

LD
L DSL TNL

m D DQ

m LD L
v v

m LD L

R
K V V

k

g K I mA V

g R R
A A

g R R

=
−

= = Ω
−

= = =

= = ⇒ =
+ +

L
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4.58 
     a. From Problem 4.57. 

          

( )
( )

( )( )
( )( )

|| 1.90 1.67 ||10
1 || 1 1.90 1.67 ||10
0.731

m LD L
v

m LD L

v

g R R
A

g R R
A

= =
+ +

=
 

     b. 

          

0

0

1 1 1.67 0.526 ||1.67
1.90

0.40 k

LD
m

R R
g

R

= = =

= Ω
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4.59 

(a) ( )oLoDmD rrgA −=υ  

         ( )( ) 100
5.002.0

11
===

DQD
oD I

r
λ

kΩ  

         ( )( ) 50
5.004.0

11
===

DQL
oL I

r
λ

kΩ  

        33.3350100 ==oLoD rr  kΩ  
   Then  ( ) 20.133.3340 =⇒−=− mDmD gg mA/V 

       ( )DQ
D

n
mD I

L
Wk

g ⎟
⎠
⎞

⎜
⎝
⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ′
=

2
2  

       ( ) 4.145.0
2
1.0220.1 =⎟

⎠
⎞

⎜
⎝
⎛⇒⎟

⎠
⎞

⎜
⎝
⎛
⎟
⎠
⎞

⎜
⎝
⎛=

DD L
W

L
W  

(b) ( )2
2 TPSGQ

L

p
DQ VV

L
Wk

I +⎟
⎠
⎞

⎜
⎝
⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ′
=  

       ( )( ) 107.14.050
2
04.05.0 2 =⇒−⎟

⎠
⎞

⎜
⎝
⎛= SGQSGQ VV V 

        BSGQ VVV −= +

       V 393.15.2107.1 =⇒−= BB VV
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(c) ( )2
2 TNGSDQ

D

n
DQ VV

L
Wk

I −⎟
⎠
⎞

⎜
⎝
⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ′
=  

       ( )( ) 233.14.04.14
2
1.05.0 2 =⇒−⎟
⎠
⎞

⎜
⎝
⎛= GSDQGSDQ VV V 
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4.60 

(a) (i) ( )( ) 100
25.004.0

11
===

DQD
oD I

r
λ

kΩ  

            ( )( ) 200
25.002.0

11
===

DQL
oL I

r
λ

kΩ  

            67.66200100 ==oLoD rr k  Ω

            ( )oLoDmD rrgA −=υ  
             ( )⇒−=− 67.6625 mDg 375.0=mDg mA/V 

           DQ
D

p
mD I

L
Wk

g ⎟
⎠
⎞

⎜
⎝
⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ′
=

2
2  

           ( ) 03.725.0
2
04.02375.0 =⎟

⎠
⎞

⎜
⎝
⎛⇒⎟

⎠
⎞

⎜
⎝
⎛
⎟
⎠
⎞

⎜
⎝
⎛=

DD L
W

L
W  

     (ii) ( )2

2 TNB
L

n
DQ VV

L
Wk

I −⎟
⎠
⎞

⎜
⎝
⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ′
=  

            ( )( ) 107.14.010
2
1.025.0 2 =⇒−⎟
⎠
⎞

⎜
⎝
⎛= BB VV V 

    (iii) ( )2
2 TPSGDQ

D

p
DQ VV

L
Wk

I +⎟
⎠
⎞

⎜
⎝
⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ′
=  

            ( )( ) 933.16.003.7
2
04.025.0 2 =⇒−⎟

⎠
⎞

⎜
⎝
⎛= SGDQSGDQ VV V 

(b) (i) ( )( ) 250
1.004.0

11
===

DQD
oD I

r
λ

kΩ  

             ( )( ) 500
1.002.0

11
===

DQL
oL I

r
λ

kΩ  

             7.166500250 ==oLoD rr kΩ  

            ( )oLoDmD rrgA −=υ  
             ( ) 15.07.16625 =⇒−=− mDmD gg mA/V 

             DQ
D

p
mD I

L
Wk

g ⎟
⎠
⎞

⎜
⎝
⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ′
=

2
2  

             ( ) 81.21.0
2
04.0215.0 =⎟

⎠
⎞

⎜
⎝
⎛⇒⎟

⎠
⎞

⎜
⎝
⎛
⎟
⎠
⎞

⎜
⎝
⎛=

DD L
W

L
W  
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      (ii) ( )2

2 TNB
L

n
DQ VV

L
Wk

I −⎟
⎠
⎞

⎜
⎝
⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ′
=  

             ( )( ) 874.04.010
2
1.01.0 2 =⇒−⎟
⎠
⎞

⎜
⎝
⎛= BB VV V 

    (iii) ( )2
2 TPSGDQ

D

p
DQ VV

L
Wk

I +⎟
⎠
⎞

⎜
⎝
⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ′
=  

            ( )( ) 934.16.081.2
2
04.01.0 2 =⇒−⎟

⎠
⎞

⎜
⎝
⎛= SGDQSGDQ VV V 

______________________________________________________________________________________ 
 
4.61 

          

( )

( ) ( )

2
1

1 1 1

85 50 2.125 mA/V
2

2 2 2.125 0.1 0.9220

n

m n D

K

g K I

⎛ ⎞= ⇒⎜ ⎟
⎝ ⎠

= = =  

          

( ) ( )

( )( )

1
1 1

2
2 2

1 1 200 K
0.05 0.1

1 1 133.3 K
0.075 0.1

o
D

o
D

r
I

r
I

λ

λ

= = =

= = =
 

          

( ) ( )( )1 1 2|| 0.922 200 ||133.3
73.7

v m o o

v

A g r r
A

= − = −
= −
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4.62 

          

( )

( )( )

2
1

1 1 1

40 50 1.0 mA/V
2 2

2 2 1 0.1 0.6325 mA/V

p
p

m p D

k wK
L

g K I

′ ⎛ ⎞ ⎛ ⎞= = ⇒⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

= = =
 

          

( )( )

( )( )

1
1 1

2
2 2

1 1 133.3 K
0.075 0.1

1 1 200 K
0.05 0.1

o
D

o
D

r
I

r
I

λ

λ

= = =

= = =
 

          

( ) ( )( )1 1 2 0.6325 133.3 || 200

50.6
v m o o

v

A g r r

A

= − = −

= −
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4.63 

(a)  DLDD II =

        ( ) ( 22
TNLGSLnLTNDGSDnD VVKVVK −=− )

       ( ) 4.04.0
5.0

2
−=−− OOI VVV  

         4.038.02 −=− OI VV

        ( )4.0
3
1

3
2

⎟
⎠
⎞

⎜
⎝
⎛−⎟

⎠
⎞

⎜
⎝
⎛= IO VV  
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)

              For V,  V 8.0=IV 4.0=OV
              For V,  V 5.2=IV 533.1=OV

(b)  ( ) ( )( 22 4.05.0 −=−= OTNLGSLnLD VVVKI

       ( ) ( ) ( )
22

533.0
3
25.04.04.0

3
1

3
25.0 ⎥

⎦

⎤
⎢
⎣

⎡
−⎟

⎠
⎞

⎜
⎝
⎛=⎥

⎦

⎤
⎢
⎣

⎡
−⎟

⎠
⎞

⎜
⎝
⎛−⎟

⎠
⎞

⎜
⎝
⎛= IID VVI  

          For V, ;  For 8.0=IV 0=DI 5.2=IV V,  642.0=DI mA 
(c) From (a), voltage gain = constant = 2/3 = 0.667 

______________________________________________________________________________________ 
 
4.64 

(a) ( ) ( ) 1.14.015.2 =−−=+= TPSGSD VVsatV V 

        ( ) ( ) 4.11.15.2max =−=−=⇒−= ++ satVVVVVV SDOOSD V 

(b) ( ) ( )( ) 121.04.015.25
2
04.0

2
22 =−−⎟

⎠
⎞

⎜
⎝
⎛=+⎟

⎠
⎞

⎜
⎝
⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ′
= TPSGL

L

p
D VV

L
Wk

I mA 

(c) ( )2

2 TPSGD
D

p
D VV

L
Wk

I +⎟
⎠
⎞

⎜
⎝
⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ′
=  

       ( )( ) 748.04.050
2
04.0121.0 2 =⇒−⎟

⎠
⎞

⎜
⎝
⎛= SGDSGD VV V 

(d) ( )( ) 6957.0121.050
2
04.02

2
2 =⎟

⎠
⎞

⎜
⎝
⎛=⎟

⎠
⎞

⎜
⎝
⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ′
= D

D

p
mD I

L
Wk

g mA/V 

        ( )( ) 6.330
121.0025.0

11
====

D
oLoD I

rr
λ

kΩ  

       
( )
( )

( )( )
( )( ) 9914.0

3.1656957.01
3.1656957.0

1
=

+
=

+
=

oLoDmD

oLoDmD

rrg
rrg

Aυ  
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4.65 

(a)  ( )2TNGSDQnDQ VVKI −=

        V ( ) 307.16.021 2 =⇒−= GSDQGSDQ VV

        ( )2TPSGLQpDQ VVKI +=

       V ( ) 014.26.05.01 2 =⇒−= SGLQSGLQ VV
       V 286.1014.23.3 =−=OV
       ( ) 593.2307.1286.1 =−−=−= SODSDQ VVV V 
(b)  ld II =
         omLimD VgVg =

       
p

n

mL

mD

i

o

K
K

g
g

V
V

A ===υ  

(c) 2
5.0

2
==υA  

______________________________________________________________________________________ 
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4.66 
     (a) 

          

( )

( )( )

( )( )

( ) ( )

2
1

1 1 1

1
1 1

2
2 2

85 50 2.125 mA/V
2

2 2 2.125 0.1 0.922 mA/V

1 1 200 K
0.05 0.1

1 1 133.3 K
0.075 0.1

n

m n D

o
D

o
D

K

g K I

r
I

r
I

λ

λ

⎛ ⎞= ⇒⎜ ⎟
⎝ ⎠

= = =

= = =

= = =
 

     (b) 

          

( ) ( )( )( )( )

1
1

1
1

1

1
1 1 2

1 1 1.085 K
0.922

1.085 0.956
0.050 1.085 0.050

0.956 0.922 200 133.3

70.5

i
m

i
gs i i

i

gs
v m o o

i

v

R
g

R
V V V

R
V

A g r r
V

A

= = =

⎛ ⎞ ⎛ ⎞= − = − = −⎜ ⎟ ⎜ ⎟+ +⎝ ⎠⎝ ⎠

= − ⋅ = +

=

iV

 

     (c) 1

1 10.05 0.05 1.135 K
0.922i i

m

R R
g

= + = + ⇒ =
 

     (d) 1 2 200 133.7 80 Ko o o oR r r R≈ = ⇒ ≈  
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4.67 
     (a) 

          

( )( )
( )( )

( )( )

1 1

2 2

1 2

2 2 2 0.1 0.8944 mA/V

2 2 2 0.1 0.8944 mA/V

1 1 100 K
0.1 0.1

m n D

m p D

o o
D

g K I

g K I

r r
Iλ

= = =

= = =

= = = =
 

     (b) The small-signal equivalent circuit 

           
 

     (1) 

2 2
1 2 2

1 2

0sg sg o
m i m sg

o o

V V
g V g V

r r
−

+ + + =
V
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     (2) 

          
( )

2
2 2

2

2 2
2 2

2 2

1 1 1

1 1 1 0.8944 0.03317
50 100 100

o sgo
m sg

o o

o sg m
o o o

o sg sg o

V VV
g V

r r

V V g
r r r

V V V V

−
+ =

⎛ ⎞ ⎛ ⎞
+ = +⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠
⎛ ⎞ ⎛ ⎞+ = + ⇒ =⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠  

     (1) 

          

( )

( )

1 2 2
1 2 2

1 1

1 10.8944 0.03317 0.8944
100 100 100

0.8944 0.01 0.03033

44

o
m i sg m

o o o

o
i o

i o

o

i

V
g V V g

r r r

V
V V

V V
V
V

⎛ ⎞
+ + + =⎜ ⎟

⎝ ⎠
⎛ ⎞+ + +⎜ ⎟
⎝ ⎠

= −

= −

=

 
      (c) For output resistance, set  0.iV =

           
 

     (1) 

2
2 2

2

x sgx
m sg x

o o

V VV
g V I

r r
−

+ = +
 

     (2) 

2 2
2 2

1 2

0sg sg x
m sg

o o

V V
g V

r r
−

+ +
V

=
 

     (2) 

          ( )

2 2
1 2 2

2

2

1 1

1 10.8944
100 100 100

0.010936

x
sg m

o o o

x
sg

sg x

V
V g

r r r

VV

V V

⎛ ⎞
+ + =⎜ ⎟

⎝ ⎠
⎛ ⎞+ + =⎜ ⎟
⎝ ⎠
=  

     (1) 

          

( )

( )

2 2
2 2

1 1 1

1 1 10.010936 0.8944
50 100 100
0.03 0.0098905

49.7 K

x x sg m
o o o

x x x

x x

x
o

x

I V V g
r r r

I V V

I V
V

R
I

⎛ ⎞ ⎛ ⎞
= + − +⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠
⎛ ⎞ ⎛= + − +⎜ ⎟ ⎜
⎝ ⎠ ⎝

= −

= =

⎞
⎟
⎠

 
______________________________________________________________________________________ 
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4.68 

(a)  ( )21111 TNGSQnDQ VVKI −=

        V ( ) 6.16.02.02.0 1
2

1 =⇒−= GSQGSQ VV

        ( )22222 TPSGQpDQ VVKI +=

       V ( ) 307.16.00.15.0 2
2

2 =⇒−= SGQSGQ VV

       3
2.0
6.0

1 ==SR kΩ  

       V 6.226.01 =+=DV

       12
2.0

6.25
1 =

−
=DR k  Ω

       V 2.26.06.16.011 =+=+= GSQG VV

       ( ) ( ) ( )(540015152.2
1121

2
1 R

R
RRR

R
V inG =⋅⋅=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

== )  

    Or  k  and  9091 =R Ω 40021 == inRRR kΩ 7142 =⇒ R kΩ  
       907.3307.16.2212 =+=+= SGQDS VVV V 

      19.2
5.0
907.35

2 =
−

=SR kΩ  

       V 907.03907.3322 =−=−= SD VV

       81.1
5.0

907.0
2 ==DR k  Ω

(b) ( )( ) 4.02.02.022 111 === DQnm IKg mA/V 

       ( )( ) 414.15.0122 222 === DQpm IKg mA/V 

        ( )( ) 21212211 DDmmDmDm RRggRgRgA =−−=υ

        ( )( )( )( ) 3.1281.112414.14.0 ==υA
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4.69 

(a)  ( )2
1111 TNGSnDQ VVKI −=

        V ( ) 307.16.02.01.0 1
2

1 =⇒−= GSQGS VV

         ( )2222 TPSGQpDQ VVKI +=

        V ( ) 10.16.00.125.0 2
2

2 =⇒−= SGQSGQ VV
        ( )( ) 407.111.0307.11111 =+=+= SDQGSQG RIVV V 

        DDG V
RR

R
V ⋅⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

=
21

2
1 DDin VR

R
⋅⋅=

1

1  

        ( )( ) 5863.32501407.1 1
1

=⇒= R
R

kΩ  

        25021 == inRRR kΩ k4362 =⇒ R Ω  
         ( )( ) 3.12.111.01111 =+=+= DSQSDQD VRIV V 

        20
1.0

3.13.3
1 =

−
=DR kΩ  
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        V 4.21.13.1212 =+=+= SGQDS VVV

        6.3
25.0

4.23.3
2 =

−
=SR k  Ω

        V 6.08.14.2222 =−=−= SDQSD VVV

       4.2
25.0
6.0

2 ==DR kΩ  

(b) ( )( ) 2828.01.02.022 111 === DQnm IKg mA/V 

       ( )( ) 0.125.0122 222 === DQpm IKg mA/V 

      ( )( )( )( ) 6.134.2200.12828.02121 === DDmm RRggAυ  
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4.70 

          ( ) 4.020
2
04.0

1 =⎟
⎠
⎞

⎜
⎝
⎛=pK mA/V  2

          ( ) 0.480
2
1.0

2 =⎟
⎠
⎞

⎜
⎝
⎛=nK mA/V  2

(a) 6
1.0
6.0

1 ==SR k  Ω

       V 2.016.08.11 =−−=DV

      ( ) 20
1.0

8.12.0
1 =

−−
=DR kΩ  

        ( )2111 TPSGQpDQ VVKI +=

       V ( ) 90.04.04.01.0 1
2

1 =⇒−= SGQSGQ VV

        ( )2222 TNGSQnDQ VVKI −=

       V ( ) 6739.04.043.0 2
2

2 =⇒−= GSQGSQ VV
       3.09.06.08.16.08.1 11 =−−=−−= SGQG VV V 

       ( ) 8.16.3
21

2
1 −⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

=
RR

R
VG  

       ( )( ) 3438.16.320013.0 1
1

=⇒−= R
R

kΩ  

       20021 =RR k kΩ 4802 =⇒ R Ω  
       V 2.00.16.08.11 =−−=DV
       4739.06739.02.0212 −=−=−= GSQDS VVV V 

       ( ) 42.4
3.0

8.14739.0
2 =

−−−
=SR kΩ  

(b) ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+
−

=
22

22

11

11

11 Sm

Sm

Sm

Dm

Rg
Rg

Rg
Rg

Aυ  

             ( )( ) 4.01.04.022 111 === DQpm IKg mA/V 

             ( )( ) 191.23.0422 222 === DQnm IKg mA/V 

        
( )( )
( )( )

( )( )
( )( ) 13.2

42.4191.21
42.4191.2

64.01
204.0

−=
+

⋅
+
−

=υA  
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(c) Ω=⇒=== 41442.44564.042.4
191.2
11

2
2

oS
m

o RR
g

R  

______________________________________________________________________________________ 
 
4.71 
     (a) 

          

( )

( )( )( )

( ) ( )( )
( )

21
1 1 1 1

2

2
1 1 1

2
1 1

2

1 1

10

10 4 10 4 4

40 159 150 0

159 159 4 40 150
2.435 V

2 40

GS
DQ n GS TN

S

GS GS GS

GS GS

GS GS

VI K V V
R

V V V

V V

V V

−
= = −

− = − +

− + =

± −
= ⇒ =

 

          

( )( )
( )( )

( )( )

2
1 1

1 1

2

2 2

4 2.435 2 0.757 mA

20 0.757 10 12.4 V

Also 0.757 mA

20 0.757 10 5 8.65 V

DQ DQ

DSQ DSQ

DQ

DSQ DSQ

I I

V V

I

V V

= − ⇒ =

= − ⇒ =

=

= − + ⇒ =
 

     (b) ( )( )1 2 1 22 2 4 0.757 3.48 /m m DQ m mg g KI g g mA= = = ⇒ = = V
 

     c. 

           
 

          

( )( )
( )( )

( ) ( )( )
( ) ( ) ( )

( )
( ) ( )

0 2 2

2 1 1 2 2 1 2

1 2 1 2

2 2 2 1 2 1 2 1 2

2 2 2 1 2 1 2 1 2 1 1 2

1 1 2
2

2 1 2 1 1 2

1 20

1

m gs D L

gs m gs m gs S S

i gs gs gs i gs

gs m gs S S m i gs S S

gs m gs S S m gs S s m i S S

m i S S
gs

m S S m S S

m m
v

i

V g V R R

V g V g V R R

V V V V V V

V g V R R g V V R R

V g V R R g V R R g V R R

g V R R
V

g R R g R R

g gV
A

V

= −

= − −

= − ⇒ = +

+ = − +

+ + = −

−
=

+ +

= =
( )( )

( )( )
( ) ( )( )
( )( )

1 2

1 2 1 2

2

1

3.48 10 10 5 2
2.42

1 3.48 3.48 10 10

S S D L

m m S S

v v

R R R R
g g R R

A A

+ +

= ⇒ =
+ +

 
______________________________________________________________________________________ 
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4.72 
     a. 

          

( )( )
( )

( )

( ) ( )

1
2

1
2

1 1

3 3
1 3

1 2 3

3 mA
5 3 1.2 5 1.4 V

3 2 1 2.225 V
2.225 1.4 0.825 V

5 0.825 5 82.5 k
500

DQ

S DQ S

DQ GS TN

GS GS

G GS S

G

I
V I R

I K V V

V V
V V V

R R
V R

R R R

=
= − = − = −

= −

= − ⇒ =
= + = − =

⎛ ⎞ ⎛ ⎞= ⇒ = ⇒ =⎜ ⎟ ⎜ ⎟+ + ⎝ ⎠⎝ ⎠
Ω

 

          

( ) ( )

1 1 1

2 1

2 3 2 3
2

1 2 3

2 3 2

1.4 2.5 1.1 V
1.1 2.225 3.325 V

5 3.325 5
500

332.5 250 k

D S DSQ

G D GS

G

V V V
V V V

R R R RV
R R R

R R R

= + = − + =
= + = + =

⎛ ⎞+ +⎛ ⎞= ⇒ =⎜ ⎟ ⎜ ⎟+ + ⎝ ⎠⎝ ⎠
+ = ⇒ = Ω

 

          

1 1

2 1 2

500 250 82.5 167.5 k

1.1 2.5 3.6 V
5 3.6 0.467 k

3

D D DSQ

D D

R R

V V V

R R

= − − ⇒ =

= + = + =
−

= ⇒ = Ω

Ω

 
     b. 

          

( )( )
( )( )

1

1 2 2 2 3 4.90 /

4.90 0.467 2.29

v m D

m n DQ

v v

A g R

g K I mA V

A A

= −

= = =

= − ⇒ = −
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4.73 
     a. 

          

( )( )
( )

( )
( )

( )( )

1 1
2

1 1
2

1 1

1 1 1 3 3 3

1 1 1

2 1

2 3

2 3 2

2 1 2

10 5 2 10 0

5 4 1.5 2.618 V
2.618 V 0.1 26.2 k

0 3.5 3.5V
3.5 2.62 6.12V

0.1
61.2 k 35 k

S DQ S S

DQ GS TN

GS GS

G GS S

D S DSQ

G D GS

D D DSQ

V I R V

I K V V

V V
V V V IR R R

V V V
V V V

R R
R R R

V V V

= − = − ⇒ =

= −

= − ⇒ =
= + = = = ⇒ =

= + = + =
= + = + =

= +
+ = Ω⇒ = Ω

= + =

Ω

1 1

3.5 3.5 7.0 V
10 7 0.6 k

5
10 6.12 38.8 k

0.1

D DR R

R R

+ =
−

= ⇒ = Ω

−
= ⇒ = Ω
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     b. 

          

( )( )
( )( )

1

1 2 2 4 5 8.944 /

8.944 0.6 5.37

v m D

m n DQ

v v

A g R

g K I mA V

A A

= −

= = =

= − ⇒ = −
 

______________________________________________________________________________________ 
 
4.74 
     a. 

          

( )

( )

( )

2

2

1

4 6 1
3

43 1 0.551 V
6

6 10 4 1 k

GS
DQ DSS

P

GS

GS GS

DSQ DD DQ D

D D

VI I
V

V

V V

V V I R
R R

⎛ ⎞
= −⎜ ⎟

⎝ ⎠

⎛ ⎞
= −⎜ ⎟⎜ ⎟−⎝ ⎠

⎡ ⎤
= − − ⇒ = −⎢ ⎥

⎣ ⎦
= −

= − ⇒ = Ω
 

     b. 

          

( )
( )

( )( )0 0

2 62 0.5511 1 3.265
3 3

1 1 25 k
0.01 4

DSS GS
m m

P P

DQ

I Vg g
V V

r r
Iλ

⎛ ⎞ −⎛ ⎞= − = − ⇒ =⎜ ⎟ ⎜ ⎟− −⎝ ⎠⎝ ⎠

= = ⇒ = Ω

 mA/V

 
     c. ( ) ( )( ) 14.3125265.3 −=⇒−=−= υυ ARrgA Dom  
______________________________________________________________________________________ 
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4.75 

          

( )

( )

( )( )

( ) ( )

( ) ( ) ( )
( )

1 2
2

2

1 2

2

2

2

2

2

0

1

1 0

2 0.1 0.25 1 0

2
0.7 1 0

2 2

0.175 1.7 0.7 0

1.7 1.7 4 0.175 0.7
0.4314 V

2 0.175

2

GS DQ S S

GS
DQ DSS

P

GS
GS DSS S S

P

GS
GS

P

VGS GS
GS

GS GS

GS GS

m

V I R R

VI I
V

VV I R R
V

V
V

V

V
V

V V

V V

g

+ + =

⎛ ⎞
= −⎜ ⎟

⎝ ⎠

⎛ ⎞
+ + − =⎜ ⎟

⎝ ⎠

⎛ ⎞
+ + − =⎜ ⎟

⎝ ⎠
⎛ ⎞
⎜ ⎟+ − + =
⎜ ⎟− −⎝ ⎠
+ + =

− ± −
= ⇒ =

=

−

( )

( ) ( )( )
( )( )

( )
( ) ( )

1

00 0

2 2 0.4311 1 1.569 mA/V
2 2

1.569 8 4
3.62

1 1 1.569 0.1

/ 503.62 45.2
/ 4

DSS GS
m

P P

m D L
v v

m S

L G
i i

i i G i L

I V g
V V

g R R
A A

g R

v Ri v RA A
i v R v R

⎛ ⎞ −⎛ ⎞− = − ⇒ =⎜ ⎟ ⎜ ⎟− −⎝ ⎠⎝ ⎠
− −

= = ⇒ = −
+ +

⎛ ⎞= = = ⋅ = − ⇒ = −⎜ ⎟
⎝ ⎠  

______________________________________________________________________________________ 
 
4.76 

          

( )
( )( )

( ) ( )

2

2

4 mA
2

10 V
2

10 20 4 2.5 k
2 V 4 0.5 k , 2.0 k

1

44 8 1 4.2 1 1.23 V
4.2 8

2 1.23

DSS
DQ

DD
DSQ

DSQ DD DQ S D

S D S D

S DQ S S S D

GS
DQ DSS

P

GS
GS GS

G S GS

G

II

VV

V V I R R
R R R R

V I R R R R

VI I
V

V V V

V V V

V

= =

= =

= − +
= − + ⇒ + = Ω
= = = ⇒ = Ω = Ω

⎛ ⎞
= −⎜ ⎟

⎝ ⎠

⎛ ⎞ ⎛ ⎞
= − ⇒ = − − ⇒ = −⎜ ⎟ ⎜ ⎟⎜ ⎟⎜ ⎟− ⎝ ⎠⎝ ⎠
= + = −

( ) ( )2 2
2 1

1 2

0.77 V 20 20 3.85 k , 96.2 K
100

R R R R
R R

⎛ ⎞ ⎛ ⎞= = = ⇒ = Ω =⎜ ⎟ ⎜ ⎟+ ⎝ ⎠⎝ ⎠
Ω

 
______________________________________________________________________________________ 
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4.77 
      a. 

          

( ) ( )

( )( )

2

2

2

1 2 1

1
1

5 mA
2

12 6 V
2 2

12 6 1.2 k
5

1

55 10 1 5 1 1.464 V
5 10

6 1.464 4.536 V

1

14.536 100 12 26

DSS
DQ

DD
DSQ

S S

GS
DQ DSS

P

GS
GS GS

G S GS

G DD in DD

I
I

VV

R R

VI I
V

V V V

V V V

RV V R V
R R R

R
R

= =

= = =

−
= ⇒ = Ω

⎛ ⎞
= −⎜ ⎟

⎝ ⎠

⎛ ⎞ ⎛ ⎞
= − ⇒ = − − ⇒ = −⎜ ⎟ ⎜ ⎟⎜ ⎟⎜ ⎟− ⎝ ⎠⎝ ⎠
= + = − =

⎛ ⎞
= = ⋅ ⋅⎜ ⎟+⎝ ⎠

= ⇒ =

2
2

2

5 k

265 100 161 k
265

R R
R

Ω

= ⇒ = Ω
+  

     b. 

          

( )
( )

( )( )
( )
( )

( )( )
( )( )

0

0

0

0 0

2 102 1.461 1 2.83 mA/V
5 5

1 1 20 k
0.01 5

1

2.83 20 1.2 0.5
0.495

1 2.83 20 1.2 0.5

1 1 1.2 0.353 1.2 0.273 k
2.83

DSS GS
m m

P P

DQ

m s L
v

m S L

v v

S
m

I V
g g

V V

r
I

g r R R
A

g r R R

A A

R R R
g

λ

⎛ ⎞ −⎛ ⎞= − = − ⇒ =⎜ ⎟ ⎜ ⎟− −⎝ ⎠⎝ ⎠

= = = Ω

=
+

= ⇒ =
+

= = = ⇒ = Ω
 

______________________________________________________________________________________ 
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4.78 
     a. 

          

( )

( )

( )( )

( )

( ) ( )( )
( )

2

1 2

2

2

2

2

2

110 10 5.5 V
110 90

10
1

10 5.5 2 5 1
1.75

4.5 10 1 1.143 0.3265

3.265 12.43 5.5 0

12.43 12.43 4 3.265 5.5
0.

2 3.265

G DD

G GS GS
DQ DSS

S P

GS
GS

GS GS GS

Gs GS

GS GS

RV V
R R

V V V
I I

R V

V
V

V V V

V V

V V

⎛ ⎞ ⎛ ⎞= = =⎜ ⎟ ⎜ ⎟+ +⎝ ⎠⎝ ⎠

− − ⎛ ⎞
= = −⎜ ⎟

⎝ ⎠

⎛ ⎞− + = −⎜ ⎟
⎝ ⎠

+ = − +

− + =

± −
= ⇒

( )

=

( )( )

2

511 V

0.5112 1 1.00 mA
1.75

10 1.00 5 5.0 V

DQ DQ

SDQ SDQ

I I

V V

⎛ ⎞= − ⇒ =⎜ ⎟
⎝ ⎠

= − ⇒ =
 

     b. 

          

( )

( )
( )

( )( )
( )( )

( )
( )

( )

00

1 2

2 22 0.5111 1 1.618 mA/V
1.75 1.75

1.618 5 10
0.844

1 1 1.618 5 10

/
/
90 110 49.5 k

49.50.844 4.18
10

DSS GS
m m

P P

m S L
v v

m S L

L i
i v

i i i L

i

i i

I Vg g
V V

g R R
A A

g R R

v Ri R
A A

i v R R
R R R

A A

⎛ ⎞ ⎛ ⎞= − = − ⇒ =⎜ ⎟ ⎜ ⎟
⎝ ⎠⎝ ⎠

= = ⇒ =
+ +

⎛ ⎞
= = = ⋅⎜ ⎟

⎝ ⎠
= = = Ω

⎛ ⎞= ⇒ =⎜ ⎟
⎝ ⎠  

     c. 

           
 
 

           ( )( )
1.0 mA
3.33 1.0 3.33 V

d

sd

i
v
Δ =

= =
     Maximum swing in output voltage = 6.66 V peak-to-peak 
______________________________________________________________________________________ 
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4.79 

          

( )
( )

( )

( )

2

2

1

44 8 1 4 1 1.17 V
4 8

7.5 20 4 3.125 k
2 82 1.171 1 2.83 mA/V

4 4
3.125

1
3 1

GS
DQ DSS

P

GS
GS GS

SDQ DD DQ S D

S D S D

DSS GS
m m

P P

S D

m D
v

m S

m S

VI I
V

V V V

V V I R R
R R R R

I Vg g
V V

R R
g RA
g R

g R

⎛ ⎞
= −⎜ ⎟

⎝ ⎠
⎛ ⎞⎛ ⎞= − ⇒ = − ⇒ =⎜ ⎟⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠

= − +
= − + ⇒ + = Ω

⎛ ⎞ ⎛ ⎞= − = − ⇒ =⎜ ⎟ ⎜ ⎟
⎝ ⎠⎝ ⎠

= −
−

=
+

− + = −

( )( ) ( )

( )( )

( )2 2
2 1

1 2

3 1 2.83 3.125 2.83

9.844 2.83 0.9433 2.61 k 0.516 k

20 4 0.516 17.94 V
17.94 1.17 16.77 V

20 335 k . 65 k
400

m D

D D

D D D S

S S

G S GS

G DD

g R
R R

R R R R

V V
V V V

R RV V R R
R R

+ − =⎡ ⎤⎣ ⎦
− = ⇒ = Ω =

= − ⇒ =
= − = − =

⎛ ⎞ ⎛ ⎞= = ⇒ = Ω =⎜ ⎟ ⎜ ⎟+ ⎝ ⎠⎝ ⎠

Ω

Ω
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Chapter 5 
 
5.1 

(a) ( ) 115116
8.2

32511 =⇒==+⇒+= βββ BE ii  

       9914.0
116
115

1
==

+
=

β
βα  

       μ3228.2325 =−=−= BEC iii A 

(b) 8990
020.0
80.11 =⇒==+ ββ  

       9889.0
90
89

==α  

       mA 78.102.080.1 =−=Ci
______________________________________________________________________________________ 
 
5.2 

(a) 9918.0
732
726

===
E

C

i
i

α  

       121
9918.01

9918.0
1

=
−

=
−

=
α

αβ  

       μ6726732 =−=−= CEB iii A 

(b) 9801.0
961.2
902.2

==α  

       19.49
980074.01

980074.0
1

=
−

=
−

=
α

αβ  

       μ59902.2961.2 =⇒−= BB ii A 
______________________________________________________________________________________ 
 
5.3 

     (a) For 110:β =  

110 0.99099
1 111
βα
β

= = =
+  

     For 180:β =  

180 0.99448
181

α = =
 

          0.99099 0.99448α≤ ≤  

     (b)  ( )110 50 A 5.50 C B CI I I mβ μ= = ⇒ = A

mA     or  ( )180 50 A 9.00 C CI Iμ= ⇒ =

     so 
5.50 9.0 CI m≤ ≤ A

 
______________________________________________________________________________________ 
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5.4 

(a) μ
β

28.8
151

25.1
1

=⇒=
+

= B
E

B i
i

i A 

       ( ) 242.125.1
151
150

1
=⎟

⎠
⎞

⎜
⎝
⎛=⋅⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

= EC ii
β

β mA 

       9934.0
151
150

==α  

(b) μ8.55
81
52.4

=⇒= BB ii A 

       ( ) 46.452.4
81
80

=⎟
⎠
⎞

⎜
⎝
⎛=Ci mA 

       9877.0
81
80

==α  

______________________________________________________________________________________ 
 
5.5 
(a) 

α  1
αβ
α

=
−  

0.9 9 
0.95 19 
0.98 49 
0.99 99 
0.995 199 
0.999 999 
 
(b) 
 

β  1
βα
β

=
+  

20 0.9524 
50 0.9804 
100 0.9901 
150 0.9934 
220 0.9955 
400 0.9975 
______________________________________________________________________________________ 
 
5.6 

(a) μ
β

8.14
81

2.1
1

=⇒=
+

= B
E

B I
I

I A 

       ( ) 185.12.1
81
80

1
=⎟

⎠
⎞

⎜
⎝
⎛=⋅⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

= EC II
β

β mA 

       9877.0
81
80

==α  

       ( )( ) 63.22185.15 =−=CV V 
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(b) μ88.9
81

8.0
=⇒= BB II A 

        ( ) 790.08.0
81
80

=⎟
⎠
⎞

⎜
⎝
⎛=CI mA 

        9877.0=α  
        V ( )( ) 42.32790.05 =−=CV

(c) (i) μ92.9
121

2.1
=⇒= BB II A 

            ( ) 19.12.1
121
120

=⎟
⎠
⎞

⎜
⎝
⎛=CI mA 

            9917.0
121
120

==α  

            V ( )( ) 62.2219.15 =−=CV

      (ii) μ61.6
121

8.0
=⇒= BB II A 

            ( ) 7934.08.0
121
120

=⎟
⎠
⎞

⎜
⎝
⎛=CI mA 

             9917.0=α  
            V ( )( ) 41.327934.05 =−=CV

______________________________________________________________________________________ 
 
5.7 

          ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

T

BE
EoE V

V
II exp  

          ( ) ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
×=× −−

T

BE

V
V

exp1051080.0 143  

      Then  ( ) 6109.0
105

1080.0ln026.0
14

3

=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

×
×

=
−

−

BEV V 

          110
9910.01

9910.0
1

=
−

=
−

=
α

αβ  

          ( )( ) 7928.080.09910.0 === EC II α mA 

          μ
β

21.7
111

80.0
1

=⇒=
+

= B
E

B I
I

I A 

          V ( )( ) 41.327928.055 =−=−= CCC RIV
______________________________________________________________________________________ 
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5.8 

     (a) 

( )

( )( )

0.75 12.3 A
61

600.75 0.738 mA
61

60 0.9836
61

10 0.738 5 10
6.31 V

B

C

C C C

C

I

I

V I R
V

μ

α

= ⇒

⎛ ⎞= =⎜ ⎟
⎝ ⎠

= =

= − = −
= −  

     (b) 

( )

( )( )

1.5 24.6 A
61

601.5 1.475 mA
61

60 0.9836
61

1.475 5 10 2.625 V

B

C

C C

I

I

V V

μ

α

= ⇒

⎛ ⎞= =⎜ ⎟
⎝ ⎠

⎛ ⎞= =⎜ ⎟
⎝ ⎠

= − ⇒ = −  

     (c) Yes,  in both cases so that B-C junction is reverse biased. 0CV <

______________________________________________________________________________________ 
 
5.9 

(a)  ( ) 105 −= CC IV
       mA ( ) 76.11052.1 =⇒−=− CC II

       785.1
986.0
76.1

===
α

C
E

I
I mA 

       μ2576.1785.1 =⇒−=−= BCEB IIII A 

(b) ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

T

EB
EoE V

V
II exp  

        ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
×=× −−

T

EB

V
V

exp10210785.1 153  

        ( ) 7154.0
102

10785.1ln026.0
15

3

=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

×
×

=
−

−

EBV V 

______________________________________________________________________________________ 
 
5.10 

          ( ) ⎟
⎠
⎞

⎜
⎝
⎛×=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
= −

026.0
615.0exp105exp 15

T

BE
SC V

Ii
υ

 

          μ7.93=Ci A 

          μ7495.0
125

7.93
==Bi A 

          ( )( ) μ44.947495.0126 ==Ei A 
______________________________________________________________________________________ 
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5.11 

      Device 1:  
/ 3 0.650 / 0.026

1 10.5 10EB Tv V
E Eo Eoi I e I e−= ⇒ × =

      So that 

          
15

1 6.94 10  EOI A−= ×
 

      Device 2:  
3 0.650 / 0.026

212.2 10 EoI e−× =

      Or 

          
13

2 1.69 10  EoI A−= ×
 

     

13
2

15
1

1.69 10Ratio of areas Ratio 24.4
6.94 10

Eo

Eo

I
I

−

−

×
= = ⇒ =

×  
______________________________________________________________________________________ 
 
5.12 
     For transistor A: 

          ( ) ( ) 6906.0
108

10275ln026.0ln
16

6

=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

×
×

=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

−

−

SA

C
TBE I

I
VAυ V 

    For transistor B: 
          A ( ) 1516 102.310844 −− ×=×== SASB II

          ( ) ( ) 6546.0
102.3
10275ln026.0

15

6

=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

×
×

=
−

−

BBEυ V 

______________________________________________________________________________________ 
 
5.13 

(a) ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+=

A

CE
CoC V

Ii
υ

1  

       58537.0
80
216.0 =⇒⎟
⎠
⎞

⎜
⎝
⎛ += CoCo II mA 

   At 5=CEυ V 

       ( ) 622.0
80
5158537.0 =⎟
⎠
⎞

⎜
⎝
⎛ +=Ci mA 

(b) 137
60.0621956.0

25
=⇒

−
−

=
Δ
Δ

= o
C

CE
o r

i
r

υ
kΩ  

______________________________________________________________________________________ 
 
5.14 

          

0
0 33

0

60
100

12.9 V

C B
C E

C E

BV
BV

BV
β

= =

=
 

______________________________________________________________________________________ 
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5.15 

          

0
0 3

3
3

220 22056 3.93
56

60.6

C B
C E

BV
BV

β

β
β

β

=

= ⇒ = =

=  
______________________________________________________________________________________ 
 
5.16 

          

( ) ( )

0
0 3

33
0 0

0

50 50

184 V

C B
C E

C B C E

C B

BV
BV

BV BV

BV

β

β

=

= =

=
 

______________________________________________________________________________________ 
 
5.17 

     (a) 

( )

( )

0.7 10
1.86 mA

5
751.86 1.836 mA
76

0.7 4 3.3 V
10 3.3 3.65 K
1.836

E

C

C

C C

I

I

V

R R

− − −
= =

⎛ ⎞= =⎜ ⎟
⎝ ⎠

= − + =
−

= ⇒ =
 

     (b) 

( )( )

( )

( )

0.5 0.00658 mA
76

0.00658 25 0.164 V
750.5 0.493 mA
76

1 5
8.11 K

0.493

B

B B B B

C

C C

I

V I R V

I

R R

= =

= = ⇒ =

⎛ ⎞= =⎜ ⎟
⎝ ⎠

− − −
= ⇒ =

 

     (c) 

( ) ( )

( )

( )

( )( ) ( )( )

10 0.7 4 8
76

7.3 4 0.132 1.767 mA
751.767 1.744 mA
76

8 1.744 4 1.767 4 8

16 6.972 7.068 1.96 V

E
E

E E

C

CE

CE

IO I

I I

I

V

V

= + + −

= + ⇒ =

⎛ ⎞= =⎜ ⎟
⎝ ⎠

= − − −⎡ ⎤⎣ ⎦
= − − ⇒ =  

     (d) 

( ) ( ) ( ) ( )

( )( )

5 10 20 0.7 2 10 0.263 2 0.7
76

0.3506 mA 4.61 A 5 0.3506 10

1.49 V

E
E E E

E B C

C

II I I

I I V

V

μ

⎛ ⎞= + + + = + + +⎜ ⎟
⎝ ⎠

= ⇒ = = −

=
 

______________________________________________________________________________________ 
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5.18 
     For Fig. P5.17(a),  k25.5%55 =+=ER Ω  

          

( )

( )

0.7 10
1.77 mA

5.25
1.75 mA
10 3.3 3.83 K

1.75
5 5% 4.75 K

0.7 10
1.96 mA

4.75
1.93 mA
10 3.3 3.47 K

1.93

E

C

C

E

E

C

C

I

I

R

R

I

I

R

− − −
= =

=
−

= =

= − =

− − −
= =

=
−

= =
 

      So 1.75 1.93 mA     3.47 3.83 KC CI R≤ ≤ ≤ ≤
     For Fig. P5.17(c),  k2.4%54 =+=ER Ω  

          

( )( )

( )( ) ( )( )

( )( )

( )( ) ( )( )

8 0.7 0.0222 mA 1.66 mA
10 76 4.2
1.69 mA
16 1.66 4 1.69 4.2
16 6.64 7.098 2.26 V

4 5% 3.8 K
8 0.7 0.0244 1.83 mA

10 76 3.8
1.86 mA
16 1.83 4 1.86 3.8
16 7.32 7.068
1.61 V

B C

E

CE

CE

E

B C

E

CE

CE

I I

I
V

V

R

I I

I
V

V

−
= = =

+

=
= − −
= − − ⇒ =

= − =
−

= = =
+

=
= − −
= − −
=  

      So 1.66 1.83 mA 1.61 2.26 VC CEI V≤ ≤ ≤ ≤
______________________________________________________________________________________ 
 
5.19 

(a)  CECCCC VRIV +=

       35.0
4

1.15.2
=

−
=CI mA 

       ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

T

BE
SC V

V
II exp  

       ( ) 7091.0
105

1035.0ln026.0
16

3

=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

×
×

==
−

−

BBBE VV V 
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(b) 7.0
2

1.15.2
=

−
=

−
=

E

CECC
E R

VV
I mA 

        ( ) 6923.070.0
91
90

1
=⎟

⎠
⎞

⎜
⎝
⎛=⋅⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

= EC II
β

β mA 

        ( ) 7269.0
105

106923.0ln026.0
16

3

=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

×
×

=
−

−

BEV V 

        ( )( ) 127.227.07269.0 =+=+= EEBEBB RIVV V 
______________________________________________________________________________________ 
 
5.20 

(a) ,  V 0=CI 2=CEV
(b) ( )( ) 24.02120 =⇒== CBC III β mA 
       ( )( ) 04.1424.02 =−=CEV V 

(c) 35.0
2

7.04.1
=

−
=EI mA 

       ( ) 3471.035.0
121
120

=⎟
⎠
⎞

⎜
⎝
⎛=CI mA 

       ( )( ) ( )( ) 088.0235.043471.02 −=−−=CEV V  -  Not possible 
    Transistor in Saturation 
       V 2.0=CEV
       V  V 7.0=EV 9.0=⇒ CV

       275.0
4

9.02
=

−
=CI mA 

______________________________________________________________________________________ 
 
5.21 

(a) ( ) 7333.0
5.1

2.07.02
=

+−
=EI mA 

       ( ) 7273.07333.0
121
120

1
=⎟

⎠
⎞

⎜
⎝
⎛=⋅⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

= EC II
β

β mA 

       V 9.0== EEC VV
(b) ( )( ) 8.115120 =⇒== CBC III β mA - Not possible 
    Transistor in saturation 
        V 2.0=ECV

       2.1
5.1

2.02
=

−
=EI mA 

       mA 185.1015.02.1 =−=−= BEC III
 
 
(c) Transistor cutoff 
        ,  V 0=CI 2=ECV

______________________________________________________________________________________ 
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5.22 

(a) 
( )

120
005.0

7.03.1
=

−
=⇒

−
= B

B

BEBB
BQ R

R
onVV

I kΩ  

       ( )( ) 5.0005.0100 === BQCQ II β mA 

       3
5.0

5.13
=

−
=CR k  Ω

(b) For 75=β , mA ( )( ) 375.0005.075 ==CQI
            V ( )( ) 875.13375.03 =−=CEV
       For 125=β , ( )( ) 625.0005.0125 ==CQI mA 
             V ( )( ) 125.13625.03 =−=CEV
       So  V 875.1125.1 ≤≤ CEV

______________________________________________________________________________________ 
 
5.23 
     (a) 

          

( )

( )

( )

( )

1
500

2.0 A
1 0.7 1.7 V

3 1.7 3 0.2708 mA
4.8

0.27081 135.4 134.4
0.002

0.9926
1

0.269 mA

3 3 1.7 4.7 V

B
B B B B

B

B

E

E
E

E

E

B

C B C

CE E CE

VV I R I
R

I
V

V
I

R
I
I

I I I

V V V

μ

β β

βα α
β

β

− −−
= − ⇒ = =

=
= − − = −

− − − +
= = =

= + = = ⇒ =

= ⇒ =
+

= ⇒ =

= − = − − ⇒ =
 

     (b) 

          

( )

( ) ( )( )

( )

5 4 0.5 mA
2

4 0.7 5

4 0.7 100 0.5 8 5
0.50.043 1 11.63

0.043

10.63,  0.9140
1

E E

B B B C C

B C E

B C E

B

E
B

B

I I

I R I I R
I I I
I I I

I
II
I

β

ββ α α
β

−
= ⇒ =

= + + + −
+ =
+ =
= + + −

= ⇒ = + = =

= = ⇒ =
+  

______________________________________________________________________________________ 
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5.24 

(a) 
10

5 B
C

V
I

−
= ,  

( )
3

57.0 +−
= B

E
V

I ,  EEC III ⋅⎟
⎠
⎞

⎜
⎝
⎛=⋅⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

=
91
90

1 β
β  

   Then  ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ +
⎟
⎠
⎞

⎜
⎝
⎛=

−
3

3.4
91
90

10
5 BB VV

  136.2−=⇒ BV V 

        721.0
3

57.0136.2
=

+−−
=EI mA 

(b)  ( ) ( )31010 ECCE IIV −−=

        ( ) ( )89.121010
91
903102 EE II −=⎥

⎦

⎤
⎢
⎣

⎡
⎟
⎠
⎞

⎜
⎝
⎛+−=  

   Then  mA 6206.0=EI
   And  V ( )( ) 438.2536206.07.0 −=−+=BV

______________________________________________________________________________________ 
 
5.25 

(a) 245.0
10

85.03.3
=

−
=EI mA 

       μ3
50

7.085.0
=⇒

−
= BB II A 

       mA 242.0003.0245.0 =−=−= BEC III

       67.80
003.0
242.0

===
B

C

I
I

β  

       9878.0
67.81
67.80

1
==

+
=

β
βα  

       V ( )( ) 88.03.310242.0 −=−=CV
       V ( ) 73.188.085.0 =−−=ECV
(b) ( )( ) 73.8810.167.80 ==β  

       
50

7.0−
= E

B
V

I ,  ( ) ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −
=

−
=

50
7.0

73.89
10

3.3 EE
E

VV
I ,  8371.0=⇒ EV V 

       2463.0
10

8371.03.3
=

−
=EI mA 

       ( ) 2435.02463.0
73.89
73.88

=⎟
⎠
⎞

⎜
⎝
⎛=CI mA 

       V ( )( ) 8645.03.3102435.0 −=−=CV
       V ( ) 70.18645.08371.0 =−−=ECV

______________________________________________________________________________________ 
 
5.26 

          

( )( )
( )( )

( )

5 0.7 17.2 A
250

120 0.0172 2.064 mA
2.064 1.5 5 1.90 V

5 1.90 6.90 V

B

C

C

EC EC

I

I
V

V V

μ−
= ⇒

= =
= − = −
= − − ⇒ =
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5.27 

          

( )

( )( )

( ) ( )( )

50 1 0.98 
51

9 0.98 4.7 9  4.39 

1 0.0196 
51

0.0196 50 0.7  1.68 

C

C C C C

B

E B B EB E

I mA

V I R or V V

I mA

V I R V on or V V

⎛ ⎞= =⎜ ⎟
⎝ ⎠

= − = − = −

= =

= + = + =
 

______________________________________________________________________________________ 
 
5.28 

          

( )

( ) ( )( )
( )( )

( )
( )( ) ( )( )

50 0.50.5 0.49 ,  0.0098 
51 51

0.0098 50 0.7 or 1.19 
9 0.49 4.7 9 6.70 

Then 1.19 6.7 7.89 
0.49 7.89 0.0098 0.7  or 3.87 

C B

E B B EB E

C C C

EC E C

Q C EC B EB Q

I mA I mA

V I R V on V V
V I R V

V V V V
P I V I V P mW

⎛ ⎞= = = =⎜ ⎟
⎝ ⎠

= + = + =
= − = − = −

= − = − − ==
= + = + =

 

     ( ) ( )( )Power Dissipated 9 0.5 9 1.19S Q EP I V= = − = −  

     Or 
3.91 SP mW=

 
______________________________________________________________________________________ 
 
5.29 

           ( )( )

1 2 1 2

1 2

1 2 1 2

0.5 mA
2
0.5 mA
5 0.5 4 3 V

E E E E

C C

C C C C

II I I I

I I
V V V V

= = ⇒ = =

= ≈
= = − ⇒ = =  

______________________________________________________________________________________ 
 
5.30 

     (a) 

( )

2 0.7 1.30

1.3 5 280 0.8 3.75 K

130 K

E B
B B

C C
B C

B

R I
R R

I R
R R

R

−
= = =

⎛ ⎞ −
= = = ⇒ =⎜ ⎟

⎝ ⎠
=  
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     (b) 

( )( ) ( ) ( )
( ) ( )( )

0.8 811 K 0.010 mA 0.8 0.81 mA
80 80

2 0.010 0.7 0.81 1 49 K

5 0.8 2 0.81 1 2.74 K

E B E

B B

C C

R I I

R R

R R

⎛ ⎞= = = = =⎜ ⎟
⎝ ⎠

= + + ⇒ =

= + + ⇒ =
 

     (c) For part (a) 

2 0.7 0.01 mA
130BI −

= =
 

          

( )( )
( )( )

120 0.01 1.20 mA

5 1.2 3.75 0.5 V
C C

CE CE

I I

V V

= ⇒ =

= − ⇒ =  

     For part (b) ( ) ( ) ( )2 49 0.7 121B BI I= + + 1  

           ( )( ) ( )( )
0.00765 mA, 0.925 mA, 0.918 mA
5 0.918 2.74 0.925 1 1.56 V

B E C

CE CE

I I I
V V

= = =
= − − ⇒ =

     Including ER  result in smaller changes in Q-point values. 
______________________________________________________________________________________ 
 
5.31 

(a) 18
25.0

5.49
=

−
=

−
=

CQ

CEQCC
C I

VV
R kΩ  

        μ125.3
80
25.0

=⇒= BQBQ II A 

        656.2
003125.0

7.09
=⇒

−
= BB RR MΩ  

(b) mA ( )( ) 375.0003125.0120 ==CQI
       V ( )( ) 25.218375.09 =−=CEQV

______________________________________________________________________________________ 
 
5.32 

(a) ,  V 0== EC II 6=CV

(b) 2.0
1

7.09.0
=

−
=EI mA,  ( ) 1987.02.0

151
150

=⎟
⎠
⎞

⎜
⎝
⎛=CI mA 

       V ( )( ) 013.4101987.06 =−=CV

(c) 8.0
1

7.05.1
=

−
=EI mA 

    Transistor in saturation 
        V 12.07.05.1 =+−=CV

        5.0
10

16
=

−
=CI mA 

(d) 5.1
1

7.02.2
=

−
=EI mA 

        V 7.12.07.02.2 =+−=CV

        43.0
10

7.16
=

−
=CI mA 

______________________________________________________________________________________ 
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5.33 

     a. 

( )0

0

0.

10Cutoff 5
10 5

3.33 V

BB

L
CC

C L

V

RV V
R R

V

=

⎛ ⎞ ⎛ ⎞= =⎜ ⎟ ⎜ ⎟+ +⎝ ⎠⎝ ⎠
=  

     b. 

( )( )
0 0

0 0

1 V
1 0.7 6 μA

50
75 6 0.45 mA

5
5 10

1 11 0.45 1.83 V
5 10

BB

B

C B C

C

V

I

I I I
V VI

V V

β

=
−

= ⇒

= = ⇒ =
−

= +

⎛ ⎞− = + ⇒ =⎜ ⎟
⎝ ⎠  

     c. Transistor in saturation 
( )0 sat 0.2 VCEV V= =

 
______________________________________________________________________________________ 
 
5.34 
     (a) 100β =  

     (i)  

( )

( ) ( )

1000.1 0.1 0.0990
101

5 0.099 5 4.505 

Q C

O O

 I mA I mA

V V

⎛ ⎞= = =⎜ ⎟
⎝ ⎠

= − ⇒ = V
 

     (ii) 

( )

( )( )

1000.5 0.5 0.495
101

5 0.495 5 2.525 

Q C

O O

I mA I

V V

⎛ ⎞= = =⎜ ⎟
⎝ ⎠

= − ⇒ =

 mA

V
 

     (iii) ( ) ( )
2 mA Transistor is in saturation

0.7 0.2 0.5 V
Q

O BE CE O

I
V V sat V sat V

=
= − + = − + ⇒ = −

 
     (b) 150β =  

     (i) 

( )

( )( )

1500.1 0.1 0.09934
151

5 0.09934 5 4.503 

4.503 4.505% change 100% 0.044%
4.503

Q C

O O

 I mA I mA

V V

⎛ ⎞= = =⎜ ⎟
⎝ ⎠

= − ⇒ =

−
= × = −

V

 

     (ii) 

( )

( )( )

1500.5 0.5 0.4967
151

5 0.4967 5 2.517 

2.517 2.525% change 100% 0.32%
2.525

Q C

O O

 I mA I mA

V V

⎛ ⎞= = =⎜ ⎟
⎝ ⎠

= − ⇒ =

−
= × = −

V

 

     (iii) 

2  Transistor in saturation
8.5 V No change

Q

o

I mA
V

=
= −

 
______________________________________________________________________________________ 
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5.35 

(a) 20.0
5

45
=

−
=CI mA 

       ( ) 2017.020.0
120
121

=⎟
⎠
⎞

⎜
⎝
⎛== EQ II mA 

(b) 60.0
5

25
=

−
=CI mA 

       ( ) 605.060.0
120
121

=⎟
⎠
⎞

⎜
⎝
⎛== EQ II mA 

(c) 0.1
5

05
=

−
=CI mA 

        ( ) 008.10.1
120
121

=⎟
⎠
⎞

⎜
⎝
⎛== EQ II mA 

______________________________________________________________________________________ 
 
5.36 

     For  then 0,QI = 0QP =
 

     For 
( )500.5 , 0.5 0.49 

51Q CI mA I ⎛ ⎞= = =⎜ ⎟
⎝ ⎠

mA
 

          

( )( )
( )( )

0.5 0.0098 ,  0.490 ,  1.19 
51
0.49 4.7 9 6.70 7.89 

0.49 7.89 3.87 

B B E

C E

C EC

C

I mA V V V V

V V V
P I V P mW

= = = =

= − = − ⇒ =
≅ = ⇒ =

V

 
     For 1.0 ,QI mA=  Using the same calculations as above, we find 5.95 P mW=  

     For 1.5 , 6.26 QI mA P mW= =  

     For 2 , 4.80 QI mA P mW= =  

     For 2.5 , 1.57 QI mA P mW= =  

     For 3 ,QI mA=  Transistor is in saturation. 

           

( ) ( )

( ) ( ) ( )

0.7 50 0.2 4.7 9
3

Then, 0.7 3 50 0.2 4.7 9

B C

E Q B C B C

C C

I I
I I I I I I

I I

+ = + −
= = + ⇒ = −

+ − = + −

     Which yields 2.916  and 0.084 C BI mA I mA= =  

          ( )( ) ( )( )0.084 0.7 2.916 0.2B EB C ECP I V I V= + = +  or 0.642 P mW=  
______________________________________________________________________________________ 
 
5.37 

          

( )

( ) ( )

( ) ( )

on 9 0.7 2.075 mA
4

0.9920 2.075 2.06 mA

9 2.06 2.2 4.47 V

EE EB
E E

E

C E C

BC C C CC

BC BC

V V
I I

R
I I I

V I R V
V V

α

− −
= = ⇒ =

= = ⇒ =

+ =
= − ⇒ =
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5.38 

(a) 727.2
2.2

612
=

−
=CI mA,  03409.0

80
727.2

==BI mA 

       ( ) 127.0
100

127.0
2 =

−−
=RI mA 

       mA 1611.021 =+= RBR III
       ( )( ) 12.37.0151611.07.011 =+=+= RIV RI V 

(b) For V,  9=CEQV 364.1
2.2
912
=

−
=CI mA,  01705.0=BI mA 

         14405.0127.001705.01 =+=RI mA 
         V ( )( ) 86.27.01514405.0 =+=IV

       For V, 3=CEQV 0909.4
2.2

312
=

−
=CI mA,  05114.0=BI mA 

          mA 1781.0127.005114.01 =+=RI
          V ( )( ) 37.37.0151781.0 =+=IV
     So  V 37.386.2 ≤≤ IV

______________________________________________________________________________________ 
 
5.39 

     

( )

( ) ( ) ( )

2

1 2

1 1 1

For 4.5
5 4.5 0.5 mA

1
0.5 0.02 mA
25
0.7 5

0.057 mA
100

0.057 0.02 0.077 mA
on 0.077 15 0.7 1.86 V

CE

CQ

BQ

R

R R BQ

R BE

V

I

I

I

I I I
V I R V

=
−

= =

= =

− −
= =

= + = + =
= + = + =  

     ( )( )

2

1 2

1

For 1.0
5 1 4 mA

1
4 0.16 mA
25
0.057 mA

0.057 0.16 0.217 mA
0.217 15 0.7 3.96 V

CE

CQ

BQ

R

R R BQ

V

I

I

I
I I I
V

=
−

= =

= =

=
= + = + =
= + ⇒  

     So 11.86 3.96 VV≤ ≤
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5.40 

     (a) 

5 2.5 5 K 
0.5

0.5 0.00417 mA
120
5 0.7 1032 K

0.00417

C

B

B

R

I

R

−
= =

= =

−
= =

 

           

     (b)  

Choose 5.1 K
1 M

C

B

R
R

=
= Ω

     

For 1 M 10% 1.1 M, 5.1 k 10% 5.61 K
5 0.7 3.91 A 0.469 mA

1.1
2.37 V

B C

BQ CQ

CEQ

R R

I I

V

μ

= Ω+ = = + =
−

= = ⇒ =

=  

           

1 M 10% 1.1M, 5.1 10% 4.59 K
3.91 A 0.469 mA
2.85 V

B C

BQ CQ

CEQ

R R K
I I

V
μ

= Ω + = = − =
= ⇒ =
=

          

1 M 10% 0.90 M 5.1 k 10% 5.61 K
5 0.7 4.78 A 0.573 mA
0.90

1.78 V

B C

BQ C

CEQ

R R

I I

V

μ

= Ω− = Ω = + =
−

= = ⇒ =

=     

           

1 M 10% 0.90 M 5.1 k 10% 4.59 K
4.78 A 0.573 mA
2.37 V

B C

BQ C

CEQ

R R
I I

V
μ

= Ω − = Ω = − =
= ⇒ =
=
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5.41 

           

( ) (
2 2 1 1

2 1 2 1

1 2

5 5
5 5

E BE E BE

O E E BE BE

O BE BE

V V V V
V V V V V
V V V

= − = −
= − = − − −
= −

)

     

1
1

2
2

We have ln

ln

E
BE E

EO

E
BE T

EO

IV V
I

IV V
I

⎛ ⎞
= ⎜ ⎟

⎝ ⎠
⎛ ⎞

= ⎜ ⎟
⎝ ⎠  

          
( )

1 2

1

2

ln ln

10ln ln

ln 10

E E
O T

EO EO

E I
O T T

E

O

I IV V
I I

IV V V
I I

kTV
e

⎡ ⎤⎛ ⎞ ⎛ ⎞
= −⎢ ⎥⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠⎣ ⎦
⎛ ⎞ ⎛ ⎞= =⎜ ⎟ ⎜ ⎟

⎝ ⎠⎝ ⎠

=
 

______________________________________________________________________________________ 
 
5.42 

(a) (i) 25.0
4

45
=

−
=CI mA, 002083.0

120
25.0

==BI mA 

             V ( )( ) 117.17.0200002083.0 =+=IV

       (ii) mA,  25.0=CI ( ) 252.025.0
120
121

=⎟
⎠
⎞

⎜
⎝
⎛=EI mA 

             ( )( ) ( )( ) 369.11252.07.0200002083.0 =++=IV V 

(b) (i) 625.0
4

5.25
=

−
=CI mA, 005208.0

120
625.0

==BI mA 

             V ( )( ) 742.17.0200005208.0 =+=IV

      (ii) ( ) 6302.0625.0
120
121

=⎟
⎠
⎞

⎜
⎝
⎛=EI mA 

             V ( )( ) 372.216302.0742.1 =+=IV
(c) Transistor biased in saturation 
           ( ) (17.02005.3 EB II ++= )

          
4

5 O
C

V
I

−
= ,  

1
2.0−

= O
E

V
I  
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          ( ) 45.125.1
4

5
1

2.0
−=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛ −
−

−
=−= O

OO
CEB V

VV
III  

     Then  ( )[ ]( ) ( )2.07.020045.125.15.3 −++−= OO VV  
           V 167.1=OV

______________________________________________________________________________________ 
 
5.43 

     For  Q is cutoff  4.3 5IV≤ ≤ 0CI =

           0OV =

     

If Q reaches saturation, 4.8
4.8 1.2 mA
4

5 0.71.2 0.015 1.6
80 180

So 1.6,  4.8

O

C

I
B I

I O

V

I

VI V

V V

=

= =

− −
= = = ⇒ =

≤ =  

           
______________________________________________________________________________________ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Microelectronics: Circuit Analysis and Design, 4th edition                                                                Chapter 5 
By D. A. Neamen                                                                                                                  Problem Solutions 
______________________________________________________________________________________ 
 
5.44 

     (a) For  Q is off and 4.3,IV ≥ 0OV =  

     When transistor enters saturation, 
( ) ( )1015 1 0.2 4 0.958 mA

100 C C CI I I⎛ ⎞= + + ⇒ =⎜ ⎟
⎝ ⎠  

          

( )( ) ( )( )

( ) ( ) ( ) ( ) ( )
( ) ( ) ( ) ( ) ( )

3.832 V
0.00958 mA
1015 0.958 1 0.7 0.00958 180
100
5 0.7 0.9676 1.7244 1.61 V

For 0,  transistor in saturation
5 1 0.2 4 5 1 1 0.2 4
5 1 0.7 180 5 1 1 0.7 180

O

B

I

I I

I

E C C B C

E B C B B

E C B

V
I

V

V V
V
I I I I I
I I I I I

I I I

=
=

⎛ ⎞= + + +⎜ ⎟
⎝ ⎠
= − − − ⇒ =

=
= + + ⇒ = + + +
= + + = + + +
= +

( )

( )( )

4.8 5 1
4.3 1 181

4.8 5
4.3 181 4.8 5
904 864.5

0.956 mA
3.825 V

C B

C B

B C

C C

C

C

O

I I
I I

I I
I I

I
I
V

= +
= +
= −
= + −

=
=
=  

 

           
______________________________________________________________________________________ 
 
5.45 

          
( )

24
2.0

2.05
=

−
=

−
=

C

CECC
C R

satVV
I  mA 

          2.1
20
2420 ==⇒= B

B

C I
I
I

mA 

          
( )

58.3
2.1

7.05
=

−
=⇒

−
= B

B

BEI
B R

R
onVV

I kΩ  

______________________________________________________________________________________ 
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5.46 

(a) ,  0=IV 0,0 ====⇒ OECB VIII  
(b) V, 5.2=IV
          ,  and  ( ) EEBEBBI RIonVRIV ++= ( ) BE II β+= 1  

   Then  
( )

( ) ( )( ) μ
β

7.50
5.05110

7.05.2
1

=⇒
+

−
=

++
−

= B
EB

BEI
B I

RR
onVV

I A 

          mA,  ( )( ) 535.20507.050 ==CI ( )( ) 586.20507.051 ==EI mA 
          ( )( ) 293.15.0586.2 === EEO RIV V 
(c) V,  Transistor in saturation 5=IV

           V,  8.2=OV 6.5
5.0
8.2
==EI mA 

           
( )

15.0
10

8.27.05
=

−−
=

−−
=

B

OBEI
B R

VonVV
I mA 

            mA 45.515.06.5 =−=−= BEC III
______________________________________________________________________________________ 
 
5.47 

          6.17
5.0
8.8
===

C

O
C R

V
I mA 

          704.0
25

6.1725 ==⇒= B
B

C I
I
I

mA 

          
( )

69.4
704.0

57.099
=

−−
=⇒

−−
= B

B

IEB
B R

R
VonV

I kΩ  

______________________________________________________________________________________ 
 
5.48 

(a) 7.0
2

6.13
=

−
=CQI mA,  μ833.5

120
7.0

=⇒= BQBQ II A 

       
( )

4.51
005833.0

7.01
=

−
=

−
=

BQ

BEBB
B I

onVV
R kΩ  

(b) V, peak-to-peak 8.22.03.3 =−=Δ OV

(c) 67.4
0.17.0

6.13
−==

−
−

=
Δ
Δ

υA
V
V

I

O  

(d) ( ) ( )
6.0

667.4
8.2max

max ==
Δ

=Δ
υA

V
V O

I V 

    So  6.0=iυ V,  peak-to-peak 
______________________________________________________________________________________ 
 
5.49 

          μ
β

25.1
120

15.0
=⇒== BQ

CQ
BQ I

I
I A 

          ( ) 15125.0
120
12115.01

=⎟
⎠
⎞

⎜
⎝
⎛=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛ +
=

β
β

CQEQ II mA 

        We have k  200=THR Ω
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           ( ) ( )( ) ( )( ) 2525.1215125.07.020000125.0 =++=++= EEQBETHBQTH RIonVRIV V 

           CCTHCCTH VR
R

V
RR

R
V ⋅⋅=⋅⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

=
121

2 1  

         So  ( )( 5.220012525.1
1R

= )  

           k   and  k3991 =⇒ R Ω 4012 =R Ω  
            ( )( ) ( )( ) 30.1215125.0615.05.25.2 =−−=−−= EEQCCQCEQ RIRIV V 
______________________________________________________________________________________ 
 
5.50 

          ( ) 2013.020.0
150
1511

=⎟
⎠
⎞

⎜
⎝
⎛=⋅⎟⎟

⎠

⎞
⎜⎜
⎝

⎛ +
= CQEQ II

β
β mA,  μ

β
33.1

150
20.0

=⇒== BQ
CQ

BQ I
I

I A 

           EEQCEQCCQCC RIVRIV ++=

          ( ) ( )( ) 412013.05.120.05.2 =⇒++= CC RR kΩ  
          ( ) ( )( ) ( )( ) 061.112013.07.012000133.0 =++=++= EEQBETHBQTH RIonVRIV V 

          ( )( 5.21201061.11

11 R
VR

R
V CCTHTH =⇒⋅⋅= )  

        So  k   and  k2831 =R Ω 2082 =R Ω  
______________________________________________________________________________________ 
 
5.51 
          57.8152021 === RRRTH k  Ω

            ( ) 29.410
2015

15

21

2 =⎟
⎠
⎞

⎜
⎝
⎛

+
=⋅⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

= CCTH V
RR

R
V V 

            ( ) THTH
EQ

EBEEQCC VR
I

onVRIV +⋅
+

++=
β1

 

            ( ) 29.4
101

57.87.0110 +⎟
⎠
⎞

⎜
⎝
⎛++= EQEQ II  

     Then  62.4
085.1
01.5

101
57.81

29.47.010
=⇒=

+

−−
= EQEQ II mA 

            ( ) 68.429.457.8
101

62.4
1

=⇒+⎟
⎠
⎞

⎜
⎝
⎛=+⋅

+
= BTHTH

EQ
B VVR

I
V

β
V 

______________________________________________________________________________________ 
 
5.52 
     (a) 
          36.245842 ==THR kΩ  

            ( ) 08.1024
100
42

=⎟
⎠
⎞

⎜
⎝
⎛=THV V 

            ( )( ) μ30.7
36.1284

38.9
1012636.24

7.008.10
=⇒=

+
−

= BQBQ II A 

            mA,  mA 913.0=CQI 9202.0=EQI
            V 8.14=CEQV
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     (b) 

          

( )

1 25% 60.9,  5% 44.1 25.58 K 10.08
10.08 0.7 9.38 7.30 A

25.58 126 10 1285.58
0.912 mA 0.919
14.81

TH TH

BQ

CQ EQ

CEQ

R R R V

I

I I
V

μ

+ = + = = =
−

= = ⇒
+

= =
=

 

          

( )( )

1 25% 60.9,  5% 39.90 24.11 K 9.50
9.50 0.7 8.8 6.85 A

24.11 126 10 1284.11
0.857 mA 0.8635 mA
15.37 V

TH TH

BQ

CQ EQ

CEQ

R R R V

I

I I
V

μ

+ = − = = =
−

= = =
+

= =
=  

          

1 25% 55.1 K 5% 44.1 K 24.50 K 10.67 V
10.67 0.7 9.97 7.76 A

24.50 1260 1284.5
0.970 mA 0.978 mA
14.22 V

TH TH

BQ

CQ EQ

CEQ

R R R V

I

I I
V

μ

− = + = = =
−

= = =
+

= =
=  

          

1 25% 55.1 K 5% 39.90 23.14 K 10.08
10.08 0.7 9.38 7.31 A

23.14 1260 1283.14
0.914 mA 0.9211 mA
14.79 V

TH TH

BQ

CQ EQ

CEQ

R R R V

I

I I
V

μ

− = − = = =
−

= = =
+

= =
=  

      

So we have 0.857 0.970 mA
14.22 15.37 V

CQ

CEQ

I
V

≤ ≤
≤ ≤

______________________________________________________________________________________ 
 
5.53 

(a) 2.19249621 === RRRTH  kΩ  

        ( ) 80.19
9624

24

21

2 =⎟
⎠
⎞

⎜
⎝
⎛

+
=⋅⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

= CCTH V
RR

R
V V 

        
( )

( ) ( )( ) μ
β

98.10
1812.19

7.080.1
1

=⇒
+
−

=
++

−
= BQ

ETH

BETH
BQ I

RR
onVV

I A 
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        ( )( ) 8782.001098.080 === BQCQ II β mA,  ( )( ) 8892.001098.081 ==EQI mA 
        ( )( ) ( )( ) 50.318892.025.58782.09 =−−=CEQV V 

(b) ( )( ) μ846.7
11212.19

7.080.1
=⇒

+
−

= BQBQ II A 

       mA,  ( )( ) 9415.0007846.0120 ==CQI ( )( ) 9494.0007846.0121 ==EQI mA 
       ( )( ) ( )( ) 108.319494.025.59415.09 =−−=CEQV V 

   For :  CQI %21.7%100
8782.0

8782.09415.0
=×⎟

⎠
⎞

⎜
⎝
⎛ −  

   For :  CEQV %2.11%100
500.3

500.3108.3
−=×⎟

⎠
⎞

⎜
⎝
⎛ −  

______________________________________________________________________________________ 
 
5.54 
     (a) 

         

( )( )

( ) ( ) ( )

( )

( ) ( )

1 2

2

1 2

2 21 2

1 2

2 2
2

0.4 
3 37.5 ; 7.5 

0.4 0.4
9 112.5 

0.2 0.4

1

112.5 0.4,  0.004 
112.5 100

112.59 0.004
112.5 112.5

CQ EQ

C C E E

TH CC BQ TH BE BQ E

TH BQ

I I mA

R R k R R k

R R k

RV V I R V on I R
R R

R RR RR I
R R

R R
R

β

≅ =

= ⇒ = Ω = ⇒ = Ω

+ ≅ = Ω

⎛ ⎞
= = + + +⎜ ⎟+⎝ ⎠

−
= = = =

+

−⎡⎛ ⎞ =⎜ ⎟
⎝ ⎠ ⎣

( )( )(0.7 101 0.004 7.5
⎤
+ +⎢ ⎥

⎦

mA

)
 

     We obtain  ( ) 5 2
2 2 20.08 0.004 3.56 10 3.73R R R−= − × +

     From this quadratic, we find 2 148 64.5R k R k= Ω⇒ =  Ω
 

     (b) Standard resistor values: 
          Set kΩ  and 5.7== CE RR 621 =R kΩ , 472 =R kΩ  
            Now  7.26476221 === RRRTH kΩ  

          

( ) ( )

( ) ( )

2

1 2

47 9 3.88 
47 62
1

TH CC

TH BQ TH BE BQ E

RV V
R R

V I R V on I Rβ

⎛ ⎞ ⎛ ⎞= = =⎜ ⎟ ⎜ ⎟+ +⎝ ⎠⎝ ⎠
= + + +

V

 

          

( )( )

( )( )

3.88 0.7So 0.00406
26.7 101 7.5

Then 0.406 
0.406 7.5 3.05 

BQ

CQ

RC RE

 I mA

I mA
V V V

−
= =

+

=
= = =  

______________________________________________________________________________________ 
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5.55 
     (a) 
          714.121221 === RRRTH k  Ω

            ( ) ( ) 571.3510
14
2510

21

2 −=⇒−⎟
⎠
⎞

⎜
⎝
⎛=−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

= THTH V
RR

R
V V 

     (b) 

          

( ) ( )
( ) ( ) ( )

( )( )

( )( ) ( )( )

on 1 5
3.57 1.714 0.7 101 0.5 5

5 0.7 3.571 0.729 13.96 A
1.714 101 0.5 52.21
1.396 mA, 1.410 mA
10 1.396 5 1.41 0.5 2.32 V

TH BQ TH BE BQ E

BQ BQ

BQ

CQ EQ

CEQ CEQ

V I R V I R
I I

I

I I
V V

β

μ

= + + + −
− = + + −

− −
= = ⇒

+

= =
= − − ⇒ =  

     (d) 

          

( )( )

( )( ) ( )( )

0.5 5% 0.525 K 5 5% 5.25 K
0.729 13.32 A

1.714 101 0.525
1.332 mA 1.345 mA

10 1.332 5.25 1.345 0.525
10 6.993 0.7061 2.30 V

0.5 5% 0.525 K 5 5% 4.75 K
1.332 mA 1.345 mA

E C

BQ

CQ EQ

CEQ

CEQ

E C

CQ EQ

C

R R

I

I I

V
V

R R
I I

V

μ

= + = = + =

= ⇒
+

= =

= − −
= − − ⇒ =

= + = = − =
= =

( )( ) ( )( )

( )( )

( )( ) ( )( )

10 1.332 4.75 1.345 0.525
10 6.327 0.7061 2.97 V

0.5 5% 0.475 K 5 5% 5.25 K
0.729 14.67 A

1.714 101 0.475
1.467 mA 1.482 mA

10 1.467 5.25 1.482 0.475
10 7.70175 0.70395 1.59 V

EQ

CEQ

E C

BQ

CQ EQ

CEQ

CEQ

V

R R

I

I I

V
V

μ

= − −
= − − ⇒ =

= − = = + =

= ⇒
+

= =

= − −
= − − ⇒ =

( )( ) ( )( )

0.5 5% 0.475 K 5 5% 4.75 K
1.467 mA 1.482 mA

10 1.467 4.75 1.482 0.475
10 6.96825 0.70395 2.33 V

E C

CQ EQ

CEQ

CEQ

R R
I I

V
V

= − = = − =
= =

= − −
= − − ⇒ =

 
______________________________________________________________________________________ 
 
5.56 

(a) 20404021 === RRRTH  kΩ  

        ( ) 25.15.2
4040

40

21

2 =⎟
⎠
⎞

⎜
⎝
⎛

+
=⋅⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

= +V
RR

R
VTH V 

         ( ) THTHBQEBEEQ VRIonVRIV +++=+
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   So  
( )
( ) ( )( ) μ

β
57.6

7.09120
25.17.05.2

1
=⇒

+
−−

=
++

−−
=

+

BQ
ETH

THEB
BQ I

RR
VonVV

I A 

        mA,  mA 5914.0=CQI 5980.0=EQI
        ( )( ) ( )( ) 135.17.05980.06.15914.05.2 =−−=ECQV V 

(b) ( )( ) μ375.4
7.015120
25.17.05.2

=⇒
+

−−
= BQBQ II A 

       mA,  mA 6563.0=CQI 6607.0=EQI
       ( )( ) ( )( ) 9874.07.06607.06.16563.05.2 =−−=ECQV V 

   For :  CQI %97.10%100
5914.0

5914.06563.0
=×⎟

⎠
⎞

⎜
⎝
⎛ −  

   For :  ECQV %0.13%100
135.1

135.19874.0
−=×⎟

⎠
⎞

⎜
⎝
⎛ −  

______________________________________________________________________________________ 
 
5.57 
     (a) 
           5.236836 ==THR k  Ω

             ( ) 46.310
6836

36
=⎟

⎠
⎞

⎜
⎝
⎛

+
=THV V 

             ( )( ) 00178.0
30515.23
7.046.3

=
+
−

=BQI mA 

             mA,   mA 0888.0=CQI 0906.0=EQI
              ( )( ) ( )( ) 55.3300906.0420888.010 =⇒−−= CEQCEQ VV V 
     (b) 

          

( )( )

( )( ) ( )( )

1 222.7, 12 K,  14 K,  10 K
7.85 k 3.46

3.46 0.7 0.00533 mA
7.85 51 10
0.266 mA 0.272 mA
10 0.266 14 0.272 10
3.56 V

C E

TH TH

BQ

CQ EQ

CE

CE

R R R R
R V

I

I I
V
V

= = = =
= =

−
= =

+

= =
= − −
=

 
______________________________________________________________________________________ 
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5.58 
     (a) 

          5.236836 ==THR k ; Ω ( ) 54.1510
6836

68
=−⎟

⎠
⎞

⎜
⎝
⎛

+
=THV V 

            ( ) ( ) ( ) 54.15.237.030515 +++= BQBQ II  

          

( )( ) ( )( )

2.76 1.78 μA 0.0888 mA
1553.5

0.0906 mA

10 0.0906 30 0.0888 42
10 2.718 3.7296 3.55 V

BQ CQ

EQ

ECQ

ECQ

I I

I

V
V

= = ⇒ =

=

= − −
= − − ⇒ =

 
     (b) 
          85.77.2212 ==THR k  Ω

            V,  k ,  54.1=THV 10=ER Ω 14=CR kΩ  
            ( ) ( ) ( ) 54.185.77.010515 +++= BQBQ II  

            μ33.5
85.517

76.2
⇒=BQI A,  266.0=CQI mA,  272.0=EQI mA 

            ( )( ) ( )( ) 56.314266.010272.010 =−−=ECQV V 
______________________________________________________________________________________ 
 
5.59 
     (a) 

          

( )( ) ( )( )( )

( ) ( )
1

0.1 1 0.1 101 0.5 5.05 
1 1

0.8 0.008 
100

TH E

TH TH CC BQ TH BE BQ E

CQ
BQ

R R

V R V I R V on I
R
I

I mA

β

β

β

= + = = Ω

= ⋅ ⋅ = + + +

= = =

k

R

 

     

( )( ) ( )( ) ( )( )( )

( )

1

2
1 2

2

1Then 5.05 10 0.008 5.05 0.7 101 0.008 0.5

44.1or 44.1 , 5.05 5.70 
44.1

101Now 0.8 0.808 
100EQ

R
RR k R k
R

I mA

= + +

= Ω = ⇒ = Ω
+

⎛ ⎞= =⎜ ⎟
⎝ ⎠  

          

( ) ( )( )10 0.8 5 0.808 0.5
5.75 

CC CQ C CEQ EQ E

C

C

V I R V I R
R

R k

= + +
= + +
= Ω

 
     (b) For 75 150β≤ ≤  

          

( ) ( )

( ) ( )

2

1 2

5.7 10 1.145 
5.7 44.1
1

TH CC

TH BQ TH BE BQ E

RV V
R R

V I R V on I Rβ

⎛ ⎞ ⎛ ⎞= = =⎜ ⎟ ⎜ ⎟+ +⎝ ⎠⎝ ⎠
= + + +

V
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     For ( ) ( )
1.145 0.775,  0.0103

5.05 76 0.5BQ  I mAβ −
= = =

+  

     Then  ( )( )75 0.0103 0.775 CQI m= = A

     For ( )( )
1.145 0.7150,  0.00552

5.05 151 0.5BQ  I mAβ −
= = =

+  

     Then 0.829 CQI mA=  

          

0.829 0.775% Change 100% % Change 6.75%
0.80

CQ

CQ

I
I
Δ −

= = × ⇒ =
 

     (c) For  1 ER k= Ω

          

( )( )( )

( )( ) ( )( ) ( )( )( )
1 1

1

0.1 101 1 10.1 
1 1 10.1 10 0.008 10.1 0.7 101 0.008 1

which yields 63.6 

TH

TH TH CC

R k

V R V
R R

R k

= = Ω

= ⋅ ⋅ = = + +

= Ω
 

     And 

2
2

2

63.6 10.1 12.0 
63.6

R R k
R

= ⇒ =
+

Ω
 

     Now 
( ) ( )2

1 2

12 10 1.587 
12 63.6TH CC

RV V
R R

⎛ ⎞ ⎛ ⎞= = =⎜ ⎟ ⎜ ⎟+ +⎝ ⎠⎝ ⎠
V

 

     For ( )( )
1.587 0.775,  0.0103

10.1 76 1BQ  I mAβ −
= = =

+  

     So 0.773 CQI mA=  

     For ( )( )
1.587 0.7150,  0.00551

10.1 151 1BQ  I mAβ −
= = =

+  

     Then 0.826 CQI mA=  

          

0.826 0.773% Change 100% % Change 6.63%
0.8

CQ

CQ

I
I
Δ −

= = × ⇒ =
 

______________________________________________________________________________________ 
 
5.60 

           

( )
( )( )10 0.8 5 6.25 

CC CQ C E CEQ

C E C E

V I R R V
R R R R k

≅ + +
= + + ⇒ + = Ω

     Let  0.875 ER k= Ω

     Then, for bias stable ( )( )( )0.1 121 0.875 10.6 THR k= = Ω  

          
( )( ) ( )( ) ( )( )(

1

0.8 0.00667 
120

1 10.6 10 0.00667 10.6 0.7 121 0.00667 0.875

BQI mA

R

= =

= + + )
 

     So  and 1 71.8 R k= Ω
2

2
2

71.8 10.6 12.4 
71.8

R R k
R

= ⇒ =
+

Ω
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     Then 

10 0.119 
71.8 12.4RI mA≅ =

+  
     This is close to the design specification. 
______________________________________________________________________________________ 
 
5.61 

          

( )
( )12 2 0.26

CC CQ C ECQ EQ CEQ

CQ

V I R RI I V
I

= − +≈ ⇒
= − +

 

          

2.73 mA, 0.0218 mA

6 V
CQ BQ

CEQ

I I

V

= =

=  
          ( ) ( ) 61 −+++= EBQBETHBQTH RIonVRIV β  

          ( ) 612
21

2 −⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

=
RR

R
VTH ,  21 RRRTH =  

          

( ) ( ) ( )( ) ( )

( )( )
1

Bias stable 0.1 1 0.1 126 0.2 2.52 k

1 12 6

TH E

TH TH

R R

V R
R

β⇒ = + = =

⎛ ⎞
= −⎜ ⎟
⎝ ⎠

Ω

 

          

( )( ) ( )( ) ( )( )( )

( )
1

1

2
1

2

2

1 2.52 12 6 0.0218 2.52 0.7 126 0.0218 0.2 6

1 30.24 0.7549 0.5494

23.2R23.2 k , 2.52
23.2 R

2.83 k

R

R

R

R

− = + + −

= +

= Ω =
+

= Ω
 

______________________________________________________________________________________ 
 
5.62 

(a) ( )( ) ( )( )( ) 42.22.01211.011.0 ==+= ETH RR β kΩ  

        ( )202.2616 CQECCQCEQ IRRIV −=⎥
⎦

⎤
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ +
+−=

β
β  

        mA ( ) 453.1202.268.2 =⇒−= CQCQ II
    Then  mA,  465.1=EQI μ11.12=BQI A 
        ( ) ( )( ) ( )( ) 32.0465.17.042.201211.03 −++=−++= EEQBETHBQTH RIonVRIV  

    Then  V978.1−=THV ( ) ( )( ) 3642.21361

11

−=−⋅=
R

R
R TH  

   Which yields  k   and  2.141 =R Ω 92.22 =R kΩ  
(b) For kΩ  ( )( ) 91.142.1405.11 ==R
              ( )( ) 774.292.295.02 ==R kΩ  
       34.221 == RRRTH k  Ω

       ( ) 059.236
91.14774.2

774.2
−=−⎟

⎠
⎞

⎜
⎝
⎛

+
=THV V 

       ( ) ( ) 31 −+++= EBQBETHBQTH RIonVRIV β  
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   So  ( )( ) μ08.9
2.012134.2
7.0059.23

=⇒
+

−−
= BQBQ II A 

     mA,  mA 090.1=CQI 099.1=EQI
     ( )( ) ( )( ) 60.32.0099.1209.16 =−−=CEQV V 
   For  k  ( )( ) 49.132.1495.01 ==R Ω
          kΩ  ( )( ) 066.392.205.12 ==R
       50.221 == RRRTH k  Ω

        ( ) 889.136
49.13066.3

066.3
−=−⎟

⎠
⎞

⎜
⎝
⎛

+
=THV V 

        ( )( ) μ39.15
2.012150.2
7.0889.13

=⇒
+

−−
= BQBQ II A 

        mA,  mA 847.1=CQI 863.1=EQI
        ( )( ) ( )( ) 933.12.0863.12847.16 =−−=CEQV V 
   So  mA 847.109.1 ≤≤ CQI
          V 60.3933.1 ≤≤ CEQV

______________________________________________________________________________________ 
 
5.63 

           

( )
( )5 12 3 2.33 

CEQ CC CQ C E

C E C E

V V I R R
R R R R k

≅ − +
= − + ⇒ + = Ω

     Let 
0.333 ER k= Ω

 and 
2 CR k= Ω

 
     Nominal value of 100β =  

          

( )( ) ( )( ) ( )

( ) ( )( )
1 1

0.1 1 0.1 101 0.333 3.36 
3 0.03

100
1 112 6 3.36 12 6

TH E

BQ

TH TH

R R

I mA

V R
R R

β= + = =

= =

= ⋅ ⋅ − = −

kΩ

 

     

( ) ( )

( )( ) ( )( ) ( )( ) ( )
1

1 2

Then 1 6
1 3.36 12 6 0.03 3.36 0.7 101 0.03 0.333 6

which yields 22.3  and 3.96 

TH BQ TH BE BQ EV I R V on I R

R
R k R k

β= + + + −

− = + + −

= Ω = Ω
 

     

( ) ( )

( ) ( )

( ) ( )( )

2

1 2

3.96Now 12 6 12 6 or 4.19
3.96 22.3

For 75,  1 6
6 0.7 4.19 6 0.7 0.0387 2.90

1 3.36 76 0.333

TH TH

TH BQ TH BE BQ E

TH
BQ C

TH E

RV V
R R

V I R V on I R
V

 

 

V

I mA I mA
R R

β β

β

⎛ ⎞ ⎛ ⎞= − = − = −⎜ ⎟ ⎜ ⎟+ +⎝ ⎠⎝ ⎠
= = + + + −

+ − − + −
= = = ⇒ =

+ + +  

     For ( ) ( )
4.19 6 0.7150,  0.0207

3.36 151 0.333BQ  I mAβ − + −
= = =

+  

     Then 
3.10 CI m= A

 
     Specifications are met. 
______________________________________________________________________________________ 
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5.64 

(a) ⎥
⎦

⎤
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ +
++=+

ECCQECQ RRIVV
β
β1  

       mA ( ) 5956.0022.35.13.3 =⇒+= CQCQ II
      μ618.6=BQI A,  mA 6022.0=EQI

        ( ) THTHBQEBEEQ VRIonVRIV +++=+

       ( )( ) ( )( ) THV+++= 4.2006618.07.026022.03.3  

   So  V380.1=THV ( )( 3.34.211

11 R
VR

R TH =⋅⋅= + )    

   Which yields  k   and  74.51 =R Ω 12.42 =R kΩ  

(b) 
( )
( ) ( )( ) μ

β
61.4

21314.2
38.17.03.3

1
=⇒

+
−−

=
++

−−
=

+

BQ
ETH

THEB
BQ I

RR
VonVV

I A 

       mA,  mA 60.0=CQI 6045.0=EQI
       ( )( ) ( )( ) 49.126045.0160.03.3 =−−=ECQV V 

______________________________________________________________________________________ 
 
5.65 

          

( )( ) ( )
( )( ) ( )( )( )

( ) ( )

( ) ( )
1 1

4.8 mA 4.84 mA

6 18 4.8 2 4.84 0.496 k

0.1 1 0.1 121 0.496 6.0 k
on 1

0.040 mA
1 1 6.0 18

CQ EQ

CEQ CC CQ C EQ E

E E

TH E

TH BQ TH BE BQ E

BQ

TH TH CC

I I
V V I R I R

R R

R R
V I R V I R
I

V R
R R

V

β
β

= → =
= − −

= − − ⇒ = Ω

= + = =
= + + +
=

= ⋅ =⋅

Ω

 

          

( )( ) ( )( ) ( )( )( )

( )
1

1

2
1

2

2

1 6.0 18 0.04 6.0 0.70 121 0.04 0.496

1 108 3.34

32.332.3 k , 6.0
32.3

7.37 k

R

R
RR
R

R

= + +

=

= Ω =
+

= Ω
 

______________________________________________________________________________________ 
 
5.66 

          For ,  CQEQ II ≅ 5.4
2.0

6.15.2
=

−
=

−
=+

CQ

CEQCC
EC I

VV
RR  kΩ  

          So  k  5.0=ER Ω
     For  100=β  
         k  ( )( )( ) 05.55.01011.0 ==THR Ω

          μ2
100

2.0
=⇒= BQBQ II A,  202.0=EQI mA 

          ( ) ( )( ) ( )( ) 8111.05.0202.07.005.5002.0 =++=++= EEQBETHBQTH RIonVRIV V 
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          ( )( 5.205.518111.01

11 R
VR

R
V CCTHTH =⇒⋅⋅= )  

     So  kΩ   and  k6.151 =R 47.72 =R Ω  
     For 80=β , 

           
( )

( ) ( )( ) μ
β

439.2
5.08105.5

7.08111.0
1

=⇒
+

−
=

++
−

= BQ
ETH

BETH
BQ I

RR
onVV

I A,  1951.0=CQI mA 

     For  120=β , 

            ( )( ) μ695.1
5.012105.5

7.08111.0
=⇒

+
−

= BQBQ II A,  2034.0=CQI mA 

   Design is valid 
______________________________________________________________________________________ 
 
5.67 

          

( )( ) ( )
( )( ) ( )( )( )

( )

( )( ) ( ) ( ) ( )( )
1

1

1

1 mA 1.017 mA

5 15 1 5 1.017 4.92 k

Bias stable: 0.1 1 0.1 61 4.92 30.0 k
1 0.0167 mA
60
1 on

1 30.0 15 0.0167 30.0 0.70 1.017 4.92

1 4

CQ EQ

CEQ CC CQ C EQ E

E E

TH E

BQ

TH TH CC BQ TH BE EQ E

I I
V V I R I R

R R

R R

I

V R V I R V I R
R

R

R

β

= → =
= − −

= − − ⇒ = Ω

= + = =

= =

= ⋅ ⋅ = + +

= + +

( )

Ω

2
1

2

2

48.5 6.197

72.572.5 k , 30.0
72.5

51.2 k

RR
R

R

=

= Ω =
+

= Ω
 

     Check: For 45β =  

          

( )

( )
( ) ( )( )

51.2 15 6.21V
51.2 72.5

on 6.21 0.7 0.0215 mA
1 30 46 4.92

0.967 mA, 3.27%

TH

TH BE
BQ

TH E

C
CQ

C

V

V V
I

R R
II

I

β

⎛ ⎞= =⎜ ⎟+⎝ ⎠
− −

= = =
+ + +

Δ
= =

 
     Check: For 75β =  

          

( )( )
6.21 0.7 0.0136 mA

30.0 76 4.92

1.023 mA, 2.31%

BQ

C
CQ

C

I

II
I

−
= =

+

Δ
= =

 
     Design criterion is satisfied. 
______________________________________________________________________________________ 
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5.68 
     (a) 

          

( )
( ) ( )3 0.1 5 1.4 2.67 

10013.3 , 0.833 
120

CC CQ C E CEQ

E E E

C BQ

V I R R V
R R R k

R k I Aμ

≅ + +
= + + ⇒ =

= Ω = =

Ω

 

          

( ) ( ) ( ) ( )( )

( )( )

( ) ( )
( )( ) ( )( )( )

1 1

1 2

0.1 1 0.1 121 2.67 32.3
1 1 32.3 3

1
0.000833 32.3 0.7 121 0.000833 2.67

which gives 97.3 , and 48.4 

TH E

TH TH CC

BQ TH BE BQ E

R R

V R V
R R
I R V on I R

R k R k

β

β

= + = = Ω

= ⋅ ⋅ =

= + + +
= + +

= Ω = Ω

k

 
     (b) 

          

( ) ( )( )

1 2

3 3 20.6 
97.3 48.4

100 

100 20.6 3

or 362 

R

CQ

CQ R CC

I A
R R

I A

P I I V

P W

μ

μ

μ

≅ = ⇒
+ +

=

= + = +

=
 

______________________________________________________________________________________ 
 
5.69 

          

( )( ) ( )( )( )

( ) ( )

( )

( )( ) ( )( ) ( )( )

( )( )

1 2

2

1 2 1

1

1
1

2

2

5 5 1.67 mA
3

|| 0.1 1 0.1 101 3 30.3 k

14 2 4 2

0.0165 mA
1

5 on
15 1.67 3 0.7 0.0165 30.3 30.3 4 2

10.80 30.3 4 152 k

152 30
152

E
E

E

TH E

TH TH

EQ
BQ

EQ E EB B TH TH

VI
R

R R R R

RV R
R R R
I

I

I R V I R V

R

R
R

R
R

β

β

−
= = =

= = + = =

⎛ ⎞
= − = ⋅ ⋅ −⎜ ⎟+⎝ ⎠

= =
+

= + + +

= + + + −

= ⇒ = Ω

=
+

Ω

2.3 37.8 kR⇒ = Ω
 

______________________________________________________________________________________ 
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5.70 

a. 67.6201021 === RRRTH kΩ  

        ( ) ( ) 67.1510
1020

20510
21

2 =−⎟
⎠
⎞

⎜
⎝
⎛

+
=−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

=
RR

R
VTH V 

     b. 

          

( ) ( )

( )( )

( )( )

( )( )

10 1 on
10 0.7 1.67 7.63 0.0593 mA
6.67 61 2 128.7
3.56 mA,   =3.62 mA

10 10 3.62 2
2.76 V

10 3.56 2.2 10
2.17 V

BQ E EB BQ TH TH

BQ BQ

CQ EQ

E EQ E

E

C CQ C

C

I R V I R V

I I

I I

V I R
V

V I R
V

β= + + + +
− −

= = ⇒ =
+

=

= − = −
=

= − = −
= −  
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5.71 

           

( )
( )( ) ( )20 0.5 8 24 

CQ C E ECQ

C E C E

V V I R R V
R R R R k

+ −− ≅ + +
= + + ⇒ + = Ω

     Let 
10 ER k= Ω

 then 
14 CR k= Ω

 
     Let 60β =  from previous problem. 

          ( )( ) ( )( )( )0.1 1 0.1 61 10TH ER Rβ= + =  
     Or  61 THR k= Ω

          
( )2

1 2 1

0.5 0.00833 
60

110 5 10 5

BQ

TH TH

I mA

RV R
R R R

= =

⎛ ⎞
= − = ⋅⎜ ⎟+⎝ ⎠

⋅ −
 

     

( ) ( )

( ) ( ) ( ) ( ) ( ) ( ) ( )
1

Now 10 1
110 61 0.00833 10 0.7 0.00833 61 61 10 5

BQ E EB BQ TH THI R V on I R V

R

β= + + + +

= + + + −
 

     

1 2

1 2

Then 70.0  and 474 

10 10 18.4 
70 474R

R k R

I A
R R

μ

= Ω =

≅ = ⇒
+ +

kΩ

 
     So the 40 Aμ  current limit is met. 
______________________________________________________________________________________ 
 
5.72 

(a) ( ) ⎥
⎦

⎤
⎢
⎣

⎡
⋅⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ +
+−−= −+

ECCQECQ RRIVVV
β
β1  

       ( ) ( ) 3.132
80
8115.057.2 =⇒⎥

⎦

⎤
⎢
⎣

⎡
⎟
⎠
⎞

⎜
⎝
⎛+−= CC RR kΩ  

       mA,  1519.0=EQI μ875.1=BQI A 
       kΩ  ( )( )( ) 2.162811.0 ==THR



Microelectronics: Circuit Analysis and Design, 4th edition                                                                Chapter 5 
By D. A. Neamen                                                                                                                  Problem Solutions 
______________________________________________________________________________________ 

 
        ( ) THTHBQEBEEQ VRIonVRIV +++=+

       ( )( ) ( )( ) THV+++= 2.16001875.07.021519.05.2   466.1=⇒ THV V 

       ( ) ( )( ) 5.252.161466.15.251

11

−=⇒−⋅=
R

R
R

V THTH  

     So  kΩ   and  k4.201 =R 7.782 =R Ω  
(b) For 60=β  

          
( )

( ) ( )( ) μ
β

417.2
2612.16

7.0466.15.2
1

=⇒
+

−−
=

++
−−

=
+

BQ
ETH

EBTH
BQ I

RR
onVVV

I A 

          mA ,  mA 145.0=CQI 1474.0=EQI
          ( )( ) ( )( ) 777.221474.03.13145.05 =−−=ECQV V 
       For 100=β  

          ( )( ) μ531.1
21012.16

7.0466.15.2
=⇒

+
−−

= BQBQ II A 

          mA,  mA 1531.0=CQI 1546.0=EQI
          ( )( ) ( )( ) 655.221546.03.131531.05 =−−=ECQV V 

       For :  CQI %4.5%100
15.0

145.01531.0
=×⎟

⎠
⎞

⎜
⎝
⎛ −  

       For :  ECQV %52.4%100
70.2

777.2655.2
−=×⎟

⎠
⎞

⎜
⎝
⎛ −  

____________________________________________________________________________________ 
 

5.73 
     a. 
          7.547025070500500 ===THR kΩ  

            
( )

70
5

500
3

500
5 −−

=
−

+
− THTHTH VVV

 

            ( )0183.00554.0
70
1

500
1

500
1

70
5

500
3

500
5

THTH VV =−⇒⎟
⎠
⎞

⎜
⎝
⎛ ++=−+  

             V 03.3−=THV
     b. 

         

( ) ( )
( )

( )( )

on 5
1

3.03 0.7 5
54.7 101 5
0.00227 mA

0.227 mA,  0.229

TH BE
BQ

TH E

BQ

CQ EQ

V V
I

R R

I

I I

β
− − −

=
+ +

− − +
=

+

=

= =
 

          

( )( ) ( )( )20 0.227 50 0.229 5
7.51 V

CEQ

CEQ

V
V

= − −
=

 
______________________________________________________________________________________ 
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5.74 

          87.1
8.0
5.1
==≅

CQ

E
E I

V
R kΩ  

           k( ) 63.55.148.010 =⇒++= CC RR Ω  
          ( )( ) ( )( )( ) 6.2287.11211.011.0 ==+= ETH RR β kΩ  

          μ67.6
120

8.0
=⇒= BQBQ II A 

          ( ) CCTHEEQBETHBQTH VR
R

RIonVRIV ⋅⋅=++=
1

1  

          ( )( ) ( )( ) ( )(106.22187.1807.07.06.2200667.0
1R

=++ )  

       which yields  k   and  8.951 =R Ω 6.292 =R kΩ  
______________________________________________________________________________________ 
 
5.75 

          50 A, 0.625 A, 50.6 ACQ BQ EQI I Iμ μ μ= = =  
     (a) 

          

( ) ( )( )

1 19.8 K
0.0506

5 0.050 5 0.0506 19.8 5
80 K

E

C

C

R

R
R

= =

= + +
=

−

 
          21 RRRTH = ,  Design bias stable circuit 
           kΩ  ( )( )( ) 1018.19511.0 ==THR

            ( ) ( ) 5101510
121

2 −⋅⋅=−⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

= THTH R
RRR

R
V  

     
( ) ( ) ( ) ( ) ( )

1

1So 101 10 5 101 0.7 0.0506 19.8 5BQI
R

− = + + −
 

          

( )
1

2
1

2

2

1 1010 0.0631 0.7 1

573 573 K 101
573

123 K

R
RR
R

R

= + +

= =
+

=  
     (b) 

          

( )( )
( )

( )( ) ( )( )

101 K, 3.23 V
0.7 121 19.8 5

1.07 101 2395.8 0.429 A
0.0514 mA, 0.0519 mA
10 0.0514 80 0.0519 19.8
10 4.11 1.03 4.86 V

TH TH

TH BQ TH BQ

BQ BQ

CQ EQ

CEQ

CEQ

R V
V I R I

I I
I I

V
V

μ

= = −
= + + −
= + ⇒ =
= =
= − −
= − − ⇒ =

 
______________________________________________________________________________________ 
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5.76 

     (a)   4.1
5.0
7.0
=≅ER  k ,  Ω μ167.4

120
5.0

=⇒= BQBQ II A 

              7.06 −−= CCQCEQ RIV
             k( ) 6.57.05.065.2 =⇒−−= CC RR Ω  
             k  ( )( )( ) 9.164.11211.0 ==THR Ω
              ( ) ( ) 31 −+++= EBQBETHBQTH RIonVRIV β  
              ( )( ) ( )( )( ) 5237.134.1004167.01217.09.16004167.0 −=−++=THV V 

              ( ) ( )( ) 369.1615237.1361

11

−=−⇒−⋅=
R

R
R

V THTH  

           which yields  k   and  7.681 =R Ω 4.222 =R kΩ  
     (b)     For standard resistor values: 
          Let kΩ ,  k ,  5.1=ER 6.5=CR Ω 681 =R kΩ ,  222=R kΩ  
          62.16226821 === RRRTH  k  Ω

          ( ) ( ) 533.136
6822

2236
21

2 −=−⎟
⎠
⎞

⎜
⎝
⎛

+
=−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

=
RR

R
VTH V 

          
( )

( ) ( )( ) μ
β

87.3
5.112162.16

7.0533.13
1

3
=⇒

+
−−

=
++

−+
= BQ

ETH

BETH
BQ I

RR
onVV

I A 

          mA,  mA 4646.0=CQI 4684.0=EQI
          ( )( ) ( )( ) 70.25.14684.06.54646.06 =−−=CEQV V 
______________________________________________________________________________________ 
 
5.77 

  (a)  7
1.0
7.0
=≅ER k ,  Ω 30

1.0
36
=

−
=+ EC RR kΩ ,  23=⇒ CR kΩ  

              ( )( ) ( )( )( ) 7.7771111.011.0 ==+= ETH RR β kΩ  

              μ909.0
110

1.0
=⇒= BQBQ II A,  1009.0=EQI mA 

                ( ) THTHBQEBEEQ VRIonVRIV +++=+

               ( )( ) ( )( ) THV+++= 7.77000909.07.071009.03 ,  523.1=⇒ THV V 

              ( ) ( )( ) 367.771523.1361

11

−=⇒−⋅=
R

R
R

V THTH  

         which yields  k   and  1031 =R Ω 3162 =R kΩ  

         
( )
( ) ( )( ) μ

β
685.0

71517.77
523.17.03

1
=⇒

+
−−

=
++

−−
=

+

BQ
ETH

THEB
BQ I

RR
VonVV

I A 

                mA,  mA 1027.0=CQI 1034.0=EQI
                ( )( ) ( )( ) 914.271034.0231027.06 =−−=ECQV V 
______________________________________________________________________________________ 
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5.78 
  (a)   RECCQECQ VRIV −−= 18
               k( ) 75.85.12.1186 =⇒−−= CC RR Ω  

              ( ) 216.12.1
75
76

=⎟
⎠
⎞

⎜
⎝
⎛=EQI mA,  μ16

75
2.1

=⇒= BQBQ II A 

              234.1
216.1

5.1
==ER k  Ω

              ( )( ) ( )( )( ) 375.9234.1761.011.0 ==+= ETH RR β kΩ  

               ( ) THTHBQEBEEQ VRIonVRIV +++=+

              ( )( ) ( )( ) 65.6375.9016.07.0234.1216.19 =⇒+++= THTH VV V 

              ( )( ) ( )( ) 918375.9165.69181

11

−=⇒−=
R

R
R

V THTH  

          which yields  k   and  78.101 =R Ω 8.712 =R kΩ  
    Set kΩ , k , 1.9=CR 2.1=ER Ω 111 =R kΩ , 682 =R kΩ  
               47.9681121 === RRRTH kΩ  

               ( ) ( ) 494.6918
1168

68918
21

2 =−⎟
⎠
⎞

⎜
⎝
⎛

+
=−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

=
RR

R
VTH V 

              
( )
( ) ( )( ) μ

β
94.17

2.17647.9
494.67.09

1
=⇒

+
−−

=
++

−−
=

+

BQ
ETH

THEB
BQ I

RR
VonVV

I A 

              mA,  mA 345.1=CQI 363.1=EQI
              ( )( ) ( )( ) 12.42.1363.11.9345.118 =−−=ECQV V 
______________________________________________________________________________________ 
 
5.79 
         6.284010021 === RRRTH k  Ω

           ( ) ( ) 86.210
10040

4010
21

2 =⎟
⎠
⎞

⎜
⎝
⎛

+
=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

=
RR

R
VTH V 

           
( )

( ) ( )( )11216.28
7.086.2

1 1
1 +

−
=

++
−

=
ETH

BETH
B RR

onVV
I

β
 

           mA, mA,  0144.01 =BI 73.11 =CI 75.11 =EI mA 

          

( ) ( )

( ) ( )

( ) ( )
( )

2
1 2

2
2

2 2
1

2

2 2

10
3

on 10
5

10 0.7 10
3 121 5

10 9.3 1 11.73
3 605 3 121

1.588 0.335 4.74 V

B
C B

B BE
E

B B
C

B

B B

V
I I

V V
I

V V
I

V

V V

−
= +

− − −
=

− − +
= +

⎛ ⎞
− − = +⎜ ⎟⎜ ⎟

⎝ ⎠
= ⇒ =

5
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( )
2 2

2

2

4.74 0.7 10
2.808 mA

5
0.0232 mA

2.785 mA

E E

B

C

I I

I

I

− − −
= ⇒ =

=

=
 

          

( ) ( )
( )

1 1

2 2

4.74 1.75 1 2.99 V

10 4.74 0.7 5.96 V
CEQ CEQ

CEQ CEQ

V V

V V

= − ⇒ =

= − − ⇒ =
 

______________________________________________________________________________________ 
 
5.80 

          

( )

( )

1

1

2

2 2

2

2

0.7
0.7 5

0.215 mA
20

0.7 0.7 1.4
1.4 5

3.6 mA
1

0.0444 mA

3.56 mA

E

R

E

E E

B

C

V

I

V

I I

I

I

= −

− − −
= =

= − − = −

− − −
= ⇒ =

=

=  

          

1 1 2

1

1

1

0.215 0.0444
0.259 mA

0.00320 mA

0.256 mA

E R B

E

B

C

I I I
I

I

I

= + = +
=

=

=
 

______________________________________________________________________________________ 
 
5.81 
          V ( ) 2.17.05.01 =+=+= onVVV BEREB

                60
020.0
2.1

3 ==R k  Ω

               5.2
2.0
5.0
==ER kΩ  

          ( ) 4.25.02.17.02 =++=++= RECEBEB VVonVV V 

                60
020.0

2.14.2

2

12
2 =

−
=

−
=

R

BB

I
VV

R kΩ  

                130
020.0

4.25

1

2
1 =

−
=

−
=

+

R

B

I
VV

R kΩ  

          V ( ) 9.25.02.1222 =+=+= RECEC VVV

                 5.10
20.0

9.25

2

2 =
−

=
−

=
+

C

C
C I

VV
R kΩ  

______________________________________________________________________________________ 
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5.82 
          67.268040 ==THR kΩ  

          ( ) 39
8040

40
=⎟

⎠
⎞

⎜
⎝
⎛

+
=THV V 

          
( )

( ) ( )( ) μ
β

56.8
212167.26

7.03
1 1

1
1 =⇒

+
−

=
++

−
= B

EnTH

BETH
B I

RR
onVV

I A               

                mA,  mA 027.11 =CI 036.11 =EI

          12
1

2
9

CB
C II

V
=+

−
 

          ( ) ( ) ( )( ) 1.8
3.8

1.01
7.09

1.09 11
212

C

p

C
BCEBE

VV
IVonVI

−
=

+
−−

=⇒++=
β

 

     So  214.7027.1
1.8

3.8
2

9
1

11 =⇒=
−

+
−

C
CC V

VV
V 

          134.0
1.8

214.73.8
2 =

−
=BI mA 

                 mA,  mA 73.102 =CI 86.102 =EI
           V ( )( ) 072.22036.1111 === EEE RIV
           14.5072.2214.7111 =−=−= ECCE VVV V 
           ( )( ) ( )( ) 77.52.073.101.086.1092 =−−=ECV V 
______________________________________________________________________________________ 
 
5.83 
          3.330105021 === RRRTH k  Ω

            ( ) ( ) 67.1510
50100

100510
21

2 =−⎟
⎠
⎞

⎜
⎝
⎛

+
=−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

=
RR

R
VTH V 

             ( ) THTHBEBEE VRIonVRI +++= 1115

          

( )

( ) ( )( )

1

1

1

1

101 0.8 0.808 mA
100

0.008 mA
5 0.808 0.7 0.008 33.3 1.67

2.93 k

E

B

E

E

I

I
R

R

⎛ ⎞= =⎜ ⎟
⎝ ⎠

=
= + + +
= Ω  

          

( ) ( )

( )

1

1 1 1

2

2 2
2

5 0.808 2.93 2.63 V
2.63 3.5 0.87 V

0.87 0.70 1.57 V
1.57 5

0.808 4.25 k

E

C E ECQ

E

E E
E

V
V V V
V

I R
R

= − =
= − = − = −
= − − = −

− − −
= = ⇒ = Ω

 

          

2 2

2 2

4 1.57 4 2.43 V
5 2.43 3.21 k

0.8

CEQ C

C C

V V

R R

= ⇒ = − + =
−

= ⇒ = Ω
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( )
1 1 2

1 1

0.8 0.008 0.792 mA
0.87 5

5.21 k
0.792

RC C B

C C

I I I

R R

= − = − =

− − −
= ⇒ = Ω

 
______________________________________________________________________________________ 
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Chapter 6 
 
6.1 

(a) (i) 23.19
026.0

5.0
===

T

CQ
m V

I
g  mA/V 

             ( )( ) 36.9
5.0
026.0180

===
CQ

T

I
V

r
β

π kΩ  

             300
5.0

150
===

CQ

A
o I

V
r kΩ  

 (ii) 92.76
026.0
2

==mg mA/V 

                  ( )( ) 34.2
2

026.0180
==πr kΩ  

                  75
2

150
==or kΩ  

(b) (i) 615.9
026.0
25.0

==mg mA/V 

             ( )( ) 32.8
25.0

026.080
==πr kΩ  

             400
25.0

100
==or kΩ  

      (ii) 077.3
026.0
08.0

==mg mA/V 

             ( )( ) 26
08.0

026.080
==πr kΩ  

             1250
08.0

100
==or kΩ  

______________________________________________________________________________________ 
 
6.2 

(a) ( )( ) 47.2026.095 ==⇒= CQ
T

CQ
m I

V
I

g mA 

        ( )( ) 32.1
47.2

026.0125
===

CQ

T

I
V

r
β

π kΩ  

        81
47.2

200
===

CQ

A
o I

V
r kΩ  

(b) ( )( ) 12.3026.0120 === TmCQ VgI mA 
       ( )( ) 1442.1120 === πβ rg m  

______________________________________________________________________________________ 
 
6.3 

          77.30
026.0

8.0
==mg mA/V;  15.46

026.0
2.1

==mg mA/V 

      So  15.4677.30 ≤≤ mg mA/V 
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          ( )( ) 85.5
8.0
026.0180

==πr kΩ ;  ( )( ) 95.1
2.1
026.090

==πr kΩ  

     So  85.595.1 ≤≤ πr kΩ  
______________________________________________________________________________________ 
 
6.4 

(a) ( )tgIi bemCQC ωυ sin105
026.0
12.012.0 3−×⎟

⎠
⎞

⎜
⎝
⎛+=+=  

       tiC ωsin0231.012.0 += (mA) 
      ( )( )[ ] ( )( )tRiV CCCEQCE ωυ sin0231.0151512.03.3 −−=−=  
      tCE ωυ sin346.05.1 −=  (V) 

(b) 2.69
005.0
346.0

−=
−

==
be

ceA
υ
υ

υ  

______________________________________________________________________________________ 
 
6.5  

(a) 
( )( ) ( )( ) 436.0

110
7.010.1120

=
−

=
−

=
B

BEBB
CQ R

onVV
I

β
mA 

        78.16
026.0
436.0

==mg mA/V 

        ( )( ) 15.7
436.0

026.0120
==πr kΩ  

        183
436.0
80

==or kΩ  

(b) ( ) ( )( ) ⎟
⎠
⎞

⎜
⎝
⎛

+
−=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

−=
11015.7

15.7183478.16
B

oCm Rr
r

rRgA
π

π
υ  

       0.4−=υA  

(c) 
( ) ( )tt

A
o

s 100sin125.0
4
100sin5.0

−=
−

==
υ

υ
υ  (V) 

______________________________________________________________________________________ 
 
6.6 
     a. 

          

( )( )

( )

( )

( )
( )( )

120 0.026
5.4 0.578 mA

1 1 5 2.5 V
2 2

2.5 5.0 0.578 4.33 k

0.578 0.00482 mA
120

on
0.00482 25 0.70 0.820 V

T
CQ

CQ CQ

CEQ CC

CEQ CC CQ C C C

CQ
BQ

BB BQ B BE

BB

Vr I
I I

V V

V V I R R R

I
I

V I R V
V

π
β

β

= = = ⇒ =

= = =

= − ⇒ = − ⇒ = Ω

= = =

= +
= + ⇒ =
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     b. 

          

( )( )

( )

( ) ( )

( ) ( )( )

0

0 0

0
0

120 0.026
5.40 k

0.578

0.578 22.2 mA/V
0.026
100 173 k

0.578

,  

120 173 4.33 120 4.22
16.7

5.40 25 30.4

T

CQ

CQ
m

T

A

CQ

m C S
B

C
v m C

B B

v v

Vr
I

I
g

V
Vr
I

rV g r R V V V
r R

r RrA g r R
r R r R

A A

π

π
π π

π

π

π π

β

β

= = = Ω

= = =

= = = Ω

⎛ ⎞
= − = ⎜ ⎟+⎝ ⎠

⎛ ⎞
= − = −⎜ ⎟+ +⎝ ⎠

⎡ ⎤⎣ ⎦= − = − ⇒ = −
+  

______________________________________________________________________________________ 
 
6.7 

       ( )( ) 24.6
5.0
026.0120

==πr kΩ  

(a) 24.5624.650 =+=+= πrRR Bi kΩ  
(b) 87.524.6100 === πrRR Bi kΩ  
(c) 24.6== πrRi kΩ  

______________________________________________________________________________________ 
 
6.8 

          400
2.0

80
===

CQ

A
o I

V
r kΩ  

(a) 96.34004 === oCo rRR kΩ  

(b) 76.940010 === oCo rRR kΩ  

(c) 31.3400333.3400510 ==== oLCo rRRR kΩ  
______________________________________________________________________________________ 
 
6.9 

          

( )( )

( ) ( )

10 4 1.5 mA
4

1.5 0.015 mA
100
100 0.026

1.73 K
1.5
5sin mV

2.89sin A
1.73 k

CQ

BQ

be
b

I

I

r

tv
i t

r

π

π

ω
ω μ

−
= =

= =

= =

= = =
Ω  

     So 
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          ( ) ( ) ttiIti bBQB ωsin89.215+=+= ( μ A) 
          ( ) ( ) ttiti BC ωβ sin289.05.11 +== (mA) 
          ( ) ( ) [ ]( )4sin289.05.11010 11 tRtit CCC ωυ +−=−=  (V) 
          ( ) ttC ωυ sin156.141 −=   (V) 

          
( )
( ) 231

005.0
156.1

−=⇒
−

== υυ υ
υ

A
t
t

A
be

c  

______________________________________________________________________________________ 
 
6.10 
     a. 

          

( )

( ) ( ) ( ) ( )

1 5 V
2
10 5 10 0.5 10 k

0.5 0.005
100

on 0.70 0.005 50 0.95 V

ECQ CC

ECQ CQ C C C

CQ
BQ

EB BQ B BB BB

V V

V I R R R

I
I

V I R V V
β

= =

= − ⇒ = − ⇒ = Ω

= = =

+ = = + ⇒ =
 

     b. 

          

( )( )

0 0

0.5 19.2 mA/V
0.026

100 0.026
5.2 k

0.5

0.5

CQ
m m

T

T

CQ

A

CQ

I
g g

V

Vr r
I

Vr r
I

π π
β

= = ⇒ =

= = ⇒ = Ω

∞
= = ⇒ = ∞

 

     c. 

( ) ( )100 10
18.1

5.2 50π

β
= − = − ⇒ = −

+ +
C

v v
B

RA A
r R  

______________________________________________________________________________________ 
 
6.11 

          

( )

( ) ( )

( ) ( )

( ) ( ) ( )

( ) ( )

( ) ( )

1.2sin V
1.2sin0

2
0.60sin mA

6sin A

100 2 K
50

12sin mV

o

C C o C

C

C
b

be b m

be

v t
ti t R v i t

i t t
i t

i t t

v t i t r g r

r

v t t

π π

π

ω
ω

ω

ω μ
β

β

ω

=
−

+ = ⇒ =

= −

= = −

= ⋅ =

= =

= −  
______________________________________________________________________________________ 
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6.12 
     a. 

          CQ EQI I≈  

          

( )
( )

5 10
10 1.2 0.2

CEQ CQ C E

CQ

V I R R
I

= = − +
= − +

 

          

3.57 mA

3.57 0.0238 mA
150

CQ

BQ

I

I

=

= =
 

          ( )( ) ETH RRRR β+== 11.021  
                              ( )( )( ) 02.32.01511.0 == kΩ  

          

( )

( ) ( )

( )( ) ( ) ( ) ( ) ( )( )

( )

1

1

1
1

2
2

2

1 10 5

on 1 5
1 3.02 10 5 0.0238 3.02 0.7 151 0.0238 0.2 5

1 30.2 1.50 20.1 

20.1 3.02 3.55 k
20.1

THTH

BQ BQ ETH TH BE

V R
R

V I R V I R

R

R k
R

R R
R

β+

= ⋅ ⋅ −

= + + −

− = + + −

= ⇒ = Ω

= ⇒ = Ω
+  

     b. 

          ( )( ) 09.1
57.3

026.0150
==πr kΩ  

          137
026.0
57.3

==mg mA/V 

           
 

          ( )
( )( )
( )( ) 75.5

2.015109.1
2.1150

1
−=⇒

+
−

=
++

−
= υ

π
υ β

β
A

Rr
R

A
E

C  

______________________________________________________________________________________ 
 
6.13 

(a) 88.19503321 === RRRTH kΩ  

       ( ) 988.13.3
3350

50

21

2 =⎟
⎠
⎞

⎜
⎝
⎛

+
=⋅⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

= CCTH V
RR

R
V V 

       ( ) ( ) THTHBQEBEBQCC VRIonVRIV ++++= β1  

    Then  ( )( ) 005063.0
110188.19

988.17.03.3
=

+
−−

=BQI mA 

     506.0=CQI mA;  511.0=EQI mA 
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     EEQCCQCCECQ RIRIVV −−= ( )( ) ( )( )1511.02506.03.3 −−=  
     78.1=ECQV V 

(b) ( )( ) 14.5
506.0

026.0100
===

CQ

T

I
V

r
β

π kΩ  

          ( )
( )( )

( )( ) 884.1
110114.5

2100
1

−=
+

−
=

++
−

=
E

C

Rr
R

A
β

β

π
υ  

(c) ( )( ) 65.343305.11 ==R kΩ  
       ( )( ) 5.475095.02 ==R kΩ  
       03.205.4765.3421 === RRRTH kΩ  

       ( ) 908.13.3
65.345.47

5.47
=⎟

⎠
⎞

⎜
⎝
⎛

+
=THV V 

       ( ) ( )( ) 5718.0
110103.20

908.17.03.3100 =⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+
−−

=CQI mA 

       ( )( ) 547.4
5718.0

026.0100
==πr kΩ  

     ( )( )
( )( ) 895.1

1101547.4
2100

−=
+

−
=υA  

   Also  ( )( ) 35.313395.01 ==R kΩ  
            ( )( ) 5.525005.12 ==R kΩ  
     63.195.5235.31 ==THR  kΩ  

     ( ) 066.23.3
35.315.52

5.52
=⎟

⎠
⎞

⎜
⎝
⎛

+
=THV V 

         ( ) ( )( ) 4427.0
110163.19

066.27.03.3100 =⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+
−−

=CQI mA 

     ( )( ) 873.5
4427.0

026.0100
==πr kΩ  

    ( )( )
( )( ) 871.1

1101873.5
2100

−=
+

−
=υA  

  So  895.1871.1 ≤≤ υA  
______________________________________________________________________________________ 
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6.14 
     (a) 

          

( ) ( )

( )( ) ( )( )( )

( )( )

( ) ( )

2

1 2 1 1

1

10112 1 6 2
100

so that 1 99 

1 99 0 0199 
100
0 1 1 0 1 101 1 10 1 

1 1 10 1 12

1

12

CQ E ECQ CQ C

CQ CQ

BQ

ETH

TH CC TH CC

CC BQ E EB BQ

CC

CQ

TH TH

V I R V I R

I I

I . mA

.I . mA

R . R . . k

RV V R V .
R R R R

V I R V on I R V

β
β

β

β

⎛ ⎞
⎜ ⎟⎜ ⎟
⎝ ⎠

+= + +

⎛ ⎞= + +⎜ ⎟
⎝ ⎠

=

= =

= + = = Ω

⎛ ⎞
= = ⋅ ⋅ =⎜ ⎟+⎝ ⎠
= + + + +

= ( )( )( ) ( )( )
1

1 2  

121 2101 0 0199 1 0 7 0 0199 10 1

which yields 13 3 and 41 6 

.. . . .
R

R . k R . k

+ + +

= Ω = Ω
 

     (b) ( )
( )( )
( )( ) 95.1

110131.1
2100

1
−=⇒

+
−

=
++

−
= υ

π
υ β

β
A

Rr
R

A
E

C  

______________________________________________________________________________________ 
 
6.15 

          

( ) ( )
( ) ( ) ( ) ( )

0.25 mA, 0.2525 mA
0.0025 mA

on 5 0
0.0025 50 0.7 0.2525 0.1 5

16.4 k

= =
=
+ + + − =

+ + + =
= Ω

CQ EQ

BQ

BQ B BE EQ S E

E

E

I I
I
I R V I R R

R
R

 

          

( )( )0.0025 50 0.7 0.825 V
3 0.825 2.175 V

5 2.175 11.3 kΩ
0.25

E

C CEQ E

C C

V
V V V

R R

= − − = −
= + = − =

−
= ⇒ =

 

          

( )
( )( )

( )( )
( ) ( )
( )
( ) ( )

1

100 0.026
10.4 k

0.25
100 11.3

55.1
10.4 101 0.1

1

50 10.4 101 0.1

50 20.5 14.5 k

C
v

S

v v

i B S

i i

RA
r R

r

A A

R R r R

R R

π

π

π

β
β

β

−
=

+ +

= = Ω

−
= ⇒ = −

+

= + +⎡ ⎤⎣ ⎦

= +⎡ ⎤⎣ ⎦

= ⇒ = Ω
 

______________________________________________________________________________________ 
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6.16 

(a) 905.0
22.2

20.59
=

+
−

=
+

−
≅

EC

CEQCC
CQ RR

VV
I mA 

       00754.0≅BQI mA;  9123.0≅EQI mA 
       ( )( ) ( )( )( ) 2.2421211.011.0 ==+= ETH RR β kΩ  
       ( ) ( ) EBQBETHBQTH RIonVRIV β+++= 1  
              ( )( ) ( )( ) 707.229123.07.02.2400754.0 =++= V 

   Now  ( )( )92.2411707.2
11 R

VR
R

V CCTHTH =⋅⋅==  

   Or 5.801 =R kΩ   and then 6.342 =R kΩ  

(b) ( )( ) 448.3
905.0

026.0120
==πr kΩ  

       81.34
026.0
905.0

==mg mA/V 

        110
905.0

100
==or kΩ  

       ( ) ( )448.36.345.8021 ss irRRiV == ππ  

       ( )02.3siV =π  

       ( )LComo RRrVg πυ −=  

   Then  ( )( )12.211002.3m
s

o
m g

i
R −==

υ ( )( )( )6875.011002.381.34−=  

   Or  8.71−=mR V/mA 
(c) For 100=β , 

      ( )( ) 008873.0
21012.24

7.0707.2
=

+
−

=BQI mA 

      8873.0=CQI mA 

      ( )( ) 93.2
8873.0

026.0100
==πr kΩ ,  13.34

026.0
8873.0

==mg mA/V,  113
8873.0
100

==or kΩ  

      ( ) ( ) ( )614.293.22.24 ssTHs iirRiV === ππ  

     ( )( )( ) 0.616875.0113614.213.34 −=−==
s

o
m i

R
υ

 V/mA 

   For 150=β , 

      ( ) ( )( ) 923.0
21512.24

7.0707.2150 =⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

−
=CQI mA 

      225.4=πr kΩ ,  5.35=mg mA/V,  108=or kΩ  
      ( ) ( )597.3225.42.24 ss iiV ==π  

      ( )( )( ) 2.876875.0108597.35.35 −=−==
s

o
m i

R
υ

V/mA 

  So  2.870.61 ≤≤ mR V/mA 
______________________________________________________________________________________ 
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6.17 

(a) (i) 009877.0
81

8.0
==BQI mA,  790.0=CQI mA 

            25.20
009877.0

2.0
==BR kΩ  

            ( ) 53.2
79.0

53
=

−−−
=CR kΩ  

      (ii) 38.30
026.0
79.0

==mg mA/V,  127
79.0

100
==or kΩ  

             48.253.2127 ==Co Rr kΩ  

             ⎟
⎠
⎞

⎜
⎝
⎛

+
−=

448.2
48.2

smo gi υ  

            ( ) 63.11
448.2

48.238.30 −=⎟
⎠
⎞

⎜
⎝
⎛

+
−==

s

o
f

i
G

υ
mA/V 

(b) (i) 00661.0
121

8.0
==BQI mA,  7934.0=CQI mA 

            3.30
00661.0

2.0
==BR kΩ  

            ( ) 52.2
7934.0

53
=

−−−
=CR kΩ  

(ii) 52.30
026.0

7934.0
==mg mA/V,  101

7934.0
80

==or  kΩ  

 
             459.252.2101 ==Co Rr kΩ  

             ( ) 62.11
4459.2

459.252.30 −=⎟
⎠
⎞

⎜
⎝
⎛

+
−=fG mA/V 

______________________________________________________________________________________ 
 
6.18 

(a) (i) 00208.0
120

25.0
==BQI mA,  252.0=EQI mA 

             ( )( ) ( ) ER252.07.05.200208.05 ++=   0.17=⇒ ER kΩ  
             ( )( ) ( ) CCEQ RV 25.017252.0103 −−==   9.10=⇒ CR kΩ  

      (ii) 615.9
026.0
25.0

==mg mA/V,  ( )( ) 48.12
25.0

026.0120
==πr kΩ  

            ( ) ( )( ) 5.27
5.248.12

48.1259.10615.9 −=⎟
⎠
⎞

⎜
⎝
⎛

+
−=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

−=
S

LCm Rr
r

RRgA
π

π
υ  

     (iii) ( )( ) tto ωωυ sin137.0sin10549.27 3 −=×−= −  (V) 
(b) (i) ( ) 1.17252.07.05 =⇒+= EE RR kΩ  
            ( )( ) ( ) 8.1025.006.17252.0103 =⇒−−== CCCEQ RRV kΩ  
      (ii) 615.9=mg mA/V,  48.12=πr kΩ  
            ( ) ( )( ) 9.3258.10615.9 −=−=−= LCm RRgAυ  

     (iii) ( )( ) tto ωωυ sin164.0sin10586.32 3 −=×−= −  (V) 
______________________________________________________________________________________ 
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6.19 

(a) (i) ( )( ) 005292.0
10815.2

7.05
=

+
−

=BQI mA,  4234.0=⇒ CQI mA 

            28.16
026.0

4234.0
==mg mA/V, ( )( ) 91.4

4234.0
026.080

==πr kΩ  

            ( ) ( )( ) 97.26
5.291.4

91.45528.16 −=⎟
⎠
⎞

⎜
⎝
⎛

+
−=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

−=
S

LCm Rr
r

RRgA
π

π
υ  

             
L

s

L

o
o R

A
R

i
υυ υ==  

           or    39.5
5

97.26
−=

−
==

s

o
f

i
G

υ
mA/V 

      (ii) ( )( ) tto ωωυ sin108.0sin10497.26 3 −=×−= −  (V) 

             ( )( ) ttio ωω sin6.21sin1041039.5 33 −⇒××−= −−  ( μ A) 

(b) (i) ( ) ( )( ) 4256.0
101215.2

7.05120 =⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+
−

=CQI mA 

             37.16
026.0

4256.0
==mg mA/V,  ( )( ) 33.7

4256.0
026.0120

==πr kΩ  

             ( )( ) 5.30
5.233.7

33.75537.16 −=⎟
⎠
⎞

⎜
⎝
⎛

+
−=υA  

             1.6
5

5.30
−=

−
=fG  mA/V 

(ii) ( )( ) tto ωωυ sin122.0sin1045.30 3 −=×−= −  (V) 
       tio ωsin4.24−=  ( μ A) 

______________________________________________________________________________________ 
 
6.20 

          
( )

1 2

2

1 2

27 15 9.64 K

15 9 3.214 V
15 27

TH

TH CC

R R R

RV V
R R

= = =

⎛ ⎞ ⎛ ⎞= = =⎜ ⎟ ⎜ ⎟+ +⎝ ⎠⎝ ⎠  

          

( )
( ) ( )( )

on 3.214 0.7 2.514
1 9.64 101 1.2 130.84

0.0192 mA 1.9214 mA

TH BE
BQ

TH E

BQ CQ

V V
I

R R
I I

β
− −

= = =
+ + +

= =  

          

( )( )100 0.0261.92 73.9 mA/V 1.35 K
0.026 1.92mg rπ= = = =

 

           

          

100 52.1 K
1.92or = =
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( )0

1.35 9.64 1.184 K

1.184
1.184 10

0.1059

TH
o m C L S

TH S

TH

S

S

r R
V g V r R R V V

r R R

r R

V V

V

π
π π

π

π

π

⎛ ⎞
= − = ⎜ ⎟⎜ ⎟+⎝ ⎠

= =

⎛ ⎞= ⎜ ⎟+⎝ ⎠
=  

          

( ) ( ) ( )
( ) ( ) ( )
( ) ( ) ( )

73.9 0.1059 52.1 2.2 2

73.9 0.1059 52.1 1.0476

73.9 0.1059 1.027
8.04

v

v

A

A

= −

= −

= −
= −  

          
( )

o C
m

o C Lo
I

S

TH

o C
I m TH

o C L

r R
g V

r R RI
A

VI
R r

r R
A g R r

r R R

π

π

π

π

⎛ ⎞
− ⎜ ⎟⎜ ⎟+⎝ ⎠= =

⎛ ⎞
= − ⎜ ⎟⎜ ⎟+⎝ ⎠  

          

52.1 2.2 2.11 K

9.64 1.35 1.184 K
o C

TH

r R

R rπ

= =

= =  

          

( ) ( ) 2.1173.9 1.184
2.11 2

44.9

I

I

A

A

⎛ ⎞= − ⎜ ⎟+⎝ ⎠
= −

 

          

9.64 1.35

1.184 K
i TH

i

R R r

R
π= =

=
 

______________________________________________________________________________________ 
 
6.21 
     a. 

          35.0=EI mA,  00347.0
101

35.0
==BI mA 

           ( )( ) 0347.01000347.0 −=⇒−=−= BBBB VRIV V 
           ( ) 735.0−=⇒−= EBEBE VonVVV V 
     b. 
          77.2735.05.3 =−=+= ECEQC VVV V 

           ( ) 347.035.0
101
100

1
=⎟

⎠
⎞

⎜
⎝
⎛=⋅⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

= EC II
β

β mA 

          43.6
347.0

77.25
=⇒

−
=

−
=

+

C
C

C
C R

I
VV

R kΩ  
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     (c) 

          ( )oC
SB

B
m rR

RrR
rR

gA ⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

+
−=

π

π
υ  

          3.13
026.0
347.0

==mg mA/V,  288
347.0

100
==or kΩ  

           ( )( ) 49.7
347.0

026.0100
==πr kΩ  

          28.449.710 ==πrRB kΩ  

          ( ) ( ) 7.8128843.6
1.028.4

28.43.13 −=⇒⎟
⎠
⎞

⎜
⎝
⎛

+
−= υυ AA  

     d. 

          ( )oC
SB

B
m rR

RrR
rR

gA ⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

+
−=

π

π
υ  

          28.449.710 ==πrRB kΩ  

          ( ) ( ) 9.7428843.6
5.028.4

28.43.13 −=⇒⎟
⎠
⎞

⎜
⎝
⎛

+
−= υυ AA  

______________________________________________________________________________________ 
 
6.22 
     a. 

          

( )

( )
( ) ( ) ( )

1 2

2

1 2

6 1.5 1.2 k

1.5 5 1.0 V
1.5 6

on 1.0 0.7 0.0155 mA
1 1.2 181 0.1β

+

= = = Ω

⎛ ⎞ ⎛ ⎞= = =⎜ ⎟ ⎜ ⎟+ +⎝ ⎠⎝ ⎠
− −

= = =
+ + +

TH

TH

TH BE
BQ

TH E

R R R

RV V
R R

V V
I

R R  

          
( ) ( ) ( ) ( )

 2.80 mA, 2.81

5 2.8 1 2.81 0.1 1.92 V

CQ EQ

CEQ CQ C EQ E

CEQ

I I

V V I R I R
V

+

= =

= − −
= − − ⇒ =

 
     b. 

          ( )( ) 67.1
80.2

026.0180
==πr kΩ  

          108
026.0
80.2

==mg mA/V 

     (c) 

          ( )LC
S

m RR
RrRR

rRR
gA ⎟

⎟

⎠

⎞

⎜
⎜

⎝

⎛

+
=

π

π
υ

21

21  

          698.067.15.1621 ==πrRR kΩ  

          ( ) ( ) 8.452.11
2.0698.0

698.0108 =⎟
⎠
⎞

⎜
⎝
⎛

+
=υA  

______________________________________________________________________________________ 
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6.23 
     a. 

          

( )

( ) ( )( )

9 on
0 750 75 mA,  0 00926 mA
81

0 741 mA
9 0 75 0.7 0 00926 2 11 0 k

EQ E EB BQ S

EQ BQ

CQ

E E

I R V I R
.I . I .

I .
. R . R .

= + +

= = =

=
= + + ⇒ = Ω

 
     b. 

          

( )( )

( )

9 0.75 11 0.75 V
0 75 7 6.25 V

9 9 6 25 3 71 k
0 741

E

C E ECQ

C
C C

CQ

V
V V V .

V .R R .
I .

= − =
= − = − = −

− − −
= = ⇒ = Ω

 
     c. 

          ( )oLC
S

m rRR
Rr

r
gA ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

−=
π

π
υ  

          ( )( ) 81.2
741.0

026.080
==πr kΩ  

           108
741.0
80

==or kΩ  

          ( )1081071.3
281.2

80
+

−
=υA  

          9.43−=υA  
     d. 
          81.481.22 =⇒+=+= iSi RrRR π kΩ  
______________________________________________________________________________________ 
 
6.24 

(a) For 80=β , ( ) ( )( ) 6439.0
5815

7.0480 =⎥
⎦

⎤
⎢
⎣

⎡
+
−

=CQI mA 

         77.24
026.0
6439.0

==mg mA/V,  ( )( ) 23.3
6439.0

026.080
==πr kΩ , 7.77

6439.0
50

==or kΩ  

         
( )

( ) ( ) sss
SB

B

RRr
Rr

V υυυ
π

π
π 6624.0

1523.3
523.3

=⋅
+

=⋅
+

=  

        ( ) ( )( )( ) 32447.776624.077.24 −=−=⋅⋅−= LCo
s

m RRr
V

gA
υ
π

υ  

     For 120=β ,  ( ) ( )( ) 6492.0
51215

7.04120 =⎥
⎦

⎤
⎢
⎣

⎡
+
−

=CQI mA 

        97.24=mg mA/V,  806.4=πr kΩ ,  77=or kΩ  

        
( )

( ) ( ) ssV υυπ 710.0
15806.4

5806.4
=⋅

+
=  

       ( )( )( ) 6.344477710.097.24 −=−=υA  

    So  6.3432 ≤≤ υA  
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(b) πrRR Bi =  

For 80=β ,   96.123.35 ==iR kΩ  

For 120=β , 45.2806.45 ==iR kΩ  
So  45.296.1 ≤≤ iR kΩ  

(c) oCo rRR =  

For 80=β ,  804.37.774 ==oR kΩ  

For 120=β ,  802.3774 ==oR  kΩ  
So  804.3802.3 ≤≤ oR kΩ  

______________________________________________________________________________________ 
 
6.25 

           
 
     Assume an npn transistor with 100=β  and ∞=AV .  Let 10=CCV V. 

          

0 5 50
0 01v

.A
.

= =
 

     Bias at 1 CQI mA=  and let 1 ER k= Ω  
     For a bias stable circuit 
          ( )( ) ( )( )( ) 1.1011011.011.0 ==+= ETH RR β kΩ  

            ( )( )
111

101101.1011
RR

VR
R

V CCTHTH ==⋅⋅=  

          01.0
100

1
==BQI mA 

           ( ) ( ) EBQBETHBQTH RIonVRIV β+++= 1  

           ( )( ) ( )( )( )101.01017.01.1001.0101

1

++=
R

 

     which yields  8.551 =R kΩ ,  3.122 =R kΩ  
     Now 

          ( )( ) 6.2
1

026.0100
==πr kΩ  

           46.38
026.0
1

==mg mA/V 
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           Cmo RVgV π−=  

     where  sss
S

VVV
RrRR

rRR
V 674.0

16.21.10
6.21.10

21

21
=⋅⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛

+
=⋅⎟

⎟

⎠

⎞

⎜
⎜

⎝

⎛

+
=

π

π
π  

     

( ) ( )( )Then 0 674 0 674 38 46 50

which yields 1 93 

o
v m C C

s

C

V
A . g R . . R

V
R . k

= = − = − = −

= Ω
 

     With this RC, the dc bias is OK. 
     Finish Design, Set  2=CR kΩ  ,  1=ER kΩ  
          561 =R kΩ ,  122 =R kΩ  

          
( )

1 2

2

1 2

9.88 K

12 10 1.765 V
12 56

TH

TH CC

R R R

RV V
R R

= =

⎛ ⎞ ⎛ ⎞= = =⎜ ⎟ ⎜ ⎟+ +⎝ ⎠⎝ ⎠  

          

( ) ( )
1.765 0.7 9.60 A

9.88 101 1
0.9605 mA

BQ

CQ

I

I

μ−
= =

+

=  

          

( )( )100 0.026 0.96052.707 K 36.94
0.9605 0.026

2.125 K

m

TH

r g

R r

π

π

= = = =

=  

          ( ) iii
STH

TH VVV
RrR

rR
V ⋅=⋅⎟

⎠
⎞

⎜
⎝
⎛

+
=⋅⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛

+
= 680.0

1125.2
125.2

π

π
π  

          ( ) ( )( )( ) 2.50294.36680.0680.0 −=−=−= Cm RgAυ  
     Design specification met. 
______________________________________________________________________________________ 
 
6.26 
     a. 

          

( )( )

( ) ( )( ) ( )( )

6 0 7 0 0169 mA
10 101 3
1 69 mA, 1 71 mA

16 6 1 69 6 8 1 71 3
5 38 V

BQ

CQ EQ

CEQ

CEQ

.I .

I . I .

V . . .
V .

−
= =

+

= =

= + − −
=

 
     b. 

          65
026.0
69.1

==mg mA/V 

            ( )( ) 54.1
69.1

026.0100
==πr kΩ ,  ∞=or  

     (c) 

          

( )
( )
( ) ( )( )
1
1 1.54 101 3 304.5 

10 304.5 9.68 

C L B ib
v

E B ib S

ib E

B ib

R R R R
A

r R R R R
R r R k
R R k

π

π

β
β
β

−
= ⋅

+ + +

= + + = + = Ω
= = Ω  
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     Then 

          
( )( )

( )( ) 06.1
5.068.9

68.9
310154.1
8.68.6100

−=⎟
⎠
⎞

⎜
⎝
⎛

+
⋅

+

−
=υA  

          ( )b
LC

C
o i

RR
R

i β−⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

=  

          ( ) s
EB

B
b i

RrR
R

i ⋅⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+++

=
βπ 1

 

          ( ) ( ) ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+++⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

−=
EB

B

LC

C
i RrR

R
RR

R
A

β
β

π 1
 

               ( ) ( )( ) 59.1
310154.110

10
8.68.6

8.6100 −=⇒⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
++

⎟
⎠
⎞

⎜
⎝
⎛

+
−= iA  

     (d) 0 5 10 304 5 10 2 is S B ibR R R R . . . k= + = + = Ω  
     (e) 

          
( )
( )

( )( )
( )( )310154.1

8.68.6100
1 +

−
=

++

−
=

E

LC

Rr
RR

A
β

β

π
υ  

          12.1−=υA  
          59.1−=iA , same as part (c) 
______________________________________________________________________________________ 
 
6.27 

           
 

          
mcem

ce

gg
r 1

==
υ

υ
 

        So  o
m

e r
g

rr 1
π=  

______________________________________________________________________________________ 
 
6.28 

(a) Set EC
E

C RR
R
R

5.125.12 =⇒=  

Set ( ) ( )ECQECCQCEQ RIRRIV 5.133.33.35.1 −=+−≅=  
Set 1.0=CQI mA,  33.1=⇒ ER kΩ   and  7.16=CR kΩ  
We find μ833.0=BQI A 
Set  ( )( ) ( )( )( ) 1.1633.11211.011.0 ==+= ETH RR β kΩ  
   ( ) ( ) EBQBETHBQTH RIonVRIV β+++= 1 ( )( ) ( )( )( )33.1000833.01217.01.16000833.0 ++=  
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               ( )( )3.31.16118475.0
11 R

VR
R

V CCTHTH =⋅⋅==  

            So  7.621 =R kΩ ,  7.212 =R kΩ  
        Actual gain: 

            ( )( ) 2.31
1.0
026.0120

==πr kΩ  

           ( ) ( )( ) 1.19233.11212.311 =+=++= Eib RrR βπ kΩ  
            85.141.1921.16 === ibTHi RRR  kΩ  

         Then  ( )( )
( )( ) 4.10

1.085.14
85.14

33.11212.31
7.16120

−=⎟
⎠
⎞

⎜
⎝
⎛

+
⋅

+
−

=υA  

(b) 95.1485.141.0 =+=+= iSis RRR kΩ  
        7.16== Co RR kΩ  

______________________________________________________________________________________ 
 
6.29 

     Need a voltage gain of 
100 20

5
.=
 

     Assume a sign inversion from a common-emitter is not important. Use the configuration for Figure 6.31.      

     Let 0SR .=  Need an input resistance of 

          251025
102.0

105 3
6

3

=⇒×=
×
×

=
−

−

ii RR kΩ  

           ,ibTHi RRR =  Let 50=THR kΩ , then 50=ibR kΩ  
           ( ) ( ) EEib RRrR ββπ +≅++= 11  

            For 100=β ,  495.0
101
50

1
==

+
≅

β
ib

E
R

R kΩ  

     Let 5.0=ER kΩ , 10=CCV V,  2.0=CQI mA 

          

( ) ( )

( )( ) ( ) ( ) ( )( )( )

( )
( ) ( )

( )
( )( )

11

1 2

0.2Then 0.002 
100

1

1 1 50 10 0.002 50 0.7 101 0.002 0.5

which yields 555  and 55 
100 0.026

Now , 13 
1 0.2

So
100

20 12.7 
13 101 0.5

BQ

TH BQ TH BE BQ E

TH CC

C
v

E

C
C

I mA

V I R V on I R

R V
RR

R k R k
RA r k

r R

R
R k

π
π

β

β
β

= =

= + + +

⋅ ⋅ = = + +

= Ω = Ω

−
= = = Ω

+ +

−
− = ⇒ = Ω

+  

     [Note: ( )( )0 2 12 7 2 54 CQ CI R . . . V.= =  So dc biasing is OK.] 
______________________________________________________________________________________ 
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6.30 

          Set EC
E

C RR
R
R

1515 =⇒=  

          Set 5=CR  kΩ ,  then 333.0=ER kΩ  
          Set 5.0=CQI mA,  then ( )( ) 33.2333.55.05 =−≅ECQV V 
         68.4=πr kΩ ,  ( ) ( )( ) 35333.09168.41 =+=++= Eib RrR βπ kΩ  
          Set 22=iR kΩ 6035 ≅⇒== THTHibTH RRRR kΩ  
          Now  00556.0=BQI mA,  506.0=EQI mA 
         ( ) THTHBQEBEEQCC VRIonVRIV +++=  
         ( )( ) ( )( ) THV+++= 6000556.07.0333.0506.05  

         ( )( )56011798.3
11 R

VR
R

V CCTHTH =⋅⋅==  

     So that  791 =R kΩ   and  2492 =R kΩ  
______________________________________________________________________________________ 
 
6.31 

           
 

          

( ) ( )( )
( ) ( )

( ) ( )( )

120
Let 0.35mA,  0.353 mA

0.00292 mA
Let 2 kΩ. For 4 V 10 4 0.35 0.353 2

120 0.026
15.1 k , 8.91 k

0.35
120 15.1 10

8.91
81.0

CQ EQ

BQ

E CEQ C

C

C L
v

v

I I

I
R V R

R r

R R
A

r
A

π

β

β

π

=
= =

=
= = ⇒ = + +

= Ω = = Ω

−
= = −

= −
 

     For bias stable circuit: 

          

( )( )
( )( )( )

( ) ( )

( ) ( )

1 2

2

1 2 1

0.1 1
0.1 121 2 24.2 k

110 5 10 5

on 1 5

TH E

TH TH

BETH BQ TH BQ E

R R R R

RV R
R R R

V I R V I R

β

β

= = +
= = Ω

⎛ ⎞
= − = ⋅ ⋅ −⎜ ⎟+⎝ ⎠
= + + + −
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( )( ) ( )( ) ( )( )( )

( )
1

1

1

2
2

2

1 24.2 10 5 0.00292 24.2 0.7 121 0.00292 2 5

1 242 1.477, 164 k

164 24.2 28.4 k
164

10 0.052, 0.35 0.052 0.402 mA
164 28.4

R

R
R

R R
R

− = + + −

= = Ω

= ⇒ = Ω
+

= + =
+  

     So bias current specification is met. 
______________________________________________________________________________________ 
 
6.32 
          88.19503321 === RRRTH  kΩ  

          ( ) 988.13.3
3350

50

21

2 =⎟
⎠
⎞

⎜
⎝
⎛

+
=⋅⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

= CCTH V
RR

R
V V 

          ( ) ( ) ( ) 988.188.197.011013.3 +++= BQBQ II  
 
     So  005063.0=BQI mA,  5063.0=CQI mA,  5114.0=EQI mA 
          ( )( ) ( )( ) 776.125063.015114.03.3 =−−=ECQV V 
     Then  276.15.0776.1 =−=Δ ECV V,  or  224.1776.13 =−=Δ ECV V 
     So  ( ) 448.2224.12 ==Δ ECV V peak-to-peak 
______________________________________________________________________________________ 
 
6.33 

          

( )( )

( ) ( )( ) ( )( )

5 0.7 0.00315 mA
50 101 0.1 12.9
0.315 mA, 0.319 mA

5 5 0.315 6 0.319 13

3.96 V

BQ

CQ EQ

CEQ

CEQ

I

I I

V

V

−
= =

+ +

= =

= + − −

=
 

 

           
 

          ( )

1
6.1

For i 0.315 0.05 0.265 1.62

min 3.96 1.62 2.34

C eC

ECC

EC

i v

v

v

Δ = − Δ

Δ = − = ⇒ Δ =

= − =  
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     Output signal swing determined by current: 

     Max. output swing 3 24 V peak-to-peak.=  
______________________________________________________________________________________ 
 
6.34 

(a) ( ) ( ) ( )5.27.010815 BQBQ II ++=  
          So that 005292.0=BQI mA, 4234.0=CQI mA,  4287.0=EQI mA 
          Now  ( )( ) ( )( ) 60.3104287.054234.010 =−−=ECQV V 

         ( ) ( )5.2CLCCEC IRRIV Δ=Δ=Δ  
          For 4234.0=Δ CI   06.1=Δ⇒ ECV V 
          So that ( ) 12.206.12 ==Δ ECV V  peak-to-peak 

(b) ( ) 847.04234.02 ==Δ CI mA  peak-to-peak 
______________________________________________________________________________________ 
 
6.35 
          8.0=EQI mA,  790.0=CQI mA,  009877.0=BQI mA 
          ( )( ) 898.020009877.07.0 =+=EV V 
          ( )( ) 025.355.279.0 −=−=CV V 
       Then  923.3=−= CEECQ VVV V 

          ( ) ( ) ( )538.145.2 CCLCCEC IIRRIV Δ=Δ=Δ=Δ  
       For 71.008.079.0 =−=Δ CI mA, then ( )( ) 09.1538.171.0 ==Δ ECV V 
       So,  ( ) 42.171.02 ==Δ CI mA  peak-to-peak,   

              546.0
45.2

5.2
=Δ⎟

⎠
⎞

⎜
⎝
⎛

+
=Δ Co Ii mA peak-to-peak 

______________________________________________________________________________________ 
 
6.36 

          

( )( )

( ) ( )( ) ( )( )

6 0 7 0 0169 mA
10 101 3
1 69 mA, 1 71 mA

16 6 1 69 6 8 1 71 3
5 38 V

BQ

CQ EQ

CEQ

CEQ

.I .

I . I .

V . . .
V .

−
= =

+

= =

= + − −
=

 

           
 

          ceci υΔ−=Δ
4.6

1  
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     For  ( ) 1min =ceυ V,  38.4138.5 =−=Δ ceυ V 684.0
4.6
38.4

==Δ⇒ ci mA 

     Output swing limited by voltage: 

          

0 0

0

Max. swing in output voltage
8.76 V peak-to-peak

1 0.342 mA
2

or 0.684 mA (peak-to-peak)

ce

C

v

i i i

i

Δ =
=

Δ = Δ ⇒ Δ =

Δ =  
______________________________________________________________________________________ 
 
6.37 
 

           
 

          

100
o

CQ

r
I

=
 

     Neglect ro as 1st approx.:   dc load line ( )9 3.4CE CV I= −  

     

( ) ( )
( )( )

0.1
1

Also  1.05

Or 1 0.1 1.05

C CQ

CE CEQ

CE C C L C

CEQ CQ

I I
V V
V I R R I

V I

Δ = −
Δ = −
Δ = Δ = Δ

− = −  
     Substituting the expression for the dc load line. 

          

( ) ( ) ( )
( )

( ) ( ) ( )

( ) ( ) ( ) ( ) ( ) ( ) ( )
1 1

1

2

9 3.4 1 0.1 1.05

8.105 4.45 1.821 mA
2.81 V

1.821 0.01821
100
0.1 101 1.2 12.12 K
1 1 12.12 9 0.01821 12.12 0.7 101 0.01821 1.2

0.2207 0.7 2.20705
34.9 K
18.6 K

34.

CQ CQ

CQ CQ

CEQ

BQ

TH

TH TH CC

I I

I I
V

I

R

V R V
R R

R
R

⎡ ⎤− − = −⎣ ⎦
= ⇒ =
=

= =

= =

= ⋅ ⋅ = = + +

= + +
=
=

2

2

9
12.12

34.9
R
R

=
+  

______________________________________________________________________________________ 
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6.38 
     dc load line 

           
 
 
     For maximum symmetrical swing 

          

( )
( ) ( )

( )

0.25
10.5 and | |

0.545 k
0.5

0.25
0.545

5 1.1

0.545 0.25 5 1.1 0.5

0.545 1.1 5 0.5 0.136
2.82 mA, 0.0157 mA

C CQ

CE CEQ C CE

CEQ
CQ

CEQ CQ

CQ CQ

CQ

CQ BQ

i I

v V i v

V
I

V I

I I

I
I I

Δ = −

Δ = − Δ = ⋅ Δ
Ω

−
− =

= −

⎡ ⎤− = − −⎣ ⎦
+ = − +

= =
 

          ( )( ) ETH RRRR β+== 11.021  
                 ( )( )( ) 81.11.01811.0 == kΩ  

            ( ) ( ) EBQBETHBQTHTH RIonVRIVR
R

V β+++=⋅⋅= + 11

1

 

          

( )( ) ( )( ) ( )( )( )

( )
1

1
1

2
2

2

1 1.81 5 0.0157 1.81 0.7 181 0.0157 0.1

1 9.05 1.013 8.93 k

8.93 1.81 2.27 k
8.93

R

R
R

R R
R

= + +

= ⇒ = Ω

= ⇒ = Ω
+  

______________________________________________________________________________________ 
 
6.39 
          647.0=CQI mA,  ( )( ) 18.49647.010 =−=CEQV V 
            647.0==Δ CQc Ii mA 

     So  ( ) ( )( ) 294.12647.044 ==Δ=Δ cce iυ V 
     Voltage swing is well within the voltage specification. Then ( ) 59.2294.12 ==Δ ceυ V peak-to-peak. 
______________________________________________________________________________________ 
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6.40 

(a) 
( )
( ) E

E

Rr
R

A
β

β

π
υ ++

+
=

1
1

 

        ( )( )
( )( )

( )( ) 593.0026.0120261.5
5.0121

5.012192.0 =⇒===⇒
+

= CQ
CQCQ

T I
II

V
r

r
β

π
π

mA 

(b) 7.33
593.0
20

===
CQ

A
o I

V
r kΩ  

       
( )( )
( )( )Eo

Eo

Rrr
Rr

A
β

β

π
υ ++

+
=

1
1

 

        4927.05.07.33 ==Eo Rr kΩ  

    Then  ( )( )
( )( ) 919.0

4927.0121261.5
4927.0121

=
+

=υA  

(c) For (a), Ω=⇒==
+

= 4004348.05.0
121
261.55.0

1 oEo R
r

RR
β

π  

For (b), Ω=⇒=
+

= 95.397.3304.0
1 ooEo R

r
rRR

β
π  

______________________________________________________________________________________ 
 
6.41 

(a) ( ) Eib RrR βπ ++= 1  

       
( )
( )

( )
ib

E

E

E

R
R

Rr
R

A
β

β
β

π
υ

+
=

++
+

=
1

1
1

 

       
( )( ) ( )( ) 586.0

81
5095.0

1
==

+
=

β
υ ib

E
RA

R kΩ  

       ( )( ) 5.2586.08150 =⇒+= ππ rr kΩ  

        ( )( ) 832.0
5.2
026.080

==⇒= CQ
CQ

T I
I
V

r
β

π mA 

(b) 03086.0586.0
81

5.2586.0
1

==
+

=
β

πrRR Eo  

       Ω= 3.29oR  
______________________________________________________________________________________ 
 
6.42 

(a) 92.76=mg mA/V,  04.1=πr kΩ ,  25=or kΩ  

       
( )

( )
( )( )

( )( ) 999.0
258104.11

2581
1

1
=

++
=

+++
+

=
oS

o

rrR
r

A
β

β

π
υ  

       ( ) ( )( ) 027.2258104.111 =⇒++=+++= ioSi RrrRR βπ MΩ  

       Ω=⇒=⎟
⎠
⎞

⎜
⎝
⎛ +

=
+
+

= 2.250252.025
81

104.125
1 o

S
oo R

Rr
rR

β
π  

(b) 4.10=πr kΩ ,  250=or kΩ  

      ( )( )
( )( ) 9994.0

250814.101
25081

=
++

=υA  
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       ( )( ) 26.20250814.101 =⇒++= ii RR MΩ  

       Ω=⇒=⎟
⎠
⎞

⎜
⎝
⎛ +

= 1411407.0250
81

14.10250 oo RR  

______________________________________________________________________________________ 
 
6.43 

(a) 
β

π

+
+

=
1

S
o

Rr
R  

        315.1
121

5.0
015.0 =⇒

+
= π

π r
r

kΩ  

         ( )( ) 37.2
315.1

026.0120
==⇒= CQ

CQ

T I
I
V

r
β

π mA 

(b) 07.21
373.2
50

==or kΩ  

      
( )

( )
( )( )

( )( ) 9993.0
07.21121315.15.0

07.21121
1

1
=

++
=

+++
+

=
oS

o

rrR
r

A
β

β

π
υ  

______________________________________________________________________________________ 
 
6.44 
     a. 
          5101021 === RRRTH kΩ  

            ( ) ( ) 0918
1010

10918
21

2 =−⎟
⎠
⎞

⎜
⎝
⎛

+
=−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

=
RR

R
VTH  

            ( )
( )( ) 0869.0

5.01815
97.00

=
+

−−−
=BQI mA 

             6.15=CQI mA,  7.15=EQI mA 
             ( )( ) 1.105.07.1518 =−=CEQV V 
     b.  

           
     c. 

          ( )( ) 30.0
6.15
026.0180

==πr kΩ  

           
( )( )
( )( ) ⎟

⎟

⎠

⎞

⎜
⎜

⎝

⎛

+
⋅

++

+
=

Sib

ib

LE

LE

RRRR

RRR

RRr
RR

A
21

21

1
1

β
β

π
υ  
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            ( )( ) ( )( ) 2.343.05.018130.01 =+=++= LEib RRrR βπ kΩ  

             36.42.34521 ==ibRRR kΩ  

            
( )( )
( )( ) 806.0

136.4
36.4

3.05.01813.0
3.05.0181

=⇒⎟
⎠
⎞

⎜
⎝
⎛

+
⋅

+
= υυ AA  

     d. 
          ( )( )LEib RRrR βπ ++= 1  
          ( )( ) 3.34188.018130.0 =+=ibR kΩ  

            Ω=⇒⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛ +
=⎟

⎟

⎠

⎞

⎜
⎜

⎝

⎛

+

+
= 18.6

181
153.0

5.0
1

21
o

S
Eo R

RRRr
RR

β
π  
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6.45 
     a. 
          5101021 === RRRTH kΩ  

            ( ) 510
21

2 −=−⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

=
RR

R
VTH V 

            ( ) ( ) 101 −+++= EBQBETHBQTH RIonVRIV β  

          ( )
( )( ) 0174.0

21215
107.05

=
+

−−−−
=BQI mA 

           09.2=CQI mA,  11.2=EQI mA 
           ( )( ) ( )( ) 69.3211.2109.210 =−−=CEQV V 
     b. 

           
 
     c. 

          

( )( )

( )( )
( ) ( )
( )( ) ( )( )

( )( )
( )( )

1 2

1 2

1 2

120 0.026
1.49 k

2.09
1

1

1 1.49 121 2 2
122.5 , 5 122.5 4.80 

121 2 2 4.80= 0.484
4.80 51.49 + 121 2 2

E L ib
v

ib SE L

ib E L

ib ib

v v

r

R R R R R
A

R R R Rr R R

R r R R
R k R R R k

A A

π

π

π

β

β

β

= = Ω

+ ⎛ ⎞
= ⋅⎜ ⎟⎜ ⎟++ + ⎝ ⎠
= + + = +
= Ω = = Ω

⎛ ⎞⋅ ⇒ =⎜ ⎟+⎝ ⎠  
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     d. 
          ( )( )LEib RRrR βπ ++= 1  

          ( )( ) 1222212149.1 =⇒+= ibib RR kΩ  

            Ω=⇒⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛ +
=⎟

⎟

⎠

⎞

⎜
⎜

⎝

⎛

+

+
= 4.32

121
5549.1

2
1

21
o

S
Eo R

RRRr
RR

β
π  

______________________________________________________________________________________ 
 
6.46 

(a) 7.10913558521 === RRRTH kΩ  

        ( ) 61875.03.3
585135

135

21

2 =⎟
⎠
⎞

⎜
⎝
⎛

+
=⋅⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

= CCTH V
RR

R
V V 

        ( ) ++= EBQ RIβ13.3 ( ) THTHBQEB VRIonV ++  

        ( )( ) 001649.0
12917.109

61875.07.03.3
=

+
−−

=BQI mA 

      Then  1484.0=CQI mA,  150.0=EQI mA 
        ( )( ) 5.11215.03.3 =−=ECQV V 

(c) ( )( ) 77.15
1484.0

026.090
==πr kΩ ,  404

1484.0
60

==or kΩ  

       
( )( )
( )( )LEo

LEo

RRrr

RRr
A

β

β

π
υ

++

+
=

1

1
 

       978.2412404 ==LEo RRr kΩ  

      ( )( )
( )( ) 945.0

978.29177.15
978.291

=
+

=υA  

       ( )( ) ( )( ) 8.286978.29177.151 =+=++= LEoib RRrrR βπ kΩ  

       ( ) ( ) 7.18
412404

12404
8.2867.109

7.109911 =⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

+
⎟
⎠
⎞

⎜
⎝
⎛

+
=⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛

+⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

+=
LEo

Eo

ibTH

TH
i RRr

Rr
RR

R
A β  

(d) 8.286=ibR kΩ  

        Ω=⇒=
+

= 171
91

77.1540412
1 ooEo R

r
rRR

β
π  
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6.47 
     (a) 

          

( )( )

0.5 0.00617 
81

0.00617 10 0.0617 

0.7 0.7617 

BQ

B BQ B B

E B E

I mA

V I R V V

V V V V

= =

= = ⇒ =

= + ⇒ =  
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      (b) 

          

( )

( )( )

800.5 0.494 
81
0.494 19 /
0.026

80 0.026
4.21 

0.494

150 304 
0.494

CQ

CQ
m m

T

T

CQ

A
o o

CQ

I mA

I
g g mA V

V

Vr r k
I

Vr r k
I

π π
β

⎛ ⎞= =⎜ ⎟
⎝ ⎠

= = ⇒ =

= = ⇒ = Ω

= = ⇒ = Ω
 

     (c) 

           
 
     For 0=SR  

            ( )oLmo rRVg
r
V

V ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+−= π

π

π  

     so that  
( )oL

o

rR
r

V
V

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ +

−
=

π

π
β1

 

     Now  os VVV =+ π  

               
( )oL

o
oos

rR
r

V
VVVV

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ +
+=−=

π

π
β1

 

     We find 

              
( )( )
( )( )

( )( )
( )( )3045.08121.4

3045.081
1

1
+

=
++

+
==

oL

oL

s

o

rRr
rR

V
V

A
β

β

π
υ  

               906.0=υA  
               ( )( ) ( )( ) 7.445.08121.41 =+≅++= oLib rRrR βπ kΩ  

                s
ibB

B
b I

RR
R

I ⋅⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

=   and  ( ) b
Lo

o
o I

Rr
r

I β+⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

= 1  

     

( )

( ) ( )

Then

1

1081 1 14.8
10 44.7

o oB
i

s B ib o L

i i

I rRA
I R R r R

A A

β
⎛ ⎞⎛ ⎞

= = + ⎜ ⎟⎜ ⎟+ +⎝ ⎠⎝ ⎠
⎛ ⎞≅ ⇒ =⎜ ⎟+⎝ ⎠  
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     (d) 

         ( ) sss
SibB

ibB
s VVV

RRR
RR

V 803.0
27.4410

7.4410
=⋅⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛

+
=⋅⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛

+
=′  

    Then  ( )( ) 728.0906.0803.0 =⇒= υυ AA  
          8.14=iA  (unchanged) 
______________________________________________________________________________________ 
 
6.48 
     (a) 

          98.1=CQI mA,  ( )( ) 313.1
98.1

026.0100
==πr kΩ  

             5.50
98.1

100
===

CQ

A
o I

V
r kΩ  

             Ω=⇒
+

=
+
+

= 1125.50
101

1031.1
1 oo

S
o Rr

Rr
R

β
π  

     (b) From Equation (6.68) 

          

( )( )
( )( )

1 100 50.5 K
1.981

o L
v o

o L

r R
A r

r r Rπ

β

β

+
= = =

+ +
 

     (i) 

          

( )( )
( )( )

( )( )
( )( )

0.5 K

101 50.5 0.5
1.31 101 50.5 0.5

101 0.4951
0.974

1.31 101 0.4951

L

v

v v

R

A

A A

=

=
+

= ⇒ =
+  

     (ii) 

          

( )( )
( )( )

5 K 50.5 5 4.5495

101 4.55
0.997

1.31 101 4.55

L o L

v v

R r R

A A

= = =

= ⇒ =
+  
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6.49 

(a) 303.1
3.3

7.05
==

−
EQI mA,  29.1=CQI mA 

        ( ) 7.557.0 =−−=ECQV V 

(b) ( )( ) 217.2
29.1

026.0110
==πr kΩ ,  76.38

29.1
50

==or kΩ  

       
( )( )
( )( )LEo

LEo

RRrr

RRr
A

β

β

π
υ

++

+
=

1

1
 

        7525.013.376.38 ==LEo RRr  kΩ  

       ( )( )
( )( ) 974.0

7525.0111217.2
7525.0111

=
+

=υA  

       ( )( ) ( )( ) 7.857525.0111217.21 =+=++= LEoib RRrrR βπ kΩ  
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       Ω=⇒=
+

= 8.1976.383.3
111
217.2

1 ooEo RrR
r

R
β

π  

(c) ( ) ( ) ( ) tti
t

R
t

ti s
ib

s
s ω

ωυ
sin7.32

7.85
sin8.2

=⇒==  ( μ A) 

       ( ) ( ) ( ) ( ) ( )tti
RrR

rR
ti s

LoE

oE
o ωβ sin7.32

1041.3
041.31111 ⎟

⎠
⎞

⎜
⎝
⎛

+
=⋅⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛

+
+=  

   or  ( ) ttio ωsin73.2=  (mA) 
        ( ) ( ) tRtit Loo ωυ sin73.2==  (V) 
        ( ) ( ) ( )( )217.2sin7.32 trtit seb ωυ π −=−=  
        ( ) tteb ωυ sin5.72−=  (mV) 

______________________________________________________________________________________ 
 
6.50 
     a. 

          

( )( )

( )
( ) ( )( )

1 mA  
5 10 1 5 kΩ

1 0.0099 
101

10 on
10 0.0099 0.7 1 5 434 kΩ

EQ CEQ CC EQ E

E E

BQ

BQ B BE EQ E

B B

I , V V I R
R R

I mA

I R V I R
R R

= = −
= − ⇒ =

= =

= + +
= + + ⇒ =  

     b. 

           
 

          

( )( )

( )
( )

( )( )
( )( )

0

0

100 0.026
2.63 kΩ

0.99
1 101 5

0.995
1 2.63 101 5

4 4.02 V peak-to-peak at base
0.995 0.995

E

b E

b b

r

Rv
v r R

vv v

π

π

β
β

= =

+
= = =

+ + +

⇒ = = ⇒ =
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( )1 508 kΩ
434 508 234 kΩ

234 234
234 0.7 234.7

4.020.997 4.03 V peak-to-peak
0.997

ib E

B ib

B ib S
b S S

B ib S

b S S S

R r R
R R

R R v
v v v

R R R

v v v v

π β= + + =
= =

= ⋅ = =
+ +

= ⇒ = ⇒ =
 

     c. 

          

( ) ( )
( ) ( )

1

2.63 101 5 1 86.8 kΩ

434 86.8 72.3 kΩ

ib E L

ib

B ib

R r R R

R

R R

π β= + +

= + =

= =  

          ( )( )03.499.099.0
7.03.72

3.72
==⋅⎟

⎠
⎞

⎜
⎝
⎛

+
= ssb υυυ  

          99.3=bυ V peak-to-peak 

           
( )( )
( )( ) b

LE

LE
o RRr

RR
υ

β
β

υ
π

⋅
++

+
=

1
1

 

                ( )( )
( )( ) ( )99.3

833.010163.2
833.0101

⋅
+

=  

           87.3=oυ V  peak-to-peak 
______________________________________________________________________________________ 
 
6.51 
          24604021 === RRRTH kΩ  

            ( ) 610
4060

60
=⎟

⎠
⎞

⎜
⎝
⎛

+
=THV V 

      For 75=β ,  ( )( ) 0131.0
57624

7.06
=

+
−

=BQI mA 

             984.0=CQI mA 

      For 150=β ,  ( )( ) 00680.0
515124

7.06
=

+
−

=BQI mA 

              02.1=CQI mA 

      For 75=β ,  ( )( ) 98.1
984.0

026.075
==πr kΩ  

      For 150=β ,  ( )( ) 82.3
02.1

026.0150
==πr kΩ  

      For 75=β ,  ( )( ) 3.651 =++= LEib RRrR βπ kΩ  
      For 150=β ,  130=ibR kΩ  

            
( )( )
( )( ) Sib

ib

LE

LE

RRRR

RRR

RRr
RR

A
+

⋅
++

+
=

21

21

1
1

β
β

π
υ  

     For 75=β , 5.173.65604021 ==ibRRR kΩ  

             ( )( )
( )( ) 789.0

45.17
5.17

833.07698.1
833.076

=
+

⋅
+

=υA  
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      For 150=β , 3.20130604021 ==ibRRR kΩ  

              ( )( )
( )( ) 811.0

43.20
3.20

833.015182.3
833.0151

=
+

⋅
+

=υA  

     So 0.789 0.811
v

A≤ ≤  

          

( )

( )

( )

1

75
5 2476 17.0

5 1 24 65.3
150

5 24151 19.6
6 24 130

E TH

E L TH ib

i i

i i

i
R RA

R R R R

A A

A A

β

β

β

⎛ ⎞⎛ ⎞
= + ⎜ ⎟⎜ ⎟+ +⎝ ⎠⎝ ⎠
=

⎛ ⎞⎛ ⎞= ⇒ =⎜ ⎟⎜ ⎟+ +⎝ ⎠⎝ ⎠
=

⎛ ⎞⎛ ⎞= ⇒ =⎜ ⎟⎜ ⎟+⎝ ⎠⎝ ⎠  
          17.0 19.6iA≤ ≤  
______________________________________________________________________________________ 
 
6.52 
     (a) 

       

( ) ( )9 100 on
1

9 0.7
100

1
8.350 2.803 mA

100 1
51
8.3200 5.543 mA

100 1
201

E
BE E E

E

E

E

E

I V I R

I
R

I

I

β

β

β

β

⎛ ⎞
= + +⎜ ⎟+⎝ ⎠

−
=
⎛ ⎞

+⎜ ⎟+⎝ ⎠

= = =
⎛ ⎞ +⎜ ⎟
⎝ ⎠

= = =
⎛ ⎞ +⎜ ⎟
⎝ ⎠  

       2.80 5.54 mAEI≤ ≤  
       , 50, 2.80 VE E E EV I R Vβ= = =  
       200, 5.54 VEVβ = =  
     (b) 50, 2.748 mA, 0.473 KCQI rπβ = = =  

          200, 5.515 mA, 0.943 KCQI rπβ = = =  
               ( )( )[ ]LEBi RRrRR βπ ++= 1  

          50=β ,  ( )( )[ ] 6.2097.251001151473.0100 ==+=iR kΩ  

          200=β ,  ( )( )[ ] 3.504.10110011201943.0100 ==+=iR kΩ  
     From Fig. (6.68) 
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( )( )
( )( )
( )( )

( )( )

( )( )
( )( )

1
1

51 1 1 20.6
20.6 100.473 51 1 1

50 0.661

201 1 1 50.3200
50.3 100.943 201 1 1

0.826

E L i
v

i SE L

v

v

v

R R R
A

R Rr R R

A

A

A

π

β

β

β

β

+ ⎛ ⎞
= ⋅⎜ ⎟++ + ⎝ ⎠

⎛ ⎞= ⋅⎜ ⎟++ ⎝ ⎠

= ⇒ =

⎛ ⎞= ⇒ = ⎜ ⎟++ ⎝ ⎠

=  
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6.53 

          

( )

( )
( )
( )

( ) ( )

1

1

1
so 

1
For 100,  0.5 

100 0.026
5.2 

0.5

o b L

s
b

L

L
v

L

L

V I R
VI

r R

R
A

r R
R k

r k

π

π

π

β

β

β
β

β

= +

=
+ +

+
=

+ +

= = Ω

= = Ω
 

     

( ) ( )( )
( )( )

( )( )

( ) ( )( )
( )( )

101 0.5
Then min 0.9066

5.2 101 0.5
Then 180,  500 

180 0.026
9.36 

0.5
181 500

Then max 0.9999
9.36 181 500

v

L

v

A

R k

r k

A

π

β

= =
+

= = Ω

= = Ω

= =
+  
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6.54 

(a) EEQCCCEQ RIVV −=  
Let 5.2=CEQV V,  then  ( ) 55.055.2 =≅⇒−= CQEQEQ III mA,  04167.0=BQI mA 

( )( ) 624.0
5

026.0120
==πr kΩ  

           ( )( ) ( )( ) 87.305.05.0121624.01 =+=++= LEib RRrR βπ  kΩ  

           ( ) ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

+=
LE

E

ibTH

TH
i RR

R
RR

R
A β1  

            ( ) 113.6
5.05.0

5.0
87.30

12110 =⇒⎟
⎠
⎞

⎜
⎝
⎛

+⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

= TH
TH

TH R
R

R
kΩ  

           ( ) ( )( ) ( )( ) 455.35.057.0113.604167.0 =++=++= EEQBETHBQTH RIonVRIV V 

           ( )( )5113.611455.3
11 R

VR
R

V CCTHTH =⋅⋅==  

         So  85.81 =R kΩ   and  8.192 =R kΩ  
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          Ω=⇒=
+

= 10.5
121
624.05.0

1 oEo R
r

RR
β

π  

(b) ( ) ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

+=
LE

E

ibTH

TH
i RR

R
RR

R
A β1  

       ( )( ) ( )( ) 02.4925.0121624.01 =+=++= LEib RRrR βπ  kΩ  

       ( ) 68.2
25.0

5.0
02.49113.6

113.6121 =⎟
⎠
⎞

⎜
⎝
⎛

+
⎟
⎠
⎞

⎜
⎝
⎛

+
=iA  
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6.55 

          

( )

( )( )

( )( )

( ) ( )

( )( ) ( )
1 1

where 1
5 3.53.5, 0.75 

2
120 0.026

4.16 
0.75

4.16 121 2 246 
Then 120 246 234 

0.75 0.00625 
120

1
1 1 234 5 0.00625 2

i TH ib ib E

CEQ CQ

ib

i TH TH

BQ

TH BQ TH BE BQ E

TH CC

R R R R r R

V I mA

r k

R k
R R R k

I mA

V I R V on I R

R V
R R

π β

β

π

= = + +
−

= =

= = Ω

= + = Ω
= = ⇒ = Ω

= =

= + + +

⋅ ⋅ = = ( ) ( )( )( )

1 2 and 

34 0.7 121 0.00625 2

which yields 318 886 R k R k

+ +

= Ω = Ω  
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6.56 
     a. 

          

( ) ( )

1
2

12Let 24  and 12 V 0.5 A24
0.493 A,  6.58 mA

75 0.026
3.96 

0.493

E CEQ CC EQ

CQ BQ

R V V I

I I

r
π

= Ω = = ⇒ = =

= =

= = Ω
 

           
 

          

( )0 1 E
b

E L

TH
b S

TH ib

RI I
R R

RI I
R R

β
⎛ ⎞

= + ⎜ ⎟+⎝ ⎠
⎛ ⎞

= ⎜ ⎟+⎝ ⎠  
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          ( )( )LEib RRrR βπ ++= 1  

               ( )( ) 4608247696.3 =⇒+= ibR Ω  

          

( )

( )

0 1

248 76
24 8 460

0.140 74.9  (Minimum value)
460

THE
i

S E L TH ib

TH

TH

TH
TH

TH

RI RA
I R R R R

R
R

R R
R

β
⎛ ⎞⎛ ⎞

= = + ⎜ ⎟⎜ ⎟+ +⎝ ⎠⎝ ⎠
⎛ ⎞⎛ ⎞= ⎜ ⎟⎜ ⎟+ +⎝ ⎠⎝ ⎠

= ⇒ = Ω
+  

     dc analysis: 

          

( )

( )( ) ( )( ) ( )( )

1

1

2
1 2

2

,  

1

on
1 74.9 24 0.00658 74.9 0.70 0.5 24

13.19
136136 74.9 167 

136

TH TH CC

BQ TH BE EQ E

V R V
R

I R V I R

R

RR R
R

= ⋅ ⋅

= + +

= + +

=

= Ω = ⇒ = Ω
+  

     b. 

           
 

          

( )( )

1
6

For 0.493 0.493 6 Max. swing in output voltage for this design
5.92 V peak-to-peak

C ce

ceC

i v

i v

Δ = − Δ

Δ = ⇒ Δ = ⇒
=

 
     c. 

          
0 0

3.96 24 0.0521 24 52 m
1 76E

rR R Rπ

β
= = = ⇒ = Ω

+  
______________________________________________________________________________________ 
 
 
 
 
 
 
 
 
 
 
 



Microelectronics: Circuit Analysis and Design, 4th edition                                                                Chapter 6 
By D. A. Neamen                                                                                                                  Problem Solutions 
______________________________________________________________________________________ 
 
6.57 
     The output of the emitter follower is 

          
L

o TH
L o

Rv v
R R

⎛ ⎞
= ⋅⎜ ⎟+⎝ ⎠  

           
 

     For Ov  to be within 5% for a range of ,LR
 we have 

          

( )
( ) ( ) ( )

( )

( )

min max
0.95

min max
4 100.95  which yields 0.364 

4 10

L L

L o L o

o
o o

R R
R R R R

R k
R R

=
+ +

= = Ω
+ +  

 

     We have  oE
S

o rR
RRRr

R ⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛

+

+
=

β
π

1
21  

     The first term dominates 
     Let SS RRRR ≅21 , then 

             
ββ

ππ

+
+

=⇒
+
+

≅
1

4
364.0

1
rRr

R S
o  

     ( )
4 4or 0.364

1 1 1 1
T

CQ

r V
I

π β
β β β β

= + = +
+ + + +  

          

40.364
1

T

CQ

V
I β

≅ +
+  

     The factor 

4
1 β+  is in the range of 

4 0.044
91

=
 to 

4 0.0305.
131

=
 We can set 

0.32 T
o

CQ

VR
I

≅ =
 

     Or 0.08125 .CQI mA=  To take into account other factors, set 0.15 ,CQI mA=  

         
0.15 0.00136 
110BQI mA= =

 

     For 5 ,CEQV V≅  set 
5 33.3 

0.15ER k= = Ω
 

     Design a bias stable circuit. 

          

( ) ( )( )

( )( ) ( )( )( )
( ) ( )

2

1 2 1

110 5 10 5

0.1 1 0.1 111 33.3 370 
1 5

TH

TH E

TH TH BE BQ E

TH

BQ

RV R
R R R

R R k
V I R V on I R

β
β

⎛ ⎞
= − = −⎜ ⎟+⎝ ⎠
= + = = Ω
= + + + −  
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( )( ) ( )( ) ( )( )( )

( )( )
( )( )

( )( )

1 2

 and 

1So 370 10 5 0.00136 370 0.7 111 0.00136 33.3 5 
1

which yields 594  and 981 

1
Now 

1

1

E L TH ib

TH ib SE L

T
ib E L

CQ

R

R k R k

R R R R
Av R R Rr R R

VR r R R r
I

π

π π

β
β

ββ

− = + + −

= Ω = Ω

+ ⎛ ⎞
= ⋅⎜ ⎟++ + ⎝ ⎠

= + + =
 

     
For 90,  4 ,LR kβ = = Ω

 
            6.15=πr kΩ ,  6.340=ibR kΩ  

            
( )( )

( )( ) 9332.0
46.340370

6.340370
43.33916.15

43.3391
=⇒

+
⋅

+
= υυ AA  

     
For 90,  10 LR kβ = = Ω

 
          4.715=ibR kΩ  

           
( )( )

( )( ) 9625.0
44.715370

4.715370
103.33916.15

103.3391
=⇒

+
⋅

+
= υυ AA  

     
For 130,  4 LR kβ = = Ω

 
          5.22=πr kΩ ,  490=ibR kΩ  

          
( )( )

( )( ) 9360.0
4490370

490370
43.331315.22

43.33131
=⇒

+
⋅

+
= υυ AA  

 

     
For 130,  10 LR kβ = = Ω

 
          1030=ibR kΩ  

            
( )( )

( )( ) 9645.0
41030370

1030370
103.331315.22

103.33131
=⇒

+
⋅

+
= υυ AA  

     

( ) ( )
( ) ( )

Now min min . 3.73sin
max max . 3.86sin

3.5%

v

S

O S

O

O

O

v A v t
v A v tv

v
v

ω
ω

= =
= =

Δ
=

 
______________________________________________________________________________________ 
 
6.58 

           

( ) ( )( )
( ) ( ) ( )

( )
( ) ( ) ( ) ( )

2 21 12

so 0.289 2 0.289
0.409 

0.409 12 4.91 
4.91Need a gain of 0.982

5

AVG L L L

L L

L

L L L

P i rms R i rms

i rms A i peak
i peak A
v peak i peak R V

= ⇒ =

= ⇒ =
=
= ⋅ = =

=
 

     With 10 ,SR k= Ω  we will not be able to meet this voltage gain requirement. Need to insert a buffer or an   
         op-amp voltage follower (see Chapter 9) between SR  and 1CC . 
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( )( )
( )

( )

( )( )

1Set 0.5 ,  12 12 8 
3

24 0.5 8 32 

50Let 50,  0.5 0.49 
51

50 0.026
2.65 

0.49

EQ CEQ

EQ E CEQ E E

CQ

T

CQ

I A V V

I R V R R

I A

Vr
Iπ

β

β

= = − − =

= + = + ⇒ = Ω

= = =

= = = Ω
 

     

( )( ) ( )( )

( )( )
( )( )

( )( )
( )( )

1 2.65 51 32 12

448 

1 51 32 12
0.994

1 2.65 51 32 12

ib E L

ib

E L
v

E L

R r R R

R

R R
A

r R R

π

π

β

β

β

= + + = +

= Ω

+
= = =

+ + +
 

     So gain requirement has been met. 

          

( ) ( )

( ) ( ) ( )( )

1 2

1 2

2

1 2

1 22

1 2

0.49 0.0098 9.8 
50

24Let 10 98 

So that 245 

24 12 12

0.0098
24 0.7 0.5 32

245 245
Now 245

BQ

R B

TH BQ TH BE EQ E

I A mA

I I mA
R R

R R
RV I R V on I R

R R
R RR

R R

= = =

≅ ≅ =
+

+ = Ω

= − = + + −
+

⎛ ⎞ = + +⎜ ⎟
⎝ ⎠

= −  
     So we obtain 

          
5 2

2 2 2 14 10 0.0882 16.7 0 which yields 175  and 70 R R R R−× + − = = Ω = Ω  
______________________________________________________________________________________ 
 
6.59 

(a) 46.38
026.0
1

==mg mA/V 

       ( )( ) 9.76246.38 === Cm RgAυ  

(b) 9917.0
121
120

1
==

+
=

β
β

iA  

(c) 
β

π

+
=

1
r

Ri ,   ( )( ) 12.3
1

026.0120
==πr kΩ  

        Ω=⇒= 8.25
121

12.3
ii RR  

(d) 2== Co RR kΩ  
______________________________________________________________________________________ 
 
6.60 

(a) ( ) 975.12
81
80

=⎟
⎠
⎞

⎜
⎝
⎛=CQI mA 

        97.75
026.0
975.1

==mg mA/V,  ( )( ) 053.1
975.1

026.080
==πr kΩ  
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       ( ) ( )( ) 2.715.25.197.75 === LCm RRgAυ  

(b) 370.0
5.25.1

5.1
81
80

1
=⎟

⎠
⎞

⎜
⎝
⎛

+
⎟
⎠
⎞

⎜
⎝
⎛=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

=
LC

C
i RR

R
A

β
β  

(c) Ω=⇒=
+

= 13
81
053.1

1 ii R
r

R
β

π  

(d) 5.40
975.1
80

==or kΩ  

(i) 5.40== ooc rR kΩ  

(ii) 916.05.25.15.40 === LCoo RRrR kΩ  
______________________________________________________________________________________ 
 
6.61 

(a) ( ) 4955.05.0
111
110

=⎟
⎠
⎞

⎜
⎝
⎛=CQI mA 

        06.19
026.0
4955.0

==mg mA/V,  ( )( ) 77.5
4955.0

026.0110
==πr kΩ  

        ( ) ( )[ ]105198.024.761
111

77.5
1
406.19

1
=⎥⎦

⎤
⎢⎣
⎡
⎟
⎠
⎞

⎜
⎝
⎛=⎥

⎦

⎤
⎢
⎣

⎡
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
= S

S

C
m R

r
R
R

gA
β

π
υ  

        77.3=υA  

(b) 991.0
111
110

1
==

+
=

β
β

iA  

(c) 052.1
111

77.51
1

=+=
+

+=
β

πrRR Si kΩ  

(d) 4== Co RR kΩ  
______________________________________________________________________________________ 
 
6.62 

(a) 25.0
8.2
7.0

2 ==RI mA 

       25.125.050.1 =−≅CQI mA 
        ( )( ) 95.18.2525.0 =+=CV V CEQV=  

(b) 08.48
026.0
25.1

==mg mA/V,  ( )( ) 5.2
25.1

026.0120
==πr kΩ  

       ( ) ( )( ) 3.16010508.481 === Lm RRgAυ  

(c) 3306.0
105

5
121
120

1 1

1 =⎟
⎠
⎞

⎜
⎝
⎛

+
⎟
⎠
⎞

⎜
⎝
⎛=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

=
L

i RR
R

A
β

β  

______________________________________________________________________________________ 
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6.63 
     (a) 

          

( )( ) ( )( )

10 0.7 0.93 mA
10

0.921 mA

20 0.93 10 0.921 5
6.10 V

EQ

CQ

ECQ

ECQ

I

I

V
V

−
= =

=

= − −
=

 
     (b) 

          

( ) ( )( )

0.921 35.42 mA/V
0.026

35.42 5 50

161

m

v m C L

v

g

A g R R

A

= =

= =

=  
______________________________________________________________________________________ 
 
6.64 

     (a) 0.93 mA, 0.921 mAEQ CQI I= =  

          6.10 VECQV =  

     (b) 

0.921 35.42 mA/V 2.82 K
0.026mg rπ= = =

 
     From Eq. 6.90 

          

( )

( )( )

( )( ) [ ]

1

35.42 50 5 2.82 10 0.1
0.1 101

35.42 4.545
0.0218

0.1
35.1

C L
v m E S

S

v

v

R R rA g R R
R

A

A

π

β
⎡ ⎤

= ⎢ ⎥+⎣ ⎦

⎡ ⎤= ⎢ ⎥⎣ ⎦

=

=  
______________________________________________________________________________________ 
 
6.65 

     (a) 1 mA, 0.9917 mAEQ CQI I= =  

          

( )( )5 0.9917 2 3.017 V
0.7 V

3.72 V

C

E

CEQ

V
V

V

= − =
= −
=

 
     (b) 

          

( )

( )( )

0.9917 38.14 mA/V
0.026
38.14 2 10 63.6

v m C L

m

v v

A g R R

g

A A

=

= =

= ⇒ =
 

______________________________________________________________________________________ 
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6.66 
     a. Emitter current 

          

( )( )
( )

( )( )

0 5 mA
0 5 0 00495 mA
101

0 5 1 0 5 V

on 0 5 0 7 1 20 V

1 20 0 00495 100 1 7 V

EQ CC

BQ

E EQ E E

B E BE B

C B BQ B C

I I .
.I .

V I R . V .

V V V . . V .

V V I R . . V .

= =

= =

= = ⇒ =

= + = + ⇒ =

= + = + ⇒ =  
     b. 

          

( )( )
( )( )
( )( )

100 0 026
5 25 k

100 0 00495

100 0 00495
19 0 mA/V

0 026m

.
r .

.

.
g .

.

π = = Ω

= =
 

           

           
 
          ( )LBmo RRVgV π−=  

          
( ) ( ) ss

SieE

ieE VV
RRR

RR
V 4971.0−=⋅

+

−
=π  

          ( )( ) ( )11004971.019 so VV =  
          37.9=υA  
     c. 

           
 

          π
π

Vg
r
V

R
V

I m
X

E

X
X −+= ,  XVV −=π  

          m
EiX

X g
rRRV

I
++==

π

111  

     or  05252.084.0
19
1253.511
===

m
Ei g

rRR π  

           Ω= 4.49iR  
______________________________________________________________________________________ 
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6.67 

(a) 5.375015021 === RRRTH  kΩ  

        ( ) 25.29
15050

50

21

2 =⎟
⎠
⎞

⎜
⎝
⎛

+
=⋅⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

= CCTH V
RR

R
V V 

        ( ) ( ) EBQBETHBQTH RIonVRIV β+++= 1  

     or  ( )( ) 00373.0
31265.37

7.025.2
=

+
−

=BQI mA,  4663.0=CQI mA,  470.0=EQI mA 

         ( )( ) ( )( ) 79.43470.064663.09 =−−=CEQV V 

(b) 93.17
026.0
4663.0

==mg mA/V,  ( )( ) 97.6
4663.0

026.0125
==πr kΩ  

       ( )LC
ieES

ES

s

o
m RR

RRR
RR

i
R ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛

+
==

β
βυ

1
 

    We find  913.23100 ==ES RR  kΩ  

                   3529.0
126

5.3797.6
1

=
+

=
+
+

=
β

π TH
ie

Rr
R kΩ  

        ( ) 12.246
126
125

3529.0913.2
913.2

=⎟
⎠
⎞

⎜
⎝
⎛
⎟
⎠
⎞

⎜
⎝
⎛

+
=mR V/mA 

(c) ( ) ( ) ( )3148.03529.03100 ssieESss iiRRRi ===υ  

    So  
3148.0

s
si

υ
=  

   Then  73.6
3148.0

12.2
==⋅==

s

s

s

o

s

o i
i

A
υ

υ
υ
υ

υ  

______________________________________________________________________________________ 
 
6.68 

(a) ( )ECCQCCCEQ RRIVV +−≅  
         Let 5.2=CEQV V  and  25.0=CQI mA 
         Then  ( )( ) 5.95.025.055.2 =⇒+−= CC RR kΩ  

            ( ) ( )LCeLCco RRiRRi ⋅⋅⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

==
β

βυ
1

 

             

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+
+

==

β

υυ

π

1
TH

s

ie

s
e RrR

i  

 

             ( )LC
THs

o RR
Rr

A ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

==
π

υ
β

υ
υ

 

          Now  ( )( ) 4.10
25.0

026.0100
==πr kΩ  

            ( ) 81.10
4.10

2.530125.9
4.10
10025 =⇒

+
=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

== TH
THTH

R
RR

Aυ kΩ  

          Also  0025.0=BQI mA 
          ( ) ( ) ( )( ) ( )( )( )5.00025.01017.081.100025.01 ++=+++= EBQBETHBQTH RIonVRIV β  
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          ( )( )581.1011853275.0
11 R

VR
R

V CCTHTH =⋅⋅==  

        We obtain  3.631 =R kΩ   and  132 =R kΩ  
(b) From part (a),  25.0=CQI mA,  5.2=CEQV V 

(c) ( )LCm RRgA =υ  

        615.9
026.0
25.0

==mg mA/V 

       ( )( ) 51125.9615.9 ==υA  
______________________________________________________________________________________ 
 
6.69 
     (a) 

          

( )

( ) ( )

60 1 0.984 mA
61

1 100 0.7
61

2.34 V

CQ CQ

CEQ BQ B BE

CEQ

I I

V I R V on

V

⎛ ⎞= ⇒ =⎜ ⎟
⎝ ⎠

⎛ ⎞= + = +⎜ ⎟
⎝ ⎠

=
 

     (b) 

          

( )
1

0.984 37.85 mA/V
0.026
1.59 K

B L
v m S

S

m

R R r
A g R

R

g

r

π

π

β
⎡ ⎤

= ⎢ ⎥+⎣ ⎦

= =

=  

          

( )( )37.85 100 2 1.59 0.05
0.05 61

1484 0.0261 0.05

25.4

v

v

A

A

⎡ ⎤= ⎢ ⎥⎣ ⎦
= ⎡ ⎤⎣ ⎦
=  

______________________________________________________________________________________ 
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6.70 
           ( ) 5.2=peakis μ A,  ( ) 5=peakVo mV 

     So we need  2102
105.2

105 3
6

3

=⇒Ω×=
×
×

==
−

−

m
s

o
m R

i
R

υ
kΩ  

     We have 

          

( )

( )

1

Let 4 ,  5 ,  2 
Now 120,  so we have

1202 4 5 2 204
121

Then 0 9075

50 2 1 923 ,  so tha

S Eo
C L

s S E ie

C L E

S E S E

S E ie S E ie

S E

S E e

S E

R RV R R
I R R R

R k R k R k

R R R R
.

R R R R R R

R R
.

R R R
R R . k

β
β

β

⎛ ⎞⎛ ⎞
= ⎜ ⎟⎜ ⎟ ⎜ ⎟+ +⎝ ⎠ ⎝ ⎠

= Ω = Ω = Ω
=

⎛ ⎞ ⎛ ⎞⎛ ⎞= =⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟ ⎜ ⎟+ +⎝ ⎠ ⎝ ⎠ ⎝ ⎠

=
+

= = Ω

( )
( )

( )( )

( )

t  0 196 
Assume 3 

5 4 2 3 0 333 
120 0 026

9 37 
0 333

9 370 196
1 121

which yields 14 35 
Now 

1 0 00833 ,  
120

ie

CEQ

CC CQ C E CEQ

CQ CQ

TH TH
ie

TH

TH BQ TH BE EQ E

BQ EQ

R . k
V V

V I R R V
I I . mA

.
r . k

.
r R . RR .

R . k
V I R V on I R

I . mA I

π

π

β

= Ω
=

≅ + +
= + + ⇒ =

= = Ω

+ +
= ⇒ =

+
= Ω

= + +

= = ( )

( )( ) ( )( ) ( )( )
1 1

1

2

121 1 1 008 
120

1 1 14 35 5 0 00833 14 35 0 7 1 008 2

which yields 25 3 
and 33 2 

TH TH CC

. mA

V R V . . . . .
R R

R . k
R . k

⎛ ⎞= =⎜ ⎟
⎝ ⎠

= ⋅ ⋅ = = + +

= Ω
= Ω  

______________________________________________________________________________________ 
 
6.71 
     a. 

          

( )
( )( )

20 0.7 1.93 mA
10

1.91 mA

on
25 0.7 1.91 6.5 13.3 V

EQ

CQ

ECQ CC EB C C

ECQ

I

I

V V V I R
V

−
= =

=

= + −
= + − ⇒ =
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     b. 

           
 
     Neglect effect oeh  
     Assume 

          

2 45 3 7 k
80 120

ie

fe

. h .
h

≤ ≤ Ω
≤ ≤  

          ( )( )LCbfeo RRIhV =  

          
fe

ie
ie h

h
R

+
=

1
,  s

ieE

E
e I

RR
R

I ⋅⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

=  

          ⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

+
=

fe

e
b h

I
I

1
 ,   ( )ieES

s
s RRR

V
I

+
=  

          ( ) ⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

+⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛

+
=

ieESieE

E
LC

fe

fe

RRRRR
R

RR
h

h
A 1

1υ  

     High gain device: 3 7 k , 120ie feh . h= Ω =  

          0306.0
121

7.3
==ieR kΩ  

            0305.00306.010 ==ieE RR kΩ  

            ( ) 711.2
0305.01

1
0306.010

1055.6
121
120

=⇒⎟
⎠
⎞

⎜
⎝
⎛
+

⎟
⎠
⎞

⎜
⎝
⎛

+
⎟
⎠
⎞

⎜
⎝
⎛= υυ AA  

     Low gain device: 2 45 k , 80ie feh . h= Ω =  

          03025.0
81
45.2

==ieR kΩ  

            0302.003025.010 ==ieE RR kΩ  

             ( ) 70.2
0302.01
1

03025.010
1055.6

81
80

=⇒⎟
⎠
⎞

⎜
⎝
⎛
+

⎟
⎠
⎞

⎜
⎝
⎛

+
⎟
⎠
⎞

⎜
⎝
⎛= υυ AA  

          2 70 2 71v. A .≤ ≤   So υA ≅ constant 
     c. 
          ieEi RRR =  

     We found 0 0302 0 0305 ki. R .≤ ≤ Ω  

     Neglecting 
,  6 5 koe o Ch R R .= = Ω

 
______________________________________________________________________________________ 
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6.72 
     a. Small-signal voltage gain 
          ( ) ( )125 CmLCm RgRRgA =⇒=υ  
     For 3=ECQV V,  ( ) 3.27.03 −=+−=+−= onVVV EBECQC V 

            
CC

CQCCCQCC RR
IVRIV 7.23.250 =

−
=⇒=+−  

     For 1=CQI mA,  7.2=CR kΩ  

            5.38
026.0
1

==mg mA/V 

            ( )( ) 1.2817.25.38 ==υA  

     Design criterion satisfied and ECQV  satisfied. 

          

( )

( )

101 1 1.01 mA
100

5 0.7on 4.26 k
1.01

E

EE E E EB E E

I

V I R V R R

⎛ ⎞= =⎜ ⎟
⎝ ⎠

−
= + ⇒ = ⇒ = Ω

 
     b. 

          

( )( )
  

100 0.026
2.6 k , 38.5 mA/V,

1 m
T

o
CQ

Vr r g r
Iπ π
β

= = ⇒ = Ω = = ∞
 

______________________________________________________________________________________ 
 
6.73 

(a) 46.38
026.0
1

21 === mm gg mA/V 

        ( )( ) 12.3
1

026.0120
1 ==πr kΩ ,  ( )( ) 08.2

1
026.080

2 ==πr kΩ  

       

( )

( ) ⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

+
++

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

+
+

==

2

2
11

2

2
1

1
1

1
1

1
1

β
β

β
β

π
π

π

υ
r

Rr

r
R

V
V

A

E

E

i

o  

   We find  02504.0
81
08.21

1 2

2 ==
+ β
πrRE kΩ  

   Then  ( )( )
( )( ) 4927.0

02504.012112.3
02504.0121

1 =
+

=υA  

(b) ( )( ) 8.153446.382
1

2
2 ==== Cm

o

o Rg
V
V

Aυ  

(c) ( )( ) 8.758.1534927.021 ==⋅= υυυ AAA  
______________________________________________________________________________________ 
 
6.74 

(a) 23.19
026.0

5.0
1 ==mg mA/V,  92.76

026.0
2

2 ==mg mA/V 

        ( )( ) 2.5
5.0
026.0100

1 ==πr kΩ ,  ( )( ) 3.1
2

026.0100
2 ==πr kΩ  
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       ( )211
1

1 ibCm
i

o RRg
V
V

A −==υ  

    where  ( ) ( )( ) 3.40541013.11 2222 =+=++= Eib RrR βπ kΩ  
        ( )( ) 17.763.405423.191 −=−=υA  

(b) 
( )( )

( )
( )( )
( )( ) 9968.0

41013.1
4101

1
1

222

22

1

2
2 =

+
=

++
+

==
E

E

o

o

Rr
R

V
V

A
β

β

π
υ  

(c) ( )( ) 93.759968.017.7621 −=−=⋅= υυυ AAA  
______________________________________________________________________________________ 
 
6.75 
     a. 
           

          ( ) 0.210
8020

20

21

2
1 =⎟

⎠
⎞

⎜
⎝
⎛

+
=⋅⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

= CCTH V
RR

R
V V 

           168020211 === RRRTH kΩ  

           ( )( ) 0111.0
110116

7.02
1 =

+
−

=BI mA 

           11.11 =CI mA;  74.42
026.0
11.1

1 ==mg mA/V 

            ( )( ) 34.2
11.1

026.0100
1 ==πr kΩ  

            ∞=
∞

=
11.11or  

          ( ) 50.110
8515

15

43

4
2 =⎟

⎠
⎞

⎜
⎝
⎛

+
=⋅⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

= CCTH V
RR

R
V V 

           75.128515432 === RRRTH kΩ  

          

( )( )

( )( )

2

2 2

2 2

02

1.50 0.70 0.01265 mA
12.75 101 0.5

1.2651.265 mA 48.65 mA/V
0.026

100 0.026
2.06 k

1.26

B

C m m2

I

I g g

r r

r

π π

−
= =

+

= ⇒ = ⇒ =

= ⇒ = Ω

= ∞
 

     b. 

          

( )( )
( ) ( )( )

1 1 1 1

2 2 2 2

42.7 2 85.48

48.5 4 4 97.3
v m C v

v m C L v

A g R A

A g R R A

⇒= − = − = −

= − = − ⇒ = −
 

     c. Input resistance of 2nd stage 
          06.275.1206.285152432 === πrRRRi  

          773.12 =iR kΩ  
           ( ) ( )( )773.127.422111 −=−=′ iCm RRgAυ  
           17.401 −=′υA  
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( )( )
( )( )1 2

Overall gain: 40.17 97.3 3909

If we had 85.48 97.3 8317
v v

v v

A A

A A

= − − ⇒ =

⋅ = − − =  
     Loading effect reduces overall gain 
______________________________________________________________________________________ 
 
6.76 
     a. 

          ( ) 905.112
3.677.12

7.12

21

2
1 =⎟

⎠
⎞

⎜
⎝
⎛

+
=⋅⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

= CCTH V
RR

R
V V 

           68.103.677.12211 === RRRTH kΩ  

           ( )( ) 00477.0
212168.10

7.0905.1
1 =

+
−

=BI mA 

           572.01 =CI mA 

                   22
026.0
572.0

1 ==mg mA/V 

                   ( )( ) 45.5
572.0

026.0120
1 ==πr kΩ  

                   ∞=
∞

=
572.01or  

          ( ) 0.912
1545

45

43

4
2 =⎟

⎠
⎞

⎜
⎝
⎛

+
=⋅⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

= CCTH V
RR

R
V V 

           25.114515432 === RRRTH  kΩ  

            ( )( ) 0405.0
6.112125.11

7.00.9
2 =

+
−

=BI mA 

            86.42 =CI mA 

                  187
026.0
86.4

2 ==mg mA/V 

                   ( )( ) 642.0
86.4

026.0120
2 ==πr kΩ ,  ∞=2or  

     b. 

          

( ) ( ) ( ) ( )

( ) ( )

1

1 1

2

2 2

0.577 mA
12 0.572 10 0.577 2 5.13 V

4.90
12 4.90 1.6 4.16 V

E

CEQ CEQ

E

CEQ CEQ

I
V V

I
V V

=
= − − ⇒ =

=
= − ⇒ =
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          ibi RRRR 432 =  

          ( )( )LEib RRrR 22 1 βπ ++=  

                ( )( ) 8.2625.06.1121642.0 =+= kΩ  

           92.78.2645152 ==iR kΩ  
     c. 
          ( ) ( )( ) 2.9792.71022 12111 −=⇒−=−= υυ ARRgA iCm  

          
( )( )

( )( )
( )( )

( )( )216.0121642.0
216.0121

1
1

22

2
2 +

=
++

+
=

LE

LE

RRr
RR

A
β

β

π
υ  

          976.02 =υA  
     Overall gain,  ( )( ) 9.94976.02.97 −=−=υA  
     d. 
          61.345.57.123.67121 === πrRRRiS kΩ  

            2
2

1 E
S

o R
Rr

R
β

π

+
+

=  

     where  29.5104515133 === CS RRRR kΩ  

             Ω=⇒=
+

= 6.476.1049.06.1
121

29.5642.0
oo RR  

     e. 

          

( )( )

1 ,  4.86
0.216 k

4.86 0.216 1.05 V
Max. output voltage swing 2.10 V peak-to-peak

C ce C

ce

i v i

v

−
Δ = ⋅Δ Δ =

Ω
Δ = =

=
 

______________________________________________________________________________________ 
 
6.77 

(a) ( ) 72
050.0

7.025
2 =

−
=RI mA,  4.1

5.0
7.0

1 ==RI mA 

       6.704.1722 =−=EI mA,  ( ) 73.696.70
81
80

2 =⎟
⎠
⎞

⎜
⎝
⎛=CI mA,  8716.0

81
6.70

2 ==BI mA 

       2716.28716.04.11 =+=EI mA,  ( ) 253.22716.2
121
120

1 =⎟
⎠
⎞

⎜
⎝
⎛=CI mA 
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(b) 

          
 

       65.86
026.0
253.2

1 ==mg mA/V,  9.2681
026.0

73.69
2 ==mg mA/V 

        ( )( ) 385.1
253.2

026.0120
1 ==πr kΩ ,  ( )( ) 02983.0

73.69
026.080

2 ==πr kΩ  

        os VVVV ++= 21 ππ  

        ( )05.02211
1

1

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+= ππ

π

π VgVg
r
V

V mmo  

        ( ) ( ) ( )4595.202983.05.065.86
385.1
15.0 11211

1

1
2 ππππ

π

π
π VVrVg

r
V

V m =⎟
⎠
⎞

⎜
⎝
⎛ +=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+=  

        ( ) ( ) ( ) ( )175.33405.04595.29.268165.86
385.1
1

111 πππ VVVVo =⎥
⎦

⎤
⎢
⎣

⎡
+⎟

⎠
⎞

⎜
⎝
⎛ +=  

        ( ) oos VVVVVVV ++=++= 4595.21121 ππππ  
     So  ( )( )28906.01 os VVV −=π  
    And  ( )( )( ) ( )ososo VVVVV −=−= 596.9628906.0175.334  

        990.0==
s

o

V
V

Aυ  

(c)  For ibR : 
         We have ( ) so VV 989754.0=  
         ( )( ) ( )( )28906.098975.0128906.01 −=−= sos VVVVπ ( )0029618.0sV=  

         6.467
0029618.0

1

1

1

=⇒=
⎟
⎠
⎞⎜

⎝
⎛

== ib
s

s

s
ib R

r

r
V

V
I
V

R π

π

π

kΩ  
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  For oR : 

 
          

(1) 021 =++ xVVV ππ  

(2) 
05.011

1

1
22

x
mmx

V
Vg

r
V

VgI =⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+++ π

π

π
π  

We had  ( )4595.212 ππ VV =  
(1) ( ) ( )28906.004595.2 111 xx VVVVV −=⇒=++ πππ  

(2) ( )
05.0

14595.2 1
1

112
x

mmx
V

g
r

VVgI =⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+++

π
ππ  

       ( )( )
05.0

65.86
385.1
14595.29.26811

x
x

V
VI =⎥

⎦

⎤
⎢
⎣

⎡
⎟
⎠
⎞

⎜
⎝
⎛ +++ π  

       ( )[ ]
05.0

5.668328906.0 x
xx

V
VI =−  

       Ω== 512.0
x

x
o I

V
R  

______________________________________________________________________________________ 
 
 
6.78 
     a. 

          

( )

( ) ( )

1 2

2

1 2

1 1 2 2 2
2

2 1 1

335 125 91.0 k

125 10 2.717 V
125 335

1 1

TH

TH CC

TH B TH BE BE E E

E E B

R R R

RV V
R R

V I R V V I R

I I Iβ β

= = = Ω

⎛ ⎞
= ⎜ ⎟+⎝ ⎠
⎛ ⎞= =⎜ ⎟+⎝ ⎠

= + + +

= + = +  
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( ) ( )

( ) ( )( )( )

1 12

1

2 1 1

2 2

2 1

2.717 1.40 0.128 
91.0 101 1
12.8 

1 100 101 0.128 
1.29 m , 1.31 m

1.29 0.0128 1.30 m

B B

C

C E B

C E

RC C C

I I

I

I I I
I I

I I I

μ

μ

β β β μ

−
= ⇒ = Α

+

= Α

= = + = Α
= Α = Α

= + = + = Α  

          

( ) ( )
( ) ( )2 2

2

1 2 2

1

10 10 1.30 2.2 7.14 V
1.30 1 1.30 V

7.14 1.30 5.84 V
5.84 0.7

5.14 V

C RC C

E E E

CE

CE CE BE

CE

V I R
V I R
V
V V V
V

= − = − =
= = =
= − =
= − = −
=  

     Summary: 

          

21

1 2

12.8 1.29 m
5.14 V 5.84 V

C C

CE CE

I I
V V

μ= Α = Α
= =  

     b. 

          

1

2

0.0128 0.492 m / V
0.026

1.292 49.7 m / V
0.026

m

m

g

g

= = Α

= = Α
 

           
 

          

( )0 1 1 2 2

1 2 1 2,
m m C

S S

V g V g V R
V V V V V V

π π

π π π π

= − +
= + = −  

          

1
2 1 1 2

1

2 1 2
1

1

m
V

V g V r
r

V V r
r

π
π π π

π

π π π
π

β

⎛ ⎞
= +⎜ ⎟
⎝ ⎠

⎛ ⎞+
= ⎜ ⎟

⎝ ⎠  

          

( )
( )

0 1 2 2 2

0 1 2 1 2

m S m C

m S m m C

V g V V g V R

V g V g g V R
π π

π

= − − +⎡ ⎤⎣ ⎦
= − + −⎡ ⎤⎣ ⎦  

 

          

( )( )

( ) ( )

2
2 2

1

2 2
2

1 1

1

1 1 1

S

S

r
V V V

r

r r
V V

r r

π
π π

π

π π
π

π π

β

β β

⎛ ⎞
= − + ⎜ ⎟

⎝ ⎠
⎡ ⎤⎛ ⎞ ⎛ ⎞
+ + = +⎢ ⎥⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠⎣ ⎦  
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( )
( )

( )

( )
( ) ( )

( )

2

1
0 1 2 1

2

1

0

1

1 1

2.0149.7 0.492 101
2030.492 2.2

2.011 101
203

55.2

S

m S m m C

v
S

v

rV
r

V g V g g R
r
r

VA
V

A

π

π

π

π

β

β

⎧ ⎫⎛ ⎞
+⎪ ⎪⎜ ⎟

⎪ ⎪⎝ ⎠= − + − ⋅⎨ ⎬
⎛ ⎞⎪ ⎪+ + ⎜ ⎟⎪ ⎪⎝ ⎠⎩ ⎭

=

⎧ ⎫⎛ ⎞− ⎜ ⎟⎪ ⎪⎪ ⎪⎝ ⎠= − +⎨ ⎬
⎛ ⎞⎪ ⎪+ ⎜ ⎟⎪ ⎪⎝ ⎠⎩ ⎭

= −  
     c. 

          

( )
( )( )

1 2

1 2

0

1
203 101 2.01 406 k
91 406 74.3 k

2.2 k

is ib

ib

is is

C

R R R R

R r r

R R

R R

π πβ

=

= + +
= + = Ω
= = Ω =

= = Ω
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6.79 

          
2

2
21 β

C
BiasBBiasE

I
IIII +=+=  

          ⎥
⎦

⎤
⎢
⎣

⎡
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

=
2

2

1

1
1 1 ββ

β C
BiasC

I
II  

 
 

(a) 12 == BiasC II mA,  004.1
80
11

121
120

1 =⎥⎦
⎤

⎢⎣
⎡ +⎟
⎠
⎞

⎜
⎝
⎛=CI mA 

       62.381 =mg mA/V,  108.31 =πr kΩ ,  68.791 =or kΩ  
           46.382 =mg mA/V,  08.22 =πr kΩ ,  502 =or kΩ  
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(1) 11
1

2
22

2
π

π
π Vg

r
VV

Vg
r
V

I m
o

x
m

o

x
x +

−
++=  

(2) 2
1

2
11

1

1
2 π

π
π

π

π
π r

r
VV

Vg
r
V

V
o

x
m ⋅⎥

⎦

⎤
⎢
⎣

⎡ −
++=  

(3) 2121 0 ππππ VVVV −=⇒=+  

     Then  (1) 21
1

2
22

2
π

π
π Vg

r
VV

Vg
r
V

I m
o

x
m

o

x
x −

−
++=  

 

                      ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−−+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+= 1

1
22

12

111
m

o
m

oo
xx g

r
gV

rr
VI π  

      (2)  ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+⋅⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
++−=

1

2
2

1
1

1
22

11

o
x

o
m r

r
Vr

r
g

r
VV π

π
π

ππ  

             ⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
=

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⋅⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+++

1
2

1
1

1
2

2111
o

x
o

m r
r

Vr
r

g
r

V π
π

π
π  

        Now  (2) ( ) ⎟
⎠
⎞

⎜
⎝
⎛=⎥

⎦

⎤
⎢
⎣

⎡
⎟
⎠
⎞

⎜
⎝
⎛ +++

68.79
08.208.2

68.79
162.38

108.3
112 xVVπ  

                       ( )00031825.02 xVV =π  

        Then (1) ( ) ⎟
⎠
⎞

⎜
⎝
⎛ −−+⎟

⎠
⎞

⎜
⎝
⎛ += 62.38

68.79
146.3800031825.0

68.79
1

50
1

xxx VVI ( )32495.0xV=  

            77.30==
x

x
o I

V
R kΩ  

(b) 12 =CI mA,  2.0=BiasI mA,  2107.0
80
12.0

121
120

1 =⎟
⎠
⎞

⎜
⎝
⎛ +⎟
⎠
⎞

⎜
⎝
⎛=CI mA 

       104.81 =mg mA/V,  81.141 =πr kΩ ,  7.3791 =or kΩ  
       46.382 =mg mA/V,  08.22 =πr kΩ ,  502 =or kΩ  

    Now  (2) ( ) ⎟
⎠
⎞

⎜
⎝
⎛=⎥

⎦

⎤
⎢
⎣

⎡
⎟
⎠
⎞

⎜
⎝
⎛ +++

7.379
08.208.2

7.379
1104.8

81.14
112 xVVπ  

                    ( )0003043.02 xVV =π  

(1) ( ) ⎟
⎠
⎞

⎜
⎝
⎛ −−+⎟

⎠
⎞

⎜
⎝
⎛ += 104.8

7.379
146.380003043.0

7.379
1

50
1

xxx VVI ( )031867.0xV=  

              38.31==
x

x
o I

V
R kΩ  

(c) 22 =CI mA,  0=BiasI ,  02479.0
80
2

121
120

1 =⎟
⎠
⎞

⎜
⎝
⎛
⎟
⎠
⎞

⎜
⎝
⎛=CI mA 

        9536.01 =mg mA/V,  9.1251 =πr kΩ ,  33271 =or kΩ  
        92.762 =mg mA/V,  04.12 =πr kΩ ,  252 =or kΩ  

     Now  (2) ( ) ⎟
⎠
⎞

⎜
⎝
⎛=⎥

⎦

⎤
⎢
⎣

⎡
⎟
⎠
⎞

⎜
⎝
⎛ +++

3327
04.104.1

3327
19536.0

9.125
112 xVVπ  

                     ( )00015627.02 xVV =π  

(1) ( ) ⎟
⎠
⎞

⎜
⎝
⎛ −−+⎟

⎠
⎞

⎜
⎝
⎛ += 9536.0

3327
192.7600015627.0

3327
1

25
1

xxx VVI ( )05217.0xV=  
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               17.19==
x

x
o I

V
R kΩ  

______________________________________________________________________________________ 
 
 
 
6.80 

(a) 69.577525021 === RRRTH kΩ  

        ( ) 1538.15
25075

75

21

2 =⎟
⎠
⎞

⎜
⎝
⎛

+
=⋅⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

= CCTH V
RR

R
V V 

        
( )

( ) ( )( ) 003483.0
6.012169.57

7.01538.1
1

=
+

−
=

++
−

=
ETH

BETH
BQ RR

onVV
I

β
mA 

         418.0=⇒ CQI mA,  4214.0=EQI mA 
         ( )( ) ( )( ) 406.26.04214.06.5418.05 =−−=CEQV V 
    For Q :   ( )( ) 01.1406.2418.0 === CEQCQQ VIP mW 

    For CR :  ( ) ( ) 978.06.5418.0 22 === CCQRC RIP mW 

    For ER :  ( ) ( ) 107.06.04214.0 22 === EEQRE RIP mW 
(b) ( ) Eib RrR βπ ++= 1  

        ( )( ) 464.7
418.0

026.0120
==πr kΩ  

       ( )( ) 06.806.0121464.7 =+=ibR kΩ  
       53.3306.8069.57 === ibTHi RRR kΩ  
       03.3453.335.0 =+=+= iSiS RRR kΩ  

        
iS

s
s R

i
υ

= ;  ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

=⋅⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

=
iS

s

ibTH

TH
s

ibTH

TH
b RRR

R
i

RR
R

i
υ

 

        ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

=
iS

s

ibTH

TH
c RRR

R
i

υ
β ;  ( ) ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

+=
iS

s

ibTH

TH
e RRR

R
i

υ
β1  

     Now  ( ) t
t

ic ω
ω

sin1477.0
03.34

sin1.0
06.8069.57

69.57120 =⎟
⎠

⎞
⎜
⎝

⎛
⎟
⎠
⎞

⎜
⎝
⎛

+
=  (mA) 

               tie ωsin1489.0=  (mA) 

     For CR :  ( ) ( ) 039.16.51477.0
2
1978.0

2
1 222 =+=+= CcCCQRC RIRIP mW 

     For ER : ( ) ( ) 1137.06.01489.0
2
1107.0

2
1 222 =+=+= EeEEQRE RIRIP mW 

     For Q :  942.000665.00611.001.1
2
1

2
1 22 =−−=−−= EeCcCEQCQQ RIRIVIP mW 

______________________________________________________________________________________ 
 
6.81 

(a) ( ) ( ) 01 =++++ −VRIonVRI EBQBEBBQ β  

       ( )( ) 007363.0
4121100

7.05
=

+
−

=BQI mA;  8836.0=CQI mA,  8909.0=EQI mA 

       ( )( ) ( )( ) 902.248909.048836.010 =−−=CEQV V 
    For Q :  ( )( ) 564.2902.28836.0 === CEQCQQ VIP mW 
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    For CR :  ( ) ( ) 123.348836.0 22 === CCQRC RIP mW 

    For ER :  ( ) ( ) 175.348909.0 22 === EEQRE RIP mW 
(b) ( ) ( )( ) 534.348836.0 ==Δ=Δ CCCE RIV V - Not possible 

 
 

       402.25.0902.2 =−=Δ CEV V 

    So  6005.0
4
402.2

==Δ CI mA 

   ( ) ( ) ( ) 721.046005.0
2
1

2
1 22 ==Δ= CCRC RIp mW 

______________________________________________________________________________________ 
 
6.82 
     a. 

         

( )( )

( )( ) ( )( )
EQ

10 0 7 0 00596 mA
50 151 10
0 894 mA, 0 90 mA
20 0 894 5 0 90 10 6 53 V

BQ

CQ

ECQ ECQ

.I .

I . I .
V . . V .

−
= =

+

= =
= − − ⇒ =  

          

( )( )

( ) ( )
( ) ( )

22

22

0 894 6 53 5 84 mW

0 894 5 4 0 mW

0 90 10 8 1 mW

Q CQ ECQ Q

RC CQ C RC

RE EQ E RE

P I V . . P .

P I R . P .

P I R . P .

≅ = ⇒ =

≅ = ⇒ =

≅ = ⇒ =
 

     b. 

           
 

          

( )( )

( ) ( )

( ) ( )

0

2

2

1
1.43 k
0.894 0.894 1.43 1.28 V

5 0.639 mA
5 2

1 0.639 2 0.408 mW
2
1 0.894 0.639 5 0.163 mW
2
0

5.84 0.408 0.163 5.27 mW

C ec

C ec

C

RL RL

RC RC

RE

Q Q

i v

i v

i i

P P

P P

P

P P

−
Δ = ⋅Δ

Ω
Δ = ⇒ Δ = =

⎛ ⎞Δ = Δ =⎜ ⎟+⎝ ⎠

= ⇒ =

= ⋅ − ⇒ =

=

= − − ⇒ =
 

______________________________________________________________________________________ 
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6.83 

          

( )( )

( )( ) ( )( )
EQ

10 0 70 0 00838 mA
100 101 10
0 838 mA, 0 846 mA
20 0 838 10 0 846 10 3 16 V

BQ

CQ

CEQ CEQ

.I .

I . I .
V . . V .

−
= =

+

= =
= − − ⇒ =  

 

           
 

          
0

100 119 k
0 838

r
.

= = Ω
 

     Neglecting base currents: 
     a. 

          

( )( )
( )2

1 k
1 1slope

10 1 119 0 902 k
1

0 902 k
0 838 0 902 0 838 0.756V

0.7561 0.286 mW
2 1

L

C ce

C ce

RL RL

R

.

i V
.

i . V . .

P P

= Ω
− −

= =
Ω

−
Δ = ⋅Δ

Ω
Δ = ⇒ Δ = =

= ⇒ =
 

     b. 

          

10 k
1 1slope 

10 10 119 4 80

LR

.

= Ω
− −

= =
 

     ( )( )For 0 838 0 838 4 80 4 02C cei . v . . .Δ = ⇒ Δ = =  

     
( )23 161Max. swing determined by voltage 0 499 mW

2 10RL RL

.
P P .= ⇒ =

 
______________________________________________________________________________________ 
 
6.84 
     a. 

          

( )( )

( )( ) ( )( )
EQ

10 0 7 0 00838 mA
100 101 10
0 838 mA, 0 846 mA
20 0 838 10 0 846 10 3 16 V

BQ

CQ

CEQ CEQ

.I .

I . I .
V . . V .

−
= =

+

= =
= − − ⇒ =  
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( )( )

( ) ( )22

0 838 3 16 2 65 mW

0 838 10 7 02 mW

Q CQ CEQ Q

RC CQ C RC

P I V . . P .

P I R . P .

≅ = ⇒ =

≅ = ⇒ =
 

 
 
 
     b. 

           
 

          

( )( )

( ) ( )

( ) ( )

0

2

2

1
0 909 k

For 0 838 0 909 0 838 0 762 V

10 0 762 mA
10 1

1 0 762 1 0 290 mW
2
1 0 838 0 762 10 0 0289 mW
2

2 65 0 290 0 0289 2 33 mW

C ce

C ce

C
C C

C L

RL RL

RC RC

Q Q

i v
.

i . v . . .

Ri i i .
R R

P . P .

P . . P .

P . . . P .

−
Δ = ⋅Δ

Ω
Δ = ⇒ Δ = =

⎛ ⎞ ⎛ ⎞Δ = Δ = Δ =⎜ ⎟ ⎜ ⎟+ +⎝ ⎠⎝ ⎠

= ⇒ =

= ⋅ − ⇒ =

= − − ⇒ =
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Chapter 7 
 
7.1 
     a. 

          

( )
( )

( )
( )

( )

0 1

1 1

1 1

1/
( )

1/

1
1

i

V s sC
T s

V s sC R

T s
sR C

= =
+⎡ ⎤⎣ ⎦

=
+

 
     b. 

           
 

          ( )( )3 6
1 1

1 1 159 Hz
2 2 10 10H Hf f

R Cπ π −
= = ⇒ =

 
     c. 

          
( ) ( )0

1 1

1
1iV s V s

sR C
= ⋅

+  

     For a step function 
( ) 1

iV s
s

=
 

          

( )

( )
( )
( )
( )

( )

( ) 1 1

1 2
0

1 1 1 1

1 1 1 2

1 1

1 1 1 1 2

1 1

2 1 1 1 1

1 1
0

1 1

1 1
/

0

1 1
1 1
1

1

1
 and 1

1
1

1 1
1

1 t R C

K KV s
s sR C s sR C
K sR C K s

s sR C

K s K R C K
s sR C

K K R C K
R CV s

s sR C

s s
R C

v t e−

= ⋅ = +
+ +

+ +
=

+

+ +
=

+

= − =
−

= +
+

= −
+

= −
 

______________________________________________________________________________________ 
 
7.2 
     a. 

          

( ) ( )
( ) ( )

( )

0 2

2 2

2 2

2 2

1/

1

i

V s RT s
V s R sC

sR CT s
sR C

= =
+ ⎡ ⎤⎣ ⎦

=
+
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     b. 

           
 

          ( )( )4 6
2 2

1 1 1.59 Hz
2 2 10 10 10L Lf f

R Cπ π −
= = ⇒ =

×
 

     c. 

          

( ) ( )

( )

( )

( ) 2 2

2 2
0

2 2

2 2
0

2 2

2 2
/

0

1
1

1
11

i

i

t R C

sR CV s V s
sR C

V s
s

R CV s
sR C s

R C
v t e−

= ⋅
+

=

= =
+ +

=
 

______________________________________________________________________________________ 
 
7.3 

(a) ( )
1

2
2

2
2

1

1

R
sC

R

sC
R

V
V

sT
i

o

+

==  

   Now  
22

2

2
2

2
2

2
2 11

1
1

CsR
R

sC
R

sC
R

sC
R

+
=

+

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

=  

   Then  ( )
22121

2

1
22

2

22

2

1

1
CRsRRR

R

R
CsR

R
CsR

R

sT
++

=
+

+

+
=  

       ( ) ( ) 22121

2

1
1

CRRsRR
R

sT
+

⋅⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

=  

(b) ( ) ( ) 7.661010102010 63
221 =⇒×××== − ττ CRR ms 

(c) ( ) 39.2
107.662

1
2

1
3
=

×
==

−ππτ
f Hz 

______________________________________________________________________________________ 
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7.4 
     a. 
          ( ) ( ) ( ) 40.01010101030 63 =⇒×××+=+= −

SSPiS CRR ττ s 

           ( ) ( ) ( ) μττ 375.01050101030 123 =⇒×××== −
PPPiP CRR s 

     b. 

          ( ) 398.0
4.02

1
2

1
=⇒== L

S
L ff

πτπ
Hz 

           ( ) 424
10375.02

1
2

1
6

=⇒
×

==
− H

P
H ff

πτπ
kHz 

     At midband. short, open SC → PC →

          

( )
( ) ( )30 10 7.5

o i i P

i P

V I R R

T s R R T s k

=

= = ⇒ = Ω
 

     c. 

           
______________________________________________________________________________________ 
 
7.5 

(a) 667.0
1020

20

12

2 =
+

=
+

=
RR

R
V
V

i

o  

(b) 1=
i

o

V
V

 

(c) ( ) ( )
( )

11

1
2

2

1
12

2

1
1

CsR
R

R

R

sC
RR

R
sV
sV

sT
i

o

+
+

=

+

==  

        ( ) ( ) ( )
( )[ ]121

11

21

2

12121

112

1
11

CRRs
CsR

RR
R

CRsRRR
CsRR

sT
+
+

⋅⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

=
++
+

=  

   We have  
21

2

RR
R

K
+

= ,   11CRA =τ ,  ( ) 121 CRRB =τ  

______________________________________________________________________________________ 
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7.6 
     a. 

          ( ) ( )
( )

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
++

==

S
S

P
P

P
P

i

o

sC
R

sC
R

sC
R

sV
sV

sT
11

1

 

          
PP

P

P
P

P
P

P
P CsR

R

sC
R

sC
R

sC
R

+
=

+

⋅
=

11

1
1  

     Then 

          

( )
( )

( ) ( )

1 1

1

11/ 1

P

P S P P
S

P

P P
P S S P P

S S

P SP P P
P

P S P S S S P S S P

RT s
R R sR C

sC
R

R CR R sR R C
C sC

sR RR R CT s C
R R R R C s R R C R R

=
⎛ ⎞

+ + +⎜ ⎟
⎝ ⎠

=
+ + + +

⎛ ⎞⎡ ⎤⎛ ⎞
= × + ⋅ + + ⋅⎜ ⎟⎢ ⎥⎜ ⎟ ⎜ ⎟+ + + +⎢ ⎥⎝ ⎠ ⎣ ⎦⎝ ⎠  

     b. 

          

( ) ( ) ( )

( ) ( )

( )
( ) ( )

11
3 11

6 4 6

8

8

10 10 10 11/ 1 5 10 10
10 10 20 10 2 10 10

1 1
12 1 5 10

0.02

1 1
2 11 5 10

0.02

T s s
s

s
s

s j

T j
j

ω

ω
ω

ω

−
−

− −

−

−

⎛ ⎞⎡ ⎤⎛ ⎞ ⎜ ⎟⎢ ⎥= × + ⋅ + + × ⋅⎜ ⎟ ⎜ ⎟+ × ⋅⎝ ⎠ ⎢⎣ ⎦⎝ ⎠

≅ ⋅
+ + ×

=

= ⋅
⎡ ⎤

+ × −⎢ ⎥
⎣ ⎦

⎥

 

          

( ) ( )( )
( )

( )( ) ( )( )

( )

4 6

8

1 1For 50
2 10 10

1 1
2 11 50 5 10

50 0.02

1 1 1 1
2 1 2 2

L
S R SR R C

T j
j

T j
j

ω

ω

ω

−

−

= =
+ ×

= ⋅
⎡ ⎤

+ × −⎢ ⎥
⎣ ⎦

≈ ⋅ ⇒ = ⋅
−

=
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     For 

          ( ) ( )( )
7

113
102

10105
11

×=
×

==
−

PPS
H CRR

ω  

          ( )
( )( ) ( )( )⎥⎦

⎤
⎢
⎣

⎡

×
−××+

⋅=
−

02.0102
11051021

1
2
1

7
87j

jT ω  

          ( ) ( )
2

1
2
1

1
1

2
1

⋅=⇒
+

⋅≅ ωω jT
j

jT  

       In each case,  ( )
PS

P

RR
R

jT
+

⋅=
2

1ω  

     c. 

          

( )
( )( ) ( )( )

( )
( ) ( )

3 7

4 7

4
3

10 k , 0.1 F

1 1 1 11/ 1 5 10 10
2 2 1 2 10 10

1 1
2 1 11 5 10

2 2 10

S P S PR R C C

T s s
s

s j

T j

j

μ

ω

ω

ω
ω

−

−

−
−

= = Ω = =

⎛ ⎞⎡ ⎤
⎜ ⎟⎢ ⎥= ⋅ + ⋅ + + ×
⎜ ⎟⎢ ⎥⎜ ×⎣ ⎦⎝ ⎠

=

= ⋅
⎡ ⎤
⎢ ⎥+ + × −

×⎢ ⎥⎣ ⎦

⎟

 

          

( )( )
( )

( )( ) ( )( )

( ) ( )

4 7

4
3

1For 500
2 10 10

1 1
2 11.5 500 5 10

500 2 10

1 1 0.298
2 1.5 0.75

T j

j

T j
j

ω

ω

ω

−

−
−

= =
×

= ⋅
⎡ ⎤
⎢ ⎥+ × −

×⎢ ⎥⎣ ⎦

= ⋅ ⇒ =
−  

          

( )( )

( ) ( )( ) ( )( )

( ) ( )

( )

3
3 7

3 4
3 3

1For 2 10
5 10 10

1 11/ 1.5 2 10 5 10
2 2 10 2 10

1 1 0.298
2 1.5 0.75

1In each case, 
2

P

P S

T j j

T j
j

RT j
R R

ω

ω

ω

ω

−

−
−

= = ×
×

⎧ ⎫⎛ ⎞⎡ ⎤⎪ ⎪⎜ ⎟⎢ ⎥= ⋅ + × × −⎨ ⎬⎜ ⎟× ×⎢ ⎥⎪ ⎪⎣ ⎦⎝ ⎠⎩ ⎭
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CLD

CLD
gsmL

C
LD

D
gsmo CRRs

sCRR
VgR

sC
RR

R
VgV

11
 

          
( )
( ) ⎥

⎦

⎤
⎢
⎣

⎡
++

+
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

−=
CLD

CLD

LD

LD
gsmo CRRs

CRRs
RR

RR
VgV

1
 

  Then  ( ) ( )
( )

( ) ( )
( ) ⎥

⎦

⎤
⎢
⎣

⎡
++

+
⋅

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

⋅
+

+
==

CLD

CLD

iS
m

Sm

LDm

i

o

CRRs
CRRs

CR
g

s
Rg

RRg
sV
sV

sT
111

1
1

 

 
 
 
 

(b) iS
m

CR
g ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=

1τ  

(c) ( ) CLD CRR +=τ  
______________________________________________________________________________________ 
 
7.24 
     (a) 

          

( )( ) ( )( )

( )( )

5 0.7 1.075 mA 1.064 mA
4

10 1.064 2 1.075 4
3.57 V

1.064 40.92 mA/V
0.026

100 0.026
2.44 K

1.064

EQ CQ

CEQ

CEQ

CQ
m

T

T

CQ

I I

V
V

I
g

V

Vr
Iπ
β

−
= = =

= − −
=

= = =

= = =
 

     (b) 

     For  ; 1CC
101
24404000200

11 +=
+

+=
β

πrRRR ESeq  

                       ;  Ω= 0.2241eqR 053.1111 == Ceq CRτ ms 
      For  ; 2CC 494722 =+=+= LCeq RRR kΩ  
                        49222 == Ceq CRτ ms 
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     (c) ( )1 13
1

1 1 151 Hz
2 2 1.053 10

f f
πτ π −

= = ⇒ =
×

 
______________________________________________________________________________________ 
 
7.25 
     (a) 

          

( ) ( )

( )

3 12

8

8

2 47 10 10 10

1.918 10 s
1 1 8.30 MHz

2 2 1.918 10

H C L L

H H
H

R R C

f f

τ

πτ π

−

−

−

= = × × ×

= ×

= = ⇒ =
×  

     (b) 

          
( )

1.0
21

1
2
=

+ fHτπ
 

          ( )2
2

21100
1.0

1 fHτπ+==⎟
⎠
⎞

⎜
⎝
⎛  

          ( )810918.12
99

2
99

−×
==

πτπ H

f  

          MHz 6.82=f
______________________________________________________________________________________ 
 
 
 
 
 
 
 
7.26 
     (a) 

          

( )

( )( )( ) ( )( )

( )( )

( )( )

2

1
2 2

2

5

5 1 1.2 1.5 1.2 3 2.25

1.2 2.6 2.3 0 2.84

1.8 

10 1.8 1.2 1.2 5.68

2 2 1 1.8 2.683 /

SG
P SG TP

SG SG SG SG

SG SG SG

DQ

SDQ SDQ

m P DQ

o

V
K V V

R

V V V V

V V V V

I mA

V V V

g K I mA V

r

−
= +

− = − = − +

− − = ⇒ =

=

= − + ⇒ =

= = =

= ∞  
     (b) 

          

1 1 0.3727 
2.68

1.2 0.373 0.284 

is
m

i

R k
g

R k

= = =

= =

Ω

Ω

s

ms

 

     For  ( )( )6
1 1, 284 200 4.7 10 2.27C sC mτ −= + × =

     For  ( ) ( )3 3 6
2 2, 1.2 10 50 10 10 51.2C sC xτ −= + × =

     (c) 
            CC2 dominates, 
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          ( )3 3
2

1 1 3.1
2 2 51.2 10dB

s

f H
πτ π− −

= = =
×

z

=

 
______________________________________________________________________________________ 
 
7.27 
     Assume  

21 , 80 / , 0TN nV V k A Vμ λ′= =

     Neglecting , Midband gain is: 200SiR = Ω

          v m DA g R=  
     Let  0.2 , 5DQ DSQI mA V= = V

     Then 
9 5 20
0.2D DR R−

= ⇒ = kΩ
 

     We need 5.0
20
10

===
D

m R
A

g υ mA/V and DQ
n

DQnm I
L

Wk
IKg ⎟

⎠
⎞

⎜
⎝
⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ′
==

2
22  

     or 
( )0.0800.5 2 0.2 7.81

2
W W
L L

⎛ ⎞⎛ ⎞= ⇒⎜ ⎟⎜ ⎟
⎝ ⎠⎝ ⎠

=
 

 
 
 
 
 
 
 
 
 
 
 
 
 
     Let 

          

( ) ( )( )

( )( ) ( ) ( )

( ) ( ) ( )

1 2

2 2 2

1 2

2 1

1 2

4
4

1 3
1

9 9 225
0.2 0.2 0.2

0.0800.2 7.81 1 1.80 9 9
2 2

45 ,  180 

180 45 36

1 1 7.96 107.958 10  or 
2 2 200 200 36 10

DQ

DQ GS GS

TH

Si TH C C

C

R R k
I

R RI V V
R R

R k R k

R R R k

s R R C C
f

C

τ
π π

−
−

+ = = = Ω

⎛ ⎞ ⎛ ⎞⎛ ⎞= = − ⇒ = = = ⇒⎜ ⎟⎜ ⎟ ⎜ ⎟+⎝ ⎠ ⎝ ⎠⎝ ⎠
= Ω = Ω

= = = Ω

×
= = = × = + = ⇒

+ ×

=

25

( )
5

5
2 33

2

0.022 

1 1 5.31 105.305 10  or 2.65 
2 22 3 10 D L L L

F

0 10
s R C C C nF

f x

μ

τ
π π

−
− ×

= = = × = = ⇒ =
×

 
______________________________________________________________________________________ 
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( )( )
( )
( )( )

( )( )

( )
( ) 3 3

10 0.7 0.00997 
430 201 2.5
200 1.995 

200 0.026
2.61 

1.99
2.61 201 2.5 505 

1 1 0.0106 
2 2 15

0.5 505 430 10 232.7 10

BQ

CQ BQ

ib

s
L

eq C C C

I m

I I mA

r k

R k

s
f

R C C C

π

τ
π π

−
= =

+

= =

= = Ω

= + = Ω

= = =

= = + × = ×

A

 
     Or 

84.55 10 45.5 CC F−= × ⇒ nF  
______________________________________________________________________________________ 
 
7.29 

(a)  EEQCEQ RIVV +=+

       k( ) 625.08.13.3 =⇒+= EE RR Ω  

       002066.0
121

25.0
==BQI mA 

        ( ) EEQBEBBQ RIonVRIV ++=+

       ( )( ) ( )( ) 532625.07.0002066.03.3 =⇒++= BB RR kΩ  

(b) ( ) 2479.025.0
121
120

=⎟
⎠
⎞

⎜
⎝
⎛=CQI mA,  ( )( ) 59.12

2479.0
026.0120

==πr kΩ  

       ( ) ( )( ) 6.738612159.121 =+=++= Eib RrR βπ kΩ  
       25.3096.738532 === ibBi RRR  kΩ  

        ( ) ( ) CiS
L

S CRR
f

+==== 007958.0
202

1
2

1
ππ

τ  

         so   
( )

μ0257.0
1025.3091.0

007958.0
3

=⇒
×+

= CC CC F 

 
 
 
 

(c) For , BS RR <<

          
( )
( )

( )( )
( )( ) 983.0

612159.12
6121

1
1

=
+

=
++

+
≅

E

E

Rr
R

A
β

β

π
υ  

______________________________________________________________________________________ 
 
7.30 
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( ) ( )

( )( )

( )( )

( ) (
1 2

1 2

2

1 2

3 1 3

1.2 1.2 0.6 

1.2 5 2.5 
1.2 1.2

2.5 0.7 0.319 
0.6 101 0.05
31.9 
100 0.026

0.0815 
31.9

1 and  so that 
2C C

TH

TH CC

BQ

CQ

C C dB C dB C

R R R k

RV V V
R R

I mA

I mA

r k

f f C f

π

τ τ )2C
πτ − −

= = = Ω

⎛ ⎞ ⎛ ⎞= = =⎜ ⎟ ⎜ ⎟+ +⎝ ⎠⎝ ⎠
−

= =
+

=

= = Ω

>> = <<
 

     Then, for ( )3 1dB C C 2f C C− ⇒ acts as an open and for ( )3 2dB C C1f C C− ⇒  acts as a short circuit. 

          
( )3 2

2

125
2dB Cf C Hz
πτ− = =

, so that ( )2 2
1 0.006366

2 25 eq Cs R Cτ
π

= = =
  

     where 

          

( )
( )( )

( ) ( )( )

1 2

2 2

2

1 2 1

1

1

81.5 600 300
10 50 10 50 2.787

101

0.0063712.64 504
12.6

1  Assume  an open
81.5 101 50 5132 
100 100 0.006366 0.6366

S
eq L E

eq C C

ib E C

ib

eq C

eq S

r R R R
R R R

R C C

R r R C
R

1

 F

s R C
R R R

π

π

β

μ

β

τ τ

⎛ + ⎞
= + ⎜ ⎟

+⎝ ⎠

⎛ + ⎞
= + = + ⇒⎜ ⎟

⎝ ⎠

= Ω⇒ = ⇒ =

= + +
= + = Ω
= = = =
= +

1 1

300 600 5132 837.2 

0.6366So 760 
837.2

TH ib

C C

R

C C Fμ

= + = Ω

= ⇒ =
 

______________________________________________________________________________________ 
 
7.31 
     From Problem 7.30  0.6 K,  31.9 mA,  81.5 TH CQR I rπ= = = Ω

          12 CC ττ >>  and  
τπ2

1
=f  so ( ) ( )1323 CdBCdB CfCf −− <<  

     Then ( )3 2dB C C1f C C− ⇒ acts as an open circuit and for ( )3 1dB C C 2f C C− ⇒ acts as a short circuit. 
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( )

( )( ) ( ) ( )
3 1 1

1

1 1

1 1

2 1

2

120 Hz 0.007958 s
2

1 81.5 101 50 10 923.2 

300 600 923.2 663.7 

0.007958 12 F
663.7

100 0.7958 s

81.5 60010 50
1 101

dB C C
C

ib E L

C eq S TH ib

C C

C C

TH
eq L E

f C

R r R R

R R R R

C C

r RR R R

π

π

τ
πτ

β

τ

μ

τ τ

β

− = = ⇒ =

= + + = + = Ω

⇒ = + = + = Ω

= ⇒ =

= =

⎛ ⎞+ +⎛= + = +⎜ ⎟+ ⎝⎝ ⎠

2

2 2

10 50 6.748 15.95 
0.7958 0.050 F
15.95

eq

C C

R

C C

⎞
⎜ ⎟

⎠
= + = Ω

= ⇒ =
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7.32 

(a) mA, 2.0=EQI 001653.0
121

2.0
==BQI mA,  ( ) 1983.02.0

121
120

=⎟
⎠
⎞

⎜
⎝
⎛=CQI mA 

        ( )( ) ( )( )[ ] 7165.07.010001653.0 −=+−=+−= onVRIV BEiBQE V 
        483.12.27165.0 =+−=+= CEQEC VVV V 

       65.7
1983.0

483.13
=

−
=CR kΩ  

(b) ( )( ) 73.15
1983.0

026.0120
==πr kΩ ,  627.7

026.0
1983.0

==mg mA/V 

      ( ) ( )( ) 8.25
1073.15

73.152065.7627.7 −=⎟
⎠
⎞

⎜
⎝
⎛

+
−=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

−=
i

LCm Rr
r

RRgA
π

π
υ  

(c) For :  CC ( ) CLCC CRR +=τ  

          ( ) CLCC
C CRR

f
+

==
πτπ 2

1
2

1  

        For :  EC
E

EE
i

E fC
Rr

τπβ
τ π

2
1

1
=⇒⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+
+

=  

(d) 015915.0
2

110 =⇒== E
E

Ef τ
τπ

s 

             μ8.7410
121

1073.15015915.0 3 =⇒××⎟
⎠
⎞

⎜
⎝
⎛ +

= EE CC F 

       003183.0
2

150 =⇒== C
C

Cf τ
τπ

s 

             ( ) μ115.0102065.7003183.0 3 =⇒××+= CC CC F 
______________________________________________________________________________________ 
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     a. 

          

( )

( )

2

0.5 0.8 1.8 
0.5

5 5 1.8 6.4 k
0.5 0.5

4 1.8 2.2 V
5 2.2 5.6 k

0.5

D n GS TN

D
GS TN

n

GS
S S

D DSQ S

D D

I K V V

IV V V
K

V
R R

V V V

R R

= −

= + = + =

− − − −
= = ⇒ =

= + = − =
−

= ⇒ = Ω

Ω

 
     (b) 
           ( )( ) 15.05.022 === DQnm IKg mA/V 

              ( )( 63 105104.6 −××== SSA CRτ )
                   s 2102.3 −×=

             ( ) 97.4
102.32

1
2

1
2

=⇒
×

==
− A

A
A ff

πτπ
Hz 

              ( )( ) ( )6
3

105
4.611

104.6
1

−×⎥
⎦

⎤
⎢
⎣

⎡
+

×
=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

= S
Sm

S
B C

Rg
R

τ  

                    s 31032.4 −×=

               ( ) 8.36
1032.42

1
2

1
3

=⇒
×

==
− B

B
B ff

πτπ
Hz 

     c. 

          

( )

( )

1

1 1
1

m D S S
v

S
m S S

m S

g R sR C
A

Rg R s C
g R

+
=

⎡ ⎤⎛ ⎞
+ +⎢ ⎥⎜ ⎟+⎝ ⎠⎣ ⎦  

     As RS becomes large 

          

( )

( ) 1

m D S S
v

S
m S S

m S

g R sR C
A

Rg R s C
g R

→
⎡ ⎤⎛ ⎞
+⎢ ⎥⎜ ⎟

⎝ ⎠⎣ ⎦  

          

( ) 1

11

m D S
m

v

S
m

g R s C
g

A
s C

g

⎡ ⎤⎛ ⎞
⎢ ⎥⎜ ⎟
⎝ ⎠⎣ ⎦=

⎛ ⎞
+ ⎜ ⎟

⎝ ⎠  

     The corner frequency ( )
1

2 1/B
m S

f
g Cπ

=
 and the corresponding 0Af →  

          

( )( )

( )6
3

2 2 0.5 0.5 1 /

1 31.8 Hz
12 5 10

10

m n D

B B

g K I mA V

f f
π −

−

= = =

= ⇒
⎛ ⎞ ×⎜ ⎟
⎝ ⎠

=
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(a) (i) ( )
( )

( )
⎥
⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢
⎢

⎣

⎡

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

−=
⎟
⎟

⎠

⎞
⎜
⎜

⎝

⎛
−==

L
Do

L
Do

m
L

Dom
i

o

sC
Rr

sC
Rr

g
sC

Rrg
V
V

sT
1

1
1

11
1

1  

             ( ) ( ) ( )[ ]LDo
Dom CRrs

RrgsT
+

⋅−=
1

1
11  

(ii)  ( ) ( ) ( )[ ]LDo
Dom

o

o

CRrs
Rrg

V
V

sT
+

⋅−==
1

1
2

1
2  

(iii) ( ) ( )
( )[ ]2

2
21

1

1

LDo

Domm
i

o

CRrs
Rrgg

V
V

sT
+

⋅==  

(b) (i) ( ) LDo
dB CRr

f
π2

1
3 =−  

           Now  ( )( ) 100
5.002.0

1
==or kΩ ,  762.45100 ==Do Rr  kΩ  

            ( )( ) 785.2
101210762.42

1
31233 =⇒

××
= −−− dBdB ff

π
MHz 

(ii) MHz 785.23 =−dBf

          (iii)  Want 
( )( )[ ] 2

1

21

1
2

2
=

⎪
⎭

⎪
⎬

⎫

⎪
⎩

⎪
⎨

⎧

+ LDo CRrfπ
 

                 So  7071.0
2

1

10785.2
1

1
2

6

==

⎟
⎠

⎞
⎜
⎝

⎛
×

+
f

 

                       4142.01
7071.0
1

10785.2

2

6
=−=⎟

⎠

⎞
⎜
⎝

⎛
×

f  

               which yields  MHz 792.1=f
______________________________________________________________________________________ 
 
7.35 
     a. Expression for the voltage gain is the same as Equation (7.59) with 0.SR =  
     b. 
          EEA CR=τ  

          ( ) E

EE
B Rr

CrR
β

τ
π

π

++
=

1
 

______________________________________________________________________________________ 
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7.36 

(a) ( ) 1517.015.0
90
91

=⎟
⎠
⎞

⎜
⎝
⎛=EQI mA 

        16.15
1517.0

7.03
=

−
=ER k  Ω

        V 5.12.27.07.0 −=−=−= ECQC VV

       ( ) 10
15.0

35.1
=

−−−
=CR k  Ω

(b) 769.5
026.0
15.0

==mg mA/V 

        ( )( ) 7.5710769.5 −=−=−= Cm RgAυ

(c) s ( )( ) 263 10548.41031016.15 −− ×=××== EEA CRτ

            ( ) 5.3
10548.42

1
2

1
2
=

×
==

−ππτ A
Af Hz 

        ( ) E

EE
B Rr

CrR
β

τ
π

π

++
=

1
,   where  ( )( ) 6.15

15.0
026.090

==πr kΩ  

        ( )( )( )
( )( )

4
33

633

10085.5
1016.1591106.15
103106.151016.15 −

−

×=
×+×
×××

=Bτ s 

             ( ) 313
10085.52

1
2

1
4
=

×
==

−ππτ B
Bf Hz 

______________________________________________________________________________________ 
 
7.37 

(a) 93.0
10

7.010
=

−
=EQI mA,  ( ) 9198.093.0

91
90

=⎟
⎠
⎞

⎜
⎝
⎛=CQI mA 

       38.35
026.0
9198.0

==mg mA/V 

       ( ) ( )( ) 11810538.35 === LCm RRgAυ  

(b) ( ) ( ) ( )123 103101052
1

2
1

2
1

−×××
===

πππτ LLC CRR
f  

       MHz 9.15=f
______________________________________________________________________________________ 
 
7.38 

(a)  ( )2TPSGQpDQ VVKI +=

        V ( ) 014.26.01.02.0 2 =⇒−= SGQSGQ VV

       93.4
2.0
014.23

=
−

=SR k  Ω

       114.09.1014.2 =−=−= SDQSGQD VVV V 

       ( ) 6.15
2.0

3114.0
=

−−
=DR k  Ω
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(b) ( ) LLD
H CRR

f
π2

1
=  

   or    ( ) 54.4
10410206.152

1
63

=⇒
×××

= LL CC
π

pF 

______________________________________________________________________________________ 
 
7.39 

          

( )2

1 2

166 10
166 234

4.15 V

G DD
RV V

R R
⎛ ⎞ ⎛ ⎞= =⎜ ⎟ ⎜ ⎟+ +⎝ ⎠⎝ ⎠

=  

          

( )

( ) ( )( )

2

2

2

4.15 0.5 0.5 4 4

0.25 3.15 0 3.55 V

G GS
D n GS TN

S

GS GS GS

GS GS

V V
I K V V

R

V V V

V V

−
= = −

− = − +

− = ⇒ =  

           

( ) ( )(2 2 0.5 3.
1.55 /

m n GS TN

m

g K V V
g mA V

= − =
=

)55 2−

          

0
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)

7.60 

          ( gdTgsT

m
T CC

g
f

+
=

π2
  (Eq. (7.97)) 

     Let 
( )20 and 

3gdT gsT oxC C WL⎛ ⎞= = ⎜ ⎟
⎝ ⎠

C
 

          
2 2

2
n ox

m n D
C W

Dg K I I
L

μ⎛ ⎞ ⎡ ⎤= = ⎜ ⎟ ⎢ ⎥⎣ ⎦⎝ ⎠  

          

( )

12
2

So 
22  
3

1
23

2  

3
2 2  

n ox D

T

ox

n ox D

ox

n D
T

ox

WC I
L

f
W LC

WC I
L

L W C

If
L W C L

μ

π

μ

π

μ
π

⎛ ⎞⎛ ⎞
⎜ ⎟⎜ ⎟
⎝ ⎠⎝ ⎠=
⎛ ⎞
⎜ ⎟
⎝ ⎠

⎛ ⎞⎛ ⎞
⎜ ⎟⎜ ⎟
⎝ ⎠⎝ ⎠= ⋅

= ⋅
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(a) ( )( ) ( ) 104.18
2

109.6400
2

9

=⇒
×

=⎟
⎠
⎞

⎜
⎝
⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

−

n
oxn

n K
L

WC
K

μ
mA/V  2

        ( ) ( )( ) 463.74.03104.1 22 =−=−= TNGSnD VVKI  mA 

        ( )( ) 741.5463.7104.122 === Dnm IKg mA/V 

        
sm

m
m rg

g
g

+
=′

1
 

        ( ) 25.01
8.0

1
1

8.0 =−=⇒
+

= sm
sm

m
m rg

rg
g

g  

        Ω=⇒= 5.43
741.5
25.0

ss rr  

(b)  mA ( )( ) 3974.04.01104.1 2 =−=DI

       ( )( ) 325.13974.0104.12 ==mg mA/V 

       ( )( ) 253.1
04355.0325.11

325.1
=

+
=′mg mA/V 

       %5.94⇒
′

m

m

g
g
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7.62 
     a. 

           

          0  and m gs gs i i m gs SI g V V I R g V r= = −  so 1
i i

gs
m S

I RV
g r

=
+  

     Then 

0

1
m i

i
i m

I g RA
I g

= =
+ Sr  

     b. As an approximation, consider 
 

           
 
     In this case 

          ( )
0 1

1i m i
i i gsT M

IA g R
I sR C C

′= = ⋅
+ +

 where 
( )1  and 

1
m

M gdT m L m
m s

gC C g R g
g r

′ ′= + =
+  

c. As increases, CrS M decreases, so the bandwidth increases, but the current gain magnitude  
          decreases. 

______________________________________________________________________________________ 
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(b) ( ) 103.310
500225

225
=⎟

⎠
⎞

⎜
⎝
⎛

+
=GSV V 

     mA ( )( ) 218.12103.31 2 =−=DQI

      ( )( ) 207.2218.1122 === DQnm IKg  mA/V 

      ( ) ( ) ( )( )[ ] 28.965207.2181 =+=+= DmgdM RgCC fF 

(c) 
πτ2
1

3 =−dBf ,  ( )( )Mgsi CCRRR += 21τ  

        Now  9936.0225500121 ==RRRi kΩ  

             s ( )( ) 10153 10453.11028.9650109936.0 −− ×=×+×=τ

             ( ) 095.1
10453.12

1
3103 =⇒

×
= −−− dBdB ff

π
GHz 

             ( )( ) 96.10
12.155

2.1555207.2
21

21 −=⎟
⎠
⎞

⎜
⎝
⎛

+
−=⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛

+
−=

i
Dm RRR

RR
RgAυ  
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(a) ( ) ( )( ) 64.015104.01 =+=+= υACC gdM  pF 

(b) 
πτ2
1

=Hf ,  ( )
8

6
10183.3

1052
1

2
1 −×=

×
==⇒

ππ
τ

f
 s 

        ( )Mgseq CCR +=τ  

   or  ( ) ( )
9.37

1064.02.0
10183.3

12

8

=⇒
×+

×
=

+
=

−

−

eq
Mgs

eq R
CC

R τ kΩ  

______________________________________________________________________________________ 
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( ) ( )

( )( )

( )( )

1 2

2

1 2

0

33 22 13.2 k

225 5
22 33

2 0.7 0.00261 mA
13.2 121 4
0.3138
120 0.026

9.94 k
0.3138

0.3138 12.07 mA/V
0.026
100 318 k

0.3138

TH

TH

BQ

CQ

m

R R R

RV
R R

I

I

r

g

r

π

= = = Ω

⎛ ⎞ ⎛ ⎞= =⎜ ⎟ ⎜ ⎟+ +⎝ ⎠⎝ ⎠
−

= =
+

=

= = Ω

= =

= = Ω

2 V=

 
     a. 

          

( )

( )
3

6

2

12.07 10
2 2 600 10

3.20 pF;  1 pF 2.20 pF

m
T

m

T

gf
C C

gC C
f

C C C C

π μ

π μ

π μ μ π

π

π π

−

=
+

×
+ = =

×

+ = = ⇒ =  

          

( )
( ) ( )( )

1

1 1 12.07 318 4 5

27.6 pF

M m o C L

M

C C g r R R

C

μ
⎡ ⎤= +⎣ ⎦
⎡ ⎤= +⎣ ⎦

=  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
     b. 
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          ( )Meq CCR += πτ  

          ππ rrRRRR Seq 2223321 ==  

                 = 48.194.974.1 =⇒ eqR kΩ  

           ( )( ) 123 106.2720.21048.1 −×+×=τ

          s 81041.4 −×=τ

          ( ) 61.3
1041.42

1
2

1
8

=⇒
×

==
− HH ff

πτπ
MHz 

          ( )LComo RRrVgV π−=  

          i
S

V
RrRR

rRR
V ⋅

+
=

π

π
π

21

21  

          67.594.9223321 ==πrRR k  Ω

          ( ) ii VVV 739.0
267.5

67.5
=⋅

+
=π  

          18.254318 ==LCo RRr kΩ  

           ( )( )( 18.2739.007.12−=υA )
           7.19−=υA
______________________________________________________________________________________ 
 
7.66 

          

( )

( )( )

( )( )

( )

1 2

2

1 2

0

40 5 4.44 k

5 10 1.111 V
5 40

1.111 0.7 0.00633 mA
4.44 121 0.5
0.760 mA
120 0.026

4.11 k
0.760

0.760 29.23 mA/V
0.026

2

TH

TH CC

BQ

CQ

m

m
T

R R R

RV V
R R

I

I

r

g

r
g

f
C C

π

π μπ

= = = Ω

⎛ ⎞ ⎛ ⎞= = =⎜ ⎟ ⎜ ⎟+ +⎝ ⎠⎝ ⎠
−

= =
+

=

= = Ω

= =

= ∞

=
+

 

          

( )
3

6

29.23 10
2 2 250 10

18.6 pF; 3 pF 15.6 pF

m

T

gC C
f

C C C C

π μ

π μ μ π

π π

−×
+ = =

×

+ = = ⇒ =
 

     a. 

          

( )
( )( )

1

3 1 29.2 5 2.5 149 pF

M m C L

M M

C C g R R

C C

μ ⎡ ⎤= +⎣ ⎦
⎡ ⎤= + ⇒ =⎣ ⎦  

 
 
 
     For upper frequency: 
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          ( )MeqH CCR += πτ  

          5.054011.421 == Seq RRRrR π  

          k  405.0=eqR Ω

           ( )( ) 123 101496.1510405.0 −×+×=Hτ

                s 81067.6 −×=

          39.2
2

1
=⇒= H

H
H ff

τπ
MHz 

     For lower frequency: 
          1CeqL CR=τ  

          11.45405.021 +=+= πrRRRR Seq  

          k  64.2=eqR Ω

          s ( )( ) 263 1024.1107.41064.2 −− ×=××=Lτ

          8.12
2

1
=⇒= L

L
L ff

τπ
Hz 

     b. 

           
 

          

( )

( )( )( )

0

1 2

1 2

2.135 0.8102
2.135 0.5
29.23 0.8102 5 2.5

39.5

m C L

i
S

i i

V

V

V g V R R

R R r
V V

R R r R

V V

A

A

π

π
π

π

π

= −

⎛ ⎞
= ⎜ ⎟⎜ ⎟+⎝ ⎠
⎛ ⎞= =⎜ ⎟+⎝ ⎠
=

=

V
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( )

( )( )( )

( ) ( )( )
( )

( ) ( ) (

( )( )

)

( )( )

2

2

2

2

2

0 0

9

2 1.2 4 4 9

2.4 8.6 0.6 0

8.6 8.6 4 2.4 0.6
2 2.4

3.512 V
2 2 2 3.5
6.049 /

2 3.512 2 4.572 mA
1 1 21.9 k

0.01 4.56

SG
D P SG TP

S

SG SG SG

SG SG

SG

SG

m P SG TP

m

D

o

V
I K V V

R

V V V

V V

V

V
g K V V
g mA V

I

r r
Iλ

−
= + =

− + = −

− + =

± −
=

=
= + = −
=

= − =

= = ⇒ =

12 2

Ω
 

     a. 

( )( )
( ) ( )( )

1

1 1 6.04 21.9 1 6.785 pF

M gdT m o D

M M

C C g r R

C C

= +

⎡ ⎤= + ⇒ =⎣ ⎦  
    b.    ( )( )MgsTGiH CCRR +=τ  

          ( ) ( ) 123 1078.610101002 −×+××=Hτ  

          s 81029.3 −×=Hτ

          84.4
2

1
=⇒= H

H
H ff

τπ
MHz 

          ( ) gsDomo VRrgV ⋅−=  

          ii
iG

G
gs VV

RR
R

V ⋅⎟
⎠
⎞

⎜
⎝
⎛=⋅⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

=
102
100  

          ( ) ( )19.21
102
10004.6 ⎟

⎠
⎞

⎜
⎝
⎛−=υA  

           67.5−=υA
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7.68 

(a)  ( )2TPSGQpDQ VVKI +=

        V ( ) 5.15.05.05.0 2 =⇒−= SGQSGQ VV

        3
5.0

5.13
=

−
=SR kΩ  

        V 5.025.1 −=−=DV

        ( ) 5
5.0

35.0
=

−−−
=DR kΩ  

(b) ( )( ) 15.05.022 === DQpm IKg mA/V 

        ( )( ) 90.4
4200

20051 −=⎟
⎠
⎞

⎜
⎝
⎛

+
−=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

−=
iG

G
Dm RR

R
RgAυ  
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(c) ( ) ( ) ( )( )[ ] 48.051108.01 =+=+= DmgdM RgCC pF 

(d) 
πτ2
1

3 =−dBf  

   where ( )( ) ( ) ( ) 123 1048.08.0102004 −×+××=+=⋅= MgsGieqeq CCRRCRτ  

       which yields   s 91002.5 −×=τ

       Then  ( ) 7.31
1002.52

1
393 =⇒

×
= −−− dBdB ff

π
MHz 

______________________________________________________________________________________ 
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( ) ( )

( )

( )( )( )

( )( )
( )

( ) ( )( )

2

1 2

2

2

2

2220 10 20 10
22 8

4.67 V
10 4.67

5.33 1 0.5 4 4

0.5 3.33 0

1 1 4 0.5 3.33
3.77 V

2 0.5
2 2 1 3.77 2
3.54 /

G

G

SG
D P SG T

S

SG SG SG

SG SG

SG SG

m p SG TP

m

RV
R R

V
VI K V V

R

V V V

V V

V V

g K V V
g mA V

⎛ ⎞ ⎛ ⎞= − =⎜ ⎟ ⎜ ⎟+ +⎝ ⎠⎝ ⎠
=

− −
= = +

− = − +

− − =

± +
= ⇒

= + = −
=

P

−

=

 
     b. 

          

( )( )
( ) ( )( )

1

3 1 3.54 2 5 18.2 pF

M gdT m D L

M M

C C g R R

C C

= +

⎡ ⎤= + ⇒ =⎣ ⎦  
     a. 
          ( )MgsTeq CCR +=τ  

          461.02285.021 === RRRR ieq kΩ  

            ( )( ) 123 102.181510461.0 −×+×=τ

               s 81053.1 −×=

          4.10
2

1
=⇒= HH ff

τπ
MHz 

     c. 
          ( )LDgsmo RRVgV −=  

          ( ) iii
i

gs VVV
RRR

RR
V 9215.0

5.087.5
87.5

21

21 =⋅⎟
⎠
⎞

⎜
⎝
⎛

+
=⋅⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛

+
=  

          ( )( )( ) 66.4529215.054.3 −=⇒−= υυ AA  
______________________________________________________________________________________ 
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7.70 

          

( )

( )( )

1000.5 mA 0.5 0.495 mA
101

0.495 19.0 mA/V
0.026
100 0.026

5.25 k
0.495

E CQ

m

I I

g

rπ

⎛ ⎞= ⇒ = =⎜ ⎟
⎝ ⎠

= =

= = Ω
 

     a. Input: From Eq. (7.114(b)) 

          π
π

π β
τ CRR

r
SEP ⎥
⎦

⎤
⎢
⎣

⎡
+

=
1

 

                ( )123 10101005.05.0
101

25.5 −×××⎥⎦
⎤

⎢⎣
⎡=  

               s 101043.2 −×=

          656
2

1
=⇒= π

π
π τπ H

P
H ff MHz 

     Output: From Eq. (7.115(b)) 
          ( ) ( ) ( )123 10101100 −××== μμτ CRR LBP  

                s 101090.9 −×=

          161
2

1
=⇒= μ

μ
μ τπ H

P
H ff MHz 

     b. 

           
 
          ( )LBmo RRVgV π−=  

          
( )

0=
−−

+++
S

i

E
m R

VV
R
V

r
V

Vg ππ

π

π
π  

          
S

i

SE
m R

V
RRr

gV −=⎥
⎦

⎤
⎢
⎣

⎡
+++

111

π
π  

          
05.005.0

1
5.0

1
25.5
119 iV

V
−

=⎥⎦
⎤

⎢⎣
⎡ +++π  

          ( ) ( )2019.41 iVV −=π  
           ( ) iVV 4856.0−=π

          ( )( )( )11004856.019 −−=
i

o

V
V

 

           14.9=υA
 
 
 
 
 
 
     c. 
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          ( ) ( ) ( )123 1015101100 −×××== LLB CRRτ  

          s 810485.1 −×=τ

          7.10
2

1
=⇒= ff

τπ
MHz 

          Since -dB frequency dominated by  3⇒< μHff LC
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7.71 

          

( )

( )( )

20 0.7 1.93 mA
10

100 1.93 1.91 mA
101
1.91 73.5 mA/V
0.026
100 0.026

1.36 k
1.91

EQ

CQ

m

I

I

g

rπ

−
= =

⎛ ⎞= =⎜ ⎟
⎝ ⎠

= =

= = Ω
 

     a. Input: 

          π
π

π β
τ CRR

r
SEP ⎥
⎦

⎤
⎢
⎣

⎡
+

=
1

 

               ( )123 101010110
101

36.1 −×××⎥⎦
⎤

⎢⎣
⎡=  

          s 1010327.1 −×=πτ P

          20.1
2

1
=⇒= π

π
π τπ P

P
P ff GHz 

     Output: 
          ( ) ( ) ( )123 101055.6 −××== μμτ CRR LCP  

          s 910826.2 −×=μτ P

          3.56
2

1
=⇒= μ

μ
μ τπ P

P
P ff MHz 

     b. 
          ( )LCmo RRVgV π−=  

          
( )

0=
−−

+++
S

i

E
m R

VV
R
V

r
V

Vg ππ

π

π
π  

          
S

i

SE
m R

V
RRr

gV −=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+++

111

π
π  

          
11

1
10
1

36.1
15.73 iV

V
−

=⎟
⎠
⎞

⎜
⎝
⎛ +++π  

           ( ) ( ) ii VVVV 01327.034.75 −=⇒−= ππ

          ( )( )( ) io VV 55.601327.05.73 −−=  
           76.2=υA
 
 
 
     c. 
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          ( ) ( ) ( )123 10151055.6 −×××== LLC CRRτ  

          s 81024.4 −×=τ

          75.3
2

1
=⇒= ff

τπ
MHz 

          Since , 3-dB frequency is dominated by  μPff < LC
______________________________________________________________________________________ 
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( )

( )( )( )

( ) ( )( )
( )

2

2

2

2

5
5

5 3 10 2 1

30 59 25 0

59 59 4 30 25
1.349 V

2 30

GS D S

GS
D n GS TN

S

GSGS GS

GS GS

GS GS

V I R
V

I K V V
R

V V V

V V

V V

+ =
−

= = −

− = − +

− + =

± −
= ⇒ =

).35 1−
 

           

( ) ( ) (2 2 3 1
2.093 /

m n GS TN

m

g K V V
g mA V

= − =
=

     On the output: 
          ( ) ( ) ( )123 1041045 −×××== gdTLDP CRRμτ  

          s 91089.8 −×=μτ P

          9.17
2

1
=⇒= μ

μ
μ τπ P

P
P ff MHz 

           
 

          

( )
( )

( )

( )( )( )

0

0

0

1 1

1 12.093
10 2 2

0.1857

2.093 0.1857 5 4

0.864

m gs D L

i gsgs
m gs

S S

i
gs m

S i i

i
gs

gs i

v
i

v

V g V R R

V VV
g V

R R

VV g
R R R

VV

V V
VA
V

A

= −

− −
+ + =

⎛ ⎞
+ + = −⎜ ⎟

⎝ ⎠
⎛ ⎞+ + = −⎜ ⎟
⎝ ⎠
=

= =

=  
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( )

( )( )( )
( )

( ) ( )( )
( )

( ) ( )(

2

2

2

2

2

dc analysis

5 1 4 0.8

4 1.6 0.64

4 5.4 2.44 0

5.4 5.4 4 4 2.44
1.707

2 4
2 2 1 1.707 0.8
1.81 /

SG
D P SG TP

S

SG SG

SG SG

SG SG

SG

m P SG TP

m

V V
I K V V

R

V V

V V

V V

V

g K V V
g mA V

+ −
= = +

− = −

= − +

− − =

± +
= =

= + = −
=

)
 

           
  

     

13  frequency due to :gsT eq S i
m

dB C R R R
g

⋅ =
 

          ( )( )12

1
2

1 4 0.5 0.246 k
1.81

1 162 MHz
2 246 4 10

A
eq gsT

eq

A

f
R C

R

f

π

π −

=
⋅

= = Ω

= =
×  

     3  frequency due to gdTdB C−  

          

( )

( ) 3 1

1
2

1
2 2 4 10 10

119 MHz

B
D L gdT

f
R R C

f

π

π −

=

=
× ×

=

2

 
     Midband gain 
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( )
( )( ) ( )

0

1 1 4
1.81

1 1 4 0.5
1.81

0.492

0.492 1.81 4 2 1.19

S
m

gs i

S i
m

i

m gs D L

v v

R
gV V
R R

g
V

V g V R R

A A

− −
= ⋅ =

+ +

= −

= −

= ⇒

iV⋅

=
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7.74 

          

( )( )120 0.026
3.059 k

1.02
39.23 mA/Vm

r

g

π = =

=

Ω

 
     a. 

       Input:   
π

π τπ2
1

=Hf  

          ( )( )μπππτ CCrRRRS 232 +=  

          096.006.33.285.201.0 ==eqR kΩ  

          s ( ) ( )[ ] 912 10537.110221296 −− ×=×+=πτ

          ( ) 6.103
10537.12

1
9

=⇒
×

=
− ππ π HH ff MHz 

        Output:   
μ

μ τπ2
1

=Hf  

          ( ) μμτ CRR LC=  

               ( ) ( )123 102101015 −×××=  

          s 91067.6 −×=μτ

          ( ) 9.23
1067.62

1
9

=⇒
×

=
− μμ π HH ff MHz 

     b. 

          ( ) ⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛

+
=

S
LCm RrRR

rRR
RRgA

π

π
υ

32

32  

          433.2059.33.285.2032 ==πrRR kΩ  

          ( )( ) 6.125
1.0433.2

433.210523.39 =⇒⎟
⎠
⎞

⎜
⎝
⎛

+
= υυ AA  

     c. 15 pFL LC Cμ= > ⇒ C  dominates frequency response. 
______________________________________________________________________________________ 
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Chapter 8 
 
 
8.1 

     (b) (i)  Ω== 6
4

24
DR  

                W ( )( ) 24212max, ==DP
          (ii) ( ) 5.12030max, =⇒== DQDQD IIP A 
                A ( ) 35.12max, ==DI

                Ω== 3.13
3

40
DR  

     (c) (i) A 4max, =DI
         (ii) A 3max, =DI
______________________________________________________________________________________ 
 
8.2 

(a)  CQCEQQ IVP ⋅=max,

        083.2
2
2425 =⇒⋅⎟

⎠
⎞

⎜
⎝
⎛= CQCQ II A 

        Ω=
−

= 76.5
083.2

1224
LR  

        03472.0
60
083.2

==BQI A 

        Ω=
−

= 671
03472.0

7.024
BR  

(b) ( )( )
Ω=== 7489.0

083.2
026.060

CQ

T

I
V

r
β

π  

       02.16
7489.0

12
===

mV
r
V

I p
b

π

 mA 

       ( )( ) 9614.001602.060 === bc II β A 

       ( ) ( ) 66.276.59614.0
2
1

2
1 22 === Ccavg RIP W 

     For the transistor, 
        W 34.2266.225 =−=QP

______________________________________________________________________________________ 
 
8.3 

(a) Ω== 25
2.1

30
LR  

       0075.0
80

6.0
===

β
CQ

BQ

I
I A 

        
( )

91.3
0075.0

7.030
=⇒

−
=

−
= B

BQ

BECC
B R

I
onVV

R kΩ  

        W ( )( ) 9156.0max, === CEQCQQ VIP
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(b) CEQ
L

CEQCC
CEQCQQ V

R
VV

VIP ⋅⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −
==max,  

        CCCEQ VV
2
1

=  

        36.22
2225

15 =⇒⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= CC

CCCC V
VV

V;  8944.0
25

36.22
max, ==CI A 

(c) For (a):  A;  6.0=Δ CI ( ) ( ) ( ) 5.4256.0
2
1

2
1 22 ==Δ= LCL RIP W 

For (b):  4472.0
2

8944.0
===Δ CQC II A;  ( ) ( ) 5.2254472.0

2
1 2 ==LP W 

______________________________________________________________________________________ 
 
8.4 

           
 
     Point (b): Maximum power delivered to load. 
     Point (a): Will obtain maximum signal current output. 
     Point (c): Will obtain maximum signal voltage output. 
______________________________________________________________________________________ 
 
8.5 
     a. 
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     b. 

          

( )
( )
( )

( )

2

2

2

2

5 V,  0.25 5 4 0.25 A, 37.5 V,  9.375 W

6 V,  0.25 6 4 1.0 A,  30 V,  30 W

7 V,  0.25 7 4 2.25 A,  17.5 V,  39.375 W

8 V,  0.25 2 8 4

40
2.92

10
3.

GG D D S

GG D D S

GG D D S

GG D D S D S

D S
D S

D

V I V P

V I V P

V I V P

V I V V

V
V

I

= = − = = =

= = − = = =

= = − = = =

⎡ ⎤= = − −⎣ ⎦
−

= ⇒ =

=

( ) 2

71 A, 10.8 W

9 V,  0.25 2 9 4

40
1.88 V

10
3.81 A, 7.16 W

GG D D S D S

D S
D S

D

P

V I V V

V
V

I P

=

⎡ ⎤= = − −⎣ ⎦
−

= ⇒ =

= =  
     c. Yes, at  ,max7 V, 39.375 W > 35 WGG DV P P= = =

______________________________________________________________________________________ 
 
8.6 
     a. 

          

( )

( )

2

2

1 2

1 2

2
2

1

Set 25 V
2

50 25 1.25 A
20

1.25 4 6.5 V
0.2

Let 100 kΩ

6.5 50 13 kΩ
100

87 kΩ

DD
DSQ

DQ

DQ n GS TN

GS

GS DD

VV

I

I K V V

V

RV V
R R

R R
R R

R

= =

−
= =

= −

+ = =

⎛ ⎞
= ⎜ ⎟+⎝ ⎠
+ =

⎛ ⎞= ⇒ =⎜ ⎟
⎝ ⎠

=
 

     b. ( )( )1.25 25 31.25 WD DQ DSQ DP I V P= = ⇒ =
 

     c. 

          

,max ,max

,max ,max

,max

2 2.

50 V

31.25 W

D DQ D

DS DD DS

D

I I I

V V V

P

= ⇒ =

= ⇒ =

=

5 A
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     d. 

          

( )( )
( )( )( )

( )

0

0
22

0

2 2 0.2 1.25 1

1 20 0.5 10 V

101 1 2.5 W
2 2 20

31.25 2.5 28.75 W

m L
i

m n DQ

L L
L

Q Q

V g R
V

 /g K I A V

V

VP P
R

P P

=

= = =

= =

= ⋅ = ⋅ ⇒ =

= − ⇒ =
 

______________________________________________________________________________________ 
 
8.7 
     (a) 

           
 

     (b)  ( )( ),max 25D D jP P Slope T= − −

          
,max ,max

60At 0,  25 145 C
0.5D j jP T T= = + ⇒ = °

 

     (c) 

,max
,max

j case
D

dev amb

T T
P

θ −

−
=

 or 

145 25 2
60dev amb dev amb C/Wθ θ− −

−
= ⇒ = °

 
______________________________________________________________________________________ 
 
8.8 

          

,max
,rated

dev case

,max amb
dev case

,rated

or 

150 25 2.5 C/W
50

θ

θ

−

−

−
=

−
=

−
= = °

j amb
D

j

D

T T
P

T T
P

 

          

( )
( ) ( )

dev amb dev case case amb

case amb case amb

Then 
150 25 2.5 125 2.5

θ θ
θ θ

− −

− −

− = +
− = + ⇒ = +

D

D D

T T P
P P

 
______________________________________________________________________________________ 
 
8.9 

(a) ( )snkcaseambsnkcasedevTambj PTT −−− ++=− θθθmax,  
        ( ) 39.196.08.25.125120 =⇒++=− TT PP W 
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(b)  ( )( ) CTcase °=++= 9.908.26.039.1925
(c)  ( )( ) CTsnk °=+= 3.798.239.1925

______________________________________________________________________________________ 
 
8.10 

(a) ( )ambcasecasedevambj PTT −− +=− θθmax,  
        ( ) WCambcaseambcase /37.18.23025150 °=⇒+=− −− θθ  
(b) ( ) CT j °=++= 10837.18.22025max,  

______________________________________________________________________________________ 
 
8.11 

(a) ( ) 4.1345.18.325150 =⇒++=− TT PP W 
(b)  CEQCQVIP =

( ) 48.434.13 =⇒⋅= CEQCEQ VV V 
96.82max, === CEQCECC VVV V 

______________________________________________________________________________________ 
 
8.12 

          

( )
2

1
2 50%

L

S

S CC Q

CC
L P P Q

CC Q

CC Q

P
P

P V I
VP V I I

V I

V I

η

η η

=

= ⋅

⎛ ⎞= ⋅ = ⎜ ⎟
⎝ ⎠

⋅ ⋅
= ⇒ =

⋅  
______________________________________________________________________________________ 
 
8.13 

(a) 
( )
( )

( )

( ) L
C

T

L

L

L

R
I
V

R
Rr

R
A

β
β

β
β

β

π
υ

++

+
=

++
+

=
1

1
1

1
 

We have  ( ) ββ ≅+1  

m
L

L

C

T
L

L

TLC

LC

g
R

R

I
V

R

R
VRI

RI
A

1
+

=
+

=
+

=υ  

(b) (i) 125.1
18

89.0 =⇒
+

= m

m

g

g

A/V,  25.29=CI mA 

(ii) 375.2
18

895.0 =⇒
+

= m

m

g

g

A/V,  75.61=CI mA 

(iii) 54.41
18

8997.0 =⇒
+

= m

m

g

g

A/V,  108=CI mA 

______________________________________________________________________________________ 
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8.14 

(a) 828.2
82

15.0
2
1 22

=⇒⋅=⇒⋅= p
p

L

p
L V

V
R
V

P V 

        3536.0
8
828.2

===
L

p
p R

V
I A 

(b) For V 828.2−=−= po VV

        ( ) 393.09.03536.0 =⇒== OOL III A 
______________________________________________________________________________________ 
 
8.15 

(a) V,  6.1=OV 20.0
8
6.1
==LI A 

       45.025.02.0 =+≅CI A 

       31.17
026.0
45.0

==mg A/V 

      9928.0

31.17
18

8
=

+
=υA  

(b) ,  ,  so  A 0=OV 0=LI 25.0=CI

       615.9
026.0
25.0

==mg A/V 

       9872.0

615.9
18

8
=

+
=υA  

(c) V,  A,  6.1−=OV 2.0−=LI 05.02.025.0 =−≅CI A 

       923.1
026.0
05.0

==mg A/V 

      939.0

923.1
18

8
=

+
=υA  

______________________________________________________________________________________ 
 
8.16 

          

( )
( )

( ) ( )

( )

3 2

S

max 4.8 V
0.7 5

4.3 mA
1

min
0.7 max 4.3 mA

1
so 3.6 5.5 V min 4.3 V

o

C C

I o L

I o

v

i i

v
v v i

v v

=

− − −
= = =

= + = − =

− ≤ ≤ = −
 

______________________________________________________________________________________ 
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8.17 

          

( ) ( )

( )

( ) ( )( )
( )

( )
( )

( ) ( ) ( ) ( )

2 3
3 3

2
3 3

2
3

2

3

3 2
2

3 2

2 2

0
2 0

0 5
K

12 0.5 5
2 11 2 0

11 11 4 12 2
2 12

1.072 V

12 1.072 0.5 3.93 mA
sat 1.072 0.5 0.572 V

min
min :  max 3.93 min 3.93 V

1
mi

GS
D GS TN

GS GS

GS GS

GS

GS GS

D D

DS GS TN

o

I

V
I V V

R
V V

V V

V

V V

I I
V V V

V
v i V

v

− − −
= − =

− = −
− − =

± +
=

= =

= = − =
= − = − =

= − = ⇒ = −

( ) ( )
( )
( ) ( )
( )

( )

( )
( ) ( )

1

2
1 1 1

1

n min 3.93 0.5
min 3.43 V

max 5 sat 5 0.572
max 4.43 V

4.43max 3.93 8.36 mA
1

8.36 12 0.5 1.33 V
max 4.43 1.33 max 5.76 V

o TN

I

o DS

o

D

D GS GS

I o GS I

v V
v

v V
v

I

I V V
v v V v

= + = − +
= −

= − = −
=

= + =

= = − ⇒ =
= + = + ⇒ =

 
______________________________________________________________________________________ 
 
8.18 

(a) For 7.117.012 −=+−=Oυ V,  61550
02.0
3.11

=+=QI mA 

       ( ) 75.645615
40
2121 =⎟
⎠
⎞

⎜
⎝
⎛ +=⋅⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+= QREF II
β

mA 

       ( )
Ω=⇒

−−−
= 5.17

6475.0
127.00 RR  

        For 3.117.012 +=−=Oυ V,  565
02.0
3.11
==Li mA 

       ( ) ( ) 18.1max565615max 11 =⇒+=+= ELQE iiIi A 

(b) ( ) 19.3
20

3.11
2
1

2
1 22

=⋅=⋅=
L

O
L R

V
P W 

        W ( ) ( )( ) 76.1424615.024 === QS IP

         Define %6.21%100
76.14
19.3

=×==
S

L

P
P

η  

______________________________________________________________________________________ 
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8.19 

(a) V,  20−=OV 10.0
200

20
−=

−
=Li A 

       ( ) 12.002.010.0min10.0 1 =+=+= EQ iI A 

       ( ) 1248.012.0
50
2121 =⎟
⎠
⎞

⎜
⎝
⎛ +=⋅⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+= QREF II
β

A 

       ( )
Ω=

−−−
= 187

1248.0
247.00R  

(b) ( )( ) 88.22412.011 === CEQQ VIP W 
        ( ) ( )( ) ( )( ) 88.5241248.02412.0242 =+=+= REFCEQ IVIP W 

(c) ( ) 1
200
20

2
1

2
1 22

=⋅=⋅=
L

O
L R

V
P W 

        %4.11%100
88.588.2

1
=×

+
=η  

______________________________________________________________________________________ 
 
8.20 

           

( ) (( )22
1

1

12 0 1.8

38.9 mA
D n GS TN

D

I K V V

I

= − = − −

=

)

 

     (a) 

           

( )
( )

( )

For 
max 4.8 V

sat 1.8 V
min 5 1.8 3.2 V

0.7 2.5 5.5 V

L

o

DS GS TN

o

I o I

R
v
V V V
v
v v v

= ∞

=
= − =
= − + = −

= + ⇒ − ≤ ≤

     (b) For  ( )500 max 4.8 VL oR v= Ω =

     For 
( ) 2

3.20,  min 3.2 V 6.4 mA
0.5

o
o o

L

vv v I
R

−′< = − = = = −
 

           2.5 5.5 VIv− ≤ ≤
     (c) 

          

( )

( ) ( )

( )

( )

2

2

22

For 2 ,  max 38.9 mA
2min min 51.4 

38.9
21 1 38.9 mW

2 2 51.4
38.910 38.9 389 mW % 10%
389

o

L

o
L L

L

L

v V I

R R

vP P
R

P

′= − = −
−

= ⇒ = Ω
−

= ⋅ = ⋅ ⇒ =

= = = =
 

______________________________________________________________________________________ 
 
 
 
 
 
 
 
8.21 
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( )

( ) ( )

( )

2
2

2 2

2

1 1 ,  
2 2

So 

100%η η

+

+ −
− +

+

= =

= ⋅ + ⋅ = −

=

= ⇒ =

P
L

L L

S
L L

S
L

L

S

VVP
R R

V V
P V

R R

V
P

R

P
P

V

 
______________________________________________________________________________________ 
 
8.22 
     (a) 

          

( ) ( )( )

( )

As maximum conversion efficiency

,  0.785
4

4So max 0.785 5

max 5 V

πη

π

= =

⎛ ⎞= ⎜ ⎟
⎝ ⎠

=

P

CC

p

p

V
V

V

V
 

     (b) Maximum power dissipation occurs when 

( )2 52
3.183 VCC

p
V

V
π π

= = =
 

     (c) 

( )

( )

2

2

2

2

max

5
2 1

CC

L

L
L

V
P

R

R
R

θ π

π

=

= ⇒ = .27 Ω
 

______________________________________________________________________________________ 
 
8.23 

     (a) 

2

2

1
2

150 49 V 52 V,  52 V
2 24

p

L

p
p

V
P

R

V
V V V+ −

= ⋅

= ⋅ ⇒ = ⇒ = = −
 

     (b) 

49 2.04 A
24

P
P

L

V
I

R
= = =

 

     (c) 

49
4 4 5
74.0%

P

CC

V
V

π πη

η

⎛ ⎞= ⋅ = ⎜ ⎟
⎝ ⎠

=
2

 
______________________________________________________________________________________ 
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     (a) 

          

( )
( ) ( )

( ) ( )

( )

( ) ( ) ( )
( )( )

( ) ( )

( ) ( ) ( )

( ) ( )

( )
( ) ( )

2

2

2 0
0

02
0 0

2
0 0

2

0

10 max  and 
max

max

max max
So 10 max

5 0.4

max
10 max

2
max

100 20 max max
2

max 20.5 max 100 0

20.5 20.5 4 100
max

2

DS DS GS TN GS

DS o D L n GS

o
n GS

L

o
GS

L n

o o
o

L n

V V sat V V V

V V I I K V
V

K V
R

V
V

R K

V V
V

R K

V
V

V
V V

V V

V

≥ = − =

= − = =

=

=
⋅

− = =
⋅

− =⎡ ⎤⎣ ⎦

− + =

− + =

± −
= ( )0 max 8 V

8 1.6 mA
5

1.6 2 10 V
0.4

L L

L
GS I

n

V

i i

iV V V
K

⇒ =

= ⇒ =

= = = ⇒ =
 

     b. 

          

( )

( )

281 6.4 mW
2 5
20 1.6

10.2 mW

6.4 62.7%
10.2

L

S

L

S

P

P

P
P

π

η η

= ⋅ =

= =

= = ⇒ =
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8.25 

(b) oGSnI υυυ +=  

   Also  ,  but ( )2
GSnLLdnLLo KRRiRi υυ === oIGSn υυυ −=  

   So   ( )2
oILo KR υυυ −=

      ( ) ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−−=

I

o
oIL

I

o

d
d

KR
d
d

υ
υ

υυ
υ
υ

12  

      
( )
( )oIL

oIL

I

o

KR
KR

d
d

υυ
υυ

υ
υ

−+
−

=
21

2
,   also  

L

o
oI KR

υ
υυ =−  

    Then  
oL

oL

I

o

KR

KR
A

d
d

υ

υ
υ
υ

υ
⋅+

⋅
==

21

2
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   We find  ( )( ) 4472.005.04 ==LKR  
(i) For 0=oυ ,   0=υA

(ii) For 1=oυ V,  
( )( )
( )( ) 472.0

14472.021
14472.02

=
+

=υA  

(iii) For 10=oυ V,  ( )
( )

739.0
104472.021

104472.02
=

+
=υA  

______________________________________________________________________________________ 
 
8.26 

(a) ( ) 7004.0
102

10ln026.0lnexp 15

3

=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

×
=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=⇒⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=

−

−

S

Cn
TBE

T

BE
SCn I

i
VV

V
V

Ii V 

       V 40077.12 == BEBB VV
       ( )( ) 551 ==⋅= CECQ iP υ mW 

(b) For 5.3−=oυ V,  5.3
1
5.3
=≅Cpi mA Li≅  

       ( ) 732957.0
102
105.3ln026.0 15

3

=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

×
×

=
−

−

EBυ V 

       66781.0732957.040077.1 =−=BEυ V 

       ( ) 2857.0
026.0

66781.0exp102 15 =⇒⎟
⎠
⎞

⎜
⎝
⎛×= −

CnCn ii mA 

    Then  mA 7857.35.32857.0 =+≅Cpi

       ( ) 734997.0
102

107857.3ln026.0 15

3

=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

×
×

=
−

−

EBυ V 

       66577.0734997.040077.1 =−=BEυ V 

       ( ) 2642.0
026.0

66577.0exp102 15 =⇒⎟
⎠
⎞

⎜
⎝
⎛×= −

CnCn ii mA 

       mA 764.32642.05.3 =+=Cpi

       535.37004.0735.05.3
2

−=+−−=+−= BB
EBoI

V
υυυ V 

  For :  mW LR ( ) ( ) 25.1215.3 22 === LLRL RiP
  For :  nQ ( ) ( )[ ] 25.25.352642.0 =−−== CEnCnQn iP υ mW 
  For :  pQ ( ) ( )[ ] 65.555.3764.3 =−−−== ECpCpQp iP υ mW 

______________________________________________________________________________________ 
 
8.27 

(a) (i)  ( )2
TNGSnnDn VKi −= υ

             ( ) 2
2

5.141 2 ==⇒−= BB
GSnGSn

V
υυ V,  4=⇒ BBV V 

       (ii) ( )( ) 12121 ==⋅= DSnDniP υ mW 
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(b) (i) ( )[ ] ( )
L

DSDD

L

o
DSD R

satV
R

satKi
υυ

υ
−

=== 2  

             ( )[ ] ( ) 02 =−+ DDDSDSL VsatsatKR υυ
       Now   ( )( ) 414 ==LKR

      We have ( )[ ] ( ) ( ) 612.10124 2 =⇒=−+ satsatsat DSDSDS υυυ V 
         ( ) 39.10612.112max =−=oυ V 
       (ii) mA 39.10== LDn ii
              0=Dpi
             112.3=GSnυ V 

             5.1139.10112.32
2

=++−=++
−

= oGSn
BB

I
V

υυυ V 

      (iii) For :  LR ( ) ( ) 108139.10 22 === LLRL RiP mW 
             For :  nM ( )[ ] 7.1639.101239.10 =−== DSnDnMn iP υ mW 
             For :  pM 0== SDpDpMp iP υ  

______________________________________________________________________________________ 
 
8.28 
     a. 

          

0
2424 V 3 A
8

3 73.2 mA
41

L L N

Bn Bn

v i i i

i i

= ⇒ = ⇒ ≈ =

= ⇒ =
 

     For  125 mA 25 73.2 98.2 mAD Ri i= ⇒ = + =

          

( ) 12

3ln 0.026 ln
6 10

0.7004 V

N
BE T

S

i
V V

I −

⎛ ⎞ ⎛ ⎞= =⎜ ⎟ ⎜ ⎟×⎝ ⎠⎝ ⎠
=  

          

( )

( )

( )

( )

1 1
1

3

12

12

30 24 0.7 5.3Then 98.2 53.97 
98.2

25 100.026 ln 0.5759 V
6 10

2 2 0.5759 0.7004
0.4514 V

0.4514exp 6 10 exp 0.208 mA
0.026

−

−

−

− +
= ⇒ = ⇒ =

⎛ ⎞×
= =⎜ ⎟×⎝ ⎠
= − = −

=

⎛ ⎞ ⎛ ⎞= = × ⇒ =⎜ ⎟ ⎜ ⎟
⎝ ⎠⎝ ⎠

D

EB D BE

EB
P S P

T

R R
R

V

V V V

Vi I i
V

Ω

 
     b. Neglecting base current 

          
( )

1

12

30 0.6 30 0.6 545 mA
53.97
0.5450.026 ln 0.656 V

6 10

D D

D

i i
R

V −

− −
≈ = ⇒ ≈

⎛ ⎞= =⎜ ⎟×⎝ ⎠  
      Approximation for Di  is okay. 

      Diodes and transistors matched 
545 mAN Pi i⇒ = =

 
______________________________________________________________________________________ 
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8.29 
     (a) 

          

( )

( )
( )

2
1 1 1

1

2
3 3 3

2 2
3 3 4

5 1 2 
5

200 2 1 200 /

D GS TN

GS

D GS TN

n p

I K V V

V V

I K V V

K K K A Vμ

= −

= + =

= −

= − ⇒ = =
 

     (b) 

          4 3 1I SG GS GS Ov V V V v+ + − =  

          

( )

( )( )

2
1 1 1

1
1 1

0

0
0

For  large, 

So 2 2 1
0.5 5

3
2.5

o L n GS TN

oL
GS TN TN

n L n

o
I

I

v i i K V V

viV V V
K R K

vv v

v
v v

= = −

= + = +

⎛ ⎞
+ + − + =⎜ ⎟⎜ ⎟

⎝ ⎠

= + −
 

          

0 0

0

0

0

1 11
2 2.5

11 1
2 2.5

I

I I I

I

dv dvdv
dv dv dvv

dv
dv v

= = + ⋅ ⋅

⎡ ⎤
= +⎢ ⎥

⎢ ⎥⎣ ⎦  
     For  5 :Ov V=

          ( )
( )0 011 1 1.1414 0.876

2 2.5 5I I

dv dv dv
dv dv dv

⎡ ⎤
⎢ ⎥= + = ⇒ =
⎢ ⎥⎣ ⎦

0

I
 

______________________________________________________________________________________ 
 
8.30 

          
 and 

2
DnBB

O I GS GS TN
n

IVv v V V V
K

= + − = +
 

     For 
0,  O

O Dn DQ L DQ
L

vv I I i I
R

≈ = + = +
 

     Then 

( )/
2

DQ O LBB
O I TN

n

I v RVv v V
K

+
= + − −

 or 
1

2
DQ OBB

O I TN
n DQ

I vVv v V
LK I R

= + − − ⋅ +
 

     For  small, Ov

11
2 2

DQ OBB
O I TN

n D

I vVv v V
Q LK I R

≅ + − − ⋅ + ⋅
 

          

1 11
2 2

DQ DBB
O I

n DQ L n

Q
TN

I IVv v
K I R K

⎡ ⎤
+ ⋅ ⋅ = + − −⎢ ⎥

⎢ ⎥⎣ ⎦
V
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     Now  

          

1 0.95
1 11
2

O

I DQ

n DQ L

dv
dv I

K I R

= =
⎡ ⎤
+ ⋅ ⋅⎢ ⎥

⎢ ⎥⎣ ⎦  

     So 

1 1 1 1 0.0526
2 0.95

DQ

n DQ L

I
K I R

⋅ ⋅ = − =
 

     For 

10.1 ,  then 0.01052L
n DQ

R k
K I

= Ω =

 

     Or 
95.1n DQK I =

 

     We can write 
2 190 m n DQg K I mA/V= =

 
     This is the required transconductance for the output transistor. This implies a very large transistor. 
______________________________________________________________________________________ 
 
8.31 

(a) 833.5101421 === RRRTH  kΩ  

       ( ) 512
1410

10

21

2 =⎟
⎠
⎞

⎜
⎝
⎛

+
=⋅⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

= CCTH V
RR

R
V V 

       ( )( ) 5619.0
02.091833.5

7.05
=

+
−

=BQI mA,  57.50=CQI mA 

(b) Ω=⇒== 237
57.50

12
L

CQ

CC
L R

I
V

R  

(c) ( ) ( ) 255
237.0

11
2
1max

2

=⋅=LP mW 

(d) ( )( ) 6071257.50 === CCCQS VIP mW 

        %42%100
607
255

=×=η  

______________________________________________________________________________________ 
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8.32 

          

( ) ( )
( ) ( )

( )
( )( ) ( )( )( )

( )( )

22

1 1

1

2

15 15 mA
1

15 0.15 mA
100

151max max 112.5 mW
2 2 1

Let 10 k
1

0.15 10 0.7 101 0.15 0.1
1 13.715 10 15

40.4 k

13.3 k

β

= = =

= =

= ⋅ = ⇒ =

= Ω

= + + +
= + +

= = ⋅ ⋅ = ⋅

= Ω

= Ω

CC
CQ

L

BQ

CC
L L

L

TH

TH BQ TH BE BQ E

TH TH CC

VI
R

I

VP P
R

R
V I R V I R

V R V
R R

R

R
 

______________________________________________________________________________________ 
 
8.33 

(a) 9938.075.13.221 === RRRTH  kΩ  

        ( ) 185.512
3.275.1

75.1

21

2 =⎟
⎠
⎞

⎜
⎝
⎛

+
=⋅⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

= CCTH V
RR

R
V V 

            ( )( ) 473.2
02.0419938.0

7.0185.5
=

+
−

=BQI mA,   91.98=CQI mA 

(b) Want ( ) 89.383.121
09891.0
12 22 =⇒==Ω===′ aaRa

I
V

R L
CQ

CC
L  

(c) ( )
( ) 9.333

1213.0
9

2
1 2

=⋅=LP mW 

        ( )( ) 187.11291.98 ⇒== CCCQS VIP  W 

(d) %1.28%100
187.1
3339.0

=×=η  

______________________________________________________________________________________ 
 
8.34 

a. Assuming the maximum power is being delivered, then     

          
( ) rms rms

36 9peak 36 V 9 V 6.36 V
4 2o oV V V V′ = ⇒ = = ⇒ = ⇒ =

 

     b. 

36 25.5 V
2o oV V= ⇒ =

 

     c. Secondary 
rms rms

rms

2 0.314 A
6.36

LPI I
V

= = ⇒ =
 

          Primary 
0.314 78.6 mA

4P PI I= ⇒ =
 

 
 
     d. 
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( )( ). 0.15 36 5.4 W
2 37%

5.4
η η

= = =

= ⇒ =

S CQ CCP I V

 
______________________________________________________________________________________ 
 
8.35 
a. 

           
 

          

( )
( )

2

1

2

1
0 0

21

2

1

1

1( )

1
1

 where 
1 11

 so 

e m E m E

E

i e i e

e i e E

E
Ee e

E L
i E i

E

e
e

Vv g V R V g R
r r

V R
r

v V v V v v

v v v R
r

R
Rv r v nR R

v r R vR
r

v nv v v
nn

n

π
π π

π π

π
π

π π

π

π

π

π

β

β

β
β

β β

⎛ ⎞ ⎛ ⎞
′ ′= + = +⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠
⎛ ⎞+ ′= ⎜ ⎟
⎝ ⎠

= + ⇒ = −

⎛ ⎞+ ′= − ⎜ ⎟
⎝ ⎠

+ ′⋅
′+ ⎛ ⎞

′= = = = ⎜ ⎟+ ′+ + ⎝ ⎠′+ ⋅

⎛ ⎞
= − ⎜
⎛ ⎞ ⎝ ⎠
⎜ ⎟
⎝ ⎠

n

( )
( )

0

1

2

11so 
1

E

i E

Rv
v r Rn

n
π

β
β

⎟

′+
= ⋅

′+ +⎛ ⎞
⎜ ⎟
⎝ ⎠  

     b. 

          ( )( )

2 2 2

2 2
2

2 2

1 1 1,  ,   so .
2 2 2

.
For 50% :

1
20.5  so 

2 0.1 50

η

= ⋅ = = =

=
=

⋅
= = = = = ⇒ =

⋅ ⋅

P
L P L CQ L CQ L

S CQ CC

CQ L
CQ L CC CC CCL

CQ CC CC CQ LS

InP I R a I P a I R
n a

P I V

a I R a I R V VP a a
I V V I RP 5

V

 
     c. 

          ( )
( )

( )( )0 0

49 0.026
0.255 

1 1 50 0.1
T

CQ

r VR R
I

π β
β β

= = = ⇒ =
+ +

Ω
 

______________________________________________________________________________________ 
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8.36 
     a. With a 10:1 transformer ratio, we need a current gain of 8 through the transistor. 
 

           

          
( ) 1 2

1 2

1 and e b b
ib

R R
i i i

R R R
β

⎛ ⎞
= + = ⎜ ⎟⎜ ⎟+⎝

ii
⎠  so we need 

( ) 1 2

1 2

8 1e

i i

R Ri
i R R

β
⎛ ⎞

= = + ⎜ ⎟⎜ ⎟+⎝ ⎠bR
 where     

          ( ) ( ) ( )( )1 1 101 0.8 80.8ib L LR r R Rπ β β′ ′= + + ≈ + = =  

          

( )

( )( ) ( )( )

1 2

1 2

1 2
1 2

1 2

1

1 2
1

Then 8 101
80.8

0.0792 or 6.95 k
80.8

2 12Set 15 mA
2 0.8

15 0.15 mA
100

1

1 6.95 12 0.15 6.95 0.7 47.9 k  then 

⎛ ⎞
= ⎜ ⎟⎜ ⎟+⎝ ⎠

= = Ω
+

′= ⇒ = = =
′

= =

= +

⋅ ⋅ = +

= + ⇒ = Ω

CC CC
L CQ

CQ L

BQ

TH BQ TH BE

TH CC BQ TH BE

R R
R R

R R
R R

R R
V VR I
I R

I

V I R V

R V I R V
R

R R
R

8.13 k= Ω
 

     b. 

          

( ) ( )

( )( )

2

0.9 13.5 mA 135 mA

1 0.135 8 72.9 mW
2

12 15 180 mW

40.5%

L
e CQ L

L L

S CC CQ S

L

S

I
I I I

a

P P

P V I P

P
P

η η

= = = ⇒ =

= ⇒ =

= = ⇒ =

= ⇒ =
 

______________________________________________________________________________________ 
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8.37 
     a. 

          

( )( )

( )( )

2

2 8 2 5.66 V peak output voltage

5.66 0.708 A peak output current
8

Set 0.9  to minimize distortion
0.9 18

Then 2.86
5.66

=

= = =

= = = =

= =

= ⇒ =

P L L

P

P
P

L

e CC P

V R P

V

VI
R

V V aV

a a
 

     b. 

          
( )( )

1 1 0.708Now 0.275 A
0.9 0.9 2.86

Then 18 0.275 4.95 W Power rating of transistor

⎛ ⎞ ⎛ ⎞= = ⇒ =⎜ ⎟⎜ ⎟
⎝ ⎠⎝ ⎠

= = ⇒ =

P
CQ CQ

Q CC Q Q

II I
a

P V I P
 

______________________________________________________________________________________ 
 
8.38 
     a. Need a current gain of 8 through the transistor. 

           
 

          
( ) 1 2

1 2

8 1b

i ib

R Ri
i R R R

β
⎛ ⎞

= = + ⎜ ⎟⎜ ⎟+⎝ ⎠  where ( )( )1 0.9 90.9 kΩibR β≈ + =  

          
( )( ) ( )( )

1 2
1 2

1 2

1 2
1

8 0.0792 or 7.82 k
101 90.9

2 12Set 0.9 k 13.3 mA
2 0.9

13.3 0.133 mA
100
1Then 7.82 12 0.133 7.82 0.7 53.9 k  and R 9.15 k

CC
CQ

CQ

BQ

R R
R R

R R

V I
I

I

R
R

⎛ ⎞
= = = Ω⎜ ⎟⎜ ⎟+⎝ ⎠

= Ω⇒ = =

= =

= + ⇒ = Ω = Ω
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     b. 

          

( )

( ) ( )

( )( )

2

0.9 12 mA 120 mA

1 0.12 8 57.6 mW
2

12 13.3 159.6 mW

57.6 36.1%
159.6

η η

= = = ⇒ =

= ⇒ =

= = ⇒ =

= = ⇒ =

L
e CQ L

L L

S CC CQ S

L

S

II I I
a

P P

P V I P

P
P  

______________________________________________________________________________________ 
 
8.39 

(a) ( ) 473.1
105

10ln026.02ln2 16

3

=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

×
=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=

−

−

SD

Bias
TBB I

I
VV V 

(b) 14
026.0

2473.1
exp =⇒⎟

⎠

⎞
⎜
⎝

⎛
= CQSQCQ III  mA 

______________________________________________________________________________________ 
 
8.40 

(a) ( ) DEBpBEn
SQ

CQ
TBE VVV

I
I

VV ====⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

×
×

=⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
=

−

−

73643.0
102
104ln026.0ln

15

3

 

        ( ) 8.0
026.0

73643.0exp104exp 16 =⇒⎟
⎠
⎞

⎜
⎝
⎛×=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
= −

Bias
T

D
SDBias I

V
V

II mA 

(b) V 473.12 == DBB VV
(c) 7364.0−=−= EBpI Vυ V 

______________________________________________________________________________________ 
 
8.41 

(a) ( ) 76025.0
10

105.0ln026.0 16

3

1 =⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ×
=

−

−

DV V 

       ( ) 72421.0
104

105.0ln026.0 16

3

2 =⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

×
×

=
−

−

DV V 

       V 48446.121 =+= DDBB VVV

(b) ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
==

T

EBp
SQp

T

BEn
SQnCpCn V

I
V

Iii
υυ

expexp  

        ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −
=

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

=

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

=
T

BBBEn

T

BEnBB

T

BEn

T

EBp

T

BEn

SQn

SQp

V
V

V
V

V

V

V
I
I υ

υ

υ

υ

υ
2

exp
exp

exp

exp

exp
 

         ⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
=

−

SQn

SQp

T

BBBEn

I
I

V
V

ln
2υ

 

         ( ) 75124.0
108
106.1ln026.048446.1

2
1ln

2
1

16

15

=
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

×
×

+=
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
+=

−

−

SQn

SQp
TBBBEn I

I
VVυ V 
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         73322.0=−= BEnBBEBp V υυ V 

(c) ( ) ⎟
⎠
⎞

⎜
⎝
⎛×=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
= −

026.0
75124.0exp108exp 16

T

BEn
SQnCQ V

II
υ

 

        mA 828.2==⇒ CpCn ii
(d) 73322.0−=−= EBpI υυ V 
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8.42 
     a. All transistors are matched. 

          

1 3
13 mA

61 13 2
60 60

β

.90 mA

β β
⎛ ⎞+

= + = +⎜ ⎟
⎝ ⎠

⎛ ⎞= + ⇒ =⎜ ⎟
⎝ ⎠

C
E B C

C C

ii i i

i i
 

     b. 

For , let 6 Vov = 200 .LR = Ω
 

          

3

3

1

1 1

2 2

2 1

6 0.03 A 30 mA
200
30 0.492 mA
61
3 0.492 2.508 mA
2.508 41.11 A

61
33 mA 49.18 A
61

49.18 41.11 8.07 A

o E

B

E

B B

E B

I B B I

i i

i

i

i i

i i

i i i i

μ

μ

μ

= = = ≅

= =

= − =

= ⇒ =

≅ ⇒ = ⇒

= − = − ⇒ =  

          

( )

( )

3
3

6

3
3

3 13

3

3
1

1 13

1

Current gain 
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     a. For 
0 3

11 A, 20 mA
50Bi I= ≅ ⇒

 

     We can then write 

( )0,max 31

1 1
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1 1
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−
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1 1
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R R
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     c. 
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8.46 
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     For  0 0v =
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     Because of 1rπ  and Z, neglect effect of r0. Then neglecting r01, r02 and r03, we find    
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8.48 
     a Neglect base currents. 

          
( )

Bias

3

13

2 2 ln

5 102 0.026 ln 1.281 V
10

BB D T
S

BB

I
V V V

I

V
−

−

⎛ ⎞
= = ⎜ ⎟

⎝ ⎠
⎛ ⎞×

= ⇒⎜ ⎟
⎝ ⎠

=
 

 
 
 
 
 
 
 
 



Microelectronics: Circuit Analysis and Design, 4th edition                                                                Chapter 8 
By D. A. Neamen                                                                                                                 Problem Solutions 
______________________________________________________________________________________ 

          

1 3

1 3 2

2 3 3

2 2

1

1

BE EB BB

E E C

P
B C E

P

P
C n B n E

P

V V V
I I I

I I I

3I I I

β
β

β
β β

β

+ =
= +

⎛ ⎞
= = ⎜ ⎟+⎝ ⎠

⎛ ⎞
= = ⎜ ⎟+⎝ ⎠  

          

1 3

1 3

1

1
1

P
3E E n E

P

P
E E n

P

I I I

I I

ββ
β

β
β

β

⎛ ⎞
= + ⎜ ⎟+⎝ ⎠

⎡ ⎤⎛ ⎞
= +⎢ ⎥⎜ ⎟+⎝ ⎠⎣ ⎦  

          
1 3

1 1 1
1

n P P
C C n

n P

I I
β β β

β
β β

⎡ ⎤⎛ ⎞ ⎛ ⎞ ⎛ ⎞+ +
= +⎢ ⎥⎜ ⎟ ⎜ ⎟ ⎜ ⎟+⎝ ⎠ ⎝ ⎠⎝ ⎠ ⎣ ⎦Pβ  

          

( ) ( )

1 3
1 3

1 3

3 3

ln ,  ln

21 201.01 1 100
20 21

21 100 101.05
20

C C
BE T EB T

S S

C C

C C

I I
V V V V

I I

I I

I I

⎡ ⎤ ⎡ ⎤
= =⎢ ⎥ ⎢ ⎥

⎣ ⎦ ⎣ ⎦
⎡ ⎤⎛ ⎞ ⎛ ⎞= +⎜ ⎟ ⎜ ⎟⎢ ⎥⎝ ⎠ ⎝ ⎠⎣ ⎦

⎡ ⎤= + =⎢ ⎥⎣ ⎦  

          

1 3

3 3

2
3

2

2
3

2

3 C

100.05

100.05
ln ln

100.05
ln

100.05
exp

exp 0.4995 mA
100.05

C C

C C
T T BB

S S

C
T BB

S

C BB

TS

S BB
C

T

I I

I I
V V V

I I

I
V V

I

I V
VI

I V
3I I

V

=

⎛ ⎞ ⎛ ⎞
+ =⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠
⎛ ⎞

=⎜ ⎟
⎝ ⎠

⎛ ⎞
= ⎜ ⎟

⎝ ⎠

⎛ ⎞
= =⎜ ⎟

⎝ ⎠
=

 

          
( ) ( )

3

1 3 1

2 2

Then 0.5245 mA
Now 100.05 49.97 mA

20100 0.5245 49.95 mA
21

E

C C C

C C

I
I I I

I I

=
= = =

⎛ ⎞= =⎜ ⎟
⎝ ⎠

=
 

          

3
1

1 13

3
3

3 13

1 3

49.97 10ln 0.026 ln
10

0.70037

0.4995 10ln 0.026 ln
10

0.58062
Note: 0.70037 0.58062 1.28099

C
BE T

S

C
EB T

S

BE EB

BB

I
V V

I

I
V V

I

V V
V

−

−

−

−

⎛ ⎞ ⎛ ⎞×
= =⎜ ⎟ ⎜ ⎟

⎝ ⎠⎝ ⎠
=

⎛ ⎞ ⎛ ⎞×
= =⎜ ⎟ ⎜ ⎟

⎝ ⎠⎝ ⎠
=

+ = + =
=  

 
 



Microelectronics: Circuit Analysis and Design, 4th edition                                                                Chapter 8 
By D. A. Neamen                                                                                                                 Problem Solutions 
______________________________________________________________________________________ 
     b. 
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     a. 
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9.2 

(a) 4
42 102

10
2 −×−=

−
==

od

O

A
υ

υ V 

       Iυυ ⋅⎟
⎠
⎞

⎜
⎝
⎛
+

=
20001
1

2  

       4002.0
2001

1102 4 −=⇒⋅⎟
⎠
⎞

⎜
⎝
⎛=×− −

II υυ V 

(b) Iυυ ⋅⎟
⎠
⎞

⎜
⎝
⎛
+

=
20001
1

2  

        ( ) 3
2 109995.02

2001
1 −×=⎟

⎠
⎞

⎜
⎝
⎛=υ V 

         ( ) 5.1000109995.01 3
2 =⇒×=== −

odododO AAA υυ
______________________________________________________________________________________ 
 
9.3 

(a)  V ( ) ( )( ) 50010.20000.2105 3
12 −=−×=−= υυυ odO A

(b) ( )12 υυυ −= odO A  

( )( ) 00265.30025.3102000.3 11
4 =⇒−×=− υυ V 

(c) ( )12 υυυ −= odO A  

         ( )( ) 43 1091001.001.080.1 ×=⇒×−−= −
odod AA

______________________________________________________________________________________ 
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9.4 

           
 

          

( )

( )

25

0.790 0.80
25

0.9875 25
24.6875 0.0125

1975 K

i
id I

i

i

i

i i

i

i

R
v v

R

R
R

R R
R

R

⎛ ⎞
= ⎜ ⎟+⎝ ⎠

⎛ ⎞
= ⎜ ⎟+⎝ ⎠

+ =
=

=
 

______________________________________________________________________________________ 
 
9.5 

(a) 10
20
200

1

2 −=
−

=
−

=
R
R

Aυ  

(b) 3
40
120

−=
−

=υA  

(c) 1
40
40

−=
−

=υA  

______________________________________________________________________________________ 
 
9.6 

          

200 10
20

and for each case
20 k

⎫= − = − ⎪
⎪
⎬
⎪= Ω ⎪
⎭

v

i

A

R

 
______________________________________________________________________________________ 
 
9.7 
     a. 

          1

100 10
10

10 k

= − = −

= = Ω

v

i

A

R R  
     b. 

          5
10

100100
−=−=υA  

           k  101 == RRi Ω
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     c. 

          

100 5
10 10

10 10 20 K

v

i

A

R

= − = −
+

= + =  
______________________________________________________________________________________ 
 
9.8 

(a) 200
1020
40

262
2

2 =⇒
×

=⇒
−

=
−

RR
R

i Oυ kΩ  

       67.1620012 1
11

2 =⇒
−

=−⇒
−

= R
RR

R
Aυ kΩ  

(b) μ
υ

5.7
10200
5.100

213
2

2 −==⇒
×
−

=
−

= ii
R

i O A 

       125.0
12

5.1
−=⇒

−
+

== I
O

I A
υ

υ
υ

υ

V 

______________________________________________________________________________________ 
 
9.9 

          
2

1
v

R
A

R
= −

 
     (a)  10vA = −

     (b)  1vA = −

     (c)  0.20vA = −

     (d)  10vA = −

     (e)  2vA = −

     (f)  1vA = −

______________________________________________________________________________________ 
 
9.10 

(a) 2002003 2
11

2 =⇒
−

=
−

=− R
RR

R
kΩ ,  67.661 =R kΩ  

(b) 2002008 2
11

2 =⇒
−

=
−

=− R
RR

R
kΩ ,  251 =R  kΩ  

(c) 20020020 2
11

2 =⇒
−

=
−

=− R
RR

R
kΩ ,  101 =R kΩ  

(d) 100
200

5.0 2
2

1

2 =⇒
−

=
−

=− R
R

R
R

kΩ ,  2001 =R kΩ  

______________________________________________________________________________________ 
 
9.11 

(a) 5
1050
25.0

161
1

1 =⇒
×

=⇒=
−

RR
R

i Iυ kΩ  

       5.32
5

5.6 2
2

1

2 =⇒
−

=−⇒
−

= R
R

R
R

Aυ kΩ  
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(b) 6154.0
5.6

4
=

−
−

==
υ

υ
υ

A
O

I V 

       123.0
5.32

4
21 === ii mA 

______________________________________________________________________________________ 
 
9.12 

(a) 
1

2

R
R

A
−

=υ  

        25
25

20 1
2 =⇒

−
=− R

R
k ,  Ω 5002 =R kΩ  

(b) 50100020 1
1

=⇒
−

=− R
R

kΩ ,  12 =R MΩ  

(c) For (a), μ
υ

8
25

2.0
1

1
1 −=⇒

−
== i

R
i I A 

For (b), μ
υ

4
50

2.0
1

1
1 −=⇒

−
== i

R
i I A 

______________________________________________________________________________________ 
 
9.13 
     a. 

          

2 2 2

1 1 1

2 2

1 1

1.05 1.105
0.95

0.95 0.905
1.05
Deviation in gain is +10.5% and 9.5%

⎛ ⎞
= ⇒ = ⎜ ⎟

⎝ ⎠
⎛ ⎞

= ⎜ ⎟
⎝ ⎠

−

v
R R RA
R R R

R R
R R

 
     b. 

          

2 2 2

1 1 1

1.01 0.991.02 0.98
0.99 1.01

Deviation in gain 2%

v
R R RA
R R R

⎛ ⎞ ⎛ ⎞
⇒ = ⇒ =⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠
= ±

2

1

R
R

 
______________________________________________________________________________________ 
 
9.14 

(a) (i) ( ) 320.0
1
15

1

2 =−
−

=⋅
−

= IO R
R

υυ V 

(ii) 20.0
15

30

2
2 −=

−
=

−
=

R
i Oυ mA 

      75.0
4
3
===

L

O
L R

i
υ

mA 

      ( ) 95.020.075.02 =−−=⇒=+ OLO iiii mA 
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(b) (i) ( ) 75.005.0
1
15

−=
−

=Oυ V 

(ii) ( ) 05.0
15

75.00
2 =

−−
=i mA 

      1875.0
4
75.0

−=
−

=Li mA 

      2375.005.01875.02 −=−−=−= iii LO mA 

(c) (i) ( tO ωυ sin8
1
15−

= ) (mV) ⇒ tO ωυ sin12.0−=  (V) 

(ii) ti
t

i ω
ω

sin8
15
sin12.0

22 =⇒=  ( μ A) 

       ti
t

i LL ω
ω

sin30
4
sin12.0

−=⇒
−

=  ( μ A) 

       tiii LO ωsin382 −=−=  ( μ A) 
______________________________________________________________________________________ 
 
9.15 

          

2

1 5

30 2.5% 29.25 30.75

v

v v

R
A

R R
A A

= −
+

= − ± ⇒ ≤ ≤  

     

2 2

1 1

So 29.25 and 30.75
2 1

R R
R R

= =
+ +  

      ( ) (1 1We have 29.25 2 30.75 1R R+ = + )

     1 2Which yields 18.5  and 599.6 R k R= Ω = kΩ
 

     
For 25 ,  then 0.731 0.769 I Ov mV v= ≤ ≤ V

 
______________________________________________________________________________________ 
 
9.16 

          ( ) 2.115.0
10
80

1

2
1 =−

−
=⋅

−
= IO R

R
υυ V 

          ( ) 62.1
20
100

1
3

4 −=
−

=⋅
−

= OO R
R

υυ V 

          ( ) 15
10

15.0
21

1
21 −==⇒

−
=== ii

R
ii Iυ μ A 

          60
20

2.1
43

3

1
43 ==⇒=== ii

R
ii Oυ μ A 

      At 1Oυ :  ( ) 7515601312 =−−=⇒=+ OO iiii μ A;  Out of Op-Amp 
      At Oυ : 6042 == iiO μ A; Into Op-Amp 
______________________________________________________________________________________ 
 
9.17 

          100
3

4

1

2 =⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −
=

R
R

R
R

I

O

υ
υ

 

       For 50=Iυ mV,  ( )( ) 505.0100 ==Oυ V 
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       If μ504 =i A,  100
1050
5

464 =⇒
×

=
−

RR kΩ  

       Set k  101 =R Ω

       Then  10100
10

100
3

2

3

2 =⇒⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
==

R
R

R
R

I

O

υ
υ

 

       Set k ,  k  1002 =R Ω 103 =R Ω
______________________________________________________________________________________ 
 
9.18 

          300
5

6

3

4

1

2 −=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −
=

R
R

R
R

R
R

Aυ  

       For 6=Oυ V, set μ
υ

60
6

6 ⇒=
R

i O A 1006
6

6

=⇒= R
R

kΩ  

       Set kΩ  so that 2006 =R 306 =i μ A 
       Set kΩ  201 =R

       Now  ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

53

42 200
20

300
RR

RR
 

       For example, set kΩ   and  1002 =R 205 =R kΩ  

       Then  ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=⎟

⎠
⎞

⎜
⎝
⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⎟
⎠
⎞

⎜
⎝
⎛=

3

4

3

4 50
20

200
20

100300
R
R

R
R

 

      Or  6
3

4 =
R
R

,  set k   and 203 =R Ω 1204 =R kΩ  

______________________________________________________________________________________ 
 
9.19 

(a) ( ) 8.840.0
1
22

1

2 =−⎟
⎠
⎞

⎜
⎝
⎛−=⋅

−
= IO R

R
υυ V 

(b) ( )
( )

8993.21
23

105
11

122

111

1

3
1

21

2 −=

⎥⎦
⎤

⎢⎣
⎡

×
+

⋅−=

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
++

⋅
−

=

R
R

A

R
R

A

od

υ  

        ( )( ) 7597.840.08993.21 =−−=Oυ V 
(c)  ( )( ) 956.2122998.0 −=−=υA

        ( )
( )

4101477.1
2311

122956.21 ×=⇒

⎥
⎦

⎤
⎢
⎣

⎡
+

⋅−=− od

od

A

A

 

______________________________________________________________________________________ 
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9.20 
     (a) 

          

( )

2

1 2

1

3

1
11 1

100 1
125 1 5

5 10
3.9960

v

od

v

R
A

R R
A R

A

= − ⋅
⎡ ⎤⎛ ⎞
+ +⎢ ⎥⎜ ⎟

⎝ ⎠⎣ ⎦

= − ⋅
⎡ ⎤+⎢ ⎥×⎣ ⎦

= −  

     (b) ( )3.9960 1.00 3.9960 VO Ov v= − ⇒ = −
 

     (c) 
4 3.9960 100% 0.10%

4
−

× =
 

     (d) 

          

( )
( )

2 1 1

1 3

1

3.9960
5 10

0.7992 mV

O od od

O

od

v A v v A v

v
v

A
v

+

= − = −

− −
= − =

×
=

 
______________________________________________________________________________________ 
 
9.21 

(a) 98431.9

10
1001

107
11

1
10
100

3

−=

⎥
⎦

⎤
⎢
⎣

⎡
⎟
⎠
⎞

⎜
⎝
⎛ +

×
+

⋅
−

=υA  

        7011.0
9843.9
7

−=
−

==
υ

υ
υ

A
O

I V 

        1
107
7

131 −=⇒
×
−

=
−

= υ
υ

υ
υA
O mV 

(b) ( ) 4
3

1

105.2
102.0
5

×=
×
−−

=
−

=
−υ

υO
odA  

       ( )
( )

9956.9
11

105.2
11

110

4

−=

⎥⎦
⎤

⎢⎣
⎡

×
+

⋅−=υA  

        50022.0
9956.9
5

=
−

−
==

υ

υ
υ

A
O

I V 
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9.22 

(a) 60
50
50

5
501

10
501

2

3

4

3

1

2 −=⎟
⎠
⎞

⎜
⎝
⎛ ++

−
=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
++

−
=

R
R

R
R

R
R

Aυ  

(b) (i) 78.2
50
505015100 4

4

=⇒⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
++−=− R

R
kΩ  

(ii) 79.1
50
505015150 4

4

=⇒⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
++−=− R

R
kΩ  

_____________________________________________________________________________________ 
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9.23 
     a. 

          

3 32

1 4 2

1

3 32

4 2

2 3

4
4 4

1

500 k

80 1
500

Set  500 k

500 50080 1 1 1 2 6.41 k

v
R RRA

R R R
R

R RR
R R

R R

R
R R

⎛ ⎞
= − + +⎜ ⎟

⎝ ⎠
= Ω

⎛ ⎞
= + +⎜ ⎟

⎝ ⎠
= = Ω

⎛ ⎞
= + + = + ⇒ = Ω⎜ ⎟

⎝ ⎠  
     b. 

          

( )( )
1 2 1 2

6 3
2 2

4 4
4

3 2 4 3

For 0.05 V
0.05 0.1 A

500 k
0.1 10 500 10 0.05

0.05 7.80 A
6.41
0.1 7.80 7.90 A

I

X

X

v

i i i i

v i R

vi i
R

i i i i

μ

μ

μ

−

= −
−

= = ⇒ = = −
Ω

= − = − − × × =

= − = − ⇒ = −

= + = − − ⇒ = −
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9.24 
     (a) 

          

2

1 1

1

5001000

0.5 K

v
RA
R R

R

− −
= − = =

=
 

     (b) 

          

3 32

1 4 2

1 1

1

1

250 500 500 12501000 1
250 250

1.25 K

v
R RRA

R R R

R R
R

⎛ ⎞−
= + +⎜ ⎟

⎝ ⎠
− −⎛ ⎞− = + + =⎜ ⎟

⎝ ⎠
=
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9.25 
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1 2

2

3

I

I
A I

A I

vi i
R

vv i R R v
R

v vi
R R

= =

⎛ ⎞= − = − = −⎜ ⎟
⎝ ⎠

= − =
 

          

( )

( )

4 2 3

4

5

6 4 5

2 2

2 3

3 3

2 3 5

A A A I

I
B A I

IB I

I I I

v v v vi i i
R R R R

vv v i R v R v
R

vv vi
R R R

v v vi i i
R R R

= + = − − = − =

⎛ ⎞= − = − − = −⎜ ⎟
⎝ ⎠

−
= − = − =

= + = + =

I

 

          

0
0 6

53 8

From Figure 9.12 3

I
B I

I

v

vvv v i R v R
R v

A

⎛ ⎞= − = − − ⇒ = −⎜ ⎟
⎝ ⎠

⇒ = −
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9.26 

(a) 9978.9

20
2001

105
11

1
20
200

111

1

4
1

21

2 −=

⎥
⎦

⎤
⎢
⎣

⎡
⎟
⎠
⎞

⎜
⎝
⎛ +

×
+

⋅
−

=

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
++

⋅
−

=

R
R

A

R
R

A

od

υ  

(b) 4801056.0
9978.9

80.4
=

−
−

==
υ

υ
υ

A
O

I V 

(c) ( ) μυ
υ

υ 96
105

80.4
141 =⇒

×
−−

=
−

=
od

O

A
V 

(d) %022.0%100
8.4

8.4801056.4
=×

−  
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9.27 

(a) ( )
( )

9992.0
2

105.2
11

11

111

1

3
1

21

2 −=

⎥⎦
⎤

⎢⎣
⎡

×
+

⋅−=

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
++

⋅
−

=

R
R

A

R
R

A

od

υ  

(i) ( )( ) 7993605.08.09992.0 =−−=Oυ V 

(ii) %08.0%100
8.0

7993605.08.0
≅×

−  

(b) ( )
( )

990099.0
2

102
11

11

2

−=

⎥⎦
⎤

⎢⎣
⎡

×
+

⋅−=υA  

(i) ( )( ) 79208.08.0990099.0 =−−=Oυ V 

(ii) %99.0%100
9.0
79208.08.0

=×
−  

______________________________________________________________________________________ 
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9.28 

     (a) 

2
2

1 2

l O O
i

l

v v v Ri i
R R v

= = = − ⇒ = −
1R  

     (b) 

          

2
2 1 3 3

1 1

2
3

1

1

Then 1

l O
l

L L

l

L

v v Ri i i i v
R R R R

v Ri
R R

⎛ ⎞
= = = + = + − ⋅⎜ ⎟

⎝ ⎠
⎛ ⎞

= +⎜ ⎟
⎝ ⎠  
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9.29 

          

( )

( )

3 1
.max .max

3 1 4

2
.max

1

2 2

1 1

2

0.1 1
10 0.09008 

0.1 1 10

10 0.09008 111

So 111 

+⎛ ⎞ ⎛ ⎞
= ⋅ = ⇒ =⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟+ +⎝ ⎠ ⎝ ⎠

= ⋅

= ⇒ =

= Ω

X X

O X

R R
V V V

R R R

Rv V
R

R R
R R

R k

V
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9.30 

          3
3

2
2

1
1

I
F

I
F

I
F

O R
R

R
R

R
R

υυυυ ⋅−⋅−⋅−= 321 60
120

20
120

40
120

III υυυ ⋅−⋅−⋅−=  

          321 263 IIIO υυυυ −−−=  
(a) ( ) ( ) ( ) 85.25.1210.0625.03 −=−−−−=Oυ V 
(b) ( ) ( ) ( ) 133.02.1225.0635.0 11 =⇒−−−−= II υυ V 

______________________________________________________________________________________ 
 
9.31 

(a) ( ) 321321 625.025.6325.05.22.15.2 IIIIIIO υυυυυυυ −−−=++−=  

Then  3
1

=
R
RF ,  25.6

2

=
R
RF ,  625.0

3

=
R
RF  

3R  is the largest resistor, so set 4003 =R kΩ  
Then  k ,  k250=FR Ω 3.831 =R Ω ,  402 =R kΩ  

(b) ( ) ( ) ( ) 1875.02625.025.025.613 =−−−−=Oυ V 

        μ
υ

75.0
250
1875.0

=⇒== F
F

O
F i

R
i A 

______________________________________________________________________________________ 
 
9.32 
          ( ) 2121 6232 IIIIO υυυυυ −−=+−=  

          Then  2
1

=
R
RF ,  6

2

=
R
RF  

    For  11 −=Iυ V,  5.02 −=Iυ V 
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          Then  ( ) ( ) 55.0612 =−−−−=Oυ V 

          Set μ80=Fi A 5.625
=⇒== F

FF

O R
RR

υ
kΩ  

    Then  k ,  k25.311 =R Ω 42.102 =R Ω  
______________________________________________________________________________________ 
 
9.33 

          

( ) ( ) ( )

( ) ( )( ) ( )( )
( ) ( )

1

2 23

1 2 1 2
1 2

0.05 2 sin 2 0.0707sin 2
1 11 1 10

10010
10 10
1 5

10 0.0707sin 2 2 1 

0.707sin 2 2 

I

I

F F
O I I I I

O

O

v ft ft

 f kHz T ms v T ms

R Rv v v v v
R R

v ft V

v ft V

π π

π

π

= =

= ⇒ = ⇒ ⇒ = ⇒

= − ⋅ − ⋅ = − ⋅ − ⋅

= − − ±

= − − ±  

           
______________________________________________________________________________________ 
 
9.34 

          2
2

1
1

I
F

I
F

O R
R

R
R

υυυ ⋅−⋅−=  

           ( ) ( )006.0100sin125.0004.0100sin5.0
21

−−+−=−
R

t
R

t ωω  

       Set ( ) 25sin125.0100sin5.0 1
1

=⇒−=− Rt
R

t ωω kΩ  

       We have  ( ) ( )006.0100004.01000
21

−−−=
RR

 

                       5.376.0
25

4.00 2
2

=⇒+−= R
R

 kΩ  

______________________________________________________________________________________ 
 
9.35 

(a) 32132
1 24

2
12

4
2 IIIII

I
O υυυυυ

υ
υ −−−=⎥

⎦

⎤
⎢
⎣

⎡
++−=  

Then  
2
1

1

=
R
RF ,  4

2

=
R
RF ,  2

3

=
R
RF  

Set  k2501 =R Ω ,  Then k125=FR Ω , 25.312 =R kΩ ,  5.623 =R kΩ  
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(b) For 21 −=Iυ V, 02 =Iυ ,  13 −=Iυ V 

            ( ) ( ) ( ) 312042
2
1

=−−−−−=Oυ V 

       For 21 =Iυ V, 5.02 =Iυ V,  03 =Iυ  

            ( ) ( ) ( ) 3025.042
2
1

−=−−−=Oυ V 

      Then  33 +≤≤− Oυ V 

            μ
υ

24
125

3
max

max
max

=⇒== F
F

O
F i

R
i A 

______________________________________________________________________________________ 
 
9.36 

          3
3

2
2

1
1

I
F

I
F

I
F

O R
R

R
R

R
R

υυυυ ⋅−⋅−⋅−=  

          ( ) ( ) ( )4sin5.0sin22sin6
321

−−−+−=−
R
R

t
R
R

t
R
R

t FFF ωωω  

       We have  ( ) ( ) 13
31

2042 RR
R
R

R
R FF =⇒=+−  

       Also  ( ) ( )5.026
21 R

R
R
R FF −−=−  

       For 6=Oυ V,  μ120
max

=Fi A 506
=⇒= F

F

R
R

kΩ  

       For 4
max1 =Iυ V,  μ120

max1 =i A 33.334
1

1

=⇒= R
R

kΩ  and 66.662 13 == RR k  Ω

       Now  ( )( ) ( )( ) 33.825
33.33

100251005.0502506 2
22121

=⇒+=+=+= R
RRRRR

kΩ  

______________________________________________________________________________________ 
 
9.37 
     a. 

          

( ) ( ) ( ) ( )

( )

0 3 2 1 0
3 2 1 0

3 02 1
0

5 5 5

So 5
10 2 4 8 16

F F F F

F

R R R Rv a a a a
R R R R

a aR a av

= − ⋅ − − ⋅ − − ⋅ − − ⋅ −

⎡ ⎤= + + +⎢ ⎥⎣ ⎦

5

 

     b. 
0

12.5 5 10 k
10 2

F
F

R
v R= = ⋅ ⋅ ⇒ = Ω

 
     c. 

     i. 
0 0

10 1 5 0.3125 V
10 16

v v= ⋅ ⋅ ⇒ =
 

     ii. 
( )0 0

10 1 1 1 1 5 4.687
10 2 4 8 16

v v⎡ ⎤= + + + ⇒ =⎢ ⎥⎣ ⎦
5 V

 
______________________________________________________________________________________ 
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9.38 

(a) 2121 20200
1
20

1
20

1
10

IIIIO υυυυυ −=⋅⎟
⎠
⎞

⎜
⎝
⎛−⋅⎟

⎠
⎞

⎜
⎝
⎛ −
⎟
⎠
⎞

⎜
⎝
⎛ −=  

(b) ( )( ) ( )( ) ttO ωωυ sin10005001000sin5025205200 ++=−−−=  (mV) 
       tO ωυ sin0.15.1 +=  (V) 
(c) For the 20 k  resistor: Ω

            125.0
20

5.2
maxmax

=⇒= ii mA 

       For the 10 kΩ  resistor: 

            ( ) 505
1

10
1 =⎟

⎠
⎞

⎜
⎝
⎛=Oυ mV,  μ5

10
50

maxmax
=⇒

Ω
= i

k
mV

i A 

______________________________________________________________________________________ 
 
9.39 
For one-input 

           
 

         
od

O

A
υ

υ −=1  

         
F

OI

RRRR
υυυυυ −

+=
− 1

32

1

1

11  

         
F

O

F

I

RRRRRR
υ

υ
υ

−
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
++=

111

321
1

1

1  

               
F

O

Fod

O

RRRRRA
υυ

−
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
++−=

111

321

 

               
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
+++−=

321

11111
RRRARRA odFFod

Oυ  

               
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⋅++−=

321

111
RRR

R
AAR

F

ododF

Oυ  

          

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
++

⋅⋅−=

P

F

od

I
F

O

R
R

A

R
R

111

1
1

1

υυ   where  321 RRRRP =  

     Therefore, for three-inputs   ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⋅+⋅+⋅⋅

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
++

−
= 3

3
2

2
1

1111

1
I

F
I

F
I

F

P

F

od

O R
R

R
R

R
R

R
R

A

υυυυ  

______________________________________________________________________________________ 
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9.40 

(a) 11
15

15011
1

2 =⎟
⎠
⎞

⎜
⎝
⎛ +=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+=

R
R

Aυ  

(b) 4
50

1501 =⎟
⎠
⎞

⎜
⎝
⎛ +=υA  

(c) 4.1
50
201 =⎟

⎠
⎞

⎜
⎝
⎛ +=υA  

(d) 2
20
201 =⎟

⎠
⎞

⎜
⎝
⎛ +=υA  

______________________________________________________________________________________ 
 
9.41 

(a) 14115
1

2

1

2 =⇒⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+==

R
R

R
R

Aυ  

For 5.7−=Oυ V 5.01 −=⇒υ V 

μ120=i A 33.585.05.7
2

2

=⇒
−

= R
R

kΩ ,  17.41 =R kΩ  

(b) ( )( ) 75.325.015 ==Oυ V 

        μ60
17.4
25.0

2121 ==⇒== iiii A 

______________________________________________________________________________________ 
 
9.42 

(a) ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+=

1

21
R
R

Aυ  

        213
1

2

1

2 =⇒⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+=

R
R

R
R

,  Set 2902 =R kΩ , 1451 =R kΩ  

(b) 819
1

2

1

2 =⇒⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+=

R
R

R
R

,  Set 2902 =R kΩ , 25.361 =R kΩ  

(c) 29130
1

2

1

2 =⇒⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+=

R
R

R
R

, Set 2902 =R kΩ , 101 =R kΩ  

(d) 011
1

2

1

2 =⇒⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+=

R
R

R
R

, Set 02 =R , 2901 =R kΩ  

______________________________________________________________________________________ 
 
9.43 

           
 

          
0

1 1
1 500 501B I odv v v A⎛ ⎞ ⎛= =⎜ ⎟ ⎜+⎝ ⎠ ⎝

iv⎞⎟
⎠  
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     a. 
( )12.5 5 250.5

501od odA A⎛ ⎞= ⇒ =⎜ ⎟
⎝ ⎠  

     b. 
( )0 0

15000 5 49.9 V
501

v v⎛ ⎞= ⇒ =⎜ ⎟
⎝ ⎠  

______________________________________________________________________________________ 
 
9.44 

          

0 2

0 1 2

50 20 401
50 20 40 20 40

1.33 0.667

I I

I I

v v

v v v

⎡ ⎤⎛ ⎞ ⎛ ⎞ ⎛ ⎞= + +⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎢ ⎥+ +⎝ ⎠ ⎝ ⎠ ⎝ ⎠⎣ ⎦
= +

1v

 
______________________________________________________________________________________ 
 
9.45 
     (a) 

          

1 2 2 2 2

2 2

1 2 2 2

1 2 2

1 2

20 40 10
1001 3
50

2Now 2 2 4

2 7 7
3

6 3So 
7 7

I I

O

I I

o
I I

O I I

v v v v v

v v v

v v v v v
v

v v v

v v v

− −
+ =

⎛ ⎞= + =⎜ ⎟
⎝ ⎠

− + − =

⎛ ⎞+ = = ⎜ ⎟
⎝ ⎠

= ⋅ + ⋅
 

     (b) 
( ) ( )6 30.2 0.3 0.3 V

7 7O Ov v⎛ ⎞= + ⇒ =⎜ ⎟
⎝ ⎠  

     (c) 
( ) ( )6 30.25 0.4 42.86 mV

7 7O Ov v⎛ ⎞ ⎛ ⎞= + − ⇒ =⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠  

______________________________________________________________________________________ 
 
9.46 

(a) IRR
R

υυ ⋅⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

=
43

4
2  

        IO

R
RR

R
R
R

υυυ ⋅

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

⋅⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+=⋅⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+=

4

31

2
2

1

2

1

111  

(b) 891

50
251

116
1

2

1

2

1

2 =⇒=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+⇒

⎟
⎠
⎞

⎜
⎝
⎛ +
⋅⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+=

R
R

R
R

R
R

 

Set k2002 =R Ω ,  k  251 =R Ω
______________________________________________________________________________________ 
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9.47 
     (a) 

          

( )
501

1 50

11
1 1

1
1

O

I

O

I

O
v

I

v x
v x

v x x x
v x

vA
v x

⎛ ⎞
= +⎜ ⎟⎜ ⎟−⎝ ⎠

− +⎛ ⎞= + =⎜ ⎟− −⎝ ⎠

= =
−

x

 
     (b)  1 vA≤ ≤ ∞

     (c) If x = 1, gain goes to infinity. 
______________________________________________________________________________________ 
 
9.48 

(a) ( ) II
I

X R
R

υυ
υ

υ 32 =+⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=  

       0
22

=
−

++
−

RRR
OXXIX υυυυυ

 

       
RRRRR
OI

X 222
11

2
1 υυ

υ =−⎟
⎠
⎞

⎜
⎝
⎛ ++  

       
RRR
OI

I 22
23

υυ
υ =−⎟

⎠
⎞

⎜
⎝
⎛  

    so  11=
I

O

υ
υ

 

(b) For 25.0=Iυ V,  75.2=⇒ Oυ V 
(c) k ,  30=R Ω 15.0−=Iυ V 

For : 1R μ5
30
15.0

⇒=i A 

For : 2R μ5=i A 
45.03 −== IX υυ V 

For :  4R μ15
30
45.0

⇒=i A 

   ( )( ) 65.115.011 −=−=Oυ V 

For :  3R μ20
60

45.065.1
⇒

−
=i A 

______________________________________________________________________________________ 
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9.49 

     (a) 
1O

I

v
v

=
 

     (b) From Exercise TYU9.7 

          

2

1

2

1

2 1

5

1

11 1

But 0,  
1 1 0.999993

1 11 1
1.5 10

O

I

od

O O

I I

od

R
Rv

v R
A R

R R
v v
v v

A

⎛ ⎞
+⎜ ⎟

⎝ ⎠=
⎡ ⎤⎛ ⎞
+ +⎢ ⎥⎜ ⎟

⎝ ⎠⎣ ⎦
= = ∞

= = ⇒ =
+ +

×  

     (b) 

1Want 0.990 99
11

O
od

I

od

v
A

v
A

= = ⇒ =
+

 
______________________________________________________________________________________ 
 
9.50 

(a) ( ) ( OIododO AA )υυυυυ −=−= 12  
        ( ) IododO AA υυ =+1  

        9524.0

20
11

1
11

1
=

+
=

+
==

od

I

O

A

A
υ
υ

υ  

(b) 995.0

200
11

1
=

+
=υA  

(c) 9995.0

2000
11

1
=

+
=υA  

(d) 99995.0

20000
11

1
=

+
=υA  

______________________________________________________________________________________ 
 
9.51 

(a) ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+==

1

21
1 1

R
R

A
I

O

υ
υ

υ  

       ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+−==

1

22
2 1

R
R

A
I

O

υ
υ

υ  

(b) ( ) 25.0
20
6011 −=−⎟

⎠
⎞

⎜
⎝
⎛ +=Oυ V 

       ( ) 25.0
20
6012 =−⎟

⎠
⎞

⎜
⎝
⎛ +−=Oυ V 
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(c) ( ) 4.68.0
20
601212

1

2
21 =⎟

⎠
⎞

⎜
⎝
⎛ +=⋅⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+=− IOO R

R
υυυ V 

______________________________________________________________________________________ 
 
9.52 

     (a) 1

= I
L

vi
R  

     (b) 

          

( ) ( )
( )

( ) ( )( ) ( )

1 1

1

max 10 V 1 9 10
So max 1 mA

Then max 1 9 max 9 V

O L L I L L L

OI L L

L

I L I

v i R v i R i R
v i i

i

v i R v

= + = +
≅ = + =
≅

≅ = ⇒ ≅
 

______________________________________________________________________________________ 
 
9.53 

(a) ( ) IIO υυυ 3333.0
4020

20
=⋅⎟

⎠
⎞

⎜
⎝
⎛

+
=  

(i)  1=Oυ V 
(ii) 67.1−=Oυ V 

(b) ( ) IIO υυυ 3333.0
4020

20
=⋅⎟

⎠
⎞

⎜
⎝
⎛

+
=  

(i)  1=Oυ V 
(ii) 67.1−=Oυ V 

(c) ( ) IIO υυυ 2222.0
486

6
10
101 =⋅⎟

⎠
⎞

⎜
⎝
⎛

+
⎟
⎠
⎞

⎜
⎝
⎛ +=  

(i)  667.0=Oυ V 
(ii) 111.1−=Oυ V 

______________________________________________________________________________________ 
 
9.54 
     a. 

          

( ) ( )

1 01
1 0

1

1 1 1
1

1

1

 and  and 

1
So 

Then 
1

in od
F

od od

F F

F
in

od

v vvR i v
i R

v A v v A
i

R R
v RR
i A

−
= = =

− − +
= =

= =
+

1A v−
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     b. 

          

1 0

0

0

 and 
1

So 
1

10 0.009990
1 1001

1000
1001 0.009990

1000Want 0.990
1001 0.009990

which y

S F
S od

S in od

od S
F S

od S in

F
in

od

S
F S

S

S

S

R Ri i v A
R R A

A Rv R i
A R R

RR
A

Rv R i
R

R
R

⎛ ⎞
= = − ⋅⎜ ⎟+ +⎝ ⎠

⎛ ⎞⎛ ⎞
= − ⎜ ⎟⎜ ⎟+ +⎝ ⎠⎝ ⎠

= = =
+

⎛ ⎞⎛ ⎞= − ⎜ ⎟⎜ ⎟ +⎝ ⎠⎝ ⎠
⎛ ⎞⎛ ⎞ ≤⎜ ⎟⎜ ⎟ +⎝ ⎠⎝ ⎠

1i⋅

ields 1.099 kSR ≥ Ω
 

______________________________________________________________________________________ 
 
9.55 

           
 

          ( )
, 0 8 mA

For max 8 V,  Then  1 
O C F C

O F

v i R i
v R
= ≤ ≤

= = kΩ
 

______________________________________________________________________________________ 
 
9.56 

          
10 so 1 10 kIv

i R
R R

= = ⇒ = Ω
 

     In the ideal op-amp, R1 has no influence. 

     Output voltage: 
2

0 1 I
Rv v
R

⎛ ⎞= +⎜ ⎟
⎝ ⎠  

          v0 must remain within the bias voltages of the op-amp; the larger the R2, the smaller the range of  
          input voltage vI  in which the output is valid. 
______________________________________________________________________________________ 
 
9.57 

(a) 
2R

i I
L

υ−
= ;  ( ) 1

5
5

2 =
−−

=R kΩ  

Set 
231

1
RRR

RF = ;  For example, set 101 == FRR kΩ , 13 =R kΩ  

(b) ( )( ) 12.05 ==Lυ V 1υ=  

        6.0
10

15

1

1
21 −=

−−
=

−
==

R
ii I υυ

mA 
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        ( )( ) 7106.0121 =−−=−= FO Riυυ V 

        6
1

17

3
3 =

−
=

−
=

R
i LO υυ

mA 

        1
1
1

2
4 ===

R
i Lυ mA 

    For the op-amp:  ( ) 6.66.062332 =−−=−=⇒=+ iiiiii OO mA 
______________________________________________________________________________________ 
 
9.58 
     (a) 

          

1 2 2 2
2

1 1
2

1
2

 and ,

Then 

Or 1

= = + = −

⎛ ⎞
= − +⎜ ⎟

⎝ ⎠
⎛ ⎞

= +⎜ ⎟
⎝ ⎠

x
D x F

F
D

F
D

vi i i i v i R
R

Ri i i
R

Ri i
R

 
     (b) 

          

( )

1 1
1

2 2

2

5 5 
1

12 1 1 11

For example, 5 , 55 

= = ⇒ = Ω

⎛ ⎞
= + ⇒ =⎜ ⎟

⎝ ⎠
= Ω = Ω

I

F F

F

vR R k
i

R R
R R

R k R k  
______________________________________________________________________________________ 
 
9.59 

     (1) 2 3

X OX
X

V vVI
R R

−
= +

 

     (2) 1

0X OX

F

V vV
R R

−
+ =

 

          

1

2 3 3 1

0 2 3 3 1 3 2 1 3

1 3 2

1 2 3

1 2 3

1 3 2

2 1 3
1 3 2

From (2) 1

1 1 1Then (1) 1

1 1 1 1 1

or 

1Note: If  then ,  which corresp

F
O X

F
X X X

X F F

X

F

o
F

F
F o

Rv V
R

RI V V
R R R R

I R R
V R R R R R R R R R

R R R R
R R R

R R RR
R R R R

R R R R R R
R R R

⎛ ⎞
= +⎜ ⎟

⎝ ⎠
⎛ ⎞ ⎛ ⎞

= + − ⋅ +⎜ ⎟ ⎜ ⎟
⎝ ⎠⎝ ⎠

= = + − − = −

−
=

=
−

= ⇒ = = ∞ onds to an ideal current source. 
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9.60 

(a) kΩ ;  3031 =+= RRRid 1531 == RR kΩ  

       22515 42
3

4

1

2 ==⇒== RR
R
R

R
R

kΩ  

(b) ( )( ) 5.21025.0 === LLO Riυ V 

       1667.0
15

5.2
12 ===−

d

O
II A

υ
υυ V 

(c) ( ) ( ) 5.45.12.11512 −=−=−= IIdO A υυυ V 

        45.0
10

5.4
−=

−
==

L

O
L R

i
υ

mA 

(d) ( )( ) 5105.0 ==Oυ V 

       333.0
15
5

12 ===−
d

O
II A

υ
υυ V 

       667.1333.021 =−=Iυ V 
______________________________________________________________________________________ 
 
9.61 

(a) 40
3

4

1

2 ==
R
R

R
R

;  Set k25042 == RR Ω ,  25.631 == RR kΩ  

(b) 25
3

4

1

2 ==
R
R

R
R

; Set k25042 == RR Ω , 1031 == RR kΩ  

(c) 5
3

4

1

2 ==
R
R

R
R

; Set k25042 == RR Ω , 5031 == RR kΩ  

(d) 5.0
3

4

1

2 ==
R
R

R
R

; Set k12542 == RR Ω , 25031 == RR kΩ  

______________________________________________________________________________________ 
 
9.62 

          

( ) ( )
( ) ( )

4 32 2 2
2 1 2 1

1 4 3 1 1 3 4 1

2 1

3 4

2

We have

/ 11  or 1
1 / 1 /

Set 50 1 ,  50 1
50 1 ,  50 1

1 11
11 1
1

O I I O I

O I

R RR R R Rv v v v v
R R R R R R R R

R x R x
R x R x

xv v
xx
x

⎛ ⎞ ⎛ ⎞⎛ ⎞ ⎛ ⎞ ⎛ ⎞ ⎛ ⎞
= + − = + −⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟ ⎜ ⎟ ⎜ ⎟+ +⎝ ⎠ ⎝ ⎠ ⎝ ⎠ ⎝ ⎠⎝ ⎠ ⎝ ⎠

= + = −
= − = +

⎡ ⎤
⎢ ⎥⎡ + ⎤⎛ ⎞ ⎢ ⎥= + ⎜ ⎟⎢ ⎥ −− ⎛ ⎞⎢ ⎥⎝ ⎠⎣ ⎦ + ⎜ ⎟⎢ ⎥+⎝ ⎠⎣ ⎦

2
Iv

( )
( )

1

2 1

2 1

1
1

1 1 1 1
1 1 1 1

1 1
1 1

I

O I I

I I

x v
x

x x x xv v v
x x x x

x xv v
x x

+⎛ ⎞− ⎜ ⎟−⎝ ⎠

⎡ ⎤− + +⎡ ⎤ + +⎛ ⎞= ⋅ −⎢ ⎥⎢ ⎥ ⎜ ⎟− + + − −⎝ ⎠⎢ ⎥⎣ ⎦ ⎣ ⎦
+ +⎛ ⎞ ⎛ ⎞= −⎜ ⎟ ⎜ ⎟− −⎝ ⎠ ⎝ ⎠  
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( ) ( )
( ) ( )

( )

1 2

2 1

3 4

2 1

2 1

1 2

For 0
Set 50 1 50 1

50 1 50 1

1 1 11
11 11
1

1
1

1 11 21
1 1 1

I I O

O I

I I

I I cm

O

cm

v v v
R x R x
R x R x

x xv v
xx x
x

xv v
x

v v v
x xv x x

v x x x

= ⇒ =

= + = −
= + = −

⎛ ⎞
⎜ ⎟+ +⎛ ⎞ ⎛ ⎞= + −⎜ ⎟⎜ ⎟ ⎜ ⎟+− −⎝ ⎠ ⎝ ⎠⎜ ⎟+⎜ ⎟

−⎝ ⎠
+⎛ ⎞= − ⎜ ⎟−⎝ ⎠

= =

− − ++ −
= − = =

− − −

Iv

 

          

( ) ( )
( ) ( )

( )

2 1

3 4

2 1

Set 50 1 50 1
50 1 50 1

1 1 11
11 11
1

11
1

1 1 2
1 1

O I

cm

cm

R x R x
R x R x

x xv v
xx x
x

x v
x

x x xA
x x

= − = +
= − = +

⎛ ⎞
⎜ ⎟− −⎛ ⎞ ⎛ ⎞= + −⎜ ⎟⎜ ⎟ ⎜ ⎟−+ +⎝ ⎠ ⎝ ⎠⎜ ⎟+⎜ ⎟+⎝ ⎠

−⎛ ⎞= −⎜ ⎟+⎝ ⎠
+ − −

= =
+ +

Iv

 

          

Worst common-mode gain
2

1cm
xA
x

−
=

−  
     (b) 

          

( )

( )

( )

( )

2 1

2 0.012For 0.01,  0.0202
1 1 0.01

2 0.02
For 0.02,  0.04082

1 0.02
2 0.05

For 0.05,  0.1053
1 0.05

1 1For this condition, set ,  1 V
2 2

1 11 1 11
2 1 2 1

cm

cm

cm

I I d

d

xx A
x

x A

x A

v v v

x xxA
x

−−
= = = = −

− −
−

= = = −
−

−
= = = −

−

= + = − ⇒ =

− + +⎡ + ⎤⎛ ⎞= + =⎜ ⎟⎢ ⎥− −⎝ ⎠⎣ ⎦

10

10

10

1 2 1
2 1 1

1.010For 0.01 1.010 20log 33.98 dB
0.0202

1 1.0For 0.02, 1.020 20log 27.96 dB
0.98 0.04082
1 1.0526For 0.05 1.0526 20log 20 dB

0.95 0.1053

d dB

d dB

d dB

x x x

x A C M R R

x A C M R R

x A C M R R

⎡ ⎤
= ⋅ =⎢ ⎥ − −⎣ ⎦

= = = =

= = = = =

= = = = ≅

20
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9.63 

(a) ( ) =−= 1210 υυυO ( ) 48.14.110 −=− V 

        ( )( ) 0127.0
1011
4.1

10
2

43 ==
+

==
RR

ii
υ

mA 

       ( ) 273.14.1
11
10

11
10

2 =⎟
⎠
⎞

⎜
⎝
⎛=⋅⎟

⎠
⎞

⎜
⎝
⎛== υυυ YX V 

       0527.0
10

273.18.11
21 =

−
=

−
==

R
ii Xυυ

mA 

(b) ( ) ( ) 42.36.31010 12 =−=−= υυυO V 

       ( ) 273.36.3
11
10

=⎟
⎠
⎞

⎜
⎝
⎛== YX υυ V 

        ( )( ) 0327.0
110

6.3
1011
2

43 ====
υ

ii mA 

        00727.0
10

273.32.3
21 −=

−
== ii mA 

(c) ( )( ) 5.120.135.110 −=−−−=Oυ V 

        ( )( ) 0123.0
1011
35.1

43 −=
−

== ii mA 

        ( ) 227.135.1
11
10

−=−⎟
⎠
⎞

⎜
⎝
⎛== YX υυ V 

        ( ) 00273.0
10

227.12.1
21 =

−−−
== ii mA 

______________________________________________________________________________________ 
 
9.64 

(a) ( ) ( )( ) 2.912.1761 ==⋅+= BE II β mA 

       Ω=⇒= 6.109
2.91

10 RR  

(b) mA ( )( ) 2.202.0101 ==EI

       495.0
2.20

10
==R kΩ  

(c) 74.54
1096.0
6

==EI mA 

       72.0
76

74.54
==OI mA 

(d) 08.8
495.0
4

==EI mA 

       080.0
101

08.8
==OI mA 

______________________________________________________________________________________ 
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9.65 

(a) CMO R
R

υυ ⋅
−

=
1

2
1  

       ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+⋅⋅⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

=
1

2

43

4
2 1

R
R

RR
R

CMO υυ  

       CMOOO R
R

R
R

R
R

R
R

υυυυ ⋅

⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢

⎣

⎡

−⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+⋅

+
=+=

1

2

1

2

3

4

3

4

21 1
1

 

       

3

4

1

2

3

4

3

4

3

4

1

2

1

2

3

4

11

11

R
R

R
R

R
R

R
R

R
R

R
R

R
R

R
R

A
CM

O
CM

+

−
=

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛

==
υ
υ

 

(b) 3.0
10

69

6.9
4.861

4.10
4.62

6.9
4.86

=
−

=
+

−
=CMA  

(c) 03149.0

8.19
8.801

2.20
2.79

8.19
8.80

=
+

−
=CMA  

or 

        0325.0

2.20
2.791

8.19
8.80

2.20
2.79

−=
+

−
=CMA  

      0325.0
max

=⇒ CMA  
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01

1 2 2

2

1 2 2

1 2
1

1 2 1 2

1 2
2

1 2 1 2

(1)

(2)

(3)

(4)

AI A A B

v

I B B A B

v

A I

B I

v vv v v v
R R R R
v v v v v
R R R R

R Rv v v
R R R R

R Rv v v
R R R R

−

+

−− −
= +

+
− −

= +
+

⎛ ⎞ ⎛ ⎞
= +⎜ ⎟ ⎜ ⎟+ +⎝ ⎠ ⎝ ⎠
⎛ ⎞ ⎛ ⎞

= +⎜ ⎟ ⎜ ⎟+ +⎝ ⎠ ⎝ ⎠  

          

( )

( )

( )

1 2 1 1 2 2

2
2 1

1

01

1 2 1 2 2 2

2

1 2 1 2 2

01 2

1 2 1 2 2 2 1 1 2

Now 

So that 

1 1 1 1

1 1 1 2

Then

1 1 1 1 1

A I B I

A B I I

I B
A

V V

I A
B

V V

I B
B

V V

v v R v R v R v R v
Rv v v v
R

vv vv
R R R R R R R R

v vv
R R R R R R R

vv v Rv
R R R R R R R R R R R R

− += ⇒ + = +

= + −

⎛ ⎞
= + + − −⎜ ⎟+ +⎝ ⎠

⎛ ⎞
= + + −⎜ ⎟+ +⎝ ⎠

⎛ ⎞ ⎛ ⎞
= + + − − + +⎜ ⎟ ⎜ ⎟+ + +⎝ ⎠⎝ ⎠

( )

( )

2 1
2

2 2
2 1

1 2 1 2 2 1

1 (1)

1 1 1 1 (2)

I I
V

I
B B I I

V V

v v
R

v Rv v v v
R R R R R R R R

⎛ ⎞
+ −⎜ ⎟

⎝ ⎠
⎛ ⎞ ⎡ ⎤

= + + − + −⎜ ⎟ ⎢ ⎥+ + ⎣ ⎦⎝ ⎠  
     Subtract (2) from (1) 

          

( ) ( ) ( )

( )

( )

02 2
1 2 2 1 2 1

1 2 1 1 2 2 2 1

0 2 2
2 1

2 1 1 2 2 1 2 1

2 2 2 1 2
0 2 1

1 1 2 1 2

2
0

1 1 1 1 1

1 1 1 1 1

1

2

I I I I I I
V V

I I
V V

I I
V V

vR Rv v v v v v
R R R R R R R R R R

v R Rv v
R R R R R R R R R R

R R R R Rv v v
R R R R R R R

Rv
R

⎛ ⎞⎛ ⎞
− = + + − − + ⋅ −⎜ ⎟⎜ ⎟+ +⎝ ⎠⎝ ⎠

⎧ ⎫⎛ ⎞⎛ ⎞⎪ ⎪= − + + + + ⋅⎨ ⎬⎜ ⎟⎜ ⎟ + +⎪ ⎪⎝ ⎠⎝ ⎠⎩ ⎭
⎧ ⎫⎛ ⎞

= − + + + +⎨ ⎬⎜ ⎟ + +⎝ ⎠⎩ ⎭

= ( )2
2 1

1

1 I I
V

R v v
R

⎛ ⎞
+ −⎜ ⎟

⎝ ⎠  
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9.67 

(a) 
( ) ( )

ti
tt

R
i II ω

ωωυυ
sin16

10
sin08.02.1sin08.02.1

1
1

21
1 −=⇒

+−−
=

−
=  ( μ A) 

       ( ) ( )( ) tttO ωωωυ sin72.02.140sin016.0sin08.02.11 −=−−=  (V) 
       ( ) ( )( ) tttO ωωωυ sin72.02.140sin016.0sin08.02.12 +=−−+=  (V) 

       ( ) ( )( ) tt
R
R

OOO ωωυυυ sin32.4sin72.02
40

120
12

3

4 =⎟
⎠
⎞

⎜
⎝
⎛=−=  (V) 
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)
 

(b) ( ) (
10

sin05.060.0sin05.065.0 tt
ii

ωω −−−+−
=  

        ti ωsin1051 +−=  ( μ A) 
        ( )( )ttO ωωυ sin010.0005.040sin05.065.01 +−++−= tωsin45.085.0 +−=  (V) 
        ( )( ) tttO ωωωυ sin45.040.0sin01.0005.040sin05.060.02 −−=+−−−−=  (V) 

         ( ) ( )[ ] tttO ωωωυ sin7.235.1sin45.085.0sin45.040.0
40

120
−=+−−−−⎟

⎠
⎞

⎜
⎝
⎛=  (V) 
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     (a) 

401 2.1667si
12OB Iv v n tω⎛ ⎞= + =⎜ ⎟

⎝ ⎠  

     (b) 
30 1.25sin
12OC Iv v tω= − = −

 
     (c) 

          

( )2.1667sin 1.25sin
3.417sin

O OB OC

O

v v v t t
v t

ω ω
ω

= − = − −
=  

     (d) 

3.417 6.83
0.5

O

I

v
v

= =
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(a) 
R

i II
O

21 υυ −
=  

(b) ( )
Ω=⇒

−−
= 100

5
25.025.0 RR  

(c) ( )( ) 25.51525.011 =+=+= LOIO Riυυ V 
       25.022 −== IO υυ V 

(d) 1
5.0

75.125.121 −=
−

=
−

=
R

i II
O

υυ
mA 

       ( )( ) 75.13125.111 −=−=+= LOIO Riυυ V 
       75.122 == IO υυ V 

______________________________________________________________________________________ 
 
9.70 

          

( ) ( )

4 2

2 1 3 1

1

1
1

1 1 1
1

21

2 115200 1 0.06sin
50

230For 0.5 1.0833 212.3 K

2308 V 32.33 7.11 K 7.11 K, (potentiometer) 205.2 K

O
d

I I

O

O

O f

v R RA
v v R R

v t
R

v R
R

v R R R
R

ω

⎛ ⎞
= = +⎜ ⎟− ⎝ ⎠

⎛ ⎞
= +⎜ ⎟

⎝ ⎠

= = ⇒ =

= = ⇒ = ⇒ = =
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9.71 

          For 10=Oυ V,  05.0
200
10200 12 ==−⇒= IIdA υυ V 

          ( ) ( ) 1
1050
05.0

161 =⇒
×

=
−

fixedRfixedR kΩ  

          ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+=

1

2

3

4 2
1

R
R

R
R

Ad  

          ( ) 5.39
1

2
15.2200 2

2 =⇒⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+= R

R
kΩ  

      For  5=dA

          ( ) ( ) ( ) ( ) ( ) 1varvar795.39215.25 1111
1

+=+==⇒⎥
⎦

⎤
⎢
⎣

⎡
+= RfixedRRR

R
 

          kΩ  ( ) 78var1 =R
______________________________________________________________________________________ 
 
9.72 

          ( ) 1
3

4
1 OOO R

R
υυυ ⋅

′
−=  

          ( ) 2
3

4

43

4
2 1 OOO R

R
RR

R
υυυ ⋅⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
′

+⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

=  

          ( ) ( 21 OOOOO )υυυυυ +=   and  CMOO υυυ ≡= 21  
     Then 

          ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
′

−⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
′

+⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

==
3

4

3

4

43

4 1
R
R

R
R

RR
R

A
CM

O
CM υ

υ
 

           k ,  k602 34 == RR Ω 303 =R Ω ,  303 =′R kΩ %5±  
     For kΩ k  303 =′R %5− 5.28= Ω

           03509.0
5.28

60
5.28

601
3060

60
−=⎟

⎠
⎞

⎜
⎝
⎛−⎟

⎠
⎞

⎜
⎝
⎛ +⎟
⎠
⎞

⎜
⎝
⎛

+
=CMA  

     For kΩ k  303 =′R 5.31%5 =+ Ω

            03175.0
5.31

60
5.31

601
3060

60
+=⎟

⎠
⎞

⎜
⎝
⎛−⎟

⎠
⎞

⎜
⎝
⎛ +⎟
⎠
⎞

⎜
⎝
⎛

+
=CMA  

    Then    03175.003509.0 +≤≤− CMA
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9.73 

(a) s ( )( ) 463
21 1041002.01020 −− ×=××=CR

         ( ) ( ) ttdtO ω
ω

ωυ sin
104

25.0cos25.0
104
1

44
⋅

×
−

=
×
−

=
−− ∫  

     For ( )( ) 3981210425.0 4 =⇒=×⇒= − ffO πυ Hz 
     Phase  °= 90
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(b) (i) ( ) 3.66
1042

25.05.1
4

=⇒
×

==
−

f
fO π

υ Hz 

  (ii) ( ) 663
1042

25.015.0
4

=⇒
×

==
−

f
fO π

υ Hz 

______________________________________________________________________________________ 
 
9.74 

(a) ( ) ( )
2.1

021021

25.011 t
CR

tdt
CR

t

IO ′−
=′′−

= ∫υυ  

       ( )( ) 602.125.05 21
21

=⇒
−

=− CR
CR

ms 

(b) (i) ( ) 3
06.0
10.050 =′′⇒′′⋅+−= tt s,  2.4=t s 

(ii) ( ) 6
06.0
10.055 =′′⇒′′⋅+−= tt s,  2.7=t s 

______________________________________________________________________________________ 
 
9.75 

(a) 
1

2

R
Z

A
−

=υ , where  
22

2

2
2

2
2

2
22 11

1
1

CRj
R

Cj
R

Cj
R

Cj
RZ

ω
ω

ω
ω +

=
+

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

==  

       
221

2

1
1

CRjR
R

A
ωυ +

⋅
−

=  

(b) At 0=ω ,  ( )
1

20
R
R

A
−

=υ  

(c) 
( )2

221

2

1

1

CRR
R

A
ω

υ
+

⋅=  

    Set ( )
2222

2
22 2

1121
CR

f
CR

CR
π

ωω =⇒=⇒=+  
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9.76 

(a) kΩ  201 =R

       30015 2
1

2 =⇒= R
R
R

k  Ω

        f
CR

πω 21

22

==  

        ( )( ) 106
103001052

1
2

1
233

2
2 =⇒

××
== C

fR
C

ππ
pF 
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(b) kΩ  151 =R

       37525 2
1

2 =⇒= R
R
R

kΩ  

       ( )( ) 3.28
1037510152

1
2332 =⇒

××
= CC

π
pF 
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9.77 

(a) 
1

2

Z
R

A
−

=υ ,  where  
1

11

1
11

11
Cj

CRj
Cj

RZ
ω
ω

ω
+

=+=  

       
11

11

1

2

11

12

11 CRj
CRj

R
R

CRj
CRj

A
ω

ω
ω
ω

υ +
⋅

−
=

+
−

=  

(b) As ∞⇒ω ,  
1

2

R
R

A
−

=υ  

(c) 
( )2

11

11

1

2

1 CR

CR
R
R

A
ω

ω
υ

+
⋅=  

Set 
( ) 11112

11

11

2
11

2
1

1 CR
f

CRCR

CR
π

ω
ω

ω
=⇒=⇒=

+
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9.78 

(a) Set kΩ  3502 =R

       33.2315 1
1

2 =⇒= R
R
R

kΩ  

       ( )( ) 341
10201033.232

1
2

112 133
1

1
11

=⇒
××

==⇒= C
fR

C
CR

f
ππ

π pF 

(b) Set k  201 =R Ω

      50025 2
1

2 =⇒= R
R
R

kΩ  

       ( )( ) 227
103510202

1
1331 =⇒

××
= CC

π
pF 
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9.79 
     Assuming the Zener diode is in breakdown, 

          

( )

( )

2

1

2 2
2

2

1 6.8 6.8 
1

0 6.80 6.8 
1

10 10 6.8 6.8 6.2 !!!
5.6

O z O

O

z
z z

s

Rv V v V
R

vi i mA
R

Vi i i
R

= − ⋅ = − ⇒ = −

− −−
= = ⇒ =

− −
= − = − ⇒ = − mA

 
     Circuit is not in breakdown. Now 
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( )( )

2 2
1

2 2

10 0 10 1.52 
5.6 1
1.52 1 1.52 

0

s

O O

z

i i m
R R
v i R v

i

−
= = ⇒ =

+ +
= − = − ⇒ = −

=

A

V
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9.80 

          

( ) ( )( ) 1014 4
1

ln 0.026 ln 0.026ln
1010 10

For 20 ,  0.497 
For 2 ,  0.617 

I I
O T O

s

I O

I O

v vv V v
I R

v mV v V
v V v V

−−

⎡ ⎤⎛ ⎞ ⎛ ⎞⎢ ⎥= − = − ⇒ = −⎜ ⎟ ⎜ ⎟
⎢ ⎥ ⎝ ⎠⎝ ⎠ ⎣ ⎦

= =
= =

Iv
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9.81 

          

( ) ( )

( )( )

0 01 02 01 0

1
01 1

2
02 2

1 2
01 02

2 1

2 1
2 1

2 1

2 1
01 02

2 1

2
0

1

333 16.65
20

ln

ln

ln ln

,

So ln

Then

16.65 0.026 ln

C
BE T

S

C
BE T

S

C C
T T

C C

C C

T

v v v v v

iv v V
I

iv v V
I

i i
v v V V

i i
v vi i
R R

v Rv v V
R v

v Rv
v

⎛ ⎞= − = −⎜ ⎟
⎝ ⎠

⎛ ⎞
= − = − ⎜ ⎟

⎝ ⎠
⎛ ⎞

= − = − ⎜ ⎟
⎝ ⎠

⎛ ⎞ ⎛ ⎞
− = − =⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠

= =

⎛ ⎞
− = ⋅⎜ ⎟

⎝ ⎠

= ⋅

2

( ) ( ) ( ) ( )
( )

( )

1

2

2 1
0

1 2

10

10

2 1
0 10

1 2

0.4329ln

ln log log log 10

2.3026log

Then 1.0 log

e e

R

v Rv
v R

x x x

x

v Rv
v R

⎛ ⎞
⎜ ⎟
⎝ ⎠

⎛ ⎞
= ⋅⎜ ⎟

⎝ ⎠
= = ⋅⎡ ⎤ ⎡⎣ ⎦ ⎣
=

⎛ ⎞
≅ ⋅⎜ ⎟

⎝ ⎠

⎤⎦
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9.82 

          

( ) ( )( )
( )

/ /14 4

/ 0.02610

5

10 10

10

For 0.30 , 1.03 10  
For 0.60 , 1.05 

I T I

I

v V v V
O s

v
O

I o

I o

v I R e e

v e

v V v V
v V v V

−

−

−

= − = −

=

= = ×
= =
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9.83 
          From Figure 9.40 

          ⎥
⎦

⎤
⎢
⎣

⎡
⋅+⋅⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
++⋅−⋅−= 314

2
2

1

1 I
B

P
I

A

P

N

F
I

F
I

F
O R

R
R
R

R
R

R
R

R
R

υυυυυ  

                3142 3210 IIII υυυυ ++−−=  

      Then  10
1

=
R
RF ,  1

2

=
R
RF ,  21 =⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

A

P

N

F

R
R

R
R

,  31 =⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

B

P

N

F

R
R

R
R

 

      Set  k ,  kΩ ,  500=FR Ω 501 =R 5002 =R kΩ  
     Now 45.455005021 === RRRN kΩ  

     Then  212
45.45

5001 =⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
⎟
⎠
⎞

⎜
⎝
⎛ +

A

P

A

P

R
R

R
R

,  Also  312
45.45

5001 =⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
⎟
⎠
⎞

⎜
⎝
⎛ +

B

P

B

P

R
R

R
R

 

     Let k ,  then  500=AR Ω 3.333
3
2

== AB RR kΩ  

     Then  kΩ33.83=PR CBA RRR=  

     We find 2003.333500 ==BA RR kΩ  

     So 8.14233.83200 =⇒= CC RR kΩ  
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9.84 

          5
2

4
1

3211 I
F

I
R

I
C

P
I

B

P
I

A

P

N

F
O R

R
R
R

R
R

R
R

R
R

R
R

υυυυυυ ⋅−⋅−⎥
⎦

⎤
⎢
⎣

⎡
⋅+⋅+⋅⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+=  

                54321 6425.13 IIIII υυυυυ −−++=  

       We have  4
1

=
R
RF ,  6

2

=
R
RF ;  Set 250=FR kΩ ,  5.621 =R kΩ ,  67.412 =R k  Ω

       Now 2567.415.6221 === RRRN kΩ  

       Also  11
25

25011 =⎟
⎠
⎞

⎜
⎝
⎛ +=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

N

F

R
R

 

       Now  
( )

3
11

=
A

P

R
R

,  
( )

5.1
11

=
B

P

R
R

,  
( )

2
11

=
C

P

R
R

  
2
1

=⇒
B

A

R
R

,  
3
2

=
C

A

R
R

 

       Set k ,  k ,  250=BR Ω 125=AR Ω 5.187=CR kΩ  
       This yields  k ,  We have 09.34=PR Ω DCBAp RRRRR =  

       We find  69.575.187250125 ==CBA RRR kΩ  

       Then  3.8309.3469.57 =⇒= DD RR  kΩ  
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9.85 

          143.1
6.5

121
1

2

1

2 =⇒=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+=

R
R

R
R

V
V

Z

O  

          
F

ZO
F R

VV
I

−
=  ;  Set ( ) 2.1min == ZF II mA 

     Then  33.5
2.1

6.512
=

−
=FR kΩ  



Microelectronics: Circuit Analysis and Design, 4th edition                                                                Chapter 9 
By D. A. Neamen                                                                                                                  Problem Solutions 
______________________________________________________________________________________ 
 
     Set mA 15.01 =DI
          V 3.67.06.5 =+=+=′ γVVV ZZ

    Let mA,  2.04 =I 5.31
2.0
3.6

4 ==⇒ R kΩ  

    Then  mA 35.015.02.03 =+=I

    So  6.10
35.0

3.610

3
3 =

−
=

′−
=

I
VV

R ZS kΩ  
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9.86 

          2.3
2

6.512
1 =

−
=

−
=

Z

ZO

I
VV

R kΩ  

          143.1
6.5

121
3

2

3

2 =⇒=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+=

R
R

R
R

V
V

Z

O  

      Let mA,  2=RI 6
2

12
32 ===+⇒

R

O

I
V

RR kΩ  

      Then  ,  k6143.1 33 =+ RR 8.23 =⇒ R Ω   and  2.32 =R kΩ  

      Let mA, 44 =RI 75.0
4

1215

4
4 =

−
=

−
=

R

OIN

I
VV

R kΩ  
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9.87 
          Let k  20321 === RRR Ω
          Let ( )δ+= 120TR  kΩ  

       Now  ( ) 510
2
1

13

3
1 ==⋅⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

== +V
RR

R
AO υυ V 

                 ( )
( ) ( ) ( )

δ
δ

δ
δυυ

+
+

=⎥
⎦

⎤
⎢
⎣

⎡
++

+
=⋅⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

== +

2
11010

20120
120

2
2 V

RR
R

T

T
BO  

       So  ( ) ( ) ( ) δδ
δ

δδ
δ
δυυυ 5.2

2
5

2
11025

2
1105 −=−≅

+
+−+

=
+
+

−=−= BAOA  

       We have ⎟
⎠
⎞

⎜
⎝
⎛ −

=
300

300Tyδ ;  At , 350=T 21=TR kΩ , ( ) 05.012021 =⇒+=⇒ δδ  

       Then  30.0
300

30035005.0 =⇒⎟
⎠
⎞

⎜
⎝
⎛ −

= yy  

       For 05.0=δ ,  ( )( ) 125.005.05.2 ==OAυ  V 

       For the instrumentation amplifier,  ( )125.0
2

15
1

2

3

4
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+==

R
R

R
R

Oυ  

       For example, set 4
3

4 =
R
R

  and  5.4
1

2 =
R
R
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9.88 

(a) ++ ⋅⎟
⎠
⎞

⎜
⎝
⎛ Δ−

=⋅⎟
⎠
⎞

⎜
⎝
⎛

Δ++Δ−
Δ−

= V
R

RRV
RRRR

RR
A 2

υ  

       ++ ⋅⎟
⎠
⎞

⎜
⎝
⎛ Δ+

=⋅⎟
⎠
⎞

⎜
⎝
⎛

Δ−+Δ+
Δ+

= V
R

RRV
RRRR

RR
B 2

υ  

       ⎟
⎠
⎞

⎜
⎝
⎛

×
Δ−=⋅

Δ
−=⋅⎥⎦

⎤
⎢⎣
⎡ Δ+

−
Δ−

=−= ++
31 1020

9
22

RV
R
RV

R
RR

R
RR

BAO υυυ  

   or   ( )( )RO Δ×−= −4
1 105.4υ

(b) For an instrumentation amplifier, 

         1
1

2

3

4 2
1 OO R

R
R
R

υυ ⋅⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+=  

       For ,  Ω=Δ 200R 5−=Oυ V 

          ( )( )200105.4
2

15 4

1

2

3

4 −×−⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+=−

R
R

R
R

 

    or  ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+=

1

2

3

4 2
155.55

R
R

R
R

 

   For example, set 6
3

4 =
R
R

  and  13.4
1

2 =
R
R
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Chapter 10 
 
10.1 

     a. 

( )

( )

1 2
1 2

2 2 3

2
3

1 2

2

3 1

0 2

2

2 2

1 2 2

BE C

BE C

C B

V V
I I

R R
V I R V I R

RV V V V I R
R R

RI V V V V
R R R

γ

γ

γ γ

γ γ

−

−

−

− −
= =

+
+ = +

+ − − = +
+

⎧ ⎫⎛ ⎞⎪ ⎪= − + −⎨ ⎬⎜ ⎟+⎪ ⎪⎝ ⎠⎩ ⎭2
E

 

     b. 

( )
1 2

3

3

 and 
1 12 2

2

or 
2

BE

C B

C

V V R R

I V V V V
R

VI
R

γ

γ γ
−

−

= =

⎧ ⎫= − + −⎨ ⎬
⎩ ⎭

−
=

 E

 

     c. 

( )

( ) ( )

3
3

1 2 1 2 1 2
1 2

10
2 mA = 2.5 kΩ

2
2 0.7 10

2 mA 4.3 kΩ 2.15 kΩ

CI R
R

I I R R R R
R R

− −
= ⇒ =

− − −
= = = ⇒ + = ⇒ = =

+  
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10.2 

(a) (i)  μ50=OI A,  ( ) 7004.0
10

1050ln026.0
16

6

1 =⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ×
=

−

−

BEV V 

(ii) μ150=OI A, ( ) 7289.0
10

10150ln026.0
16

6

1 =⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ×
=

−

−

BEV V 

(iii) mA, 5.1=OI ( ) 7888.0
10

105.1ln026.0
16

3

1 =⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ×
=

−

−

BEV V 

(b) (i)  μ08.48

50
21

50
=

+
=OI A,  ( ) 6994.0

10
100769.48ln026.0

16

6

1 =⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ×
=

−

−

BEV V 

(ii) μ23.144

50
21

150
=

+
=OI A, ( ) 7279.0

10
1023.144ln026.0

16

6

1 =⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ×
=

−

−

BEV V 

(iii) 4423.1

50
21

5.1
=

+
=OI mA, ( ) 7878.0

10
104423.1ln026.0

16

3

1 =⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ×
=

−

−

BEV V 
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10.3 

          μ

β

12.195

80
21

200
21

1 =
+

=
+

≅ REF
C

I
I A 

          ( ) 6341.0
105

1012.195ln026.0
15

6

21 =⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

×
×

==
−

−

BEBE VV V 

          ( ) μ05.78
026.0
6341.0exp102exp 152

2 =⇒⎟
⎠
⎞

⎜
⎝
⎛×=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
= −

O
T

BE
SO I

V
V

II A 
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10.4 

          μ

β

54.147

120
21

150
21

1 =
+

=
+

= REF
C

I
I A 

          ( ) 7285.0
10

1054.147ln026.0
16

6

21 =⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ×
==

−

−

BEBE VV V 

          ( ) 4426.0
026.0
7285.0exp103exp 162

2 =⇒⎟
⎠
⎞

⎜
⎝
⎛×=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
= −

O
T

BE
SO I

V
V

II mA 
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10.5 

          Approximation:  μ

β

48.190

40
21

200
21

1 =
+

=
+

≅ REF
C

I
I A 

          ( ) 63345.0
105

1048.190ln026.0
15

6

1 =⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

×
×

=
−

−

BEV V 

          μ
β

762.4
40

48.1901
2 ==≅ C

B
I

I A 

          ( )( ) 62393.02004762.063345.0212 =−=−= RIVV BBEBE V 

          ( ) μ07.132
026.0

62393.0exp105 15 =⇒⎟
⎠
⎞

⎜
⎝
⎛×= −

OO II A 
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10.6 

          

( ) ( )
1 1

1

1 2 1 2

1 2

on 3 0.7 3
0.250

21.2 K

0.250 0.2419 mA
2 21 1

60
4.03 A

BE
REF

REF
C C C C

B B

V V V
I

R R
R

II I I I

I I
β
μ

+ −− − − − −
= ⇒ =

=

= = = ⇒ = =
+ +
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10.7 

          

( ) ( )

( )

1

1 2 1 2

1 2

on 5 0.7 5
18.3

0.5082 mA
0.5082 0.4958 mA

2 21 1
80

6.198 A

BE
REF

REF

REF
C C C C

B B

V V V
I

R
I

II I I I

I I
β

μ

+ −− − − − −
= =

=

= = = ⇒ = =
+ +

= =  
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10.8 

(a)  ( )( )−+ −+= VVIIP REFO

        mA ( )( ) 11.0525.08.1 =⇒+= REFREF II

        ( ) 68236.0
10

1025.0ln026.0 15

3

21 =⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ×
==

−

−

BEBE VV V 

(b)  16
11

3 104.4
026.0

68236.0exp1011.0 −− ×=⇒⎟
⎠
⎞

⎜
⎝
⎛=× SS II A 

     (c) 25.39
11.0
68236.05

1 =
−

=R kΩ  
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10.9 

(a) ( ) 5083.05.0
120
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⎠
⎞

⎜
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V
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10.10 

          

0 1

1 0
1 1 2 1

1 1

0
0

1 11 1
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C

C
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n nI I I
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β β

β β β

β
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⎛ ⎞ ⎛ +
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⎝ ⎠ ⎝
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⎟
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10.11 

          

( )

1 1

20.20 1 0.210 mA
2 401

5 0.7 4.3 20.5 K
0.21

REF
O REF

REF

II I

R R
I

β

⎛ ⎞= ⇒ = + =⎜ ⎟
⎝ ⎠+

−
= = ⇒ =
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10.12 

(a) ( ) 123.012.0
80
2121 =⎟
⎠
⎞

⎜
⎝
⎛ +=⋅⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+= OREF II
β

mA 

       96.34
123.0

7.05
1 =

−
=R kΩ  

(b) 7.666
12.0

80
===

O

A
o I

V
r kΩ  

(i)  μ95.1
7.666
7.02

=Δ⇒
−

=
Δ

=Δ O
o

EC
O I

r
V

I A 

(ii ) μ95.4
7.666
7.04

=Δ⇒
−

=Δ OO II A 
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10.13 

     a. 

( )
1

1

5 0.7 5
1 9 ΩREFI R

R
− − −

= = ⇒ = .3 k
 

     b. 0 02 2REFI I I= ⇒ =  mA
 

     c. 
( )2 2 2

5 0.7For min 0.7 2.15 kΩ
2EC C CV R R−

= ⇒ = ⇒ =
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10.14 

          
1 1

0.50 mA 0.25 mA

3 31 0.25 1
60

0.2625 mA
2.5 0.7 6.86 K
0.2625

O OA OB

REF OA

REF

I I I

I I

I

R R

β

= ⇒ = =

⎛ ⎞ ⎛ ⎞= + = +⎜ ⎟ ⎜ ⎟
⎝ ⎠⎝ ⎠

=
−

= ⇒ =
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10.15 
          Similar to Figure P10.14 biased at  and . +V −V

          ( ) 5.21
2.0

5.27.05.2
1 =

−−−
=R kΩ  
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1

 
10.16 

          2 1 32  and I 3I I I= =  
     (a) 2 31.0 ,  1.5 I mA I mA= =  

     (b) 1 30.25 ,  0.75 I mA I mA= =  

     (c) 1 20.167 ,  0.333 I mA I mA= =  
______________________________________________________________________________________ 
 
10.17 
     a. 

          

( ) ( )

( ) ( )

( )

( )

3
0 1 1 3 1

1
3 1 2

2 2

1
1

2

0
2

2
0

 and 
1

2

2
1 1

21
1 1

1

21
1

E
C REF C B C

CBE BE
E B B

C BE
REF C

BE
REF

BE
REF

II I I I I I

IV VI I I
R R

I VI I
R

VI I
R

VI
R

I

β

β

β β β

β β β

β

β β

= = + = +
+

= + + = +

= + +
+ +

⎛ ⎞
− = +⎜ ⎟⎜ ⎟+ +⎝ ⎠

−
+

=
⎛ ⎞
+⎜ ⎟⎜ ⎟+⎝ ⎠  

     b. 

( ) ( )( ) ( )( )

( )
1

1

2 0.70.70 1
80 81 81 10

0.700216 0.000864
10 2 0.7

0.7011 mA 12.27 kΩ
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I

I

I R
R

⎛ ⎞
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⎝ ⎠
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−
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10.18 
     a. 

          

( )
( )

0

1 2

 and 
1

... 1
1
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ES BR B B BN BR

CR

II I I I I I

I I I I I N I
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β

β

= = + = +
+

= + + + + = +

+
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( )
( )

( )
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0

1
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1
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CR
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REF
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N I
I I

II
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β β

β β

+
= +
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=
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     b. 

( ) ( )( )
( ) ( )

1 1

60.5 1 0.5012 mA
50 51

5 2 0.7 5
17.16 kΩ

0.5012

REFI

R R

⎡ ⎤
= + =⎢ ⎥

⎢ ⎥⎣ ⎦
− − −

= ⇒ =
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10.19 

          ( ) ( ) ( )( ) 15018.0
4140

2115.0
1
21 =⎥

⎦

⎤
⎢
⎣

⎡
+=⎥

⎦

⎤
⎢
⎣

⎡
+

+=
ββOREF II mA 

           ( ) 63.30
15018.0

37.07.03
1 =

−−−−
=R kΩ  
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10.20 

           
 

          

( )

( ) ( )
( )

0

0

1 1

1
21

2

For 0.8 mA

20.8 1 0.8024 mA
25 27

18 2 0.7
20.69 kΩ

0.8024

REF

REF REF

I I

I

I I

R R

β β

= ⋅
⎛ ⎞
+⎜ ⎟⎜ ⎟+⎝ ⎠

=

⎛ ⎞
= + ⇒ =⎜ ⎟⎜ ⎟

⎝ ⎠
−
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10.21 
     The analysis is exactly the same as in the text. We have 

          ( )

0
1

21
2

REFI I

β β

= ⋅
⎛ ⎞
+⎜ ⎟⎜ ⎟+⎝ ⎠  
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10.22 

(a) mA,  5.0=OI 005556.0
90

5.0
2 ==BI mA 

       002778.0
2

2
1 == B

B
I

I mA 

       008334.0213 =+= BBE III mA 

       0001366.0
61

008334.0
3 ==BI mA 

       25.0
21 == O

C
I

I mA 

       mA 2501366.031 =+= BCREF III

       ( ) 78.34
2501366.0

57.06.05
1 =

−−−−
=R kΩ  

(b) mA 002778.01 =BI
       mA 005556.02 =BI
       mA 008334.03 =EI
       mA 0001366.03 =BI
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10.23 
     (a) 
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3

3
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2
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2
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     (b) 

          

5
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Δ Δ
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Δ Ω

Δ =
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10.24 

          

1

1

5 0.7
9.3

0.4624 mA

0.026 0.4624ln ln
1.5

0.46240.01733ln

BE
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T REF
O

E O O
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O
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R

I

V II
R I I

I
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=

⎛ ⎞ ⎛
= =⎜ ⎟ ⎜

⎝ ⎠ ⎝
⎛ ⎞

= ⎜ ⎟
⎝ ⎠

⎞
⎟
⎠

 
     By trial and error 
          μ7.41=OI A 
          ( )( )5.10417.07.07.02 −=−= EOBE RIV  
          V 6375.02 =BEV
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10.25 

(a) ( ) 6347.0
105

10200ln026.0 15

6

1 =⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
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⎛
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⎞
⎜⎜
⎝

⎛
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O
O I
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        μ4.61≅OI A 
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⎜⎜
⎝

⎛

×
×

=
−

−

BEV V 

(b) ( ) 6347.0
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10200ln026.0 15

6
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⎜⎜
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⎛
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=
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−
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        EOBEBE RIVV =− 21
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I
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       μ2.71≅OI A 

       ( ) 5991.0
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6
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⎠

⎞
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⎝

⎛

×
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=
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10.26 

(a) ( ) 61669.0
105

10100ln026.0 15

6

1 =⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

×
×

=
−

−

BEV V 

       ( )( ) 68669.07.01.061669.012 =+=+= EREFBEBE RIVV V 

       ( ) 477.1
026.0

68669.0exp105 15 =⇒⎟
⎠
⎞

⎜
⎝
⎛×= −

OO II mA 

(b) V 61669.01 =BEV
       V 68669.02 =BEV

       ( ) 5906.0
026.0

68669.0exp102 15 =⇒⎟
⎠
⎞

⎜
⎝
⎛×= −

OO II mA 
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10.27 

(a) ( ) 186.0
50

57.05
=

−−−
=REFI mA 

        ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

O
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TEO I

I
VRI ln  

        ( ) ( ) ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

O
O I

I 186.0ln026.03  

        μ53.19≅OI A 
        ( )( ) 6414.0301953.07.012 =−=−= EOBEBE RIVV V 

(b) 096.4
01953.0
80

22 =⇒== o
O

A
o r

I
V

r MΩ  

       7512.0
026.0

01953.0
2 ==mg mA/V 

       ( )( ) 8.159
01953.0

026.0120
2 ==πr k  Ω

      945.28.15932 ==πrRE kΩ  
      ( ) ( )( )[ ] 16.13945.27512.01096.4 =+=oR MΩ  

______________________________________________________________________________________ 
10.28 
          ( )[ ]222 1 πrRgrR Emoo +=  
      From 10.27,  μ53.19=OI A 

           7512.0
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2 ===
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O
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10.29 

     (a) 
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1

1

5 0.7 5
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18.6 K
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0.050 0.050
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     (b) 
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2
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2

1

75 0.026 0.05039 K 1.923 mA/V
0.050 0.026
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     (c) 
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Δ
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10.30 
          Let k  101 =R Ω

       Then  ( ) 53.0
10

37.03
=

−−−
=REFI mA 

          ( )
( ) 228.1

05.0
53.0ln
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026.0ln =⇒⎟
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10.31 

          

( )

( )

3
15

3

15

1 1

0 0

ln

100.7 0.026 ln 2.03 10  A

2 10At 2 mA, 0.026 ln
2.03 10

0.718 V
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2
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10.32 

(a) ( ) 265.0
20

37.03
=

−−−
=REFI mA 

(b) ( )
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⎠
⎞

⎜
⎝
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10.33 
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( )
3
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−
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0
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0
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⎝ ⎠  

          ( )( )
0
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By trial and error.
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10.34 

          

1 1 2 0

1 2 0 2

2
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+ = +
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     For matched transistors 
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     Output resistance looking into the collector of Q2 is increased. 
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10.35 

(a) ( ) 70038.0
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105.0ln026.0ln 15

3

1
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10.36 
     Assume all transistors are matched. 
     a. 
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     b. 

          

( )

3 1

3

15

0 0

0.70.7 V at 1 mA 10 exp  or 2.03 10  A
0.026

0.1 10 at 0.1 mA 0.026 ln 0.640 V
2.03 10

0.640Since ,  then  or 6.4 k
0.1

BE S S

BE BE

REF BE E E E

V I I

V V

I I V I R R R

− −

−

−

⎛ ⎞= ⇒ = = ×⎜ ⎟
⎝ ⎠

⎛ ⎞×
⇒ = =⎜ ⎟×⎝ ⎠

= = ⇒ = =

5

Ω
 

______________________________________________________________________________________ 
 
 
 



Microelectronics: Circuit Analysis and Design, 4th edition                                                              Chapter 10 
By D. A. Neamen                                                                                                                 Problem Solutions 
______________________________________________________________________________________ 
 
10.37 

(a) ( ) 93.0
10

57.05
=

−−−
=REFI mA 

       ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

2
22 ln

O

REF
TEO I

I
VRI  

       ( ) ( ) ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

2
2

93.0ln026.01
O

O I
I  

       μ682 ≅OI A 

       ( ) ( ) ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

3
3

93.0ln026.02
O

O I
I  

       μ7.403 ≅OI A 

(b) ( )
( ) 99.4

02.0
93.0ln

02.0
026.0ln 2

22
2 =⇒⎟

⎠
⎞

⎜
⎝
⎛=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
= E

O

REF

O

T
E R

I
I

I
V

R kΩ  

        ( )
( ) 797.0

08.0
93.0ln

08.0
026.0

33 =⇒⎟
⎠
⎞

⎜
⎝
⎛= EE RR kΩ  

______________________________________________________________________________________ 
 
10.38 
     (a) 

          

1 2

1

1 2

1 2 3

1 3 2

1 3

2

Now
2
or

2

We have

ln  and ln

BE BE

BE
REF

BE REF BE O E

O E BE BE REF

OREF
BE T BE T

S S

V V
V V VI

R R

V I R V I R

I R V V I R

IIV V V V
I I

+ −

=

− −
=

+

+ = +

= − +

⎛ ⎞ ⎛
= =⎜ ⎟ ⎜

⎝ ⎠ ⎝

⎞
⎟
⎠

2

 
     (b) 

     Let  and 1R R= 1 3O REF BE BE BEI I V V V= ⇒ = ≡  

          

( )

( )

2 2

2

2

2 2

Then

so
2
2

2
Then

2

BE O E REF O E

O E
REF O

E
O O

O

V I R I R I R R

V V I R R
I I

R

RV V I I
R R

V VI
Rε

+ −

+ −

+ −

= − = −

− − −
= =

⎛ ⎞−
= − +⎜ ⎟

⎝ ⎠

−
=
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      (c) 

     Want 0.5 OI mA=  

          

( )
( )
( ) ( )

2

5 5
So 10

2 0.5

5 2 0.7 5
2 1

0.5

E ER R k

R k

− −
= ⇒ = Ω

− − −
= =

 

7.2 Ω
 

     1 2Then 8.6R R k= = Ω 
 

______________________________________________________________________________________ 
 
10.39 
     a. 

          

01

02

03

20 0.7 0.7 1.55 mA
12

2 3.1 mA
1.55 mA

3 4.65 mA

REF

REF

REF

REF

I

I I
I I
I I

− −
= =

= =
= =
= =  

     b. 

          

( ) ( )( )
( )( )
( )( )

1 01 1 1

2 02 2 2

3 03 3 3

10 3.1 2 10 3.8 V

10 10 1.55 3 5.35 V

10 10 4.65 1 5.35 V

CE C CE

EC C EC

EC C EC

V I R V

V I R V

V I R V

= − − − = − + ⇒ =

= − = − ⇒ =

= − = − ⇒ =
 

______________________________________________________________________________________ 
 
10.40 

(a) ( ) 775.0
24

107.07.010
=

−−−−
=REFI mA 

        mA 55.121 == REFO II
        mA 775.02 == REFO II
        mA 325.233 == REFO II

(b) ( ) 6
55.1

107.00
1 =

−−−
=CR k  Ω

        12
775.0

7.010
2 =

−
=CR k  Ω

        4
325.2

7.010
3 =

−
=CR k  Ω

______________________________________________________________________________________ 
 
10.41 

          

( )

( )

1 2

3 4

5
5

10 0.7 0.7 10
1.86 mA

10
1.86 mA

1.860.5 0.026ln

C C

C C

C
C

I I

I I

I
I

− − − −
= = =

= =

⎛ ⎞
= ⎜ ⎟

⎝ ⎠  
     By Trial and error. 

          5 60.136 mAC C 7CI I I⇒ = = =  
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( ) ( ) ( )3 3 3

3

2 0.8 10 10 2 1.86 0.8
7.02 V

C CE CE

CE

I V V
V

+ = ⇒ = −
=  

          

( )
( )( )

6 5 5

5

5

5 0.5
5 10 0.7 0.136 0.5
14.2 V

EB CE C

CE

CE

V V I
V
V

= + + −
= + − −
=

10

)

 

          

( )
( )(

7 7

7

7

5 0.8
5 0.136 0.8
4.89 V

EC C

EC

EC

V I
V
V

= +
= −
=

 
______________________________________________________________________________________ 
 
10.42 

          

( )

( )

1 2 1 2

4 5

1
3 1 3

3 3

10 0.7 0.7 10
1.86 mA

10
1.86 mA

1.86ln 0.3 0.026ln

C C C C

C C

C
C E T C

C C

I I I I

I I

II R V I
I I

− − − −
= = ⇒ = =

= =

⎛ ⎞ ⎛ ⎞
= ⇒ =⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠  
     By trial and error  3 0.195 mACI =

          
( )5

6 2 6
6 6

1.86ln 0.5 0.026lnC
C E T C

C C

I
I R V I

I I
⎛ ⎞ ⎛

= ⇒ =⎜ ⎟ ⎜
⎝ ⎠ ⎝

⎞
⎟
⎠  

     By trial and error  6 0.136 mACI =

______________________________________________________________________________________ 
 
10.43 

          

( )
( )( )

10 0.7 1 mA
6.3 3

0.7 V as assumed
1 3 3 V

REF

BE R

RER REF ER

I

V Q
V I R

−
= =

+
=

= ⋅ = =  

          

1
1 1 1

01

2
2 2 2

02

3
3 3 3

03

33 V 3 k
1
33 V 1.5 k
2
33 V 0.75 k
4

= ⇒ = = ⇒ = Ω

= ⇒ = = ⇒ = Ω

= ⇒ = = ⇒ =

RE
RE E E

RE
RE E E

RE
RE E E

VV R R
I

VV R R
I

V
V R R

I
Ω

 

           

01

02

03

1 mA
2 mA
4 mA

=
=
=

I
I
I

______________________________________________________________________________________ 
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10.44 

          

( ) ( )

( )

2

2

2

2.5 0.08 6 0.5
15 2

2.5 3.6 0.25

3.6 2.6 1.6 0

GS
REF GS

GS GS GS

GS GS

V
I V

V V V

V V

− ⎛ ⎞= = −⎜ ⎟
⎝ ⎠

− = − +

− − =  

          

( )
( )

( )

2.6 6.76 23.04
2 3.6

1.12 V 1.1193
2.5 1.1193 92.0 A 92.05

15
92.0 A

GS

GS

REF REF

o

V

V

I I

I

μ

μ

± +
=

=
−

= ⇒ =

=  

           

( )
( )

2

2

sat 1.1193 0.5
sat 0.619 V

DS GS TN

DS

V V V
V

= − = −
=

______________________________________________________________________________________ 
 
10.45 
     (a) 

          

( )2

1

8050 0.5
2

2.0
0.050

REF GS

GS
REF

WI V
L
V

I
R

⎛ ⎞⎛ ⎞= = −⎜ ⎟⎜ ⎟
⎝ ⎠⎝ ⎠

−
= =

 

     Design such that  ( )2 sat 0.25 0.5DS GSV V= = −

           0.75 VGSV =

     So 
2 0.750.050 25 KR

R
−

= ⇒ =
 

          

( )2

1 1

1

2

2 2

8050 0.75 0.5 20
2

20 50 40
100

REF

O

W W
L L

W
IL W

W WI L
L L

⎛ ⎞⎛ ⎞ ⎛ ⎞= − ⇒⎜ ⎟⎜ ⎟ ⎜ ⎟
⎝ ⎠⎝ ⎠ ⎝ ⎠

⎛ ⎞
⎜ ⎟ ⎛ ⎞⎝ ⎠ = ⇒ = ⇒ =⎜ ⎟⎛ ⎞ ⎛ ⎞ ⎝ ⎠
⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

=

 

     (b) ( )( )
1 1 667 K

0.015 0.1O O
O

R R
Iλ

= = ⇒ =
 

     (c) 

1 1.5 A
666

1.5100% 100% 1.5%
100

O
O

O

O

VI
R

I
I

μΔ
Δ = = ⇒

Δ ⎛ ⎞× = × ⇒⎜ ⎟
⎝ ⎠  

______________________________________________________________________________________ 
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10.46 

     (a) 

( )( )

( ) ( )

2

2

80250 3 1
2

2.44 V
250 A at 2.44 V

1 1 200 K
0.02 0.25

REF GS

GS

O DS GS

O
O

I V

V
I V V

R
I

μ

λ

⎛ ⎞= = −⎜ ⎟
⎝ ⎠

=
= = =

= = =
 

     (i) 

3 2.44 2.8 A
200

252.8 A

O
O

O

VI
R

I

μ

μ

Δ −
Δ = = ⇒

=
 

     (ii) 

4.5 2.44 10.3 A
200

260.3 A

O
O

O

VI
R

I

μ

μ

Δ −
Δ = = ⇒

=
 

     (iii) 

6 2.44 17.8 A
200

267.8 A

O
O

O

VI
R

I

μ

μ

Δ −
Δ = = ⇒

=
 

     (b) 

( )

( )( )

4.5 250 375 A at 2.44 V
3
1 1 133.3 K

0.02 0.375

O D

O
O

I V

R
I

μ

λ

= = =

= = =

S

 

     (i) 

3 2.44 4.20 A
133.3

379.2 A

O
O

O

VI
R

I

μ

μ

Δ −
Δ = = ⇒

=
 

      (ii) 

4.5 2.44 15.5 A
133.3

390.5 A

O
O

O

VI
R

I

μ

μ

Δ −
Δ = = ⇒

=
 

     (iii) 

6 2.44 26.7 A
133.3

401.7 A

O
O

O

VI
R

I

μ

μ

Δ −
Δ = = ⇒

=
 

______________________________________________________________________________________ 
 
10.47 

(a)  ( )2
111 TNGSnREF VVKI −=

        V ( ) 4.14.02.02.0 21
2

1 ==⇒−= GSGSGS VVV

         ( )2
222 TNGSnO VVKI −=

    Now  mA ( )( ) 19.04.04.101.02.0 2 =−−=OI

              mA ( )( ) 21.04.04.101.02.0 2 =−+=OI
    So   mA 21.019.0 ≤≤ OI
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(b) ( ) ( )[ ] 2081.002.04.04.12.0 2 =−−=OI  mA 

       ( ) ( )[ ] 1921.002.04.04.12.0 2 =+−=OI mA 
    So  mA 2081.01921.0 ≤≤ OI

______________________________________________________________________________________ 
 
10.48 

(a)  ( )2
11 TNGSnREF VVKI −=

         V ( ) 5.15.02.02.0 1
2

1 =⇒−= GSGS VV

        ( )2
22221 TNGSSnGSSOGSGS VVRKVRIVV −+=+=  

         ( )( )( )25.0102.05.1 2
2

22 +−+= GSGSGS VVV

     or  V 0.1012 22
2

2 =⇒=−− GSGSGS VVV

        μ50
10

0.15.121 =⇒
−

=
−

= O
S

GSGS
O I

R
VV

I A 

(b) mA 1.05.0 == REFO II

        V ( ) 207.15.02.01.0 2
2

2 =⇒−= GSGS VV

         93.2
1.0
207.15.121 =

−
=

−
=

O

GSGS
S I

VV
R kΩ  

______________________________________________________________________________________ 
 
10.49 

           
 

     (1) 
2

x A
x m gs

o

V V
I g V

r
−

= +
 

     (2) 

1

1 2,  

A
x m gs

o

gs x gs

VI g V
r

V V V V

= +

= = − A  
     So 

      (1) 

1x
x A

o o

V
mI V g

r r
⎛ ⎞

= − +⎜ ⎟
⎝ ⎠  

     (2)     
[ ]A

x m x A o x m x
o

VI g V V r I g V
r

= + ⇒ = −
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( )

[ ]

2

2

2

Then

1

12

x
x o x m x m

o o

x x m
x o m x x m

o o o

x
x x m o x m x m o x

o

x m o x m m o
o

V
I r I g V g

r r

V I g
xI r g I V g V

r r r
V

I I g r I g V g r V
r

I g r V g g r
r

⎛ ⎞
= − − +⎜ ⎟

⎝ ⎠
⎡ ⎤

= − + − ⋅ −⎢ ⎥
⎣ ⎦

= − − + +

⎡ ⎤
+ = + +⎢ ⎥

⎣ ⎦  

      Since 

1
m

o

g
r

>>
 

          [ ] ( )( )2 1x m o x m m oI g r V g g r+ ≅ +  

     ( )
2

Then 
1

x m
o

o

x m m o

V g
R

r
I g g r

+
= =

+  

     Usually,  so that 2,m og r >>
1

o
m

R
g

≅
 

______________________________________________________________________________________ 
 
10.50 
          V ( ) 5.15.0122 =+=+= TNDSGS VsatVV

          ( )2
2

22 TNGS
n

O VV
L

Wk
I −⎟

⎠
⎞

⎜
⎝
⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ′
=  

          ( ) 75.35.05.1
2
08.015.0

2

2

2

=⎟
⎠
⎞

⎜
⎝
⎛⇒−⎟

⎠
⎞

⎜
⎝
⎛
⎟
⎠
⎞

⎜
⎝
⎛=

L
W

L
W  

          ( ) 5.125.05.1
2
08.05.0

1

2

1

=⎟
⎠
⎞

⎜
⎝
⎛⇒−⎟

⎠
⎞

⎜
⎝
⎛
⎟
⎠
⎞

⎜
⎝
⎛==

L
W

L
WI REF  

           V ( ) ( ) 1.25.18.18.113 =−−−=−−= −+
GSGS VVVV

           ( ) 88.45.01.2
2
08.05.0

3

2

3

=⎟
⎠
⎞

⎜
⎝
⎛⇒−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
⎟
⎠
⎞

⎜
⎝
⎛==

L
W

L
WI REF  

______________________________________________________________________________________ 
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10.51 
      (a) 

          

( )( ) ( )( )

( )

( )( )

( )( )

2 2
1 3

1 3

1 1

1 1 2

2
2

2

60 6020 0.7 3 0.7
2 2

5

20 0.7 5 0.7
3

3.582 6.107 1.705 V
60 12 1.705 0.7 363.6 A at 1.705 V
2
60 20 1.705 0.7 606 A
2

REF GS GS

GS GS

GS GS

GS GS GS

O D

REF

I V V

V V

V V

V V V

I V

I

μ

μ

⎛ ⎞ ⎛ ⎞= − = −⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

+ =

− = − −

= ⇒ = =

⎛ ⎞= − = =⎜ ⎟
⎝ ⎠
⎛ ⎞= − =⎜ ⎟
⎝ ⎠

S

 

     (b) 

( )( )
1 1 183.4 K

0.015 0.3636
1.5 1.705 1.12 A

183.4
362.5 A

O
O

O
O

O

R
I
VI

R
I

λ

μ

μ

= = =

Δ −
Δ = = ⇒ −

=  

     (c) 

3 1.705 7.06 A
183.4

370.7 A

O
O

O

VI
R

I

μ

μ

Δ −
Δ = = ⇒

=  
______________________________________________________________________________________ 
 
10.52 

          

( )( ) ( )( )

( )

( )( )

2 2
1 3

1 3 3 1

1 1

1 1

2

2 2

50 5015 0.5 3 0.5
2 2

10 10

15 0.5 10 0.5
3

3.236 10.618 3.28 V
50 15 3.28 0.5 2.90 mA
2

2.90 mA
(sat) 3.28 0.5

REF SG SG

SG SG SG SG

SG SG

SG SG

REF REF

O REF

SD SG TP

I V V

V V V V

V V

V V

I I

I I
V V V

⎛ ⎞ ⎛ ⎞= − = −⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

+ = ⇒ = −

− = − −

= ⇒ =

⎛ ⎞= − ⇒ =⎜ ⎟
⎝ ⎠

= =
= + = − 2 (sat) 2.78 VSDV⇒ =

 
______________________________________________________________________________________ 
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10.53 

          

( )

( )
( )

( )

( )

2 2 2

2

2 2

1 1

1
2

1 3 3

2

3 3

(sat) 1.2 0.35 1.55 V
50100 1.55 0.35 2.78
2

200 5.56
100 2.78

4 2.45 V
50200 2.45 0.35 1
2

SD SG SG

O

REF

O

SG SG SG

REF

V V V
W WI
L L

W W
I WL L

WI L
L

V V V
W WI
L L

= = − ⇒ =

⎛ ⎞⎛ ⎞ ⎛ ⎞= = − ⇒ =⎜ ⎟⎜ ⎟ ⎜ ⎟
⎝ ⎠⎝ ⎠ ⎝ ⎠

⎛ ⎞= ⇒ = ⇒ =⎜ ⎟
⎝ ⎠

+ = ⇒ =

⎛ ⎞⎛ ⎞ ⎛ ⎞= = − ⇒ =⎜ ⎟⎜ ⎟ ⎜ ⎟
⎝ ⎠⎝ ⎠ ⎝ ⎠

.81
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10.54 

          

( )( ) ( )( )

( )

( )( )

( )

2 2
1 3

1
1 3 3

1
1

1 1

2

2 2 2

80 8025 1.2 4 1.2
2 2

10
2 10

2
1025Then 1.2 1.2

4 2
3 6.8 2.27 V

80 25 2.267 1.2 1.14 mA
2

(sat) 2.27 1.2 sat

REF SG SG

SG
SG SG SG

SG
SG

SG SG

REF REF O

SD SG TP SD

I V V

V
V V V

V
V

V V

I I

V V V V

⎛ ⎞ ⎛ ⎞= − = −⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

−
+ = ⇒ =

−
− = −

= ⇒ =

⎛ ⎞= − ⇒ = =⎜ ⎟
⎝ ⎠
= + = − ⇒ =

I

1.07 V
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10.55 
          ( ) 5.15.0122 =+=−= TPSDSG VsatVV V 

          ( )2
2

22 TPSG
p

O VV
L

Wk
I +⎟

⎠
⎞

⎜
⎝
⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ′
=  

          ( ) 67.25.05.1
2

6080
2

2

2

=⎟
⎠
⎞

⎜
⎝
⎛⇒−⎟

⎠
⎞

⎜
⎝
⎛
⎟
⎠
⎞

⎜
⎝
⎛=

L
W

L
W  

         ( ) 33.85.05.1
2

60250
1

2

1

=⎟
⎠
⎞

⎜
⎝
⎛⇒−⎟

⎠
⎞

⎜
⎝
⎛
⎟
⎠
⎞

⎜
⎝
⎛==

L
W

L
WI REF  

          43 SGSG VV =

     Then  ( ) 5.45.1332 13 =−−−=−−= −+
SGSG VVVV V 

     So V 25.23 =SGV

         ( ) 72.25.025.2
2

60250
43

2

4,3

=⎟
⎠
⎞

⎜
⎝
⎛=⎟

⎠
⎞

⎜
⎝
⎛⇒−⎟

⎠
⎞

⎜
⎝
⎛
⎟
⎠
⎞

⎜
⎝
⎛=

L
W

L
W

L
W  

______________________________________________________________________________________ 
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     For  ( )0,  1GS D DSS DSv i I vλ= = +

     a. ( ) ( )( )
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     c. ( ) ( )( )
5 V, 15 V
2 1 0.05 15 3.5 mA

D DS

D D

V v
i i
= =
= + ⇒ =⎡ ⎤⎣ ⎦  
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     a. 
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     c. From Equations (10.79) and (10.80) and letting 0 2 2.5 V= =CE ECV V  
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     a. 
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     b. 
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c. Modify Eqs. 10.79 and 10.80 to apply to pnp and npn, and set the two equation equal  
          to each other. 
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10.83 

(a) To a good approximation, output resistance is the same as the widlar current source. 

          ( )0 02 2 21 ||m ER r g r Rπ= +⎡ ⎤⎣ ⎦  

     (b) ( )0 0 0|| ||v m LA g r R R= −  
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10.84 
     Output resistance of Wilson source 
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     Assume M1, M2 matched 
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O

O

O
m O

i

V Vg V
2g R r r r

VV
R r r

V
R

V g R
V

π

β

β
β

β
β

β
β

⎛ ⎞⎛ ⎞+
= − + +⎜ ⎟⎜ ⎟

⎝ ⎠⎝ ⎠
⎛ ⎞⎛ ⎞+

= − + +⎜ ⎟⎜ ⎟
⎝ ⎠⎝ ⎠

⎛ ⎞+
≈ − ⎜ ⎟

⎝ ⎠
⎛ ⎞

= − ⎜ ⎟+⎝ ⎠  
     From Equation (10.20) 3 3O OR rβ≈  
     So 

          

( )( )( )

2
1 3

3

2

0.25 9.615 mA/V
1 0.026

80 320 K
0.25

9.615 320 120
366,165

121

O m o
v m

i

o

v

V g r
A g

V

r

A

β
β

−
= = = =

+

= =

−
= = −

 
______________________________________________________________________________________ 
 
10.90  Design Problem 
______________________________________________________________________________________ 
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10.91 
           Let ( ) 502,1 =LW   and  ( ) 25=LW for all other transistors 
           Let μ80=REFI A 

           ( )( ) 5.312
08.004.0

11
===

D
o I

r
λ

kΩ  

           ( )( ) 6928.008.050
2
06.02 =⎟

⎠
⎞

⎜
⎝
⎛=mg mA/V 

           ( )

( ) ( )
( )00001024.02

480.0

5.312
1

5.312
1

6928.0
11

22

2

2143

2 −
=

+

−
=

+

−
=

oooo

m

rrrr

g
Aυ  

            438,23−=υA
______________________________________________________________________________________ 
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Chapter 11 
 
11.1 

(a) ⇒∞=dBCMRR  ( )( )tA ddo ωυυ sin5.1250==  (mV) 
        to ωυ sin375.0=  (V) 

(b) 80=dBCMRR dB 025.0250104 =⇒==⇒ cm
cm

A
A

CMRR  

        ( )( ) ( )( )tto ωωυ sin3025.0sin0015.0250 +=  
        to ωυ sin45.0=  (V) 

(c) 50=dBCMRR dB ⇒ 791.02502.316 =⇒== cm
cm

A
A

CMRR  

        ( )( ) ( )( )tto ωωυ sin3791.0sin0015.0250 +=  
        to ωυ sin75.2=  (V) 

______________________________________________________________________________________ 
 
11.2 

(a) (i) ( )( )( )tRg mo ωυυ sin1.07.05111 +−=−=  
            to ωυ sin5.05.31 −−=  (V) 

(ii) ( )( )( )tRg mo ωυυ sin1.07.05122 −−=−=  
       to ωυ sin5.05.32 +−=  (V) 
(iii) too ωυυ sin0.121 −=−  (V) 

(b) ( ) ( ) ( ) ttt ωωωυυ sin2.0sin1.07.0sin1.07.021 =−−+=−Δ  

(c) (i) 5.2
2.0
5.0

1 −=
−

=dA  

(ii) 5.2
2.0
5.0

2 +=
+

=dA  

(iii) 5
2.0
1

3 −=
−

=dA  

______________________________________________________________________________________ 
 
11.3 

(a) Neglect dc base currents 

       2.021 =+= CCE III mA ( ) 5.1137.0
=⇒

−−−
= E

E

R
R

kΩ  

       2.11 =oυ V,  18
1.0

2.13
=

−
=⇒ CR kΩ  

(c)  For 7.00 =⇒= CECB VV V 
         ( ) ( ) 35.1127.0183 −++= CC II  
       So 1293.0=CI mA 
      ( )( ) 673.0181293.031 =−== +cmo υυ V 
       3.2−=−cmυ V 
   So 673.03.2 ≤≤− cmυ V 

______________________________________________________________________________________ 
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11.4 
     a. 

          

( )

( ) ( )( )

( ) ( )
( )( ) ( )

1 1

1
2 2

4 4

2 2

4 4

10 2 0.7
1.01 mA

8.5
1.01 1.01 mA

2 21 1
1 100 101

100 1.01 0.50 mA
101 2
0 0.7 5 4.3 V

5 0.5 2 0.7 4.7 V

C C

C C

CE CE

CE CE

I I

II I

I I

V V

V V

β β

−
= ⇒ =

= = ⇒ ≅
+ +

+

⎛ ⎞⎛ ⎞= ⇒ ≅⎜ ⎟⎜ ⎟
⎝ ⎠⎝ ⎠
= − − − ⇒ =

= − − − ⇒ =⎡ ⎤⎣ ⎦  
     b. 

          

( ) ( )( )

( )

4 4

4 4

2 4 2

1 2

1 1

For 2.5 V 0.7 2.5 1.8 V
5 1.8 1.6 mA

2
1 1012 2 1.6 3.23 mA

100
3.23 mA

10 2 0.7
2.66 k

3.23

CE C

C C

C C C

C

V V

I I

I I I

I I

R R

β
β

= ⇒ = − + =
−

= ⇒ =

⎛ ⎞+ ⎛ ⎞+ = ⇒ =⎜ ⎟ ⎜ ⎟
⎝ ⎠⎝ ⎠

≈ =

−
= ⇒ = Ω

 
______________________________________________________________________________________ 
 
11.5 
     a. Neglecting base currents 

          

1 3 1 1

1 1

30 0.7400 A R 73.25 k
0.4

10 V V 9.3 V
15 9.3 28.5 k

0.2

CE C

C C

I I R

V

R R

μ −
= = ⇒ = ⇒ = Ω

= ⇒ =
−

= ⇒ = Ω
 

     b. 

          

( )( )

( )

( )
( )( )
( )

( )

( )( )
( )( )

0 3

0

10

100 0.026
13 k

0.2
50 125 k
0.4

We have
100 28.5

62
2 2 13 10

1
2 1

1

100 28.5 1 0.113
2 125 10113 10

1
13 10

6220log
0.113

C
d d

B

C
cm

B

B

cm

dB

r

r Q

RA A
r R

RA
rr R
r R

A

C M RR C

π

π

π

π

β

β
β

= = Ω

= = Ω

= = ⇒ =
+ +

⎧ ⎫
⎪ ⎪
⎪ ⎪= − ⎨ ⎬++ ⎪ ⎪+⎪ ⎪+⎩ ⎭

⎧ ⎫
⎪ ⎪⎪ ⎪= − ⇒ = −⎨ ⎬

+ ⎪ ⎪+
⎪ ⎪+⎩ ⎭

⎛ ⎞= ⇒⎜ ⎟
⎝ ⎠

54.8 dBdBM RR =
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     c. 

          

( ) ( )

( )

( )( )

0

2 2 13 10 46 k

1 2 1
2
1 13 10 2 101 125 12.6 M
2

id B id

icm B

icm

R r R R

R r R r

R

π

π β

= + = + ⇒ = Ω

= + + +⎡ ⎤⎣ ⎦

= + + ⇒ = Ω⎡ ⎤⎣ ⎦  
______________________________________________________________________________________ 
 
11.6 

     (a) ( )max 0CM CBv V⇒ =  so that 
( ) ( ) ( ) ( )

0.5
max 5 5 8

2 2
Q

CM C

I
v R= − = −

 

          ( )max 3 VCMv =
 

     (b) 

          ( ) ( )2

0.25 0.018 0.08654 mA
2 2 0.026 2

0.08654 8 0.692 V

CQd d
m

T

C C

IV V
I g

V
V I R

⎛ ⎞ ⎛ ⎞ ⎛ ⎞Δ = ⋅ = ⋅ = =⎜ ⎟ ⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠⎝ ⎠

Δ = Δ ⋅ = =  
     (c) 

          ( )( )2

0.25 0.010 0.04808 mA
0.026 2

0.04808 8 0.385 VC

I

V

⎛ ⎞⎛ ⎞Δ = =⎜ ⎟⎜ ⎟
⎝ ⎠⎝ ⎠

Δ = =  
______________________________________________________________________________________ 
 
11.7 

          

( )( )
( )

( )

1 4

1 4 1 1 4

1 1

1 2

 so 1.2 2 6 0.1 

3 0.7 3
53 

0.1
3 1For 1 1 40 
0.05

C

C C

CM C C C C

P I I V V

I I I I I mA

R R k

v V V V V R R k

+ −= + −

≅ = ⇒ = =

− − −
= ⇒ = Ω

−
= + ⇒ = = ⇒ = ⇒ = Ω

 
     One-sided output 

          
( )( )

1 0.05 where 1.923 /
2 0.026

Then
1 1.923 40 38.5
2

d m C m

d d

A g R g mA V

A A

= = =

= ⇒ =
 

______________________________________________________________________________________ 
 
11.8 
     a. 

          

( ) ( )

( ) ( )

1 2

1 2

1 2 1

1 2

0 0.7 2 85 5
2

5 0.7 0.050 mA
85 1

100 0.050
1 2 101 2

Or 0.0248 mA

5 100 0.7

So 3.22 V

E
E

E E

E
C C

C C

CE CE C

CE CE

I I

I I

II I

I I

V V I

V V

β
β

= + + −

−
= ⇒ =

+
⎛ ⎞⎛ ⎞ ⎛ ⎞⎛ ⎞= = =⎜ ⎟ ⎜ ⎟⎜ ⎟⎜ ⎟+ ⎝ ⎠⎝ ⎠⎝ ⎠⎝ ⎠

= =

= = − − −⎡ ⎤⎣ ⎦
= =  
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     b. ( ) ( )1max  for 0 and 5 100 2.52 Vcm CB C Cv V V I= = − =  

      ( )So max 2.52 Vcmv =
 

          ( ) 1 2min  for  and cmv Q Q  at the edge of cutoff
( )min 4.3 Vcmv⇒ = −

 
     (c) Differential-mode half circuits 

          

( )

( )
( )

( )
( )( )

( )( )
( )( )

.
2

1
1

Then
2

 
1

1

1
2 1

100 0.026
105 2 

0.0248

Then
100 1001 16.3

2 105 101 2

d
m E

E

d

E

C
o m C d

E

T
E

CQ

d d

v VV g V R
r

V R
r

v
V

R
r

Rv g V R A
r R

Vr k R k
I

A A

π
π π

π

π
π

π

π

π
π

π

β

β

β
β

β

⎛ ⎞
′− = + +⎜ ⎟

⎝ ⎠
+⎡ ⎤

′= +⎢ ⎥
⎣ ⎦

− /
=

+⎡ ⎤
′+⎢ ⎥

⎣ ⎦

= − ⇒ = ⋅
′+ +

′= = = Ω = Ω

= ⋅ ⇒ =
+  

______________________________________________________________________________________ 
 
11.9 
     a. For 1 2 0v v= =  and neglecting base currents 

          
( )0.7 10

62 k
0.15E ER R

− − −
= ⇒ = Ω

 
     b. 

          

( )
( )( )

( )( )
( )

( )

( )( )
( )( )

02

10

2

100 0.026
34.7 k

0.075

100 50
71.0

2 34.7 0.5

1
2 1

1

100 50 1 0.398
2 62 10134.7 0.5

1
34.7 0.5

71.020log
0.398

C
d

d B

T

CQ

d d

C
cm

EB

B

cm

dB dB

v RA
v r R

Vr
I

A A

R
A

Rr R
r R

A

C M RR C M RR

π

π

π

π

β

β

β
β

= =
+

= = = Ω

= ⇒ =
+

⎡ ⎤
⎢ ⎥
⎢ ⎥= −
⎢ ⎥++
+⎢ ⎥+⎢ ⎥⎣ ⎦
⎡ ⎤
⎢ ⎥

= − ⎢ ⎥ ⇒ = −
+ ⎢ ⎥+⎢ ⎥+⎣ ⎦

= ⇒ 45.0 dB=
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     c. 

          

( )
( )

2
2 34.7 0.5 70.4 k

id B

id id

R r R
R R

π= +
= + ⇒ = Ω  

     Common-mode input resistance 

          

( )

( )( )

1 2 1
2
1 34.7 0.5 2 101 62 6.28 M
2

icm B E

icm

R r R R

R

π β= + + +⎡ ⎤⎣ ⎦

= + + ⇒ = Ω⎡ ⎤⎣ ⎦  
______________________________________________________________________________________ 
 
11.10 

(a) ( ) μ25.101625.5050
80
81

21 =⇒=⎟
⎠
⎞

⎜
⎝
⎛== EEE III A 

        7.23
10125.0

6.03
=

−
=ER kΩ  

        ( ) 30
05.0

35.1
=

−−−
=CR kΩ  

(b) (i) ( )
μ07.59

7.23
6.013

=⇒
+−

= EE II A 

            ( ) μ17.2907.59
81
80

2
1

21 =⎟
⎠
⎞

⎜
⎝
⎛== CC II A 

             ( )( ) 125.233002917.0321 −=−=−== CCCC RIυυ V 

      (ii) 122.1
026.0

02917.0
==mg mA/V 

             12=dυ mV,  6
2

=dυ mV 

             ( )( )( ) 327.2006.030122.1125.22 −=−−=Cυ V 
             ( )( )( ) 923.1006.030122.1125.21 −=+−=Cυ V 

______________________________________________________________________________________ 
 
11.11 
     (a) 

          

( )( )

( )

1 2

1 2

1 2

1 2

1 2

0
6 A

60
5.90 A

5.90 0.360 3
0.875 V

0.6 0.875
1.475 V

E E

C C

C C

EC EC

v v
I I

I I
v v

V V

μ
β

μ

= =
= ≅
=
= =

= = −
= −
= = + − −
=  

     (b) 
     (i) 

          

( ) ( )

5.90 0.227 mA/V
0.026

0.227 360 81.7
0

m

d m C

cm

g

A g R
A

= ⇒

= = =
=  
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     (ii) 

          

( )( )

( )( )
( )( )

60 0.026
40.8

2 0.0059
264 K

0.227 360
0.0442

2 61 4000
1

264

m C
d

cm

g RA r

A

π= = =

=

−
= = −

+
 

______________________________________________________________________________________ 
 
11.12 

          2.0=QI mA,  ( ) 09877.02.0
81
80

2
1

21 =⎟
⎠
⎞

⎜
⎝
⎛==⇒ CC II mA 

(a) For 0=CBV ,  55.221 −=−=== CCCMCC RIυυυ  

   So  3.25
09877.0

5.25
=

−
=CR kΩ  

(b) Cmd RgA = ,  799.3
026.0

09877.0
==mg mA/V 

       ( )( ) 1.963.25799.3 ==dA  

(c) 14=dυ mV,  7
2

=dυ mV 

        ( )( )( ) 173.3007.03.25799.35.2
2

5.21 −=−−=⋅−−= d
CmC Rg
υ

υ V 

        ( )( )( ) 827.1007.03.25799.35.22 −=+−=Cυ V 
(d) 60=dBCMRR dB  1000=⇒ CMRR  

         
( )( )
( )( ) 257

80026.0
2.081

1
2
11000 =⇒⎥

⎦

⎤
⎢
⎣

⎡
+= o

o R
R

kΩ  

______________________________________________________________________________________ 
 
11.13 

(a) Neglect dc base currents 
        μ24021 =+= CCE III A 

        ( ) 9.17
24.0

57.0
=

−−−
=ER kΩ  

        7.16
12.0

35
=

−
=CR kΩ  

(b) 615.4
026.0
12.0

==mg mA/V 

       ( )( ) 9.76667.16615.4 === Cmd RgA  

(c) 0279.0
9.17
5.0
==

Δ
≅

E

C
cm R

R
A  

        8.68
0279.0

9.76log20 10 =⎟
⎠
⎞

⎜
⎝
⎛=dBCMRR dB 

______________________________________________________________________________________ 
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11.14 

          

( )

( ) ( )

1 2

1 2

1

2

0
0.7 10

75
0.124 mA

0.0615 mA
0.0615 2.365 mA/V
0.026

0.01

2.377 mA/V
2.353 mA/V
120 0.026

50.7 K
0.0615

E

C C

m

m

m

m

m

v v

I

I I

g

g
g
g
g

rπ

= =

− − −
=

=
= =

= =

Δ
=

=
=

= =
 

          

( )

( ) ( )

1 1

2 2

1 2 1 2

1 2

1 2

2

2

2

2 2

2
50 2.377 2.353 118.25

2 2

d
m

d
C m c

d
C m c

d d
o C C m C m C

d
C m m

C
d m m d

V
I g

V
v g R

V
v g R

V V
v v v g R g R

V
R g g

R
A g g A

Δ =

Δ = −

Δ = +

= Δ −Δ = − −

= − +

−
= − + = + ⇒ = −

 
     Common-Mode 

          

( ) ( )

( )

( )

( ) ( )

( ) ( )

1 2
1 2

1 2

1 11 2 1 2

2.377 2.353 50
1211 1 2 751 2 50.7

1.2 0.003343
358.99

91 dB

m C cm m C cm
C C

E E

m m Co
cm

cm
E

cm

dB

g R v g R v
v v

R R
r r

g g Rv
A

v
R

r

A

C M R R

π π

π

β β

β

− −
Δ = Δ =

⎛ ⎞ ⎛ ⎞+ +
+ +⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠
− − − −

= = =
⎛ ⎞ ⎛ ⎞+ ++ ⎜ ⎟⎜ ⎟ ⎝ ⎠⎝ ⎠

−
= ⇒ = −

=∫  
______________________________________________________________________________________ 
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11.15 
     (a) 

          

( ) ( )

1 2

1 2

1 2

0
0.7 V

5 0.7 4.3 mA
1

2.132 mA
2.132 1 5

2.87 V

E

E

C C

C C

v v
v

I

I I
v v

= =
= +

−
= =

= =

= = −
= −  

     (b) 
1 2 2

1

0.5, 0   on
 off

v v Q
Q

= =

 

          

( ) ( )

1 2

1 2

2

1200,  4.3  mA 4.264 mA
121

5 V 4.264 1 5

0.736 V

C C

C C

C

I I

v v

v

⎛ ⎞= = =⎜ ⎟
⎝ ⎠

= − = −

= −
 

     (c) 

2.1320.7 V 82.0 mA/V
0.026E mv g≈ = =

 

          
( ) ( )
82.0

1 41.0
2 2 2
d d

m C C m C d d
v VI g v I R g R V VΔ = Δ = Δ ⋅ = ⋅ = ⋅ =

 
          0.015 0.615 Vd cV v= ⇒ Δ =  
          2 1C Cv v↓ ↑  

          

1

2

2.87 0.615 2.255 V
2.87 0.615 3.485 V

C

C

v
v

= − + = −
= − − = −  

______________________________________________________________________________________ 
 
11.16 
     (a) 

          

1 38.46 mA/V
0.026
1 100

0.01

100 38.46 
2.6 K

C
m

T

o
d

d

d m C

C

c

I
g

V
v

A
v

A g R
R

R

= = =

= = =

=
=
=

 
     (b) 
     With 1 2 0v v= =  

          ( )( ) ( )1 2 10 1 2.6 7.4 max 7.4 C C cmv v V v V= = − = ⇒ =  
______________________________________________________________________________________ 
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11.17 

(a) 4.02121 ==⇒+= EEEEO IIIII mA 

(i)  [ ] [ ] 1122221121 CECECECEOO RIRIRIVRIV −=−−−=− ++υυ  
      021 =− OO υυ  
(ii) ( )( ) 08.04.76.74.021 =−=− OO υυ V 

(b) 21 BEBE VV =  

        ( ) 141515 10333.1expexp101.3109.28.0 ×=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⇒⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
⋅×+×= −−

T

BE

T

BE

V
V

V
V

 

          Then  ( )( ) 3867.010333.1109.2 1415
1 =××= −

EI  mA 

                    ( )( ) 4133.010333.1101.3 1415
2 =××= −

EI  mA 
(i)  ( )( ) 1995.05.73867.04133.021 =−=− OO υυ V 
(ii) ( )( ) ( )( ) 2795.04.73867.06.74133.021 =−=− OO υυ V 

______________________________________________________________________________________ 
 
11.18 

(a) 4exp
exp1

120.01 =⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −
⇒

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −
+

==
T

d

T

dQ

C

V
V

I
i υ

υ
 

    so that     ( ) ( ) 0.364ln026.0 −=⇒=− dd υυ mV 

(b) 1111.0exp
exp1

190.02 =⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ +
⇒

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ +
+

==
T

d

T

dQ

C

V
V

I
i υ

υ
 

   so that     ( ) ( ) 1.571111.0ln026.0 −==dυ mV 
______________________________________________________________________________________ 
 
11.19 

(a) 

( ) ( )( )

( )
005.0

max
4

5.0

maxexp1
max

4
5.0

=

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⋅⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

−+
−

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⋅⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

d
T

Q
Q

Td

Q
d

T

Q
Q

V
I

I

V
I

V
I

I

υ

υ
υ

 

        ( ) ( ) ( )( )Td
d

T VV maxexp1
1max

4
15.0995.0

υ
υ

−+
=

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⋅⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+  

        By trial and error,  ( ) 14max ≅dυ mV 

(b) ( ) ( ) ( )( )Td
d

T VV maxexp1
1max

4
15.0985.0

υ
υ

−+
=

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⋅⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+  

By trial and error,  ( ) 2.21max ≅dυ mV 
______________________________________________________________________________________ 
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11.20 
     For 3.5 CMv V=  and a maximum peak-to-peak swing in the output voltage of 2 V, we need the quiescent   
        collector voltage to be 
          3.5 1 4.5 CV V= + =  
     Assume the bias is 10 ,V±  and 0.5 .QI mA=  
     Then 0.25 CI mA=  

     Now 
10 4.5 22 

0.25C CR R k−
= ⇒ = Ω

 

     In this case, 
( )( )100 0.026

10.4 
0.25

r kπ = = Ω
 

     Then 

          

( )( )
( )
100 22

101
2 10.4 0.5dA = =

+  So gain specification is met. 

     

( ) ( )( )
( )( )

4

For 80 

1 101 0.51 110 1 1 1.03 
2 2 0.026 100

dB

Q o o
o

T

CMRR dB

I R R
CMRR R M

V
β
β

= ⇒

⎡ ⎤+⎡ ⎤
= = + = + ⇒ = Ω⎢ ⎥⎢ ⎥

⎢ ⎥⎣ ⎦ ⎣ ⎦  
     Need to use a Modified Widlar current source. 
          ( )[ ]πrRgrR Emoo 11+=  

          If  100=AV V,  then 200
5.0

100
==or kΩ  

          ( )( ) 2.5
5.0
026.0100

==πr kΩ  

          23.19
026.0

5.0
==mg mA/V 

     Then  ( )( )[ ] 216.023.1912001030 11 =⇒+= ππ rRrR EE kΩ 216.02.51 =⇒ ER  
     So,  Ω= 2251ER ;  also 5.0≅REFI mA 
______________________________________________________________________________________ 
 
11.21 

     (a) 
( )0.7 10

37.2 
0.25E ER R k

− − −
= ⇒ = Ω
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     (b) 

          

( ) ( )

( )

( ) ( ) ( )

( )

1 2
1 2 1 2

1 1
1 1

2 2

1 2

1 2

1 or 1

 
Then

11  

From this, we find

1
1

e e
m m

E E

e
e

B B

e

e
e e

B E

B

e
B

E

V V V Vg V g V V V
r r R r R

V V V rV V V
r R r r R
V V V

r VV V V V
r r R R

r RV V
rV

r R r
R

π π
π π π π

π π π

π π
π

π π π

π

π

π π

π

π

π π

β

β

β

⎛ ⎞+
+ + + = + =⎜ ⎟

⎝ ⎠
⎛ ⎞−

= ⇒ = −⎜ ⎟+ +⎝ ⎠
= −

⎛ ⎞ ⎡ ⎤+
− + − =⎜ ⎟ ⎢ ⎥+⎝ ⎠ ⎣ ⎦

+
+ ⋅

=
+

+ +
+

( )

( )( )

2 2

Now

We have
120 0.026 0.12525 ,  4.81 /

0.125 0.026

B

o m C m C e

m

R
r

V g V R g R V V

r k g mA V

π

π

π

⎡ ⎤+
⎢ ⎥
⎣ ⎦

= − = − −

= ≅ Ω = =
 

     (i) 

          

( )( )

( )

( )( ) ( )

1 2Set  and 
2 2

Then

25 0.51 0.022 25 2
2.02625 0.5 25 0.51

37.2 121 25

So
0.00494

Now

4.81 50 0.00494 119
2

d d

d d

e

e d

d o
o d d

d

V VV V

V V

V

V V

V V
V V A

V

= = −

⎛ + ⎞⎛ ⎞− ⎜ ⎟ −⎜ ⎟⎝ ⎠⎝ ⎠= =
⎡ ⎤+ +

+ +⎢ ⎥
⎣ ⎦

= −

⎛ ⎞= − − − − ⇒ = =⎜ ⎟
⎝ ⎠  

     (ii) 

          

( )( )

( )

( )

( )( ) ( )

1 2Set 
Then

25 0.51 2.0225
2.0256725 0.5 25 0.51

37.2 121 25

0.9972
Then

4.81 50 0.9972

or 0.673

cm

cm
cm

e

e cm

o cm cm

o
cm

cm

V V V

V V
V

V V

V V V

VA
V

= =

+⎛ ⎞+⎜ ⎟ −⎝ ⎠= =
⎡ ⎤+ +

+ +⎢ ⎥
⎣ ⎦

=

= − −⎡ ⎤⎣ ⎦

= = −
 

______________________________________________________________________________________ 
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11.22 

(a) Cmd RgA =  

       75
016.0
2.1

==dA  

       808.4
026.0
125.0

==mg mA/V 

   Then  6.15
808.4
75

==CR kΩ  

(b) For ( )( ) 05.16.15125.030 21 =−===⇒= CMCCCBV υυυ V 

(c) ( )( )
( ) 7.85231,19

026.0
400025.01

2
1

=⇒=⎥
⎦

⎤
⎢
⎣

⎡
+= dBCMRRCMRR dB 

______________________________________________________________________________________ 
 
11.23 
     The small-signal equivalent circuit is 

           
 

    
1 1 2 2

1 2 1 2

A KVL equation: v V V v
v v V V

π π

π π

= − +
− = −  

     A KCL equation 

          

( )

( ) ( )

1 2
1 2

1 2 1 2

1 2 1 1 1 2 2 1 2

0

1 0

1 1Then 2  and 
2 2

m m

m

V Vg V g V
r r

V V g V V
r

v v V V v v V v v

π π
π π

π π

π π π π
π

π π π

+ + + =

⎛ ⎞
+ + = ⇒ = −⎜ ⎟

⎝ ⎠

− = ⇒ = − = − −
 

     At the 01v  node: 

          
01 01 02

1 0m
C L

v v v
g V

R R π
−

+ + =
 

          
( )01 02 2 1

1 1 1 1
2 m

C L L

v v g v v
R R R

⎛ ⎞ ⎛ ⎞
+ − = −⎜ ⎟ ⎜ ⎟

⎝ ⎠⎝ ⎠  (1) 
     At the 02v  node: 

          
02 02 01

2 0m
C L

v v v g V
R R π

−
+ + =
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( )02 01 1 2

1 1 1 1
2 m

C L L

v v g v v
R R R

⎛ ⎞ ⎛ ⎞
+ − = −⎜ ⎟ ⎜ ⎟

⎝ ⎠⎝ ⎠  (2) 
     From (1): 

          
( )02 01 2 1

11
2

L
m L

C

Rv v g R v v
R

⎛ ⎞
= + − −⎜ ⎟

⎝ ⎠  
     Substituting into (2) 

          

( ) ( )

( )

( )

01 2 1/ 01 1 2

01 1 22

01
1 2

1 1 1 1 1 1 11
2 2

1 1 1 1 1
2

12
2

L
m L m

C C L C L L

L L
m

C C CC

L L
m

C C C

Rv g R v v v g v v
R R R R R R

R Rv g v v
R R RR

v R Rg v v
R R R

⎛ ⎞⎛ ⎞ ⎛ ⎞ ⎛ ⎞
+ + − − + − = −⎜ ⎟⎜ ⎟ ⎜ ⎟ ⎜ ⎟

⎝ ⎠⎝ ⎠⎝ ⎠ ⎝ ⎠
⎡ ⎤⎛ ⎞ ⎛ ⎞

+ + = − − +⎢ ⎥⎜ ⎟ ⎜ ⎟
⎝ ⎠⎝ ⎠ ⎣ ⎦

⎛ ⎞ ⎛ ⎞
+ = − −⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠  
     1 2For dv v v− =  

          

01
1

1
2

2

m L

v
d L

C

g RvA
v R

R

−
= =

⎛ ⎞
+⎜ ⎟

⎝ ⎠  

     From symmetry: 

02
2

1
2

2

m L

v
d L

C

g RvA
v R

R

= =
⎛ ⎞

+⎜ ⎟
⎝ ⎠  

     Then 

02 01

2

m L
v

d L

C

v v g RA
v R

R

−
= =

⎛ ⎞
+⎜ ⎟

⎝ ⎠  
______________________________________________________________________________________ 
 
11.24 
     The small-signal equivalent circuit is 

           
 
     KVL equation: 1 1 2 2 1 2 1 2 or v V V v v v V Vπ π π π= − + − = −  
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     KCL equation: 

          02
21

1 =+++
π

π
ππ

π

π

r
V

VgVg
r

V
mm  

          ( ) 2121 01
ππ

π
ππ VVg

r
VV m −=⇒=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
++  

     Then  221 2 πυυ V−=− ,  or  ( )212 2
1 υυπ −−=V  

     Now  ( )LCmo RRVg 2πυ −=  

                    ( )( )212
1

υυ −= LCm RRg  

     For  ( )LCm
d

o
dd RRgA

2
1

21 ==⇒≡−
υ
υ

υυυ  

______________________________________________________________________________________ 
 
11.25 

     

( )

( )

( ) ( )
( )

2 2 2

1 1 1

0 2 1

2 1

1 2

We have   
and

Then

C m C m b e C

C m C m b e C

C C

m b e C m b e C

m C b b

V g V R g V V R

V g V R g V V R

V V V
g V V R g V V R

g R V V

π

π

= − = − −

= − = − −

= −
= − − − − −⎡ ⎤⎣ ⎦
= −  

     Differential gain 

0

1 2
d m C

b b

V
A g R

V V
= =

−  

     Common-mode gain 0cmA =  
______________________________________________________________________________________ 
 
11.26 
     (a) 

          

1 23 3 
10 3Then 70 

0.1

cm C C

C C

v V V V V

R R k

= ⇒ = =
−

= ⇒ = Ω
 

     (b) 

          

( )

( )( )
( )( )

75 5623
Now

11 1
2

151 0.215623 1 1.45 
2 150 0.026

dB

Q o

T

o
o

CMRR dB CMRR

I R
CMRR

V

R
R M

β
β

= ⇒ =

+⎡ ⎤
= +⎢ ⎥

⎣ ⎦
⎡ ⎤

= + ⇒ = Ω⎢ ⎥
⎢ ⎥⎣ ⎦  

     Use a Widlar current source. 

          [ ]1o o m ER r g R′= +  
     Let AV  of current source transistor be 100 V. 
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     Now  500
2.0

100
==or kΩ ,  69.7

026.0
2.0

==mg mA/V 

               ( )( ) 5.19
2.0
026.0150

==πr kΩ  

     So  ( )[ ] 247.069.715001450 =′⇒′+= EE RR kΩ  
     Now  Ω=⇒=⇒=′ 2505.19247.0 EEEE RRrRR π  

     We have  ⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
=

Q

REF
TEQ I

I
VRI ln  

          ( )( ) ( ) ( ) 37.1
2.0

ln026.0250.02.0 =⇒⎥
⎦

⎤
⎢
⎣

⎡
= REF

REF I
I

mA 

     Then  ( ) 1.14
37.1

107.010
11 =⇒

−−−
= RR kΩ  

______________________________________________________________________________________ 
 
11.27 

          ( )
( )

+++ ⋅⎟
⎠
⎞

⎜
⎝
⎛

+
+

=⋅⎥
⎦

⎤
⎢
⎣

⎡
++

+
=⋅⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

= VV
RR

RV
RR

R

A

A
A δ

δ
δ
δυ

2
1

1
1  

          5.2
2
1

== +VBυ V 

     For  01.0+=δ ,  ( ) 5124.25
01.2
01.1

=⎟
⎠
⎞

⎜
⎝
⎛=Aυ V 

     For  01.0−=δ ,  ( ) 4874.25
99.1
99.0

=⎟
⎠
⎞

⎜
⎝
⎛=Aυ V 

          5.12≅dυ mV 
         20=≅ RRRB kΩ  

          ( )( ) 2.31
1.0
026.0120

===
CQ

T

I
V

r
β

π kΩ  

          ( )
( )( )
( ) 58.17

202.312
15120

2
=

+
=

+
=

B

C
d Rr

R
A

π

β
 

           ( )( )0125.058.17=⋅= ddo A υυ 22.0= V 
           22.022.0 2 +≤≤− Oυ V 
______________________________________________________________________________________ 
 
11.28 

(a) ( )( ) 9.49
125.0

026.012022
2 ====

CQ

T
id I

V
rR

β
π kΩ  

(b) ( )( )[ ] ( )( ) ( )( )( )⎥⎦
⎤

⎢⎣
⎡ +=++= 80002121

125.0
026.0120

2
121

2
1

oicm RrR βπ  

        968=icmR MΩ  
______________________________________________________________________________________ 
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11.29 
     (a) 

          

( )
1 1

1

2 2

10 0.7 10
0.5 38.6 K

0.026 0.5ln 236 
0.14 0.14

I R
R

R R

− − −
= = ⇒ =

⎛ ⎞= ⇒ = Ω⎜ ⎟
⎝ ⎠  

     (b) 

          

( )

( )

( )( )

( )( )

( )( )

4 4 4

4

4

1
0.141 5.385 mA/V

0.026
180 0.026

33.4 K
0.14

33.4 0.236 0.234 K
100 714 K
0.14

714 1 5.385 0.234

1614 K
181 1614 292 MΩ

icm o

o o m E m

E

o

o

icm

R R

R r g R g

r

R

r

R

R

π

β≈ +

′= + = =

= =

′ = =

= =

= +⎡ ⎤⎣ ⎦
=
= ≈  

     (c) 

          

( )

( )( )

( )( )
( )( )

1
1

1

1

0.07 2.692 mA/V
2 1 0.026

1

180 0.026
66.86 K

0.07
2.692 40

2 181 1614
1

66.86
0.0123

m C
cm m

o

cm

cm

g RA g
R

r

r

A

A

π

π

β
−

= = =
+

+

= =

−
=

+

= −  
______________________________________________________________________________________ 
 
11.30 

          

( )

( )( )

( )

1 1 1 3

1
1 1

3
2 2 2

23 2
2 3 2

2
2 2 2

/ 2
19.23

2 100 0.026 5.2
/ 2

/ 2
, 19.23

2
19.23

Then 30 3.12 
2

d m

Q
m Q

T

T

Q Q Q

Qm
d m Q

T

Q
Q

A g R r

I
g I

V

Vr
I I I

Ig RA g I
V

I
R I R V

π

π
β

=

= =

= = =

= = =

= ⋅ ⇒ =
 

     Maximum 2 1 18 o ov v mV− = ±  for linearity 

          

( ) ( )( )3

2 2

max 18 30  0.54 
so 3.12  is OK.

o

Q

v mV V
I R V

= ± ⇒ ±

=  
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     From 1dA : 

           ( )
⎥
⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢
⎢

⎣

⎡

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
+

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

==

2
1

2
1

1311
2.5

2.5

23.1923.1920

Q

Q
QQ

I
R

I
R

IrRI π  

          
( )
2.5

2.523.19
20

12

11

+
=

RI
RI

Q

Q  

     Let  5
2 1

1 =⋅R
I Q V,  1011 =⇒ RI Q V 

     Then  ( )( ) 8.44
2.5
2.51023.1920 12

12

=⇒
+

= RI
RI Q

Q

V 

     Now  
1

111
1010

Q
Q I

RRI =⇒=  

     So  48.48.4410

1

2

1
2 =⇒=⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛

Q

Q

Q
Q I

I
I

I  

     Let  μ1001 =QI A,  then  μ4482 =QI A 
     Then 
          96.612.3 222 =⇒= RRI Q kΩ  
          10010 111 =⇒= RRI Q kΩ  
______________________________________________________________________________________ 
 
11.31 
     a. 

          

( )

( )

( ) ( )( )
( )

( )
( )

23
1 3

2
3 3 3

2
3 3

2

3 3

1 1

1 1

2
1 1

4

20 0.25 2
50

20 12.5 4 4

12.5 49 30 0

49 49 4 12.5 30
3.16 V

2 12.5
20 3.16 0.337 mA

50

0.168 mA
2

0.168 0.25 2 2.82 V
2.82 10

GS
GS

GS GS GS

GS GS

GS GS

Q

Q
D D

GS GS

DS DS

VI V

V V V

V V

V V

I I I

I
I I

V V
V V

−
= = −

− = − +

− + =

± −
= ⇒ =

−
= ⇒ = =

= ⇒ =

= − ⇒ =
= − − − ⇒

( )( )
( )

4

1

1 1

7.18 V

10 0.168 24 5.97 V
5.97 2.82 8.79 V

D

DS DS

V
V V

=

= − =
= − − ⇒ =  
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     (b) 

           
 
     (c) 

          

( )

( )( )
( ) ( )
( )
( ) ( )
( )
( ) ( )
( )

1 2 1

1

1

1

4 1

4 4

Max 
2.82 2 0.82 

Now 10 0.168 24 5.97 
max 5.97 5.97 0.82
max 5.15 

max max 5.15 2.82
max 7.97

min
3.16 2 1.16

CM DS DS DS GS TN

D

S DS

S

CM S GS

CM

CM DS GS

DS GS TN

v V V V sat V V
V

V V
V V sat
V V
v V V
v V

v V V sat V
V sat V V

−

⇒ = = = −
− =

= − =
= − = −
=
= + = +
=

= + +
= − = − =

( ) ( )
 

Then min 10 1.16 2.82 min 6.02 CM CM

V
v v V= − + + ⇒ = −

 
______________________________________________________________________________________ 
 
11.32 

(a) ( )2
111 TNGSnD VVKI −=  

       ( ) 075.13.010060 1
2

1 =⇒−= GSGS VV V 
       775.115.1075.141111 =−−=+−= VVVV GSDSD V 

      4.20
06.0
775.13

=
−

=DR kΩ  

(i)   μ120211 =+== DDQ IIII A 

       ( )2
331 TNGS VVKI −=  

       ( ) 075.13.0200120 3
2

3 =⇒−= GSGS VV V 

(ii) ( ) 41
12.0

3075.13
1 =

−−−
=R kΩ  

(iii) 075.141 == GSGS VV V 

(b) ( )( ) 3.833
12.001.0

11

4

===
Q

o I
r

λ
 kΩ  

        μ76.2
3.833

3.24 =Δ⇒=
Δ

=Δ Q
o

DS
Q I

r
V

I A 

______________________________________________________________________________________ 
 
 
 
 
 
 



Microelectronics: Circuit Analysis and Design, 4th edition                                                              Chapter 11 
By D. A. Neamen                                                                                                                 Problem Solutions 
______________________________________________________________________________________ 
 
11.33 
     (a) 

          

( )

( )( )

( )

( )

2

2

2
5

160 A

2
8080 4 0.5
2

80 160 0.5

80 0.5 1.207 V
160

5 2 37.5 K 2 1.207 3.21 V
0.08

Q

n
D GS TN

OS

o

GS

D DS

I
k WI V V

L

V

V

V

R V

μ=
′ ⎛ ⎞= −⎜ ⎟
⎝ ⎠

= −

= −

= + =

−
= = = − − =

 
     (c) 

          

( )
( )2

1 2

1.207 0.5 0.707 V
Then 2 0.707 1.29 V
And 1.207 1.29

2.50 V

DS GS TN

S O DS

cm GS S

cm

V sat V V
V V V sat

v v v V V
v

= − = − =
= − = − = +

= = = + = +
=  

     (b) 

           
______________________________________________________________________________________ 
 
11.34 

(a) ( ) ( ) 222max GSDSDCM sat υυυυ +−=  

        ( )2
22 2 TNGS

n
D V

L
Wk

i −⎟
⎠
⎞

⎜
⎝
⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ′
= υ  

        ( )( ) 021.135.04
2
1.009.0 2

2
2 =⇒−⎟

⎠
⎞

⎜
⎝
⎛= GSGS υυ V 

        ( ) 6708.035.00208.12 =−=satDSυ V 
   Then  90.1021.16708.025.2 22 =⇒+−= DD υυ V 

        2.12
09.0

90.13
=

−
=DR kΩ  

(b) (i)  90.12 =Dυ V 

(ii) ( )( ) 2683.009.04
2
1.02

2
2 =⎟

⎠
⎞

⎜
⎝
⎛=⎟

⎠
⎞

⎜
⎝
⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ′
= DQ

n
m I

L
Wk

g mA/V 

      ( ) ( ) 096.22.12
2
12.02683.090.1

2
90.12 =⎟

⎠
⎞

⎜
⎝
⎛+=⋅⋅+= D

d
mD Rg
υ

υ V 
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(iii) ( ) ( ) 818.12.12
2
05.02683.090.1

2
90.12 =⎟

⎠
⎞

⎜
⎝
⎛−=⋅⋅−= D

d
mD Rg
υ

υ V 

______________________________________________________________________________________ 
 
11.35 

(a) ( )2
331 TNGSnQ VVKII −==  

        ( ) 518.14.020.025.0 3
2

3 =⇒−= GSGS VV  V 

        ( ) 9.33
25.0

5518.15
1 =

−−−
=R kΩ  

(b) 125.0
2
25.0

21 === DD II mA 

       ( ) ( ) 1122221121 DDDDDDDDOO RIRIRIVRIV −=−−−=− ++υυ  
(i)  021 =− OO υυ  

       (ii ) ( )( ) 125.05.145.15125.021 =−=− OO υυ V 

(c) ( )( )2
2121 TNGSnnDDQ VVKKIII −+=+=  

        ( )( ) ( ) 04166.1115.0125.025.0 22 =−⇒−+= TNGSTNGS VVVV  
        ( )( ) 1302.004166.1125.01 ==DI mA 
        ( )( ) 1198.004166.1115.02 ==DI mA 
    (i) ( )( ) 156.01302.01198.01521 −=−=− OO υυ V 
  (ii)  ( )( ) ( )( ) 031.05.141302.05.151198.021 −=−=− OO υυ V 

______________________________________________________________________________________ 
 
 11.36 

(a) 21

2
1

22
1

d
Q

n
d

Q

n

Q

D

I
K

I
K

I
i

υυ ⋅⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
−⋅+=  

        ( ) ( )
2

15.02
20.01

15.02
20.050.020.0 dd υυ ⋅⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−⋅+=  

       ( ) 26667.013674.0 dd υυ −=−  

       ( )[ ]22 6667.01135.0 dd υυ −=  

       3873.015.00135.06667.0 224 −=⇒=⇒=+− dddd υυυυ  V 

(b) ( ) ( )
2

15.02
20.01

15.02
20.050.080.0 dd υυ ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−⋅−=  

       ( ) 3873.06667.013674.0 2 −=⇒−−= ddd υυυ  V 

(c) 866.0
20.0
15.0

max, +====
n

Q
dd K

I
υυ V 

______________________________________________________________________________________ 
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11.37 

          =Lin
Q

D

I
i 1

Q

df

I
g υ

+5.0 ,  Now  ( )( ) 10.0
2

10.02.0
2

=== Qn
f

IK
g mA/V 

                       ( )
( ) dd υυ +=⋅+= 5.0

1.0
1.05.0  

       We have  ( )
( ) 1

1.02
2.0

2
==

Q

n

I
K

 

(a) 005.0
5.0

15.05.0 2

=
+

⎥⎦
⎤

⎢⎣
⎡ −+−+

d

ddd

υ

υυυ
 

       ⎥⎦
⎤

⎢⎣
⎡ −−= 21995.00025.0 dd υυ ,  19.0≅⇒ dυ V 

(b) 015.0
5.0

15.05.0 2

=
+

⎥⎦
⎤

⎢⎣
⎡ −+−+

d

ddd

υ

υυυ
 

       ⎥⎦
⎤

⎢⎣
⎡ −−= 21985.00075.0 dd υυ ,  285.0≅⇒ dυ V 

______________________________________________________________________________________ 
 
11.38 
     (b) 

          

( )( )

( )( )

( )( )
2 2

1

2 2 0.05 0.008696

0.0417 mA/V

0.0417 0.05 0.002085 mA
2

0.002085 510 1.063
1.063 4.565 3.502 V

1.063 4.565 5.628 V

m p D

d
m

D

D D

D

g K I

VI g

v
v v
v

= =

=

Δ = = =

Δ = =
↑⇒ = − = −
= − − = −  

          

( )
( )( )( )( )

( )

( )( )
( )

( )( )

2

2

2

2

1 2

1 2

9 1
2

8 2

8 2 0.05 390 0.8

8 39 1.6 0.64

39 61.4 16.96 0

61.4 3769.96 4 39 16.96
2 39

1.217 V 2.217
0.01739 mA 8.696 A

8.696 0.510 9

S S SG

S D

P S SG TP SG

SG SG

SG SG SG

SG SG

SG

S

S D D

D D

I R V
I I

K R V V V

V V

V V V

V V

V

V
I I I
v v

μ

= + +
=

= + +

= − +

= − + +

− + =

± −
=

= =
= = ⇒

= = − = −4.565 V  
     (b) 

          

( )( )

( )( )

( )( )

2 2 0.05 0.008696 0.0417 mA/V

0.0417 0.05 0.002085 mA
2

0.002085 510 1.063 V

m P DQ

d
D D D D m

D

g K I

Vv I R I g

v

= = =

Δ = Δ ⋅ Δ = ⋅ = =

Δ = =  
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          1 1 1, ,D Dv I v↑ ↓ ↓  

          
1

2

4.565 1.063 5.628V
4.565 1.063 3.502 V

D

D

v
v

= − − = −
= − + = −  

______________________________________________________________________________________ 
 
11.39 
     (a) 

          

( )

( )( )
( )

1 2
2

0

6 A

6 0.4
30

0.847 V
0.847 V

3
6 0.36 3 0.84 V

0.847 0.84
1.69 V

D n SG TP

D

SG

SG

S

D D D

SD S D

SD

v v

I K V V
I

V

V
V
v I R

V V v
v

μ

= =

= +
=

+ =

=
= +
= −
= − = −

= − = − −
=  

     (b) 
     (i) 

          

( )( )
( )( )

2

2 30 6 26.83 A/V

26.83 0.36 9.66
0

d m D m n D

d d

cm

A g R g K I

A A
A

μ

= =

= =

= ⇒ =
=  

     (ii) 

          

( )( )

( )( )
( )( )

26.83 0.36
4.83

2 2
26.83 0.36

0.0448
1 2 1 2 26.83 4

m D
d d

m D
cm

m O

g RA A

g R
A

g R

= = ⇒ =

−−
= = = −

+ +  
______________________________________________________________________________________ 
 
11.40 

(a) ( )( ) 1897.0075.012.022 === DQpm IKg  mA/V 

   (i) ( )( )( ) 5692.01.0301897.021 ===− dDmDD Rg υυυ V 
  (ii) ( )( )( ) 138.12.0301897.021 ===− dDmDD Rg υυυ V 

(b) (i) ( )( )( ) 5692.01.0301897.0
22 ==⋅=Δ d

DmD Rg
υ

υ V 

           (ii) ( )( )
( )( ) 003748.0

40001897.021
301897.0

21
−=

+
−

=
+
−

=
om

Dm
cm Rg

Rg
A  

      ( )( ) 846.2
2

301897.0
2

=== Dm
d

Rg
A  

       cmcmddD AA υυυ +=Δ 2 ,   let 1=cmυ V, 2.0=dυ V 
  Then  ( )( ) ( )( ) 5655.01003748.02.0846.22 =−=Δ Dυ V 

______________________________________________________________________________________ 
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11.41 

     

( )
( )( )( )

( )( )
( )( )

1 2

2

2

2

2

For 0
0 2 10

10 2

2 0.15 75 1

22.5 44 12.5 0

So 1.61  and 0.15 1.61 1 55.9 A

2 2 0.15 0.0559

0.1831 mA/V

GS D S

GS n S GS TN

GS GS

GS GS

GS D

m n D

m

v v
V I R

V K R V V

V V

V V

V V I

g K I

g

μ

= =
= + −

= + −

= + −

− + =

= = − ⇒

= =

=  
     Use Half-circuits – Differential gain 

          

1

2

1 2

2 2

2 2

d
D m D

d
o m D

o D D m d D

o
d m D

d

V Rv g R

V Rv g R

v v v g V R
vA g R
V

Δ⎛ ⎞⎛ ⎞= − +⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠
Δ⎛ ⎞⎛ ⎞= −⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠

= − = −

= = −
 

     Now – Common-Mode Gain 

          

( )

( )

( )

( )

( )
( )
( )
( )

( )( )
( )( )
( )( )( )

1

2

1 2

2

1 2

2
1 2

2
1 2

So 
1 2

1 2
Then

0.1831 50 9.16

0.1831 0.5
0.0

1 0.1831 2 75

i gs m gs S cm

cm
gs

m S

D
m D cm

D
m S

D
D cm

D
m S

O D D

m D cm
o

m D

m Do
cm

cm m S

d

cm

V V g V R V
VV

g R

Rg R V
v

g R

Rgm R V
v

g R
v v v

g R V
v

g R

g Rv
A

V g R

A

A

= + =

=
+

Δ⎛ ⎞− +⎜ ⎟
⎝ ⎠=
+

Δ⎛ ⎞− −⎜ ⎟
⎝ ⎠=
+

= −

− Δ
=

+

− Δ
= =

+

= − = −

−
= = −

+
03216

69.1 dB
bB

C M R R =∫  
______________________________________________________________________________________ 
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11.42 
     From 11.41 

          
1 2 55.9 A

0.183 mA/V
D D

m

I I
g

μ= =
=  

          

( )

( ) ( )

( )

1 1 2 2

1 2 1 2

2 1

1 2

:  
2 2

2 2

2 2 2 2
0.183 50 9.15

2 2
:  

1 2

d d
d D m D D m D

d d
O D D m D m D

d d m m
O D m m D m m

d m D

M M
m D cm m

CM O D D
m S

V V
A v g R v g R

V V
v v v g R g R

V V g g
v R g g R g g

A g R

g g
g R v g

A v v v
g R

+⎛ ⎞
Δ = − ⋅ Δ = + ⎜ ⎟

⎝ ⎠

= Δ −Δ = − −

− − ⎛ Δ Δ ⎞⎛ ⎞
= ⋅ + = ⋅ − + −⎜ ⎟⎜ ⎟

⎝ ⎠⎝ ⎠
= − = − = −

Δ Δ⎛ ⎞ ⎛− + −⎜ ⎟
⎝ ⎠ ⎝= Δ − Δ = +

+ ( )

( ) ( ) ( )

( ) ( )
( ) ( ) ( )

1 2

0.01 0.183 0.00183
1 2

0.00183 50
0.003216

1 0.183 2 75

69.1 dB

D CM

m S

O m D
cm m

cm m S

cm

dB

R v

g R
v g R

A g
v g R

A

C M R R

⎞
⎜ ⎟

⎠
+

−Δ
= = Δ = =

+

−
= = −

+

=∫  
______________________________________________________________________________________ 
 
11.43 

(a) ( ) SGSTPSGpSGSS VRVVKVRI ++=+= 225  

       ( )( )( ) SGSGSG VVV ++−= 36.02.122.125 2  

       459.10272.376.48.4 2 =⇒=−− SGSGSG VVV  V Sυ=  

       ( )( ) 77.16.0459.12.12 2 =−=SI  mA 
            885.021 == DD II mA 
            ( )( ) 115.451885.0521 −=−=−== DDDD RIυυ V 

(b) ( )( )( ) 136.02.122.125 2 +++−= SGSGSG VVV  

       344.10272.276.48.4 2 =⇒=−− SGSGSG VVV  V 
       344.21=+= SGS Vυ V 

       ( )( ) 664.06.0344.12.1 2
21 =−== DD II  mA 

       ( )( ) 336.451664.021 −=−== DD υυ V 

(c) Using part (a),  ( )( ) 061.2885.02.12 ==mg mA/V 

        ( )( )( ) 909.31.01061.2115.4
2

115.41 −=+−=⋅+−= d
DmD Rg

υ
υ V 

        ( )( )( ) 321.41.01061.2115.42 −=−−=Dυ V 

(d) Using part (b),  ( )( ) 785.1664.02.12 ==mg mA/V 

         ( )( )( ) 158.41.01785.1336.4
2

336.41 −=+−=⋅+−= d
DmD Rg

υ
υ V 

         ( )( )( ) 515.41.01785.1336.42 −=−−=Dυ V 
______________________________________________________________________________________ 
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     (a) 

          

( )( )

( )

2

2 0.4 1

1.265 mA/V
1 10

0.1

10 1.265
7.91 K

m n D

m

o
d

d

d m D

D

D

g K I

g
vA
v

A g R
R

R

=

=

=

= = =

=
=
=  

     (b) 

          

( )( )

( )
( )

1 2

1 2

Quiescent 0
10 1 7.91 2.09 V

1 0.8 2.38 V
0.4

2.38 0.8 1.58

So 
2.09 1.58 2.38

2.89 V

D D

D
GS TN

n

DS

cm D DS GS

cm

v v
v v

IV V
K

V sat

v v V sat V

v

= =
= = − =

= + = + =

= − =

= − +
= − +

=  
______________________________________________________________________________________ 
 
11.45 

          

( )

( )

1 2

1 2

1 2

2
For 2.5 

0.25 
2

10 3Let 3 ,  then 28 
0.25

28
Then 100 7.14 /

2

And 2
2

0.0807.14 2 0.25
2

1274 (Extremely la

m D
d

CM

Q
D D

D D D D

m
m

n
m D

g RA

v V
I

I I mA

V V V R R k

g
g mA V

k Wg I
L

W
L

W W
L L

=

=

= = =

−
= = = ⇒ = Ω

= ⇒ =

′ ⎛ ⎞= ⎜ ⎟
⎝ ⎠

⎛ ⎞⎛ ⎞= ⇒⎜ ⎟⎜ ⎟
⎝ ⎠⎝ ⎠

⎛ ⎞ ⎛ ⎞= =⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

rge transistors to meet the gain requirement.)

Need 0.10CMA =  
     From Eq. (11.82(b)) 

          

( )( )
( )

1 2
7.14 28

So 0.10 140 
1 2 7.14

m D
CM

m o

o
o

g R
A

g R

R k
R

=
+

= ⇒ = Ω
+  

     For the basic 2-transistor current source 

          ( )( )
1 1 200 

0.01 0.5o o
Q

R r k
Iλ

= = = = Ω
 

     This current source is adequate to meet common-mode gain requirement. 
______________________________________________________________________________________ 
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11.46 
     Not in detail, Approximation looks good. 
     a. 

          

( ) ( )

( )( )

( )

( ) ( )( )
( )

( )( )

21
1

21
1

2
1 1 1

2
1 1

2

1 1

1 2 1 2

02 02

5
 and 2 2

5 2 0.050 1
20

5 2 2 1

2 3 3 0

3 3 4 2 3
2.186 V

2 2
5 2.186 0.141 mA

20

0.0704 mA
2

5 0.0704 25 3.24

GS
S S D n GS TN

S

GS
GS

GS GS GS

GS GS

GS GS

S S

S
D D D D

V
I I I K V V

R
V V

V V V

V V

V V

I I

II I I I

v v

− − −
= = = −

−
= −

− = − +

− − =

± +
= ⇒ =

−
= ⇒ =

= = ⇒ = =

= − ⇒ =  V  
     b. 

          

( ) ( )( )

( )( )0

2 2 0.05 2.186 1
0.119 mA/V
1 1 710 k

0.02 0.0704

m n GS TN

m

DQ

g K V V
g

r
Iλ

= − = −
=

= = = Ω
 

 

           
 

          

1 1 2 2

01 01
1

0

,

0

gs S gs S

S
m gs

D

V v V V v V
v v Vg V
R r

= − = −
−

+ + =
 

          
( )01 1

0 0

1 1 0S
m S

D

V
v g v V

R r r
⎛ ⎞

+ + − − =⎜ ⎟
⎝ ⎠  (1) 

          
02 02

2
0

0S
m gs

D

v v Vg V
R r

−
+ + =

 

          
( )02 2

0 0

1 1 0S
m S

D

Vv g v V
R r r

⎛ ⎞
+ + − − =⎜ ⎟

⎝ ⎠  (2) 
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( ) ( )

01 02
1 2

0 0

01 02
1 2

0 0 0

2

S S S
m gs m gs

S

S S
m S m S

S

v V v V Vg V g V
r r R

v v V Vg v V g v V
r r r R

− −
+ + + =

− + + − + − =
 

          
( ) 01 02

1 2
0 0 0

2 12m S m
S

v vg v v V g
r r r R

⎧ ⎫
+ + + = + +⎨ ⎬

⎩ ⎭  (3) 
     From (1) 

          

1
0

01

0

1

1 1

S m m

D

V g g v
r

v

R r

⎛ ⎞
+ −⎜ ⎟

⎝ ⎠=
⎛ ⎞

+⎜ ⎟
⎝ ⎠  

     Then 

          

( )
1

0 02
1 2

0 0
0

0

1
2 12

1 1

S m m

m S m
S

D

V g g v
r vg v v V g

r r R
r

R r

⎛ ⎞
+ −⎜ ⎟ ⎧ ⎫⎝ ⎠+ + + = + +⎨ ⎬

⎛ ⎞ ⎩ ⎭+⎜ ⎟
⎝ ⎠  (3) 

( )

( )

1 2 0 1 02 0
0 0 0 0 0

0 0
1 2 1 02

0 0 0

0
1

1 1 1 1 1 2 1 1 12

1 1 2 1 11 2 1

m S m m S m
D D S D

m m S m m
D D S D

m
D

g v v r V g g v v V g r
R r r R r r R R r

r rg v v g v v V g g
R R r r R R r

r
g v

R

⎛ ⎞ ⎛ ⎞ ⎛ ⎞ ⎧ ⎫ ⎛ ⎞
+ + + + − + + = + + ⋅ +⎨ ⎬⎜ ⎟ ⎜ ⎟ ⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠ ⎝ ⎠ ⎩ ⎭ ⎝ ⎠
⎧ ⎫⎛ ⎞ ⎛ ⎞ ⎛ ⎞⎛ ⎞ ⎛ ⎞⎪ ⎪+ + − + + = + + + − +⎨ ⎬⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟
⎪ ⎪⎝ ⎠ ⎝ ⎠⎝ ⎠ ⎝ ⎠ ⎝ ⎠⎩ ⎭

⋅ 0 0 0
2 2 02

0 0 0

1 1 2 1 2 12 2S m m m
D D S D D S D

r r r
v v v V g g g

R R r r R R R R R r
⎛ ⎞ ⎧ ⎫⎛ ⎞

+ + ⋅ + + = + + + ⋅ + + − −⎨ ⎬⎜ ⎟⎜ ⎟
⎝ ⎠ ⎝ ⎠ ⎩ ⎭

( )0 0 0
1 2 2 02 0

0 0

1 1 1 1 22 1 1m S m m
D D D S D D

r r r
g v v v v V g g r

R R R r r R R R
⎧ ⎫⎛ ⎞⎛ ⎞ ⎛ ⎞⎪ ⎪⋅ + + ⋅ + + = + + + + +⎨ ⎬⎜ ⎟⎜ ⎟ ⎜ ⎟
⎪ ⎪⎝ ⎠ ⎝ ⎠⎝ ⎠ ⎩ ⎭  (4) 

     Then substituting into (2), 
02 2

0 0

1 1 1
m S m

D

v g v V g
R r r

⎛ ⎞ ⎛ ⎞
+ + = +⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠  

     Substitute numbers: 

( )

( )( )

1 2 2 02
710 710 1 10.119
25 25 25 710

1 1 710 20.119 1 1 0.119 710
710 20 25 25S

v v v v

V

⎡ ⎤ ⎡ ⎤+ + + +⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦
⎧ ⎫⎛ ⎞= + + + + +⎡ ⎤⎨ ⎬⎜ ⎟ ⎣ ⎦⎝ ⎠⎩ ⎭  (4) 

          

( )[ ] ( ) { }
( )

1 2 02

1 2 02

0.119 28.4 29.4 0.0414 0.1204 1.470 6.8392
8.4296

or 0.4010 0.4150 0.00491

S

S

S

v v v V
V

V v v v

+ + = + +
=

= + +  

    
( )02 2

1 1 1Then 0.119 0.119
25 710 710Sv v V⎛ ⎞ ⎛ ⎞+ + = +⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠   (2) 
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( ) ( ) ( )[ ]
( ) ( ) ( )
( ) ( )

( ) ( )

02 2 1 2 02

02 1 2

02 1 2

1

2

02

02

0.0414 0.119 0.1204 0.401 0.4150 0.00491
0.0408 0.04828 0.0690

1.183 1.691

Now  
2

2

So 1.183 1.691
2 2

Or 1.437 0.508 1.437,

d
cm

d
cm

d d
cm cm

d cm d

v v v v v
v v v
v v v

vv v

v
v v

v vv v v

v v v A A

+ = + +
= −

= −

= +

= −

⎛ ⎞ ⎛ ⎞= + − −⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

= − ⇒ =

10

0.508

1.43720log 9.03 dB
0.508

cm

dB dBC M R R C M R R

= −

⎛ ⎞= ⇒ =⎜ ⎟
⎝ ⎠  

______________________________________________________________________________________ 
 
11.47 

           
 
     KVL: 

          

1 1 2 2

1 2 1 2So 
gs gs

gs gs

v V V v
v v V V
= − +

− = −  
     KCL: 

          
( ) ( )

1 2 1 2

1 1 2 2 1 2

0
1 1So ,
2 2

m gs m gs gs gs

gs gs

g V g V V V

V v v V v v

+ = ⇒ = −

= − = − −
 

     Now 

          

02 02 01
2

01
02

1 1

m gs
D L

D L L

v v v g V
R R

vv
R R R

−
+ = −

⎛ ⎞
= + −⎜ ⎟

⎝ ⎠  (1) 

          

01 01 02
1

02
01

1 1

m gs
D L

D L L

v v v g V
R R

vv
R R R

−
+ = −

⎛ ⎞
= + −⎜ ⎟

⎝ ⎠  (2) 

     From (1): 
01 02 21 L

m L gs
D

Rv v g R V
R

⎛ ⎞
= + +⎜ ⎟

⎝ ⎠  
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     Substitute into (2): 

          

( ) ( )

( )

02
1 02 2

1 2 1 2 02 2

02 02
1 2 2

1 2

1 1 1 11

1 1 11
2

1
1 22
2

2

L
m gs m L gs

D D L D L L

L L
m m

D D DD

m L
L L

m d
D D D L

D

vRg V v g R V
R R R R R R

R Rg v v g v v v
R R RR

g Rv vR Rg v v A
R R R v v R

R

⎛ ⎞⎛ ⎞ ⎛ ⎞
− = + + + + −⎜ ⎟⎜ ⎟ ⎜ ⎟

⎝ ⎠⎝ ⎠ ⎝ ⎠
⎛ ⎞⎛ ⎞⎛ ⎞− ⋅ − + + − = + +⎜ ⎟⎜ ⎟⎜ ⎟

⎝ ⎠⎝ ⎠ ⎝ ⎠

⋅⎛ ⎞ ⎛ ⎞
− = + ⇒ = =⎜ ⎟ ⎜ ⎟ − ⎛ ⎞⎝ ⎠ ⎝ ⎠ +⎜ ⎟

⎝ ⎠  

     From symmetry 

01
1

1 2

1
2

2

m L

d
L

D

g RvA
v v R

R

− ⋅
= =

− ⎛ ⎞
+⎜ ⎟

⎝ ⎠  

     Then 

02 01

1 2 2

m L
v

L

D

v v g R
A

v v R
R

−
= =

− ⎛ ⎞
+⎜ ⎟

⎝ ⎠  
______________________________________________________________________________________ 
 
11.48 

(a) ( ) ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −
−=

2
d

LDmo RRg
υ

υ  

       ( )LDmd RRgA
2
1

=  

(b) ( ) gsLDmo RRg υυ −=  
       ( )ogsmgscm Rg 2υυυ +=  

       
om

cm
gs Rg21+
=

υ
υ  

       
( )

om

LDm
cm Rg

RRg
A

21+
−

=  

______________________________________________________________________________________ 
 
11.49 

(a) 5
1.0
5.0
==

Δ
Δ

=
d

o
dA

υ
υ

 

        
2

5 Dm
d

Rg
A == ,  ( )( ) 2449.01.015.022 === DQnm IKg  mA/V 

        ( ) 8.40
2449.0

52
==DR kΩ  

(b) ( ) ( ) GSDSOCM sat υυυυ +−=max  

        ( )2
TNGSnD VKi −= υ  

        ( ) 216.14.015.01.0 2 =⇒−= GSGS υυ  V 
         ( ) 8165.04.0216.1 =−=satDSυ V 
         ( )( ) 92.08.401.05 =−=Oυ V 
         ( ) 32.1216.18165.092.0max =+−=CMυ V 

______________________________________________________________________________________ 
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11.50 

          

( )
( )
( ) ( )( )

( )

1 1 1

2 2 2

2 1 2 1

1 2

1 2

Now 

Define 

Then  and 0

d m gs D m D s

d m gs D m D s

o d d m D s m D s

o m D

d

o
d m D cm

d

V g V R g R V V
V g V R g R V V

V V V g R V V g R V V

V g R V V
V V V

VA g R A
V

= − = − −
= − = − −

= − = − − − − −

= −
− ≡

= = =
 

______________________________________________________________________________________ 
 
11.51 

(a) ( ) GSDSOCM sat υυυυ +−=  

        ( )2
TNGSnD VKi −= υ  

        ( )( ) 8472.04.010
2
1.01.0 2 =⇒−⎟
⎠
⎞

⎜
⎝
⎛= GSGS υυ V 

       ( ) 4472.04.08472.0 =−=satDSυ V 
    Then  1.18472.04472.05.1 =−+=Oυ V 
       ( ) 191.11.03 =⇒=−= DDO RRυ kΩ  

   Now  
2

Dm
d

Rg
A = ,  where  ( )( ) 4472.01.010

2
1.02 =⎟
⎠
⎞

⎜
⎝
⎛=mg mA/V 

       ( )( ) 248.4
2

194472.0
==dA  

        50=dBCMRR dB  2.316=⇒ CMRR  

        [ ] ( )( ) 9982.010
2
1.021

2
12.31621

2
1

=⇒
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⋅⎟

⎠
⎞

⎜
⎝
⎛+=⇒⋅+= oooQn RRRIKCMRR kΩ  

(b) Use cascode current source similar to Figure 10.18 with ( ) 3.02 =satDSυ V. 
______________________________________________________________________________________ 
 
11.52 

(a) From Problem 11.27, 5.12≅dυ mV. 

       
2

Dm
d

Rg
A = ,  where ( )( ) 6325.01.012 ==mg mA/V 

       ( )( ) 325.6
2

206325.0
==dA  

       ( )( ) 0791.00125.0325.6 ==Oυ V 
   So  0791.00791.0 ≤≤− Oυ V 

______________________________________________________________________________________ 
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11.53 
     From previous results 

          

( )

2 1
1 1 1 1 1 1

1 2

3
2 3 2 3 2 2

2 1

1 1 2 2

1 2

1 2
2

1

2 20 

1 1and 2 30
2 2

Set 5  and 2.5 
2 2

Let 0.1 
Then 100 , 50 

0.06 20Then 2 0.1
2 100

o o
d m n Q

o
d m n Q

o o

Q Q

Q Q

v vA g R K I R
v v

v
A g R K I R

v v
I R I R

V V

I I mA
R k R k

W W
L L

−
= = = ⋅ =

−

= = = ⋅ =
−

= =

= =
= Ω = Ω

⎛ ⎞⎛ ⎞ ⎛ ⎞ ⎛ ⎞= ⇒⎜ ⎟⎜ ⎟ ⎜ ⎟ ⎜
⎝ ⎠⎝ ⎠ ⎝ ⎠ ⎝ ⎠

( ) ( )
1 2

2

3 3 4

6.67 

2 300.060and 2 0.1 240
2 50

W
L

W W W
L L L

⎛ ⎞= =⎟ ⎜ ⎟
⎝ ⎠

⎛ ⎞⎛ ⎞⎛ ⎞ ⎛ ⎞ ⎛ ⎞= ⇒ = =⎜ ⎟⎜ ⎟⎜ ⎟ ⎜ ⎟ ⎜ ⎟
⎝ ⎠⎝ ⎠ ⎝ ⎠ ⎝ ⎠⎝ ⎠  

______________________________________________________________________________________ 
 
11.54 

     a. 

2

1
1 1 GS

D DSS
P

vi I
V

⎛ ⎞
= −⎜ ⎟

⎝ ⎠  

          

2

2
2 1 GS

D DSS
P

vi I
V

⎛ ⎞
= −⎜ ⎟

⎝ ⎠  

          

( )

( )

( )
( )

( ) ( )
( )

( )
( )

1 2
1 2

2 1

1 2 2 1

2 2
1 1 2

2
1 1 1 1 2

2
1 1 2

1 1

2

1Then 
2

GS GS
D D DSS DSS

P P

DSS
GS GS

P

DSS DSS
d d

P P

D D Q D Q D

DSS
D Q D d

P

DSS
D D Q D Q D d

P

DSS
D Q D Q d

P

v vi i I I
V V

I
v v

V

I I
v v

V V
i i I i I i

Ii I i v
V

Ii i I i I i v
V

I
i I i I v

V

⎛ ⎞ ⎛ ⎞
− = − − −⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠

= −

= − ⋅ = ⋅
−

+ = ⇒ = −

− − = ⋅
−

− − + − = ⋅
−

⎡ ⎤
− = − ⋅⎢

−⎢⎣ ⎦
⎥
⎥  

     Square both sides 

          

( )

( )

( ) ( )

2

2 2
1 1 2

2

2 2
2

1

2
2 2

2 2
1 2 2

1 0
4

14
4

2

21
2 2

DSS
D D Q Q d

P

DSS
Q Q Q d

P
D

Q Q DSS d DSS d
D Q Q

P P

I
i i I I v

V

II I I v
V

i

I I I v I vi I I
V V

⎡ ⎤
− + − ⋅ =⎢ ⎥

−⎢ ⎥⎣ ⎦

⎡ ⎤⎛ ⎞± − − ⋅⎢ ⎥⎜ ⎟
⎝ ⎠ −⎢ ⎥⎣ ⎦=

⎡ ⎤⎛ ⎞
⎢ ⎥⎜ ⎟= ± − − +

⎜ ⎟⎢ ⎥− −⎝ ⎠⎣ ⎦  
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( ) ( )

( )

2

2 2
1 2 2

2 2

1

2 2

1

2 1

2

21
2 2

21
2 2

Or 

21 1
2 2

We had 

Then 

1 1
2 2

Q Q DSS DSS
D d d

P P

Q Q DSS DSS d
D d

P Q Q P

DSS DSS dD
d

Q P Q Q P

D Q D

D

Q P

I I I Ii v v
V V

I I I I vi v
V I I V

I I vi v
I V I I V

i I i

i
I V

⎛ ⎞
⎜ ⎟= + ⋅ − ⋅
⎜ ⎟− −⎝ ⎠

⎛ ⎞ ⎛ ⎞
= + − ⎜ ⎟ ⎜ ⎟⎜ ⎟− ⎝ ⎠⎝ ⎠

⎛ ⎞⎛ ⎞ ⎛ ⎞
= + ⋅ − ⎜ ⎟⎜ ⎟ ⎜ ⎟⎜ ⎟−⎝ ⎠ ⎝ ⎠⎝ ⎠

= −

⎛ ⎞
= − ⎜ ⎟−⎝ ⎠

2 2
2 DSS DSS d

d
Q Q P

I I vv
I I V

⎛ ⎞ ⎛ ⎞
⋅ − ⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎝ ⎠⎝ ⎠  

     b. 

          

1

2 2

2 2

If ,  then

21 11
2 2

2

D Q

DSS DSS d
d

P Q Q P

DSS DSS d
P d

Q Q P

i I

I I vv
V I I V

I I vV v
I I V

=

⎛ ⎞⎛ ⎞ ⎛ ⎞
= + ⋅ − ⎜ ⎟⎜ ⎟ ⎜ ⎟⎜ ⎟−⎝ ⎠ ⎝ ⎠⎝ ⎠

⎛ ⎞ ⎛ ⎞
= − ⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎝ ⎠⎝ ⎠  

     Square both sides 

          

( )

( )

( )

2 2
2 2

2 2
2 22 2

2 2 2
2

2
2 2

22

2

21 0

2 2 14

2 12

DSS DSS d
P d

Q Q P

DSS DSS
d d P

Q P Q

DSS DSS DSS
P

Q Q Q P
d

DSS

Q P

Q
d P

DSS

I I vV v
I I V

I Iv v V
I V I

I I I V
I I I V

v
I
I V

I
v V

I

⎡ ⎤⎛ ⎞ ⎛ ⎞⎢ ⎥= − ⎜ ⎟ ⎜ ⎟⎜ ⎟⎢ ⎥⎝ ⎠⎝ ⎠⎣ ⎦

⎛ ⎞ ⎛ ⎞
− ⋅ + =⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎝ ⎠⎝ ⎠

⎛ ⎞ ⎛ ⎞ ⎛ ⎞
± −⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟ ⎝ ⎠⎝ ⎠ ⎝ ⎠=

⎛ ⎞ ⎛ ⎞
⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎝ ⎠⎝ ⎠

⎛ ⎞
= ⎜ ⎟

⎝ ⎠
1/ 2

Or Q
d P

DSS

I
v V

I
⎛ ⎞

= ⎜ ⎟
⎝ ⎠  

     c. For vd small, 

          

( )

( )

1

1
0

21
2 2

21
2d

Q Q DSS
D d

P Q

Q DSSD
f v

vd P Q

I I Ii v
V I

I Idig
d V I→

≈ + ⋅ ⋅
−

= = ⋅ ⋅
−

 

     
( ) 1Or max

2
Q DSS

f
P

I I
g

V
⎛ ⎞

⇒ = ⎜ ⎟−⎝ ⎠  
______________________________________________________________________________________ 
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11.55 
     a. 

          ( )
1 2

0

1 mA

7 10 0.5 6 kΩ
Q D D Q

D D

I I I I

v R R

= + ⇒ =

= = − ⇒ =  
     b. 

          

( )

( ) ( )( ) ( )

1max
2

1 21max max 0.25 mA/V
4 2

Q DSS
f

P

f f

I I
g

V

g g

⋅⎛ ⎞
= ⎜ ⎟−⎝ ⎠

⎛ ⎞= ⇒ =⎜ ⎟
⎝ ⎠  

     c. 

          

( )

( )( )

max
2

0.25 6 1.5

m D
d f D

d d

g RA g R

A A

= = ⋅

= ⇒ =
 

______________________________________________________________________________________ 
 
11.56 
     a. 

          

( ) ( )

( )( )( ) ( )

( )

( )( )
( )

( )

2

2

2

2

1 2

2

5
2 1

5 2 0.8 20 1
2

15 2 16 1
4

8 33 27 0

33 1089 4 8 27
2 8

1.125 V
5 1.125

20
0.306 mA

0.153 mA
1.17 V

GS GS
S DSS

S P

GS
GS

GS GS GS

GS GS

GS

S

D D

o

V VI I
R V

VV

V V V

V V

V

I

I I
v

− − − ⎛ ⎞
= = −⎜ ⎟

⎝ ⎠

⎛ ⎞
− = −⎜ ⎟⎜ ⎟−⎝ ⎠

⎛ ⎞− = + +⎜ ⎟
⎝ ⎠

+ + =

− ± −
=

= −

− −
=

=
= =
=  

     (b) 
______________________________________________________________________________________ 
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11.57 
     Equivalent circuit and analysis is identical to that in problem 11.47. 

          

2

1

02 01

1
2

2

1
2

2

2

m L

d
L

D

m L

d
L

D

m L
v

d L

D

g R
A

R
R

g R
A

R
R

v v g RA
v R

R

⋅
=
⎛ ⎞

+⎜ ⎟
⎝ ⎠

− ⋅
=
⎛ ⎞

+⎜ ⎟
⎝ ⎠

−
= =

⎛ ⎞
+⎜ ⎟

⎝ ⎠  
______________________________________________________________________________________ 
 
11.58 

(a) ( )42 oomd rrgA =  

           692.7
026.0

2.0
===

T

CQ
m V

I
g mA/V 

            600
2.0

1202
2 ===

CQ

A
o I

V
r kΩ  

            400
2.0

804
4 ===

CQ

A
o I

V
r kΩ  

        ( )( ) 1846400600692.7 ==dA  

(b) 24040060042 === ooo rrR kΩ  

(c) ( )Loomd RrrgA 42=  

       ( )( ) ( )( ) 720240692.75.1384184675.0 =⇒=== LLd RRA  kΩ  
______________________________________________________________________________________ 
 
11.59 
     (a) 

          
( ) ( )

1 1

2250 A 1

2250 1 252.8 A
180

5 0.7 5
36.8 K

0.2528

Q REF QI I I

R R

μ
β

μ

⎛ ⎞
= = +⎜ ⎟

⎝ ⎠
⎛ ⎞= + =⎜ ⎟
⎝ ⎠

− − −
= ⇒ =

 
     (b) 

          

( )

( )( )

2 4

2

4

0.125 4.808 mA/V
0.026
150 1200 K

0.125
1004.808 1200 800 800 K

0.125
2308

d m o o m

o

d o

d

A g r r g

r

A r

A

= = =

= =

= = =

=  
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     (c) 

          

( )( )

2 4

2 180 0.026
2 74.9 K

0.125
1200 800 480 K

id id

o o o o

R r R

R r r R

π= = ⇒ =

= = = =
 

     (d) 

          

( )
( )
max 5 0.7 4.3 V
min 0.7 0.7 5 3.6 V

cm

cm

v
v

= − =
= + − = −  

______________________________________________________________________________________ 
 
11.60 
     a. 

          

0 3 4

0 0

12
2

0.2 2 A
100

Q
B B

Q

I
I I I

I
I I

β

μ
β

⎛ ⎞⎛ ⎞
= + ≈ ⎜ ⎟⎜ ⎟

⎝ ⎠⎝ ⎠

= = ⇒ =
 

     b. 

          ( ) ( )( )

02 04

02 04

100 1000 k
0.1

0.1 3.846 mA/V
0.026

3.846 1000 1000 1923

A

CQ

CQ
m

T

d m d

Vr r
I

I
g

V
A g r r A

= = = = Ω

= = =

= = ⇒ =  
     c. 

          

( )
( )( )

02 04

3.846 1000 1000 250 641
d m L

d d

A g r r R

A A

=

= ⇒ =  
______________________________________________________________________________________ 
 
11.61 

(a) 

LA

Q

A

Q

T

Q

d

RV
I

V
I

V
I

A
1

22

2

42

++
=  

        ( )

( ) ( ) 250
1

602902

026.021000
++

=
QQ

Q

II

I

 

        ( )( ) ( ) 749.023.194008333.0005556.01000 =⇒=++ QQQ III mA 

(b) ( ) ( ) ( ) 8.36.0252max =−=−= + onVV EBCMυ V 
______________________________________________________________________________________ 
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11.62 

(b)  ( ) ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−=

23111
d

oomo Rrg
υ

υ  

      ( )311
1

1 2
1

oom
d

o
d RrgA −==

υ
υ

 

              692.7
026.0

2.0
1 ===

T

CQ
m V

I
g mA/V 

               600
2.0

1201
1 ===

CQ

A
o I

V
r kΩ  

              
3

333
1

m
oo g

rrR π= ,  where 692.73 =mg mA/V,  

                                               ( )( ) 6.15
2.0
026.0120

3 ==πr kΩ , 4003 =or kΩ  

             Then  1289.0130.0014.15
692.7
16.154003 ===oR kΩ  

       ( )( ) 4956.01289.0600692.7
2
1

1 −=−=dA  

(c) ( ) 4956.0
2
1

4222 +=+= oomd RrgA  

(d) ( ) ( ) 9912.04956.023113 ==+= oomd RrgA  
______________________________________________________________________________________ 
 
11.63 

              
 
          113344 gsmsgmsgm VgVgVg ==  
          sgs VVV −= 11 ,  and  sgs VVV −= 22  

          
o

s

o

so
gsmgsm R

V
r

VV
VgVg =

−
++

2
2111  

          ( ) ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+=+−+

22
211

112
oo

s
o

o
sm rR

V
r
V

VVVg  
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          ( ) ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
++=++

2
1

2
211

112
oo

ms
o

o
m rR

gV
r
V

VVg  

     Now  ( )( ) 4472.01.05.0221 === DQnm IKg  mA/V 

                ( )( ) 500
1.002.0

1
2 ==or kΩ  

    Then  ( )( ) ( ) ( )8969.0
500

1
2000

14472.02
500

4472.0 21 ss
o VV

V
VV =⎥⎦

⎤
⎢⎣
⎡ ++=++  

   We have  (1)  ( )( ) ( )0022299.04986.0 21 os VVVV ++=  

   Also  (2)  01121
42

=−++
−

gsmgsm
o

o

o

so VgVg
r
V

r
VV

 

 
 
 

                    ( )( ) 011
121

242

=−−−+−⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+ ssm

o

s

oo
o VVVVg

r
V

rr
V  

 

           ( ) 011
121

242

=−+−⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+ VVg

r
V

rr
V m

o

s

oo
o  

      We find  ( )( ) 3.333
1.003.0

1
4 ==or  kΩ  

     Then  ( )( ) ( )[ ] ( )( ) 04472.00022299.04986.0
500

1
3.333

1
500
1

1221 =−+++−⎟
⎠
⎞

⎜
⎝
⎛ + VVVVVV oo  

          ( ) ( )[ ] ( )( ) ( )( ) 04472.00009972.000000446.0005.0 1221 =−++−− VVVVVo  
(a) Let dVV =1   and  02 =V  
       [ ] ( ) ( ) 04472.00009972.000499554.0 =−− ddo VVV  

      72.89==
d

o
d V

V
A  

(b) Let 01 =V   and  dVV −=2  
       [ ] ( ) ( ) 04472.00009972.000499554.0 =−+ ddo VVV  

      32.89==
d

o
d V

V
A  

(c) Let 
21
dV

V =   and  
22
dV

V −=  

       [ ] ( )4472.000499554.0 do VV =  

           52.89==
d

o

V
V

A  

______________________________________________________________________________________ 
 
11.64 
     a. From symmetry. 
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( )
( )

3 4 3 4

3 4

1 2

1 2 1 3

1 2

0.1 1
0.1

Or 2 V

0.1 1 2 V
0.1

10
2 2 10

Or 10 V

GS GS DS DS

DS DS

SG SG

SD SD SG DS

SD SD

V V V V

V V

V V

V V V V

V V

= = = = +

= =

= = + =

= = − −
= − −

= =
 

     b. 

          

( )( )

( )( )
( )

( )( )
( ) ( )( )

0

0

1 1 1 MΩ
0.01 0.1

1 1 0.667 MΩ
0.015 0.1

2
2 0.1 2 1 0.2 /

0.2 1000 667 80

n
n DQ

p
P DQ

m p SG TP

d m on op d

r
I

r
I

g K V V
mA V

A g r r A

λ

λ

= = ⇒

= = ⇒

= +
= − =

= = ⇒ =
 

 
 
     (c) 

          

( )( )

( )( )

2 1

4
4

2
2

2 4

0.1 
2

1 1 1000 
0.01 0.1

1 1 667 
0.015 0.1

667 1000 400 

Q
D D

o
n D

o
P D

o o o

I
I I mA

r k
I

r k
I

R r r k

λ

λ

= = =

= = = Ω

= = = Ω

= = = Ω  
______________________________________________________________________________________ 
 
11.65 

(a) ( )42 oomd rrgA =  

             ( )( ) 3098.006.08
2
1.02

2
2 =⎟

⎠
⎞

⎜
⎝
⎛=⎟

⎠
⎞

⎜
⎝
⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ′
= DQ

n

n
m I

L
Wk

g mA/V 

              ( )( ) 7.666
06.0025.0

1
2 ==or kΩ  

              ( )( ) 7.416
06.004.0

1
4 ==or kΩ  

        ( )( ) 44.797.4167.6663098.0 ==dA  

(b) ( )2
33 2 TPSG

p

p
D V

L
Wk

i +⎟
⎠
⎞

⎜
⎝
⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ′
= υ  

        ( )( ) 8477.03.010
2
04.006.0 3

2
3 =⇒−⎟

⎠
⎞

⎜
⎝
⎛= SGSG υυ V 

        9523.08477.08.1 =−=Oυ  
        ( ) ( ) GSDSOCM sat υυυυ +−=max  

         ( )( ) 6873.03.08
2
1.006.0 2 =⇒−⎟
⎠
⎞

⎜
⎝
⎛= GSGS υυ V,  ( ) 3873.0=satDSυ V 
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        ( ) 25.16873.03873.09523.0max =+−=CMυ V 
______________________________________________________________________________________ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
11.66 

          

( )

( )( )

( )( )

( )( )

04 04 4 4

04

4

4

4

3

3

04

0

0

1

80 800 K
0.1

0.1 3.846
0.026
100 0.026

0.1
26 K

1 26 0.963 K

Assume 100
100 0.026

26 kΩ
0.1

0.1 3.846 mA/V
0.026
800 1 3.846 0.963 3.763 MΩ

3.763M
Then

m

m

m

v m

R r g R r

r

g

r

R r

r

g

R

R

A g r

π

π

π

π

β

⎡ ⎤= +⎣ ⎦

= =

= =

=

=

= =

=

= =

= =

= + ⇒⎡ ⎤⎣ ⎦
⇒ = Ω

= − ( )

( )

2 0

02
120 1200 kΩ
0.1
0.1 3.846 mA/V

0.026
3.846 1200 3763 3499

m

v v

R

r

g

A A

= =

= =

= − ⎡ ⎤ ⇒ = −⎣ ⎦  
     b. 
     For 

          

( )
( )

04

02 04

800, 800 kΩ
0.1

3.846 1200 800 1846
v m

v

R r

A g r r

A

= = =

= −

= − ⎡ ⎤ ⇒ = −⎣ ⎦  
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     (c) For part (a), ( )3.763 1.2 0.910 oR M= = Ω
 

     For part (b), ( )1.2 0.8 0.48 oR M= = Ω
 

______________________________________________________________________________________ 
 
11.67 

          

( )

( )

( )

5 3 4 3 4
5

3 4

5

16
6

1 1 1
Now 

So 
1

1 1

E B B C C
B

C C Q

Q
B

QE
B

I I I I I
I

I I I
I

I

III

β β β β

β β

β β β

+ +
= = =

+ + +

+ ≈

≈
+

= =
+ +  

      6 5For balance, we want B BI I=  
     1So that Q QI I=

 
______________________________________________________________________________________ 
 
 
11.68 
     Resistance looking into drain of M4. 

           
 
            14 RIV Xsg ≅  

           
4

4
44

o

sgX
sgmX r

VV
VgI

−
=+  

           
44

1
141

o

X

o
mX r

V
r
R

RgI =⎥
⎦

⎤
⎢
⎣

⎡
++  

     Or  ⎥
⎦

⎤
⎢
⎣

⎡
++=

4

1
144 1

o
moo r

R
RgrR  

     a. 
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( )
( )( )

( )( )
( )( )

( )( )

( )( )

( )

2 2

2

2

4

4

0

2 2 0.080 0.1

0.179 /
1 1 667 

0.015 0.1

2 2 0.080 0.1

0.179 /
1 1 500 

0.02 0.1

1500 1 0.179 1 590.5 kΩ
500

0.179 667 590.5 56.06

d m o o

m n DQ

o
n DQ

m P DQ

o
p DQ

d d

A g r R

g K I

mA V

r k
I

g K I

mA V

r k
I

R

A A

λ

λ

=

= =

=

= = = Ω

= =

=

= = = Ω

⎡ ⎤= + + =⎢ ⎥⎣ ⎦
= ⎡ ⎤ ⇒ =⎣ ⎦  

     b. 

          ( )
1 0 04When 0, 500 kΩ

0.179 667 500 51.15d d

R R r
A A

= = =
= ⎡ ⎤ ⇒ =⎣ ⎦  

     (c) For part (a), 2 667 590.5 313 o o o oR r R R k= = ⇒ = Ω  

       For part (b), 2 4 667 500 286 Ωo o o oR r r R k= = ⇒ =  
______________________________________________________________________________________ 
 
 
 
 
 
 
 
11.69 
     Let 100, 100 AV Vβ = =  
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[ ]

( )( )

( )( )
( ) ( )

2

4 4

4

2 4

100 1000 
0.1

1  where 
Now 

100 0.026
26 

0.1
0.1 3.846 /

0.026
26 1 0.963 

Then 1000 1 3.846 0.963 4704 

3.846 1000 4704 3172

A
o

CQ

o o m E E E

m

E

o

d m o o d

Vr k
I

R r g R R r R

r k

g mA V

R k
R k

A g r R A

π

π

= = = Ω

′ ′= + =

= = Ω

= =

′ = = Ω
= + = Ω⎡ ⎤⎣ ⎦

= = ⇒ =  
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11.70 
     (a) For Q2, Q4 

           
 
 
 

     (1) 
4

2 2 4 4
2 4

x x
x m m

o o

V V VI g V g V
r r

π
π π

−
= + + +

 

     (2) 
4 4

2 2
2 4 2

x
m

o

V V Vg V
r r r

π π
π

π π

−
+ =

 
     (3) 4 2V Vπ π= −  

     From (2) 
4 2

2 4 2 2

1 1x
m

o o

V V g
r r r rπ

π π

⎡ ⎤
= + +⎢ ⎥

⎢ ⎥⎣ ⎦  
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( )

( )
( )

( )( )

( )

4

2 22

2

2

2

4

Now

120 0.5 0.496 
1 2 121

1 1200.5 0.0041 
2 1 1 121

So
120 0.026

761 
0.0041

0.0041 0.158 
0.026
100 24.4 

0.0041
120 0.

Q
C

Q
C C

m

o

I
I mA

I
I I mA

r k

g mA V

r M

r

π

π

β
β

β
β β

⎛ ⎞⎛ ⎞ ⎛ ⎞= = =⎜ ⎟⎜ ⎟ ⎜ ⎟+ ⎝ ⎠⎝ ⎠⎝ ⎠
⎛ ⎞⎛ ⎞⎛ ⎞⎛ ⎞
⎜ ⎟= = ⇒ =⎜ ⎟⎜ ⎟⎜ ⎟ ⎜ ⎟+ +⎝ ⎠⎝ ⎠⎝ ⎠ ⎝ ⎠

= = Ω

= = /

= ⇒ Ω

=
( )

( )

4

4

4 4
2 2

026
6.29 

0.496
0.496 19.08 /
0.026
100 202 

0.496
Now

1 1 0.158 which yields 
6.29 761 24400 0.318

m

o

x x

o o

k

g mA V

r k

V V
V V

r rπ π

= Ω

= =

= = Ω

⎡ ⎤
= + + ⇒ =⎢ ⎥

⎢ ⎥⎣ ⎦  
     From (1), 

          

( )( )

4 4 2
2 4 2

2

6

2 6

1

119.08 0.158
1 1 24400 which yields 135 

24400 202 0.318 24400

80Now 160 
0.5

Then 135 160 73.2 

x x
x m m

o o o

x x
o

x x

o

o o o o

V VI V g g
r r r

I VR k
V I

r k

R R r R k

π

⎛ ⎞
= + + − −⎜ ⎟

⎝ ⎠
⎡ ⎤⎛ ⎞− −⎜ ⎟⎢ ⎥⎝ ⎠⎢ ⎥= + + = = Ω
⎢ ⎥
⎢ ⎥⎣ ⎦

= = Ω

= = ⇒ = Ω
 

     (b) 

          
 where 

/ 2
c c

d m o m
d

iA g R g
v
Δ

= =
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( )

( ) ( )

1 1 3 3 1 3

1
1 1 3 3

1

1 3 3
1

1 3 1

1 1

1 3 1

 and 
2

Also 

1So 

121Or 6.29
761

Then 2
2 4

So 0.158 19.08 9.62
4 2

So 

d
m m

m

d d

d d
m m

c
m

v
i g V g V V V

V
g V r V

r

V r V
r

V V V

v vV V

v vi g g V

ig
v

π π π π

π
π π π

π

π π π
π

π π π

π π

π

β

Δ = + + =

⎛ ⎞
+ =⎜ ⎟

⎝ ⎠
⎛ ⎞+

=⎜ ⎟
⎝ ⎠
⎛ ⎞ = ≅⎜ ⎟
⎝ ⎠

= ⇒ =

⎛ ⎞ ⎛ ⎞Δ = + = + =⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

Δ
= ( )( )

( )
( )( )

1 3

9.62 9.62 73.2 704
/ 2

Now 2  where 1
761 121 6.29 1522 

Then 3.044 

d d
d

id i i

i

id

A A

R R R r r
R k

R M

π πβ

= ⇒ = ⇒ =

= = + +
= + = Ω

= Ω

 
______________________________________________________________________________________ 
 
11.71 - Design Problem 
______________________________________________________________________________________ 
 
11.72 
          Input:  88 ≤≤− dV mV 
          Output:  8.08.0 ≤≤− oV V 

          100
008.0
8.0

===
d

o
d V

V
A  

          ( )42 oomd rrgA =  
       Let 5.0=QI mA,  25.0=DQI mA 

           ( )( ) 160
25.0025.0

1
2 ==or kΩ  

           ( )( ) 100
25.004.0

1
4 ==or kΩ  

           ( ) 625.1100160100 =⇒= mm gg  mA/V 
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            DQ
n

n
m I

L
Wk

g ⎟
⎠
⎞

⎜
⎝
⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ′
=

2
2  

            ( ) 8.5225.0
2
1.02625.1 =⎟

⎠
⎞

⎜
⎝
⎛⇒⎟

⎠
⎞

⎜
⎝
⎛
⎟
⎠
⎞

⎜
⎝
⎛=

nn L
W

L
W  
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11.73 
          For current source,  QREF II =  

          ( )( )−+ −= VVIP Q2  
          ( )( ) μ66628.0 ≅⇒= QQ II A 

          ( )42 oomd rrgA =  

                
( )

1515

2
066.002.0

1
2 =

⎟
⎠
⎞

⎜
⎝
⎛

=or kΩ  

                
( )

1010

2
066.003.0

1
4 =

⎟
⎠
⎞

⎜
⎝
⎛

=or kΩ  

           ( ) 396.010101515240 =⇒= mm gg  mA/V 

            DQ
n

n
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L
Wk

g ⎟
⎠
⎞

⎜
⎝
⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ′
=

2
2  

            ( ) 76.23033.0
2
1.02396.0 =⎟

⎠
⎞

⎜
⎝
⎛⇒⎟

⎠
⎞

⎜
⎝
⎛
⎟
⎠
⎞

⎜
⎝
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( )

( )( )
( )

( )

2

2

2

1 2

1

1 666.7 K
0.015 0.1

400 666.7
0.60 mA/V

2
2

0.080.60 2 0.1
2

0.090 0.004
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d m o o
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o
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m

n
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A g r R
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r
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g
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W
L

W
L

W W
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λ
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≈

=
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= =
=

′⎛ ⎞⎛ ⎞= ⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠

⎛ ⎞⎛ ⎞= ⎜ ⎟⎜ ⎟
⎝ ⎠⎝ ⎠

⎛ ⎞= ⎜ ⎟
⎝ ⎠
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( )

[ ]
[ ]

( )( )

( )( )

( )( )

( )( )

4 6

4 4 2 4 4

6 6 8 6 6

2 4

6 8

4

6

4

where
1
1

We have
1 1667 

0.015 0.040
1 1250 

0.02 0.040

0.0602 15 0.040 0.268 
2

0.0252 10 0.040 0.141 
2

Then

1667 166

d m o o

o o o m o

o o o m o

o o

o o

m

m

o

A g R R

R r r g r
R r r g r

r r k

r r k

g mA V

g mA V

R

=

= + +

= + +

= = = Ω

= = = Ω

⎛ ⎞= = /⎜ ⎟
⎝ ⎠

⎛ ⎞= = /⎜ ⎟
⎝ ⎠

= + ( )( )
( )( )6

7 1 0.268 1667 748 

1250 1250 1 0.141 1250 222.8 o

M

R M

+ ⇒ Ω⎡ ⎤⎣ ⎦
= + + ⇒ Ω⎡ ⎤⎣ ⎦  

     (a) 

          4 6 748 222.8 172 o o o oR R R R M= = ⇒ = Ω
 

     (b) 

          ( ) ( )( )4 4 6 0.268 172000 46096d m o o dA g R R A= = ⇒ =  
______________________________________________________________________________________ 
 
11.76 

(a) ( )42 oomd rrgA =  

              ( )( ) 2191.006.02.022 === DQnm IKg  mA/V 

               ( )( ) 7.666
06.0025.0

1
42 === oo rr kΩ  

         ( )( ) 0.737.6667.6662191.0 ==dA  

(b) 3.33342 == ooo rrR  kΩ  

(c) ( )2
33 TPSGpD VKi += υ  

       ( ) 8477.03.02.006.0 3
2

3 =⇒−= SGSG υυ V 

       9523.18477.08.23 =−=−= +
SGO V υυ  V 

       ( )2
11 TNGSnD VKi −= υ  

       ( ) 8477.03.02.006.0 1
3

1 =⇒−= GSGS υυ V,  ( ) 5477.01 =⇒ satDSυ V 
       ( ) ( ) 25.28477.05477.09523.1max 11 =+−=+−= GSDSOCM sat υυυυ V 

______________________________________________________________________________________ 
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11.77 

(a) ( )2
33 TPSGpD VKi += υ  

       ( ) 4.14.025.025.0 3
2

3 =⇒−= SGSG υυ V 
    Then  4.11 =GSυ V,  ( ) 0.11 =satDSυ V 
        ( ) 11 GSDSOCM sat υυυυ +−=  

         ( ) 44.10.14.13 =⇒+−−= ++ VV V −−= V  
(b) ( )42 oomd rrgA =  

               ( )( ) 50.025.025.022 === DQnm IKg  mA/V 

                ( )( ) 200
25.002.0

1
42 === oo rr kΩ  

        ( )( ) 5020020050.0 ==dA  
______________________________________________________________________________________ 
 
11.78 

     (a) For 2V 2.7 Vcmv V += + ⇒ =  

          

If  is a 2-transistor current source,

0.7 0.7
3.4 V 3.4 V

Q

cm

I

V v
V V V

−

− + −

= − −
= − ⇒ = − =  

     (b) 

          

( )

( )( )

2 4 2

4

100 1000 K
0.1
60 600 K
0.1

0.1 3.846 mA/V
0.026

3.846 1000 600 1442

d m o o o

o

m

d d

A g r r r

r

g

A A

= = =

= =

= =

= ⇒ =  
______________________________________________________________________________________ 
 
11.79 
     (a) 3.4 VV V+ −= − =  
     (b) 

          

( )( )

2

4

75 1250 K
0.06
40 666.7 K

0.06
0.06 2.308 mA/V

0.026
2.308 1250 666.7

1004

o

o

m

d

d

r

r

g

A

A

= =

= =

= =

=

=  
______________________________________________________________________________________ 
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11.80 

(a) 25.02 =EI mA,  001656.02 =BI mA,  2483.02 =CI mA 
       25166.0001656.025.01 =+=DI mA 

            ( )( ) 4487.025166.02.0221 === DQnm IKg  mA/V 

            55.9
026.0
2483.02

2 ===
T

C
m V

I
g mA/V 

             ( )( ) 71.15
2483.0

026.0150
2

==πr kΩ  

        ( ) ( )( )[ ]
( )( ) 42.8

71.154487.01
71.1555.914487.0

=
+

+
=C

mg mA/V 

(b) 45.02 =EI mA,  002980.02 =BI mA,  4470.02 =CI mA 
        05298.000298.005.01 =+=DI mA 

               ( )( ) 2059.005298.02.021 ==mg mA/V 

               19.17
026.0
4470.0

2 ==mg mA/V 

                725.8
2
=πr kΩ  

          ( ) ( )( )[ ]
( )( ) 12.11

725.82059.01
725.819.1712059.0

=
+

+
=C

mg mA/V 

______________________________________________________________________________________ 
 
11.81 

          

( ) ( )( )

( )

( ) ( )( )

( ) ( ) ( )

0 2

0 2

2

2 0 2 0 2

1 1 500 kΩ
0.01 0.2

80 400 kΩ
0.2

2 2 0.2 0.2

0.4 mA/V

0.4 500 400 88.9

n DQ

A

CQ

m n DQ

d m

d

r M
I

Vr Q
I

g M K I

A g M r M r Q

A

λ
= = =

= = =

= =

=

⎡ ⎤= ⎣ ⎦
= ⎡ ⎤ ⇒ =⎣ ⎦  

     If the IQ current source is ideal, 0cmA =  and dBC M RR = ∞  
______________________________________________________________________________________ 
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11.82 

(a)  
 

 

(b) 0875.0
8
7.0

1 ==RI mA 

        4125.00875.05.0 2221 =⇒+=+== EEERQ IIIII mA 
                002279.02 =BI mA,  41022.02 =CI mA 
        08978.0002279.00875.0211 =+=+= BRD III mA 

         ( )( ) 5014.008978.07.021 ==mg mA/V 

         78.15
026.0

41022.0
2 ==mg mA/V 

 
 
          41.11

2
=πr kΩ  

(c) ( ) Lmsgmo RVgVgV π21 +−=  

               ( )( )211 ππ rRVgV sgm=  

        ( )[ ] Lsgmmsgmo RrRVggVgV 21121 π+−=    

         ( )[ ] Lmmmsgo RrRgggVV 21121 π+=−  
     Now  iosg VVV −=  

     So  ( )( )[ ] ( )[ ] LmmiLmmo RrRggVRrRggV 21212121 111 ππ +=++  

         
( )[ ]
( )[ ] Lmm

Lmm

i

o

RrRgg
RrRgg

V
V

A
2121

2121

11
1

π

π
υ ++

+
==  

              
( ) ( )( )[ ]
( ) ( )( )[ ] L

L

L

L

R
R

R
R

A
71.371

71.37
41.11878.1515014.01

41.11878.1515014.0
+

=
++

+
=υ  

(i)  For 10=LR kΩ , 

           ( )( )
( )( ) 99736.0

1071.371
1071.37

=
+

=υA  

(ii) For 100=LR kΩ , 

            ( )( )
( )( ) 99973.0

10071.371
10071.37

=
+

=υA  

______________________________________________________________________________________ 
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11.83 

(a) 0875.0
8
7.0

1 ==RI mA 

        7125.00875.08.0 2221 =⇒+=+== EEERQ IIIII mA 
                  003936.02 =BI mA,  7086.02 =CI mA 
        091436.0003936.00875.0211 =+=+= BRD III mA 

         ( )( ) 506.0091436.07.021 ==mg mA/V 

         25.27
026.0

7086.0
2 ==mg mA/V 

          605.62 =πr kΩ  
(b) sgmmx VgVgI 12 += π  

               ( )( )211 ππ rRVgV sgm=  
     Now  xsg VV =  

         ( ) ( )( )( ) 39.50605.6825.27506.0506.01
21121 =+=+== πrRggg

RV
I

mmm
ox

x mA/V 

    Or  Ω= 8.19oR  
______________________________________________________________________________________ 
 
 
11.84 
     (a) 

           
 

     (1) 

( )
2

2

0o
m

o

V V
g V

r
π

π

− −
+ =

 

     (2) 

( )
2 1 1

2 1 1

1 1 or 0o
m m i m i

o o o

V V V Vg V g V g V V
r r r r r

π π π
π π

π π

− − ⎛ ⎞− −
+ = + + = − +⎜ ⎟

⎝ ⎠  

     Then 

1

1

1 1
m i

o

g V
V

r r

π

π

=
⎛ ⎞

+⎜ ⎟
⎝ ⎠  

     From (1) 
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( )( )

2
2 2

2
2

2 2 2 1
2

1

1 2 2
2

1

1

2

1

1 0

1
1

1 1

1

1 1

Now

2 2 0.25 0.025 0.158 /

0.025 0.9615 /
0.026

1

o
m

o o

m
o

o o m o m i
o

o

m o m
oo

v
i

o

m n Q

Q
m

T

o

Vg V
r r

g
r

V r g V r g V
r

r r

g r g
rVA

V
r r

g K I mA V

I
g mA V

V

r
I

π

π

π

π

λ

⎛ ⎞
+ + =⎜ ⎟

⎝ ⎠
⎛ ⎞

+⎜ ⎟⎛ ⎞ ⎝ ⎠= − + = −⎜ ⎟
⎛ ⎞⎝ ⎠ +⎜ ⎟
⎝ ⎠

⎛ ⎞
− +⎜ ⎟

⎝ ⎠= =
⎛ ⎞

+⎜ ⎟
⎝ ⎠

= = =

= = =

=
( )( )

( )( )

( )( )

2

1 2000 
0.02 0.025

50 2000 
0.025

100 0.026
104 

0.025
Then

10.158 2000 0.9615
2000 30039

1 1
2000 104

Q

A
o

Q

T

Q

v v

k

Vr k
I

Vr k
I

A A

π
β

= = Ω

= = = Ω

= = = Ω

⎛ ⎞− +⎜ ⎟
⎝ ⎠= ⇒ = −

⎛ ⎞+⎜ ⎟
⎝ ⎠  

     To find Ro; set 10 0i m iV g V= ⇒ =  
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( )

( )

( )( )

( )

( )

2
2

1

2 1
2 2

2 1 2
2

Then

1

Combining terms,

1 1

12000 1 2000 104 0.9615 192.2 
2000

x
x m

o

x o

x
x m x o

o o

x
o o o m

x o

o

V V
I g V

r
V I r r

VI g I r r
r r

VR r r r g
I r

R M

π
π

π π

π

π

− −
= +

= −

⎛ ⎞
= + − +⎜ ⎟
⎝ ⎠

⎡ ⎤⎛ ⎞
= = + +⎢ ⎥⎜ ⎟

⎝ ⎠⎣ ⎦
⎡ ⎤⎛ ⎞= + + ⇒ = Ω⎜ ⎟⎢ ⎥⎝ ⎠⎣ ⎦  

 
     (b) 

           

     (1) 

( )3
3 3

3

0o gs
m gs

o

V V
g V

r

− −
+ =

 

     (2) 

( ) ( )3 3 2 3
3 3 2 2 2 2

3 2 2 2

1 or 0o gs gs gs
m gs m m

o o o o

V V V V V
g V g V V g

r r r r
π

π π

− − − − − ⎛ ⎞
+ = + = + −⎜ ⎟

⎝ ⎠  

     (3) 

( ) ( )3 2 22
2 2 1

2 2 1

gs
m m i

o o

V V VV g V g V
r r r

π ππ
π

π

− − − −
+ + = +

 

     From (2), 

3
2

2 2
2

1
gs

o m
o

V
V

r g
r

π =
⎛ ⎞

+⎜ ⎟
⎝ ⎠  

     Then 

     (3) 

3
2 2 1

2 2 1 2

1 1 1 gs
m m i

o o o

V
V g g V

r r r rπ
π

⎛ ⎞
+ + + = +⎜ ⎟

⎝ ⎠  
     or 
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3 3
2 1

2 2 1 2
2 2

2

1 1 1
1

gs gs
m m i

o o o
o m

o

V V
g g V

r r r r
r g

r
π

⎡ ⎤
+ + + = +⎢ ⎥⎛ ⎞ ⎣ ⎦+⎜ ⎟

⎝ ⎠  

          

3 31 1 10.9615 0.9615
1 104 2000 2000 20002000 0.9615

2000

gs gs
i

V V
V⎡ ⎤+ + + = +⎢ ⎥⎛ ⎞ ⎣ ⎦+⎜ ⎟

⎝ ⎠  
     Then 

5
3 1.83 10gs iV V= ×  

     From (1), 
( )5

3 3
3 3

1 1 or 2000 0.158 1.83 10
2000

o
m gs o i

o o

Vg V V V
r r

⎛ ⎞ − ⎛ ⎞+ = = − + ×⎜ ⎟ ⎜ ⎟
⎝ ⎠⎝ ⎠  

          

75.80 10o
v

i

VA
V

= = − ×
 

 

           
 
     To find Ro 

     (1) 

( )3
3 3

3

x gs
x m gs

o

V V
I g V

r

− −
= +

 

     (2) 

( ) ( )3 3 2
3 3 2 2

3 2

x gs gs
m gs m

o o

V V V V
g V g V

r r
π

π

− − − − −
+ = +

 

     (3) ( )2 1 2x oV I r rπ π= −  

          

3 3
3 3

3

3

1From (1) 

10.158
2000 2000

2000So 
0.1585

x
x gs m

o o

x
x gs

x
x

gs

VI V g
r r

VI V

VI
V

⎛ ⎞
= + +⎜ ⎟

⎝ ⎠
⎛ ⎞= + +⎜ ⎟
⎝ ⎠

−
=
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( ) ( )( )

3 3 2 2
3 2 3 2

3 2

10

From (2),

1 1 1

1 1 10.158 0.9615
2000 2000 2000 2000

/ 2000Then 0.159 2000 104 0.962
0.1585 2000

We find 6.09 10  

x
gs m m

o o o o

x
gs

x x x
x

x
o

x

VV g V g
r r r r

V
V V

I V V I

VR
I

π

π

⎡ ⎤ ⎛ ⎞
+ + + = +⎜ ⎟⎢ ⎥

⎣ ⎦ ⎝ ⎠
⎡ ⎤ ⎛ ⎞+ + + = +⎜ ⎟⎢ ⎥⎣ ⎦ ⎝ ⎠

−⎡ ⎤ + = −⎢ ⎥⎣ ⎦

= = × Ω
 

______________________________________________________________________________________ 
 
11.85 
     Assume emitter of Q1 is capacitively coupled to signal ground. 

          

( )( )

( )

( ) ( )( )
( )

1

1

1

800.2 0.1975 
81

0.2 0.00247 
81

80 0.026
10.5 

0.1975
0.1975 7.60 /
0.026
2 2 0.2 0.00247

0.0445 /

CQ

DQ

m

m n D

m

I mA

I mA

r k

g Q mA V

g M K I

g M mA V

π

⎛ ⎞= =⎜ ⎟
⎝ ⎠

= =

= = Ω

= =

= =

=  
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( ) ( )

( )
( )

( ) ( )

( )
( )( )

( )( )

1
1

1

1

1
1

1

 and  or 

1Then 1  or 
11

11

7.60 20
Then 48.4

11
0.0445 10.5

i gs m gs gs
m

i
i

m

m

m Co
o m C v

i

m

v v

VV V V V g M V r V
g M r

VV V V
g M r

g M r

g Q RVV g Q V R A
V

g M r

A A

π
π π π

π

π π
π

π

π

π

= + = =

⎛ ⎞
= + =⎜ ⎟⎜ ⎟ ⎛ ⎞⎝ ⎠ +⎜ ⎟⎜ ⎟

⎝ ⎠
−

= − ⇒ = =
⎛ ⎞
+⎜ ⎟⎜ ⎟

⎝ ⎠
−

= ⇒ = −
⎛ ⎞
+⎜ ⎟⎜ ⎟

⎝ ⎠  
______________________________________________________________________________________ 
 
11.86 

          ( )( ) 6.15
2.0
026.0120

11 ==πr kΩ  

          1975.06.152.0113 ===′ πrRRE kΩ  

           692.7
026.0
2.0

11 ==mg mA/V 

           600
2.0

120

11

11
11 ===

C

A
o I

V
r kΩ  

           ( ) ( )( )[ ] 15121975.0692.716001 111111 =+=′+= EmoC RgrR kΩ  

           300
2.0

60

7

7
77 ====

C

A
oC I

V
rR kΩ  

            2501512300117 === CC RRZ  kΩ  

             ( )( ) 12.3
1

026.0120
8 ==πr kΩ  

             008264.0
121
120

120
1

9 =⎟
⎠
⎞

⎜
⎝
⎛=CI mA 

              ( )( ) 5.377
008264.0

026.0120
9 ==πr kΩ  

          Now  06864.05
121

121
2505.37712.3

5
121

121
9

8

4 =
⎟
⎠
⎞

⎜
⎝
⎛ +

+
=

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ +
+

=

Zr
r

RRo

π
π

 

          Or  Ω= 7.67oR  
______________________________________________________________________________________ 
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( )
( )( )

( )( )
( )

( ) ( )

( )( )
( )( )

1 2

2

2

1

3
0 3

0 0

1
100 0.026

5.2 k
0.5

100 0.026 100 0.026
520 k

0.5 /100 0.5
520 101 5.2 1.05 M

100 0.026505 , 2.6 k
101 1

2.6 505 5 0.521 0.472 k
101

i

i i

R r r

r

r

R R

rR r

R R

π π

π

π

π
π

β= + +

= = Ω

= = = Ω

= + ⇒ ≅ Ω

+
= = = Ω

+
= = ⇒ = Ω

 

            

          

( )

( )

3
0 3 3

3

0 3
3

5

1 5

m
VV g V
r

V V
r

π
π

π

π
π

β

⎛ ⎞
= − +⎜ ⎟

⎝ ⎠
⎛ ⎞+

= − ⎜ ⎟
⎝ ⎠  (1) 

          

( )0 33
2 2

3

0
2 2 3

3

50

1 1
50 50

m

m

V VV g V
r

Vg V V
r

ππ
π

π

π π
π

−
= +

⎛ ⎞
= + −⎜ ⎟

⎝ ⎠  (2) 

          

1
2 1 1 2

1

1 2
1

1

m
VV g V r
r

V r
r

π
π π π

π

π π
π

β

⎛ ⎞
= +⎜ ⎟
⎝ ⎠

⎛ ⎞+
= ⎜ ⎟

⎝ ⎠  (3) 
     and 
          1 2inV V Vπ π= +   (4) 

          
2

0.5 19.23 mA/V
0.026mg = =

 
     Then 

         
( ) ( )0 3 3 0

101 5 0.005149
2.6

V V V Vπ π
⎛ ⎞= − ⇒ = −⎜ ⎟
⎝ ⎠  (1) 
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( )

( )
( )

0
2 0

0

2 0

And
1 119.23 0.005149

2.6 50 50
0.02208

Or 0.001148

VV V

V

V V

π

π

⎛ ⎞= − + −⎜ ⎟
⎝ ⎠

= −

= −  (2) 
     And 

          ( )1 2 0 0.001148in inV V V V Vπ π= − = +   (4) 
     So 

          
( ) ( ) ( )0 0

1010.001148 0.001148 5.2
520inV V V ⎛ ⎞− = +⎡ ⎤ ⎜ ⎟⎣ ⎦ ⎝ ⎠  (3) 

          
( ) ( ) ( ) 0

0 00.001148 0.001159 1.01 438in v
in

V
V V V A

V
− − = ⇒ = = −

 
______________________________________________________________________________________ 
 
11.88 

          
( )

2

2

1

5 1 mA
5

1 0.8 2.21 V
0.5

2.21 5
0.206 mA

35

GS

I

V

I

= =

= + =

− −
= =
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( )( )
( )( )

( )( )

( ) ( )( )
( ) ( )

( )
( )( )
( )( )

0 2 2 2 02

2 1 1 01 1 0 1

2 1 01 1 0

0 2 2 02 1 01 1 0

2 2 02 1 01 10

2 2 02

2 2 2

1 1 1

 and 

So 

Then

1

2 2 0.5 1 1.414 /

2 2 0.2 0.206 0.406 

m gs

gs m sg sg in

gs m in

m m in

m m
v

in m

m n D

m p D

V g V R r

V g V r R V V V

V g V r R V

V g R r g V r R V

g R r g r RVA
V g R r

g K I mA V

g K I mA

=

= − = −

= − −

⎡ ⎤= − −⎣ ⎦
−

= =
+

= = =

= = =

( )( )

( )( )

( )( )( )( )
( )( )

01
1 1

02
2 2

2 02

1 01

/

1 1 485 k
0.01 0.206

1 1 100 k
0.01 1

5 100 4.76 k

35 485 32.6 k

1.414 4.76 0.406 32.6
Then 

1 1.414 4.76
So 11.5

D

D

v

v

V

r
I

r
I

R r

R r

A

A

λ

λ

= = = Ω

= = = Ω

= = Ω

= = Ω

−
=

+

⇒ = −  
     Output Resistance—From the results for a source follower in Chapter 4. 

          

0 2 02
2

0

1 1 5 100
1.414
0.707 4.76

So 0.616 k

m

R R r
g

R
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               615.9
026.0
25.0

1 ==mg mA/V 

                ( )( ) 48.12
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026.0120
3 ==πr kΩ  

        ( ) ( ) 94.3648.1220
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(c) 
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β
r
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o

m
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+

−
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                 ( )( ) 48.12
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     a. 
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     b. 
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( )

( )( )

( )( )
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( )( )
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1 1 1 3
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d d

v v
A g R r

v

g

r

A A

vA g R
v v

g

A

A A

π

π

−
= = −

= =

= = Ω

= − ⇒ = −

= =
−

= =

= =

= − ⇒ = −  
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11.92 
     a. Neglect the effect of r0 in determining the differential-mode gain. 
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0 05
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     b. 
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     c. 
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11.93 
     a. 
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     b. 

          ( )( ) ( )( ) ( )

1 2

1 2

03

03

0.3sin

2sin
2

3.73 0.3 0.0718 2 0.975sin V

d

cm

d d cm cm

v v v t
v vv t

v A v A v
v t

ω

ω

ω

= − =
+

= =

= +
= − + ⇒ = −

 
     Ideal, 0cmA =  

          ( )( )03 3.73 0.3d dv A v= = −  
     Or 
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Chapter 12 
 
12.1 
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12.3 
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     (b) 
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(b) From circuit (a): 
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     (a) 
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12.9 
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12.12 
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     (b) Overall feedback ⇒  wider bandwidth. 
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12.15 
     (a) 

           
 
     (b) 

                
 
     Circuit (b) – less distortion 
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     a. 

           
  
     Assume that 1V  is at virtual ground. 
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⎣ ⎦  
     We have 

          ( ) 51 5 10  mSFE g FE gh A h A+ ≈ = ×  
          0.1 kER ≈ Ω  

     so 
5 20(0.1) (5 10 )(20) 1

0.1ifR ⎡ ⎤= × + +⎢ ⎥⎣ ⎦  
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     or 
610 kifR  = Ω

 
 

           
 

          
g

V A V
r
π

ε
π

=
 

          0

( )X
X m

V VI g V
R

ε
π

− −
= +

 (1) 

          ( )( || )X g E iV I A V R Rε ε= − +  (2) 

     or 1 ( || ) ( || )g i X E iV A R R I R Rε ε⎡ ⎤+ = −⎣ ⎦  
     Now: 

          0 0

X
X m g

VVI g A r V
R R

ε
π ε= + +

 (1) 

          0 0

( || )1
1 ( || )

X E i X
X m g

g E i

I R R VI g A r
R A R R Rπ

⎡ ⎤⎛ ⎞ −
= + +⎢ ⎥⎜ ⎟ +⎢ ⎥⎝ ⎠ ⎣ ⎦  

          

0

0
0

( || )11
1 ( || )

X
f

X

E i
m g

g E i

VR
I

R RR g A r
R A R Rπ

=

⎧ ⎫⎡ ⎤⎛ ⎞⎪ ⎪= + + ⎢ ⎥⎨ ⎬⎜ ⎟ +⎢ ⎥⎝ ⎠⎪ ⎪⎣ ⎦⎩ ⎭  
        

55 10  mSm g FE gg r A h Aπ = = ×  
      Let 100FEh =  so 

35 10 mSgA  = ×  
     || 0.1 || 20 0.1kE iR R  = ≈ Ω  
     Then 

          

5
0 3

1 0.150 1 5 10
50 1 (5 10 )(0.1)fR

⎧ ⎫⎡ ⎤⎪ ⎪⎛ ⎞= + × +⎨ ⎬⎜ ⎟ ⎢ ⎥+ ×⎝ ⎠⎪ ⎪⎣ ⎦⎩ ⎭  
     or 0 5.04 MfR = Ω

 
______________________________________________________________________________________ 
 
12.28 

          
zg

z
zf A

A
A

β+
=

1
 

           ( ) 333.1
1025.41

1020.0
6

6 =⇒
×+

=×
− z

z

z A
A

A
V/ μ A 

           ( )( ) Ω=⇒
××+

=
+

=
−

75
10333.11025.41

500
1 66 if

zg

i
if R

A
R

R
β

 

           Ω=
+

= 75
1 zg

o
of A

R
R

β
 

______________________________________________________________________________________ 
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12.29 

          

40 38 2 μA

8 V4
2 μA

38 μA4.75 
8 V
8 V0.2
40 μA

i fb

o
z

fb
g

o

o
zf

i

I I I
VA
I
I
V
VA
I

ε

ε

β

= − = − =

= = =

= = =

= = =
 

______________________________________________________________________________________ 
 
12.30 
     a. 

           
 
     Assuming 1V  is at virtual ground 

          0( ) fb FV I R− = −  and 
0

0( ) z
z

VV A I I
Aε ε− = − ⇒ =

 

          fb SI I Iε= −  

     So 
0

0 ( )S F S F F
z

VV I I R I R R
Aε

⎛ ⎞
= − = − ⎜ ⎟

⎝ ⎠  

          
0 1 F

S F
z

RV I R
A

⎡ ⎤
+ =⎢ ⎥

⎣ ⎦  

     so 

0

1

F z F
zf

S z FF

z

V R A RA
I A RR

A

= = =
+⎡ ⎤

+⎢ ⎥
⎣ ⎦  

     or 

111

z z
zf

z g
z

F

A AA
A

A
R

β
= =

+⎛ ⎞
+ ⎜ ⎟

⎝ ⎠  

     b. 

1
g

FR
β =

 

     c. 

6
4

6

5 105 10
1 (5 10 ) gβ

×
× =

+ ×  

          

6

4
5

6

5 10 1
5 10 1.98 10

5 10g gβ β −

×
−

×= ⇒ = ×
×  

          

1 50.5 kF F
g

R R
β

= ⇒ = Ω
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     d. 
6 6(0.9)(5 10 ) 4.5 10zA = × = ×  

          

6
4

6 5

4.5 10 4.994 10
1 (4.5 10 )(1.98 10 )zfA −

×
= = ×

+ × ×  

          

3
4

55.4939 1.11 10 0.111%
5 10

zf

zf

A
A

−Δ
= − = − × ⇒ −

×  
______________________________________________________________________________________ 
 
12.31 

           
 
          1 0 0,i z xV I R V A I V A Iε ε ε= − = − ⇒ =  
          fb SI I Iε= −  and 0 1 fb FV V I R− = −  

          

1

1 1
1

1

1

( )

1

1

z S F

z S F F
i i

z F
S F

i i

F
if

S z F

i i

A I V I I R

V VA V I R R
R R

A RI R V
R R

V RR
I A R

R R

ε ε− = − −

⎛ ⎞ ⎛ ⎞
− = − +⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠
⎡ ⎤

= + +⎢ ⎥
⎣ ⎦

= =
⎡ ⎤
+ +⎢ ⎥

⎣ ⎦  
     We have 

          [ ]

3

6 3

3 3

3

50.5 10
5 10 50.5 101

10 10 10 10

50.5 10 99.79 
1 500 5.05

if

if

R

R

×
=
⎡ ⎤× ×
+ +⎢ ⎥× ×⎣ ⎦

×
= ⇒ = Ω

+ +  
______________________________________________________________________________________ 
 
12.32 
     (a) Low input R ⇒  Shunt input 
          Low output R ⇒ Shunt output 
          Or a Shunt-Shunt circuit 
     (b) High input R ⇒  Series input 
          High output R ⇒  Series output 
          Or a series-Series circuit 
     (c) Shunt-Series circuit 
     (d) Series-Shunt circuit 
______________________________________________________________________________________ 
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12.33 

     (a) 
4 5(max) (1 ) 10(1 10 ) (max) 10i i iR R T R  k= + = + ⇒ ≅ Ω  

          
3

4

10(min) 10
1 1 10

i
i

RR  k
T

−= = ≅ Ω
+ +  

     Or (min) 1iR = Ω  

(b)
4 4(max) (1 ) 1(1 10 ) (max) 10o o oR R T R k= + = + ⇒ ≅ Ω  

          
4

4

1(min) 10
1 1 10

o
o

RR k
T

−= = ≅ Ω
+ +  

     Or (min) 0.1oR = Ω  
______________________________________________________________________________________ 
 
12.34 

     Overall Transconductance Amplifier, 
o

g
i

iA
v

=
 Series output = current signal and Shunt input = current   

          signal. Also, Shunt output = voltage signal and Series input = voltage signal. Two possible solutions  
          are shown. 
 

 
______________________________________________________________________________________ 
 
12.35 

          2.0=CQI mA,  ( )( ) 2.18
2.0
026.0140

==πr kΩ , 692.7
026.0
2.0

==mg mA/V 

     (a)  

               

(1) ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ +
=

−
=+

π
ππ

π

π

r
h

V
R

VV
Vg

r
V FEAo

m
1

2

 

(2) 
π

υ

π

π

rR
VVA

r
V

o

o

+
−

= ∈  

(3) 0
12

=
−

++
−

i

iAAoA

R
VV

R
V

R
VV

 

(4) Ai VVV −=∈  
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       From (1),  ( ) ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+
−

+=
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+
−

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ +
=

− ∈∈

π

υ

π

υ
π

π rR
VVA

h
rR
VVA

r
r
h

R
VV

o

o
FE

o

oFEAo 1
1

2

 

       Using (4),  ( ) ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+
−

+=
+− ∈∈

π

υ

rR
VVA

h
R

VVV

o

o
FE

io 1
2

       (Eq. 5) 

       From (3), 
i

io

i
A R

V
R
V

RRR
V +=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
++

212

111  

 
 

                       ( )
i

io

i
i R

V
R
V

RRR
VV +=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
++− ∈

212

111  

                       ( )
301030

1
1
1

10
1 io

i
VV

VV +=⎟
⎠
⎞

⎜
⎝
⎛ ++− ∈  

                       ( )( ) ( ) ( )0333.010.01333.1 ioi VVVV +=− ∈  
          We find,  ( ) ( )08824.09706.0 oi VVV −=∈  
       From Eq. (5) above, 

                        
( ) ( )

22

11
R
V

VA
rR

h
rR
Vh

R
VV

o

FE

o

oFEio ∈
∈ −⋅

+
+

=
+

+
+

−
υ

ππ

 

                        ( )
10

10
2.185.0

141
2.185.0

141
10

5 ∈
∈ −+

=⋅
+

+
− V

VV
VV

o
io  

                        ( ) ( ) ( )[ ]08824.09706.010540.710540.71.0640.7 55
oiio VVVVV −×=×=− ∈  

                        ( )54 10318235.710653705.6 ×=× io VV  

         Then  0.11=
i

o

V
V

 

(b) From (2),  ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+
−

= ∈

π

υ
ππ rR

VVA
rV

o

o  

     From (1),  ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ +
+=

π
π r

h
VRVV FE

Ao
1

2  

                      ( ) ( ) ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+
−

++−= ∈
∈

π

υ

rR
VVA

hRVVV
o

o
FEio 12  

          
( ) ( )

⎥
⎦

⎤
⎢
⎣

⎡
−

+
+

+=⎥
⎦

⎤
⎢
⎣

⎡
+
+

+ ∈ 1
11

1 22

π

υ

π rR
AhR

VV
rR
hR

V
o

FE
i

o

FE
o    (Eq. 6) 

   From (3), 

          
i

io

i
A R

V
R
V

RRR
V +=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
++

212

111  

          ( )
i

io

i
i R

V
R
V

RRR
VV +=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
++− ∈

212

111  

  Then, using Eq. (6), 

          

( )

( )
⎪
⎪

⎭

⎪
⎪

⎬

⎫

⎪
⎪

⎩

⎪
⎪

⎨

⎧

+
+

+

⎥
⎦

⎤
⎢
⎣

⎡
−

+
+

+

=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
++−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

∈

∈

π

π

υ

rR
hR
rR

AhR
VV

RRRR
V

RR
V

o

FE

o

FE
i

i
i 1

1

1
1

111111
2

2

21212
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          ( ) ( ) ( )
⎪⎭

⎪
⎬
⎫

⎪⎩

⎪
⎨
⎧ ×+

=− ∈
∈ 401.75

10540106.7
10
11333.110.1

6VV
VV i

i  

          ( ) ( )4100.11333.1098674.1 ×+= ∈VVi  

   So  310103.9 ×=
∈V

Vi  

  Then  ( )( ) 27310103.91030 33 =⇒××=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

∈
if

i
iif R

V
V

RR MΩ  

 

(c) 
2R
VV

r
V

VgI Ax
mx

−
=++

π

π
π  

   From (2),  ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+
−

= ∈

π

υ
ππ rR

VVA
rV

o

x  

  Then,  
( ) ( )

2

1
R

VV
VVA

rR
h

I Ax
x

o

FE
x

−
=−

+
+

+ ∈υ
π

 

  Now, ∈−= VVA   and  ( )08824.0xVV −=∈  

  So,  ( )[ ] ( )
10
08824.0

10
08824.010

2.185.0
141 5 xx

xxx
VV

VVI −=−−
+

+  

         ( )410654.6091176.0 ×+= xx VI  

          15==
x

x
of I

V
R μ Ω  

______________________________________________________________________________________ 
 
12.36 
     a. Neglecting base currents 

          

2 2

1 0

0.5 mA, 12 (0.5)(22.6) 0.7 V
0.5 mA 0

C C

C

I V
I v

= = − =
= ⇒ =

 
     Then 3 2 mACI =  

     b. 
1 2

1

(100)(0.026) 5.2 k
0.5

FE T

C

h Vr r
Iπ π
⋅

= = = = Ω
 

         

1 2

3

3

0.5 19.23 mA / V
0.026

(100)(0.026) 1.3 k
2

2 76.92 mA / V
0.026

m m

m

g g

r

g

π

= = =

= = Ω

= =
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( )

1 2
1 1 1 2

1 1

1 2 1 1 2
1

1
1 2 2

1

0

1( ) 0 1

( )

m m

m

i S b

V Vg V g V
r r

V V g V V
r

VV R r V V
r

π π
π π

π π

π π π π
π

π
π π

π

+ + + =

⎛ ⎞
+ + = ⇒ = −⎜ ⎟

⎝ ⎠

= + − +
 

     or 
1 2 2

1

1 S
i b

RV V V V
rπ π
π

⎛ ⎞
= + − +⎜ ⎟

⎝ ⎠  
     But 2 1V Vπ π= −  
 
     so 

         
1 2

1

2 S
i b

RV V V
rπ
π

⎛ ⎞
= + +⎜ ⎟

⎝ ⎠  (2) 

         
02 02 0

1 2
3

0m
C

V V Vg V
R rπ

π

−
+ + =

 (3) 

          

3 0 0 2
3 3

3 2

3 02 0

b
m

L

V V V V
g V

r R R
V V V

π
π

π

π

−
+ = +

= −  
     so 

         
2

02 0 0
3 2 2

1 1 1( ) bFE

L

VhV V V
r R R Rπ

⎛ ⎞ ⎛ ⎞+
− = + −⎜ ⎟ ⎜ ⎟

⎝ ⎠⎝ ⎠  (4) 

         
2 0 2 2

2 1 1

0b bV V V V
R R r

π

π

−
+ + =

 (5) 
     Substitute numbers into (2), (3), (4) and (5): 

          
2 2

12
5.2i bV V Vπ

⎛ ⎞= − + +⎜ ⎟
⎝ ⎠  

          2 2(2.192)i bV V Vπ= − +  (2) 

          
02 2 0

1 1 1(19.23) 0
22.6 1.3 1.3

V V Vπ
⎛ ⎞ ⎛ ⎞+ + − =⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠  

          02 2 0(0.8135) (19.23) (0.7692) 0V V Vπ+ − =  (3) 

          
02 0 2

101 101 1 1 1
1.3 1.3 4 50 50bV V V⎛ ⎞ ⎛ ⎞ ⎛ ⎞= + + −⎜ ⎟ ⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠ ⎝ ⎠  
          02 0 2(77.69) (77.96) (0.02)bV V V= −  (4) 

          
2 0 2

1 1 1 1 0
50 10 50 5.2bV V Vπ

⎛ ⎞ ⎛ ⎞ ⎛ ⎞+ − + =⎜ ⎟ ⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠ ⎝ ⎠  

          2 0 2(0.120) (0.020) (0.1923) 0bV V Vπ− + =  (5) 
     From (2): 2 2 (2.192).b iV V Vπ= +  Substitute in (4) and (5) to obtain: 
          02 0 2(77.69) (77.96) [ (2.192)](0.02)iV V V Vπ= − +  (4 )′  
          2 0 2[ (2.192)](0.120) (0.020) (0.1923) 0iV V V Vπ π+ − + =  (5 )′  
     So we now have the following three equations: 
          02 2 0(0.8135) (19.23) (0.7692) 0V V Vπ+ − =  (3) 
          02 (77.69)V  
              0 2(77.96) (0.02) (0.04384)iV V Vπ= − −  (4 )′  
          2 0(0.120) (0.4553) (0.020) 0iV V Vπ+ − =  (5 )′  
     From (3): 02 0 2(0.9455) (23.64).V V Vπ= −  Substitute for 02V  in (4′) to obtain: 
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          2 0 2(77.69)[ (0.9455) (23.64)] (77.96) (0.02) (0.04384)o iV V V V Vπ π− = − −  
     or 
          0 20 (4.504) (0.02) (1836.5)iV V Vπ= − +  
     Next, solve (5 )′  for 2 :Vπ  
          2 0(0.120) (0.4553) (0.020) 0iV V Vπ+ − =  
          2 0 (0.04393) (0.2636)iV V Vπ = −  
     Finally, 

          
0 0

0

0 (4.504) (0.02) (1836.5)[ (0.04393) (0.2636)]
0 (85.18) (484.12)

i i

i

V V V V
V V

= − + −
= −  

 
 
     So 

          
0 484.12 5.68

85.18vf vf
i

VA A
V

= = ⇒ =
 

______________________________________________________________________________________ 
 
12.37 
     a. 1 2|| 400 || 75 63.2 kTHR R R= = = Ω  

          

2

1 2

1

1

75 (10) 1.579 V
75 400

1.579 0.7 0.007106 mA
63.2 (121)(0.5)
0.853 mA

TH CC

BQ

CQ

RV V
R R

I

I

⎛ ⎞ ⎛ ⎞= = =⎜ ⎟ ⎜ ⎟+ +⎝ ⎠⎝ ⎠
−

= =
+

=  

          

1

2

2

3

10 (0.853)(8.8) 2.49 V
2.49 0.7 0.497 mA

3.6
10 (0.497)(13) 3.54 V
3.54 0.7 2.03 mA

1.4

C

C

C

C

V

I

V

I

= − =
−

≈ =

= − =
−

≈ =
 

     Then 

          

1

1

2

2

3

3

(120)(0.026) 3.66 k
0.853
0.853 32.81 mA / V
0.026

(120)(0.026) 6.28 k
0.497
0.497 19.12 mA / V
0.026

(120)(0.026) 1.54 k
2.03
2.03 78.08 mA / V

0.026

m

m

m

r

g

r

g

r

g

π

π

π

= = Ω

= =

= = Ω

= =

= = Ω

= =
 

     b. 
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          1 1 1 1i iV V V V V Vπ ε ε π= + ⇒ = −  (1) 

          
1 1 1 0

1 1
1 1

m
E F

V V V Vg V
r R R
π ε ε

π
π

−
+ = +

 (2) 
          2 1 1 1 2( )( || )m CV g V R rπ π π= −  (3) 

          
3 0 3

2 2
2 3

0m
C

V V Vg V
R r

π π
π

π

+
+ + =

 (4) 

          
3 0 0 1

3 3
3 3

m
E F

V V V Vg V
r R R
π ε

π
π

−
+ = +

 (5) 
 
     Substitute numbers in (2), (3), (4) and (5): 

          
0

1 1
1 1 132.81 ( )

3.66 0.5 10 10i
VV V Vπ π

⎛ ⎞ ⎛ ⎞+ = − + −⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠  

     or 1 0(35.18) (2.10) (0.10)iV V Vπ = −   (2) 
 
          2 1(32.81) (88 || 6.28)V Vπ π= −  
     or 2 1(120.2)V Vπ π= −  (3) 

          
3 0 3

2(19.12) 0
13 13 1.54
V V VV π π

π + + + =
 

     or 
          2 3 0(19.12) (0.7263) (0.07692) 0V V Vπ π+ + =  (4) 

          
1

3 0
1 1 178.08

1.54 1.4 10 10
iV VV V π

π
−⎛ ⎞ ⎛ ⎞+ = + −⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠  
     or 
          3 0 1(78.73) (0.8143) (0.10) (0.10)iV V V Vπ π= − +  (5) 
     Now substituting 2 1(120.2)V Vπ π= −  in (4): 
          1 3 0(19.12)[ (120.2)] (0.7263) (0.07692) 0V V Vπ π− + + =  
     or 
          1 3 0(2298.2) (0.7263) (0.07692) 0V V Vπ π− + + =  
     Then 
          3 1 0(3164.3) (0.1059)V V Vπ π= −  
     Substituting 3 1 0(3164.3) (0.1059)V V Vπ π= −  in (5): 
          1 0 0 1(78.73)[ (3164.3) (0.1059)] (0.8143) (0.10) (0.10)iV V V V Vπ π− = − +  
     or 

5
1 0(2.49 10 ) (9.152) (0.10)iV V Vπ × − = −  

     Then 

          
5 7

1 0 (3.674 10 ) (4.014 10 )iV V Vπ
− −= × − ×  

     Now substituting 
5

1 0 (3.674 10 )V Vπ
−= ×  

          
7(4.014 10 )iV −− ×  in (2): 

          
5 7

0(35.18)[ (3.674) 10 ) (4.014 10 )]iV V− −× − ×  
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     or 
0

0

(2.10) (0.10)
(0.1013) (2.10)

i

i

V V
V V

= −
=  

     So 
0 20.7
i

V
V

=
 

     c. 
i

if
i

VR
I

=
 and 1 1i RB bI I I= +  

          
1

1

i
RB

B

VI
R

=
 

          
1

1
1

b
VI
r
π

π

=
 

     Now 

          

5 7
1

4
1

(20.7 )(3.674 10 ) (4.014 10 )

(7.60 10 )
i i

i

V V V

V V
π

π

− −

−

= × − ×

= ×  
     Then 
 
 
 
 

          

4

4

(7.60 10 )
63.2 3.66

1
0.01582 2.077 10

i
if

i i

VR
V V −

−

=
×

+

=
+ ×  

     or 
62.4 kifR = Ω

 

     d. To determine 0 :fR  
     Equation (1) is modified to 1 1 0eV Vπ + =  ( 0)iV =  Equation (5) is modified to: 
          3 0 1(78.73) (0.8143) (0.10)XV I V Vπ π+ = +  (5) 
     Now 
          1 0(35.18) (0.10)V Vπ = −  (2) 
          2 1(120.2)V Vπ π= −  (3) 
          2 3 0(19.12) (0.7263) (0.07692) 0V V Vπ π+ + =  (4) 
     Now 
          1 0 (0.002843)V Vπ = −  
     so 

          
2 0

2 0

( )(0.002843)(120.2)
(0.3417)

V V
V V
π

π

= − −
=  

     Then 
          0 3 0(0.3417)(19.12) (0.7263) (0.07692) 0V V Vπ+ + + =  
     or 3 0 (9.101)V Vπ = −  (4) 
     So then 
          0 (9.101)(78.73) XV I− +  
                    0 0(0.8143) (0.10)( )(0.002843)V V= + −  
     or 
          0 (717.3)XI V=  (5) 
     or 

          
0

0 00.00139 k 1.39 f f
X

VR R
I

= = Ω⇒ = Ω
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12.38 
     (a) 
 

           
 
 

      (1) 
1 1

1

i A A OA
m

E F

V V V VVg V
r R Rπ
π

− −
+ = +

 

      (2) 
1 1

1 2

0B B
m

C

V Vg V
R rπ

π

+ + =
 

     (3)    
2 2

2 3

0C C o
m

C

V V Vg V
R rπ

π

−
+ + =

 

     (4) 
3 3

3

C O O A
m

F

V V V Vg V
r Rπ
π

− −
+ =

 
          1 2 3i A B C OV V V V V V V Vπ π π= − = = −  

     (1) 
( ) 1

1

1 A OA
i A m

E F

V VVV V g
r R Rπ

⎛ ⎞ −
− + = +⎜ ⎟

⎝ ⎠  

     (2) 
1

1 2

1 1 ( ) 0B m i A
C

V g V V
R rπ

⎛ ⎞
+ + − =⎜ ⎟

⎝ ⎠  

     (3) 
2

2 3 3

1 1 0O
C m B

C

VV g V
R r rπ π

⎛ ⎞
+ + − =⎜ ⎟

⎝ ⎠  

     (4) 
( ) 3

3

1 O A
C O m

F

V VV V g
r Rπ

⎛ ⎞ −
− + =⎜ ⎟

⎝ ⎠  

          
1 1

(100)(0.026) 14.30.182 K 550 mA/V
14.3 0.026mr gπ = = = =

 

          
2 2

(100)(0.026) 4.620.563 K 178 mA/V
4.62 0.026mr gπ = = = =

 

         
3 3

(100)(0.026) 4.470.582 K 172 mA/V
4.47 0.026mr gπ = = = =

 

     (1) 
( ) 1 550

0.182 0.05 1.2
A OA

i A
V VVV V −⎛ ⎞− + = +⎜ ⎟

⎝ ⎠  

     (2) 

1 1 (550)( ) 0
0.3 0.563B i AV V V⎛ ⎞+ + − =⎜ ⎟

⎝ ⎠  
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     (3) 

1 1 178 0
0.65 0.582 0.582

O
C B

V
V V⎛ ⎞+ + − =⎜ ⎟

⎝ ⎠  

     (4) 
( ) 1172

0.582 1.2
O A

C O
V V

V V
−⎛ ⎞− + =⎜ ⎟

⎝ ⎠  
 
     (1) ( )(555.5) (20) ( )(0.8333)i A A A OV V V V V− = + −  
     (2) (5.109) 550( ) 0B i AV V V+ − =  
     (3) (3.257) 178 (1.718) 0C B OV V V+ − =  
     (4) ( )(173.7) ( )(0.8333)C O O AV V V V− = −  
 
     (1) (555.5) (0.8333) (576.3)i O AV V V+ =  
     (2) (5.109) 550 (550) 0B i AV V V+ − =  
     (3) (3.257) 178 (1.718) 0C B OV V V+ − =  
     (4) (173.7) (0.8333) (174.5)C A OV V V+ =  
 
     From (2)  (107.7) (107.7)B A iV V V= −  
 
     From (4)   (1.0046) (0.004797)C O AV V V= −  
     Substitute into (3) 

          [ ](3.257) (1.0046) (0.004797)O AV V−  
               (178)[ (107.7) (107.7)] (1.718) 0A i oV V V+ − − =  
          (3.272) (0.01562) (19170.6) (19170.6) (1.718) 0O A A i OV V V V V− + − − =  
          (19170.6) (19170.6) (1.554)A i OV V V= −  
          (1.00) (0.00008106)A i OV V V= −  
     Substitute into (1) 

          

[ ](555.5) (0.8333) (576.3) (1.00) (0.00008106)
(576.3) (0.0467)

i o i o

i o

V V V V
V V

+ = −

= −  

          

(0.880) (20.8)

23.6

o i

o
vf

i

V V
V

A
V

=

= =
 

     Ideal 

          

1.2 0.05 25.0
0.05

F E
vf

E

R RA
R
+ +

= = =
 

     (b) 
i

if
i

VR
I

=
 and 

1

1 1

i A
i

V V VI
r r
π

π π

−
= =

 
     We have 

          

(1.00) (0.00008106)
(1.00) (23.6) (0.00008106)
(0.99809)

A i o

i i

A i

V V V
V V

V V

= −
= −
=  

     Then 
(1 0.99809) (0.01051)

0.182
i

i i
VI V−

= =
 

          
95.1 K

(0.01051)
i

if if
i

VR R
V

= ⇒ =
 

     To find ,ofR  set 0iV =  
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3
3 3

3

3

3
3

1( )( )

x A
X m

F

C X

X A
X C X m

F

V V V
I g V

r R
V V V

V VI V V g
r R

π
π

π

π

π

−
+ + =

= −
−

+ − + =
 

     For 0,iV =  we have 

          

(1.0046) (0.004797)
(576.3) (0.8333)

(0.001446)
(1.0046) (0.001446)(0.004797)
(1.0046)

C X A

A X

A X

C X X

C X

V V V
V V
V V
V V V
V V

= −
=

=
= −
=  

          

(1 0.004797)1(1.0046 1.0) 172
0.582 1.2

(0.7991) (0.8293)
(0.03024)

33.1 K

X
X X

X X X

X X

X
of

X

V
I V

I V V
I V

VR
I

−⎛ ⎞+ − + =⎜ ⎟
⎝ ⎠

+ =
=

= =
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12.39 

               
 
          ( ) 1221 0 gsgsgsgsmg υυυυ −=⇒=+  

          ogsgsi V
RR

R
V ⋅⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

+−=
21

2
21 υυ  

          ogsi VV
2
12 2 +−= υ  

       Also  02
21

=++
+ D

o
gsm

o

R
V

g
RR

V
υ  

          ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

+−=
21

2
11

RRRg
V

Dm

o
gsυ  

       Then  o
Dm

o
i V

RRRg
V

V
2
1112

21

+⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

+=  

       We have  DRRR >>+ 21  
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          ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+≅

2
12

Dm
oi Rg

VV  

          

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

==

2
12

1

Dm

i

o
f

Rg
V
V

Aυ

⎟
⎠
⎞

⎜
⎝
⎛ +

=

Dm

Dm

Rg

Rg

2
12

 

       Now  ( )( ) 0.15.05.022 === DQnm IKg  mA/V 

          ( )( )

( )( )
273.1

71
2
12

71
=

⎥⎦
⎤

⎢⎣
⎡ +

=fAυ  

______________________________________________________________________________________ 
 
12.40 

(a) Neglect base currents 

        21 CD
L

GSGG II
R

VV
+=

−
 

          
5

55

1
1

D

D

D
D

V
R

V
I

−
=

−
=  

          
( )

6.1
3.47.05

2
2

D

E

D
C

V
R

V
I

−
=

+−
=  

          
( )

1
1

21 125.34375.0
6.1

553.4
55 D

D
CDD I

I
IIV +−=

−−
=⇒−=  

   Then ( )11 125.34375.0
2.1

5.2
DD

GS II
V

+−+=
−

 

         ( )( )2
1 5.095.495.4025.3 −+=+= GSnGSDGS VKVIV  

   We find  0197.1016875.1425.6425.7 2 =⇒=−− GSGSGS VVV V 

   Then  ( )( ) 405.05.00197.15.1 2
1 =−=DI  mA 

             ( ) 828.0405.0125.34375.02 =+−=CI mA 
 
 
(b) 

           
 
     ( )( ) 559.1405.05.122 11 === Dnm IKg mA/V 
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     85.31
026.0
828.02

2 ===
T

C
m V

I
g mA/V 

     ( )( ) 768.3
828.0

026.0120

2
2 ===

C

T

I
V

r
β

π kΩ  

(1) Lmgsmo RVgVgV )( 21 π+=  
(2) oigsogsi VVVVVV −=⇒+=  

(3) 
π

π

r
V

Vg
R
V

gsm
D

A =+ 1
1

 

(4) 02
2

=++
+

π
π

ππ Vg
r
V

R
VV

m
E

A  

  So  ( )74.3285.31
768.3
1

6.1
1

6.1 ππ VV
VA =⎟

⎠
⎞

⎜
⎝
⎛ ++=

−
 

         πVVA 385.52−=  

(3) 
768.3

559.1
5
385.52 ππ V

V
V

gs =+
−

 

  or  ( )477.102654.0559.1 += πVVgs  
  so  ( )oigs VVVV −== 1451.01451.0π  
(1) ( ) ( )( ) ( )2.1]1451.085.31559.1[ oioio VVVVV −+−=  

 Then  8812.0==
i

o

V
V

Aυ  

(c)Set 0=iV  

     
L

x
gsmmx R

V
VgVgI =++ 12 π  

     xgs VV −=  
     xgs VVV 1451.01451.0 −==π  

     ( )( ) ( ) ( )014.7559.11451.085.31
2.1

1
xxx VVI =⎥⎦

⎤
⎢⎣
⎡ ++=  

     Ω== 143
x

x
o I

V
R  

______________________________________________________________________________________ 
 
12.41 

(a) (i) 
Sm

Sm
f Rg

Rg
A

+
=

1υ  

            ( )( ) 683.22.15.122 === DQnm IKg  mA/V 

           ( )( )
( )( ) 801.0

5.1683.21
5.1683.2

=
+

=fAυ  

 
 
 

       (ii) 5.13727.05.1
683.2
11

=== S
m

fo R
g

R  

             Ω= 299foR  
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(b) (i) ( )( ) 286.32.125.22 ==mg mA/V 

             ( )( )
( )( ) 8313.0

5.1286.31
5.1286.3

=
+

=fAυ mA/V 

             %78.3%100 +=×
Δ

f

f

A
A

υ

υ  

     (ii) 5.13043.05.1
286.3
1

==foR  

           Ω= 253foR  

          %4.15%100 −=×
Δ

fo

fo

R
R

 

______________________________________________________________________________________ 
 
12.42 
     dc analysis: 

          

1

1

150 || 47 35.8 k
47 (25) 5.96 V

47 150

TH

TH

R ,

V

= = Ω

⎛ ⎞= =⎜ ⎟+⎝ ⎠  

          

2

2

33 || 47 19.4 k
33 (25) 10.3 V

33 47

TH

TH

R ,

V

= = Ω

⎛ ⎞= =⎜ ⎟+⎝ ⎠  

          

1

1

5.96 0.7 0.0187 mA
35.8 (51)(4.8)
(50)(0.0187) 0.935 mA

B

C

I

I

−
= =

+
= =  

          

2

2

10.3 0.7 0.03705 mA
19.4 (51)(4.7)
(50)(0.03705) 1.85 mA

B

C

I

I

−
= =

+
= =  

          

1

2

(50)(0.026) 1.39 k ;
0.935

(50)(0.026) 0.703 k
1.85

r

r

π

π

= = Ω

= = Ω
 

          

1

2

0.935 35.96 mA / V
0.026
1.85 71.15 mA / V
0.026

m

m

g

g

= =

= =
 

           
  
 
 
 
          1S eV V Vπ= +    (1) 

          
1 0

1 1
1 1

e e
m

F

V V V V
g V

r R R
π

π
π

−
+ = +

 (2) 
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2 2 2

1 1
1 2 2

0m
C B

V V Vg V
R R r
π π π

π
π

+ + + =
 (3) 

          
0 0

2 2
2

0e
m

C F

V V V
g V

R Rπ
−

+ + =
 (4) 

     Substitute numerical values in (2), (3) and (4): 
          1e SV V Vπ= −  (1) 

          
1

1 1 0
1 1 1(35.96) ( )

1.39 0.1 4.7 4.7S
V

V V V Vπ
π π

⎛ ⎞ ⎛ ⎞+ = − + −⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠  

     or 
          1 0(46.89) (10.213) (0.2128)SV V Vπ = −  (2) 

          
1 2

1 1 1(35.96) 0
10 19.4 0.703

V Vπ π
⎛ ⎞+ + + =⎜ ⎟
⎝ ⎠  

     or 
          1 2(35.96) (1.574) 0V Vπ π+ =   (3) 

          
2 0 1

1 1 1(71.15) ( ) 0
4.7 4.7 4.7SV V V Vπ π

⎛ ⎞ ⎛ ⎞+ + − − =⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠  

     or 
          2 0 1(71.15) (0.4255) (0.2128) (0.2128) 0SV V V Vπ π+ − + =  (4) 
     From (3): 2 1(22.85)V Vπ π= −  
     Then substitute in (4): 
          1 0 1(71.15) (22.85) (0.4255) (0.2128) (0.2128) 0SV V V Vπ π− + − + =  
     or 
          1 0(1625.6) (0.4255) (0.2128) 0SV V Vπ− + − =  
     From (2): 1 0(0.2178) (0.004538)SV V Vπ = −  
     Then 
          0 0(1625.6)[ (0.2178) (0.004538)] (0.4255) (0.2128) 0S SV V V V− − + − =  
     or 0(354.3) (7.802) 0SV V− + =  
     Finally 

          
0 45.4
S

V
V

⇒ =
 

______________________________________________________________________________________ 
 
12.43 
          For example, use a 2-stage amplifier.  Each stage is shown in Fig. 12.29. 
______________________________________________________________________________________ 
 
12.44 

          ( )2
1 2 TNGS

n
DQ VV

L
Wk

I −⎟
⎠
⎞

⎜
⎝
⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ′
=  

          Let all 20=⎟
⎠
⎞

⎜
⎝
⎛

L
W  

          ( )( ) 207.25.120
2
1.05.0 2,1

2 =⇒−⎟
⎠
⎞

⎜
⎝
⎛= GSGS VV V 

 

          ( )( ) 914.25.120
2
1.02 3

2
33 =⇒−⎟

⎠
⎞

⎜
⎝
⎛== GSGSDQ VVI V 

          Want 914.23 =GV V, then 
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          2.18
5.0
914.212

=
−

=DR kΩ  

 

 
          122111 0 gsgsgsmgsm gg υυυυ −=⇒=+  
          AgsAgsgsi VVV +−=+−= 221 2υυυ  

          oA V
RR

R
V ⋅⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

=
21

1  

          33
21

gsm
o

L

o g
RR

V
R
V

υ=
+

+  

          ( ) oDgsmgs VRg −−= 213 υυ  

          ( )oDgsmm
L

o VRgg
RRR

V −−=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

+ 213
21

11 υ  

         ( ) ioiAgs VV
RR

R
VV ⋅−⋅⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

=−=
2
1

2
1

2
1

21

1
2υ  

         omioDmm
L

o VgVV
RR

R
Rgg

RRR
V 3

21

1
31

21 2
1

2
111

−
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⋅−⋅⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

−=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

+  

         iDmmmDmm
L

o VRggg
RR

R
Rgg

RRR
V 313

21

1
31

21 2
1

2
111

=
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

+
+

+  

        

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

+
+

+

==

3
21

1
31

21

31

2
111
2
1

mDmm
L

Dmm

i

o
f

g
RR

R
Rgg

RRR

Rgg

V
V

Aυ  

          ( )( ) 414.15.020
2
1.021 =⎟
⎠
⎞

⎜
⎝
⎛=mg mA/V 

          ( )( ) 828.2220
2
1.023 =⎟
⎠
⎞

⎜
⎝
⎛=mg mA/V 

         Then  
( )( )( )

( )( )( )
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

+
+

+

=

828.2152.18828.2414.1
2
11

10
1

2.18828.2414.1
2
1

8

2121 RRRR
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⎥
⎦

⎤
⎢
⎣

⎡
+

+

=

21

8.546928.2

389.368

RR

 

                   33721 =+⇒ RR kΩ   3222 =⇒ R kΩ  
______________________________________________________________________________________ 
 
 
12.45 

           33.82133.83
06.0
5

2

1

2

1 =⇒+===
R
R

R
R

I
I

s

o  

            For example, let 32 =R kΩ ,  2472 =R kΩ  
______________________________________________________________________________________ 
 
12.46 

(a) (1) ( ) 221 DDDA RIIV +=  
      (2) 211 SGDD VRI =  

       (3)
( )

1
1

D
F

AGSG I
R

VVV
=

−−
 

       Now  ( ) FDDDDGSG RIRIIVV 12211 =+−−  

       And  11
2

2 DDTP
p

D
GS RIV

K
I

V =−=  

          ( ) ( )525.013162.0 12 DD II =+  

          ( ) 162.3660.112 −= DD II  

           ( )[ ]212 162.3660.1 −= DD II  

       Then  ( )[ ] ( )FDDDDGSG RRIRIVV +=−−− 212
2

11 162.3660.1  

           ( )2
11 TNGSnD VVKI −=  

           ( )[ ] ( ) ( )75.025.0162.3660.16.7 1
2

11 DDGS IIV =−−−  

           ( )2
11 110 −= GSD VI  

      By trial and error,  98.31 ≅DI mA 
      Then  ( )( ) 0895.2525.098.3112 === DDSG RIV V 

           ( )( ) 87.1110895.210 2
1 =−=DI mA 

     (b) 
 

            
        



Microelectronics: Circuit Analysis and Design, 4th edition                                                              Chapter 12 
By D. A. Neamen                                                                                                                  Problem Solutions 
______________________________________________________________________________________ 
   22 sgmo VgI =  
          1112 Dgsmsg RVgV =  

          
( )

F

gsA

D

A
o R

VV
R
V

I 1

2

−−
+=  

          01
11 =

+
++

F

gsA
gsmi R

VV
VgI  

       or ⎥
⎦

⎤
⎢
⎣

⎡
++−=

F

gs
gsmiFA R

V
VgIRV 1

11  

          
F

gs

FD
Ao R

V
RR

VI 1

2

11
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+=  

          
F

gs

FDF

gs
gsmiFo R

V
RRR

V
VgIRI 1

2

1
11

11
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
++−=  

        Now  
11211

2
1

1

Dmm

o

Dm

sg
gs Rgg

I
Rg

V
V ⋅==  

 

          
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+−=

2
2

11
2

111111

FFDF
mgsF

FD
iFo RRRR

gVR
RR

IRI  

        Then  ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+−=

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+++

22

1

2

1

121

111
D

F
i

DFF

m

D

m

Dmm

F
o R

R
I

RRR
g

R
g

Rgg
R

I  

        So  

( ) 2

212

21

12

11
DF

DDm

DFm

Dm

i

o
i

RR
RRg

RRg

Rg
I
I

A

+
+

+
+

−
==  

(c) ( )( ) 62.1298.31022 11 === Dnm IKg mA/V 

     ( )( ) 79.2187.111022 22 === Dpm IKg mA/V 

    ( )( )

( )( )
( )( )( )

75.0
25.0525.079.21

75.062.12
11

525.079.21

++

−
=iA  

    33.2−=iA  
______________________________________________________________________________________ 
 
12.47 

(a) 21 DDQ III +=  
             DDSG RIV 12 =  

            ( ) ( )2
1

2
22 TPDDpTPSGpD VRIKVVKI +=+=  

        [ ]12 1
22

11 +−+= DDDDpDQ RIRIKII  

   We find  065.9756.2 1
2

1 =−− DD II  
         99.31 =⇒ DI mA  and  01.122 =DI mA 
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(b) 

            
    
  011 =++ ogsmi IVgI  

            
Dm

sg
gsDgsmsg Rg

V
VRVgV

1

2
1112 =⇒=  

       22 sgmo VgI =  

   Then  
Dmm

o
gs Rgg

I
V

21
1 =  

       0
21

1 =+⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+ o

Dmm

o
mi I

Rgg
I

gI  

  So that  
Dm

Dm

Dm

i

o
i Rg

Rg

Rg
I
I

A
2

2

2

111

1
+
−

=

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

−
==  

  We find  ( )( ) 92.2101.121022 22 === Dpm IKg mA/V 

      ( )( )
( )( ) 920.0

525.092.211
525.092.21

−=
+
−

=iA  

______________________________________________________________________________________ 
 
 
 
 
12.48 

(a) Neglect base currents 
       21 CCQ III +=  
               CCEB RIV 12 =  

       ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+=

T

CC
SCQ V

RI
III 1

21 exp  

       ( ) ( )
⎥
⎦

⎤
⎢
⎣

⎡
+=× −−

026.0
200

exp101016 115
1

3 C
C

I
I  

    By trial and error,  92.31 =CI mA  and  08.122 =CI mA 
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(b) 

           
 
      22 πVgI mo =  
      ( )Cm RrVgV 2112 πππ =  

   Then  ( )Cmmo RrVggI 2121 ππ=  

      0
1

1
11 =+++

π

π
π r

V
VgII moi  

     0
1

1

1
1 =⎟⎟

⎠

⎞
⎜⎜
⎝

⎛ +
++

π
π

β
r

VII oi  

  Now  ( )Cmm

o

Rrgg
I

V
221

1
π

π =  

  Then  ( ) 0
111

1

1

221

=
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ +
++

ππ

β
rRrgg

II
Cmm

oi  

  So  
( )( )

( )( )Cm

Cm

i

o
i

Rrg

Rrg

I
I

A

22
1

1

22
1

1

1
1

1

π

π

β
β

β
β

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

+

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

−

==  

(c)  6.464
026.0
08.122

2 ===
T

C
m V

I
g mA/V 

      ( )( ) 3874.0
08.12

026.0180

2

2
2 ===

C

T

I
V

r
β

π kΩ  

      Ω== 9.1312004.3872 CRrπ  

      
( )( )

( )( )
984.0

1319.06.464
181
1801

1319.06.464
181
180

−=
⎟
⎠
⎞

⎜
⎝
⎛+

⎟
⎠
⎞

⎜
⎝
⎛−

=iA  

______________________________________________________________________________________ 
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12.49 

     (a) 

1 1

1

2

2

100 (0.2) 0.198 
1 101

10 (0.198)(40) 2.08 
2.08 0.7 1.38 

1
100 (1.38) 1.37 
101

FE
C E

FE

C

E

C

hI I mA
h

V V

I mA

I mA

⎛ ⎞ ⎛ ⎞= = =⎜ ⎟ ⎜ ⎟+ ⎝ ⎠⎝ ⎠
= − =

−
= =

⎛ ⎞= =⎜ ⎟
⎝ ⎠  

     For 1 :Q  

          

1

1

(100)(0.026) 13.1 
0.198

0.198 7.62 /
0.026m

r k

g mA V

π = = Ω

= =
 

     For 2:Q  

          

2

2

(100)(0.026) 1.90 
1.37

1.37 52.7 /
0.026m

r k

g mA V

π = = Ω

= =
 

     (b) 

           

          
1 1 1

1

e
S

S F

V V V VI
R r R
π π π

π

−
= + +

  (1) 

          
2 2

1 1
1 2

0e
m

C

V V Vg V
R r

π π
π

π

+
+ + =

 (2) 

          
2 1

2 2
2

e e
m

E F

V V V Vg V
r R R
π π

π
π

−
+ = +

 (3) 
     Substitute numerical values in (1), (2), and (3): 

          

1

1

1 1 1 1
10 13.1 10 10

(0.2763) (0.10)

S e

S e

I V V

I V V

π

π

⎛ ⎞ ⎛ ⎞= + + −⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

= −  (1) 

          

1 2

1 2

1 1 1(7.62) 0
40 1.90 40

(7.62) (0.5513) (0.025) 0

e

e

V V V

V V V

π π

π π

⎛ ⎞ ⎛ ⎞+ + + =⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

+ + =  (2) 
 

          

2 1

2 1

1 1 1 152.7
1.90 1 10 10

(53.23) (1.10) (0.10)

e

e

V V V

V V V

π π

π π

⎛ ⎞ ⎛ ⎞ ⎛ ⎞+ = + −⎜ ⎟ ⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠ ⎝ ⎠

= −  (3) 
     From (3), 
          2 1(48.39) (0.0909)eV V Vπ π= +  
     Substituting into (1), 
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          [ ]1 2 1(0.2763) (0.10) (48.39) (0.0909)SI V V Vπ π π= − +  
     or 
          1 2(0.2672) (4.839)SI V Vπ π= −  (1′) 
     and substituting into (2), 

          ( ) ( ) ( )1 2 2 1(7.62) (0.5513) 0.025 48.39 0.0909 0V V V Vπ π π π+ + + =⎡ ⎤⎣ ⎦  
     or  
          1 2 1 2(7.622) (1.761) 0 (0.2310)V V V Vπ π π π+ = ⇒ = −  (2′) 
     Then substituting (2′) into (1′), we obtain 
          2 2(0.2672)( )(0.2310) (4.839)SI V Vπ π= − −  
     or 
          2 (4.901)SI Vπ= −  
     Now 

          

2
2 2

2

2 2
2(52.7) (42.16)

2 0.5

C
O m

C L

R
I g V

R R

V V

π

π π

⎛ ⎞
= − ⎜ ⎟+⎝ ⎠

⎛ ⎞= − = −⎜ ⎟+⎝ ⎠  
     Then 

          
(42.16)

4.901
S

O
II −⎛ ⎞= − ⎜ ⎟

⎝ ⎠  
     or 

          
8.60O

if
s

IA
I

= =
 

     (c) 
1

i
S

VR
I
π=

 and ||i S ifR R R=  
     We had 
          1 2 (0.2310)V Vπ π= −  and 2 (4.901)SI Vπ= −  
     so 

          
1

1(4.901) (21.22)
0.2310S

VI Vπ
π

−⎛ ⎞= − =⎜ ⎟
⎝ ⎠  

     Then 

          
1 1 0.04713

21.22i
S

VR
I
π= = =

 
     Finally 

          

10
0.04713 47.4 

10
if

if
if

R
R

R
= ⇒ = Ω

+  
______________________________________________________________________________________ 
 
12.50 
     (a) 

     (1) 

1 1 2

1 1

e
i

FS B

V V VI
RR R r

π π

π

−
= +

 

     (2) 
1 2

1 1
1 2 2

0C
m

C B

V Vg V
R R r

π
π

π

+ + =
 

(3)    
2 2 2 1

2 2
2 2

e e
m

E F

V V V Vg V
r R R
π π

π
π

−
+ = +
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     (4) 
2

2 2
2

( ) C
o m

C L

R
I g V

R Rπ

⎛ ⎞
= − ⎜ ⎟+⎝ ⎠  

     Now 

     (1)′ 

1 2

1 1

e
i

FS B F

V V
I

RR R r R
π

π

= −
 

     So 
2 1

1 1

F
e i F

S B F

RV V I R
R R r R π

π

⎛ ⎞
= ⎜ ⎟ −
⎜ ⎟
⎝ ⎠  

     Now, from (2) 

          
2 2 2

1 1
1 2 2

0e
m

c B

V V Vg V
R R r
π π

π
π

+
+ + =

 

     (2)′ 

2 2
1 1

2 1 21 2 2

1 0e
m

C BC B

V V
g V

r R RR R r
π

π
π π

⎛ ⎞
+ + + =⎜ ⎟

⎝ ⎠  
     Also 

     (3)′ 
1

2 2 2
2 2

1 1 1
m e

F E F

Vg V V
r R R R

π
π

π

⎛ ⎞ ⎛ ⎞
+ + = +⎜ ⎟ ⎜ ⎟

⎝ ⎠⎝ ⎠  
     And 

     (4)′ 
2

2
2 2

O C L

m C

I R RV
g Rπ

⎛ ⎞⎛ ⎞+
= −⎜ ⎟⎜ ⎟

⎝ ⎠⎝ ⎠  
     Substitute (1)′ into (2)′ and (3)′ 

     (2)″ 

2
1 1 1

2 1 21 2 2 1 1

1 1 0F
m i F

C BC B S B F

V Rg V V I R
r R RR R r R R r R

π
π π

π π π

⎡ ⎤⎛ ⎞ ⎢ ⎥+ + + − − =⎜ ⎟
⎢ ⎥⎝ ⎠ ⎣ ⎦  

     (3)″ 

1
2 2 1

2 2 1 1

1 1 1 F
m i F

F E F S B F

V Rg V V I R
r R R R R R r R

π
π π

π π

⎡ ⎤⎛ ⎞ ⎛ ⎞ ⎢ ⎥+ + = + − −⎜ ⎟ ⎜ ⎟
⎢ ⎥⎝ ⎠⎝ ⎠ ⎣ ⎦  

     Solve for 1Vπ  from (2)″ and substitute into (3)″. Also use Equation (4)′. 

     (b) 1 1 2 20 80 16KBR R R= = =  

          
1

20 (10) 2 V
100THV ⎛ ⎞= =⎜ ⎟
⎝ ⎠  

          

1

1

2 0.7 0.0111 mA
16 (101)(1)
1.11 mA

BQ

CQ

I

I

−
= =

+
=  

          

2

2

15 85 12.75K

15 (10) 1.5V
100

TH

TH

R

V

= =

⎛ ⎞= =⎜ ⎟
⎝ ⎠  

          

2

2

1.5 0.7 0.01265 mA
12.75 (101)(0.5)
1.265 mA

BQ

CQ

I

I

−
= =

+
=  

          

1

2

1.11 42.69 mA/V
0.026
1.265 48.65 mA/V
0.026

m

m

g

g

= =

= =
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1

2

(100)(0.026) 2.34K
1.11

(100)(0.026) 2.06 K
1.265

r

r

π

π

= =

= =
 

     Now 1 2 2 12.75 1.729KC BR R = =  

          1 1 1 1 16 2.34 10 1.695KS B F B FR R r R R r Rπ π≅ = =  
          1 2 2 1.729 2.06 0.940KC BR R rπ = =  
     Now 

     (2)″ 

2
1 1

1 2

1 1 1042.69 (10)
2.06 0.940 1.729 1.695

46.587 1.064 5.784 0

i

i

VV V I

V V I

π
π π

π π

⎛ ⎞ ⎡ ⎤+ + + ⋅ −⎜ ⎟ ⎢ ⎥⎝ ⎠ ⎣ ⎦
+ − =  

     (3)″ 

1
2 1

2 1

101 1 1 10 (10)
2.06 10 0.5 10 1.695

49.03 12.29 21

i

i

VV V I

V V I

π
π π

π π

⎛ ⎞ ⎛ ⎞ ⎡ ⎤+ = + ⋅ −⎜ ⎟ ⎜ ⎟ ⎢ ⎥⎝ ⎠ ⎝ ⎠ ⎣ ⎦
= −  

 
     From (2)″ 1 2(0.1242) (0.02284)iV I Vπ π= −  
     Then 

     (3)″ [ ]2 249.03 12.29 (0.1242) (0.02284) 21i iV I V Iπ π= − −  
          249.31 19.47 iV Iπ = −  

     From (4)′ 
2

4 4 (0.0411)
48.65 4

o
o

IV Iπ
+⎛ ⎞⎛ ⎞= − = −⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠  

     Then 

          [ ](49.31) (0.0411) 19.47o iI I− = −  

          
9.61o

i
i

I A
I
= =

 
______________________________________________________________________________________ 
 
12.51 

     a. 
1

13.5 || 38.3 9.98 k
13.5 (10) 2.606 V

13.5 38.3
(120)(2.606 0.7) 1.75 mA

9.98 (121)(1)

TH

TH

C

R

V

I

= = Ω

⎛ ⎞= =⎜ ⎟+⎝ ⎠
−

= =
+  

          

( )( )1

2

10 1.75 3 4.75 V
4.75 0.7 0.50 mA

8.1

C

C

V

I

= − =

−
≈ =

 

          

1

1

(120)(0.026) 1.78 k
1.75
1.75 67.31 mA / V
0.026m

r

g

π = = Ω

= =
 

 

          

2

2

(120)(0.026) 6.24 k
0.50
0.50 19.23 mA / V

0.026m

r

g

π = = Ω

= =
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     b. 

           
 

           
1 1 1 2

1||
S e

S B F

V V V V V
R R r R

π π π

π

− −
= +

 (1) 

           
2 2 2

1 1
1 2

0e
m

C

V V Vg V
R r

π π
π

π

+
+ + =

 (2) 

          
2 2 2 1

2 2
2 2

m
E F

V V V Vg V
r R R
π ε ε π

π
π

−
+ = +

 (3) 
     and 
          0 2 2 2( )m CV g V Rπ= −  (4) 
     Substitute numerical values in (1), (2), and (3) 

          

1 2
1

1 2

1 1
0.6 0.6 9.98 ||1.78 1.2 1.2

(1.67) (4.011) (0.8333)

S e

S e

V V VV

V V V

π
π

π

⎡ ⎤
= + + −⎢ ⎥

⎣ ⎦
= −  (1) 

          
2

1 2
1 1(67.31) 0
3 6.24 3

eVV Vπ π
⎛ ⎞+ + + =⎜ ⎟
⎝ ⎠  

     or 
          1 2 2(67.31) (0.4936) (0.3333) 0eV V Vπ π+ + =  (2) 

          
2 2 2

1
1 19.23

6.24 8.1 1.2 1.2
e eV V VV π

π
⎛ ⎞+ = + −⎜ ⎟
⎝ ⎠  

     or 
          2 2 1(19.39) (0.9568) (0.8333)eV V Vπ π= −  (3) 
     From (1) 
          2 1(4.813) (2.00)e SV V Vπ= −  
     Then 
          1 2 1(67.31) (0.4936) (0.3333)[ (4.813) (2.00)] 0SV V V Vπ π π+ + − =  
     or 
          1 2(68.91) (0.4936) (0.6666) 0SV V Vπ π+ − =  (2′) 
     and 

          [ ]2 1 1(19.39) (0.9568) (4.813) (2.00) (0.8333)SV V V Vπ π π= − −  
     or 
          2 1(19.39) (3.772) (1.914)SV V Vπ π= −  (3′) 
     We find 
          1 2(0.009673) (0.007163)SV V Vπ π= −  
     Then 
          2 2(19.39) (3.772)[ (0.009673) (0.007163)] (1.914)S SV V V Vπ π= − −  
 
          2 (19.42) ( 1.878)SV Vπ = −  or 2 (0.09670)SV Vπ = −  
     so that 
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          0 (19.23)(4)( )(0.09670)SV V= − −  
     Then 

          

0 7.44
S

V
V

=
 

______________________________________________________________________________________ 
 
12.52 

     Using the circuit from Problem 12.51, we have 
1

if
S

VR
I
π=

. 

     Where 
1S

S
S

V VI
R

π−
=

 
     From Problem 12.51 

          

1 2(0.009673) (0.007163)
(0.009673) (0.007163)( )(0.09670)
(0.01037)

S

S S

S

V V V
V V
V

π π= −
= − −
=  

     So 

          

(0.01037) (0.6) 0.00629 k
(0.01037)

S
if

S S

VR
V V

⋅
= = Ω

−  
     or 

          
6.29 ifR = Ω

 
______________________________________________________________________________________ 
 
12.53 

          

1

1

1.4 ||17.9 1.298 k
1.4 (10) 0.7254 V

1.4 17.9
0.7254 0.7 0.0196 mA

1.298
(50)(0.0196) 0.98 mA

TH

TH

B

C

R

V

I

I

= = Ω

⎛ ⎞= =⎜ ⎟+⎝ ⎠
−

= =

= =  
     Neglecting dc base currents, 

          

2

2

2

10 (0.98)(7) 3.14 V
3.14 0.7 3.25 mA
0.25 0.5
50 (3.25) 3.19 mA
51

B

E

C

V

I

I

= − =
−

= =
+

⎛ ⎞= =⎜ ⎟
⎝ ⎠  

          

1

1

(50)(0.026) 1.33 k
0.98
0.98 37.7 mA / V

0.026m

r

g

π = = Ω

= =
 

          

2

2

(50)(0.026) 0.408 k
3.19
3.19 123 mA / V
0.026m

r

g

π = = Ω

= =
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1 1 1

1 2|| ||S
F

V V VI
R R r R

π π

π1

−
= +

  (1) 

          
2 2 2

1 1
2 1

0e
m

C

V V Vg V
r R
π π

π
π

+
+ + =

 (2) 

          
2 2 1

2 2
2 1

e
m

E

V V Vg V
r R
π

π
π

−
+ =

  (3) 

          
2 1 1 11

1 2

e

E E F

V V V VV
R R R

π π− −
= +

  (4) 
     Enter numerical values in (1), (2), (3) and (4): 

          
1 1 1

17.9 ||1.4 ||1.33 5S
V V VI π π −

= +
 

     or 
          1 1(1.722) (0.20)SI V Vπ= −  (1) 

          
2 2 2

1(37.7) 0
0.408 7

eV V VV π π
π

+
+ + =

 
     or 
          1 2 2(37.7) (2.594) (0.1429) 0eV V Vπ π+ + =  (2) 

          
2 2 1

2(123)
0.408 0.25

eV V VVπ
π

−
+ =

 
     or 
          2 2 1(125.5) (4) (4)eV V Vπ = −  (3) 

          
2 1 1 11

0.25 0.50 5
eV V V VV π− −

= +
 

     or 
          2 1 1(4) (6.20) (0.20)eV V Vπ= −  (4) 
     From (4): 
          2 1 1(1.55) (0.05)eV V Vπ= −  
     Then substituting in (3): 
          2 1 1 1(125.5) (4)[ (1.55) (0.05)] (4)V V V Vπ π= − −  
     or 
          2 1 1(125.5) (2.20) (0.20)V V Vπ π= −  (3′) 
     and substituting in (2): 

          ( ) ( ) ( ) ( ) ( )1 2 1 137.7 2.594 0.1429 1.55 0.05 0V V V Vπ π π+ + − =⎡ ⎤⎣ ⎦  
     or 
          1 2 1(37.69) (2.594) (0.2215) 0V V Vπ π+ + =  
     Now 
          1 1 2(170.16) (11.71)V V Vπ π= − −  
     Then substituting in (1): 
          1 1 2(1.722) (0.20)[ (170.16) (11.71)]SI V V Vπ π π= − − −  
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     or 
          1 2(35.75) (2.342)SI V Vπ π= +  
     and substituting in (3′): 
          2 1 2 1(125.5) (2.20)[ (170.16) (11.71)] (0.20)V V V Vπ π π π= − − −  

     or 
2 1

1 2

(151.3) (374.55)
(0.4040)

V V
V V

π π

π π

= −
= −  so that 

     Then 

          
2 2

2

(35.75)[ (0.4040)] (2.342)
(12.10)

S

S

I V V
I V

π π

π

= − +
= −  

          

2
0 2 2

2

2 2

( )

2.2(123) (64.43)
2.2 2

C
m

C L

RI g V
R R

V V

π

π π

⎛ ⎞
= − ⎜ ⎟+⎝ ⎠

⎛ ⎞= − = −⎜ ⎟+⎝ ⎠  
     or 2 0(0.01552)V Iπ = −  
     Then 

          

0 01 5.33
(0.01552)(12.10)S S

I I
I I

= ⇒ =
 

______________________________________________________________________________________ 
 
12.54 
     For example, use the circuit shown in Figure P12.49 
______________________________________________________________________________________ 
 
12.55 

(a) 
F

OLLi

R
VV

R
VV −

=
−

1

 

       
11

11
R
V

RR
V

R
V i

F
L

F

O −⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+=  

   So  (1)  i
FF

LO V
R
R

R
R

VV ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+=

11

1  

      
23 R

V
R
V

R
VV L

L

LLO +=
−

 

  So  (2)  ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
++=

2

331
R
R

R
R

VV
L

LO  

  Then, from (1) = (2) 

        ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
++=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

2

33

11

11
R
R

R
R

VV
R
R

R
R

V
L

Li
FF

L  

        i
F

L

F
L V

R
R

R
R

R
R

R
R

V ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−−−+

12

33

1

11  

   Now  LOL RIV =  

        i
F

L

F
LO V

R
R

R
R

R
R

R
R

RI ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−−

12

33

1
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⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−−

==

2

3
3

1

1

R
RR

R
R
RR

R
R

V
I

A
LFL

F

i

O
fg  

(b) Set 
2

3

1 R
R

R
RF =  

Then  
313

1

RR
R

R
R

R

A F

F

fg
−

=
−

=  

Or  
2

1
RV

I
A

i

O
fg

−
==  

(c) For 5.0−=
i

O

V
I

mA/V 21
2

2

=⇒
−

= R
R

kΩ  

For  
2

3

1 R
R

R
RF = ,  set 23 =R kΩ   and  101 == FRR kΩ  

______________________________________________________________________________________ 
 
12.56 

(a) ( )( ) 40.16.1131 =−=DV V,  ( )( ) 6.16.113 ==SGV V 

       ( ) ( )( ) 1.125.06.110 22
33 =−=+= TPSGpDQ VVKI mA 

       ( )( ) 03248.01.12 ≅−=GV  
(b) 122111 0 gsgsgsmgsm VVVgVg −=⇒=+  
       Dgsmsg RVgV 113 =  
       13133 gsDmmsgmo VRggVgI ==  
       LogsLogsgsi RIVRIVVV +=+−= 121 2  

       
21

Loi
gs

RIV
V

−
=  

      ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −
=

231
Loi

Dmmo
RIV

RggI  

      i
DmmLDmm

o V
RggRRgg

I ⋅=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

22
1 3131  

      
LDmm

Dmm

i

o
fg RRgg

Rgg
V
I

A
31

31

2+
==  

(c) ( )( ) 828.21222 11 === DQnm IKg  mA/V 

       ( )( ) 221.121022 33 === DQpm IKg mA/V 

      ( )( )( )
( )( )( )( ) 73.3

248.06.122828.22
6.122828.2

=
+

=fgA mA/V 

______________________________________________________________________________________ 
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12.57 

          

1 2 3

1 2

3

6.24 k , 3.12 k , 1.56 k
19.23mA / V 38.46 mA / V,
76.92mA / V

m m

m

r r r
g , g
g

π π π= Ω = Ω = Ω
= =
=  

 

           
 
          1 1S eV V Vπ= +  (1) 

          
1 1 1 3

1 1
1 1

e e e
m

E F

V V V Vg V
r R R
π

π
π

−
+ = +

 (2) 
          2 1 1 1 2( || )m CV g V R rπ π π= −  (3) 

          
3 3 3

2 2
2 3

0e
m

C

V V Vg V
R r

π π
π

π

+
+ + =

 (4) 

          
3 3 3 1

3 3
3 2

e e e
m

E F

V V V Vg V
r R R
π

π
π

−
+ = +

 (5) 
     Enter numerical values in (2)-(5): 

          
1

1 1 3
1 1 1(19.23)

6.24 0.1 0.8 0.8e e
V V V Vπ

π
⎛ ⎞ ⎛ ⎞+ = + −⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠  

     or 
          1 1 3(19.39) (11.25) (1.25)e eV V Vπ = −  (2) 
          2 1 1(19.23) (5 || 3.12) (36.94)V V Vπ π π= − = −  (3) 

          
2 3 3

1 1 1(38.46) 0
2 1.56 2eV V Vπ π

⎛ ⎞ ⎛ ⎞+ + + =⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠  

     or 
          2 3 3(38.46) (1.141) (0.5) 0eV V Vπ π+ + =  (4) 

          
3 3 3

1 1 1 176.92
1.56 0.1 0.8 0.8e eV V Vπ
⎛ ⎞ ⎛ ⎞ ⎛ ⎞+ = + −⎜ ⎟ ⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠ ⎝ ⎠  

     or 
          3 3 1(77.56) (11.25) (1.25)e eV V Vπ = −  (5) 
     From (1) 1 1S eV V Vπ = −  
     Then 
          1 1 3( )(19.39) (11.25) (1.25)S e e eV V V V− = −  
     or 1 3(19.39) (30.64) (1.25)S e eV V V= −  (2′) 
          2 1(36.94) (36.94)S eV V Vπ = − +  (3′) 
          1 3 3(38.46)[ (36.94) (36.94)] (1.141) (0.5) 0S e eV V V Vπ− + + + =  (4′) 
     From (5): 3 3 1(6.894) (0.1111)e eV V Vπ= +  
     Then 
          1 3 1(19.39) (30.64) (1.25)[ (6.894) (0.1111)]S e eV V V Vπ= − +  
     or 
          1 3(19.39) (30.50) (8.6175)S eV V Vπ= −  (2″) 
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     and 
          1 3 3 1(1420.7) (1420.7) (1.141) (0.5)[ (6.894) (0.1111)] 0S e eV V V V Vπ π− + + + + =  
     or 
          1 3(1420.7) (1420.76) (4.588) 0S eV V Vπ− + + =  (4″) 
     From (2″): 
          1 3(0.6357) (0.2825)e SV V Vπ= +  
     Then substituting in (4″): 

          
3 3

3

(1420.7) (1420.76)[ (0.6357) (0.2825)] (4.588) 0
(517.5) (405.95) 0

S S

S

V V V V
V V

π π

π

− + + + =
− + =  

     Now 
          0 3 3 376.92mI g V Vπ π= =  or 3 0 (0.0130)V Iπ =  
     Then 0(517.5) (0.0130)(405.95) 0SV I− + =  
     or 

          

0 98.06 mA / V
S

I
V

=
 

______________________________________________________________________________________ 
 
12.58 
          Computer Analysis 
______________________________________________________________________________________ 
 
12.59 

          

1 2

1 2

3

3

(100)(0.026) 5.2 k
0.5

0.5 19.23 mA / V
0.026

(100)(0.026) 1.3 k
2

2 76.92 mA / V
0.026

m m

m

r r

g g

r

g

π π

π

= = = Ω

= = =

= = Ω

= =
 

 

           
  

          
1 2

1 1 2 2
1 2

0m m
V Vg V g V
r r
π π

π π
π π

+ + + =
 (1) 

     Since 1 2r rπ π=  and 1 2 ,m mg g=  then 1 2V Vπ π= −  
          1 2 3 2 32S e eV V V V V Vπ π π= − + = − +  (2) 

          
3 3 3

2 2
3 2

0e
m

C

V V Vg V
r R
π π

π
π

+
+ + =

 (3) 

          
3 3 2

3 3
3 2

e
m

F

V V Vg V
r R r
π π

π
π π

+ = +
 (4) 
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3

0 3 3
3

( )C
m

C L

RI g V
R R π

⎛ ⎞
= −⎜ ⎟+⎝ ⎠  (5) 

     From (2): 3 22e SV V Vπ= +  

          (19.23)
3 3

2 2
1 ( 2 ) 0

1.3 18.6 18.6 S
V V

V V Vπ π
π π+ + + + =

 
     or 
          2 3(19.23) (0.8230) (0.05376) 0SV V Vπ π+ + =  (3′) 

          
2

3 2
1 176.92 ( 2 )

1.3 10 5.2S
VV V V π

π π
⎛ ⎞ ⎛ ⎞+ = + +⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠  

     or 
          3 2(77.69) (0.3923) (0.1) SV V Vπ π= +  (4′) 

          
0 3 3

2 (76.92) (51.28)
2 1

I V Vπ π
⎛ ⎞= − = −⎜ ⎟+⎝ ⎠  (5′) 

     From (3′): 
          2 3(0.04255) (0.002780) SV V Vπ π= − −  
     Then 

          
3 3

3

(77.69) (0.3923)[ (0.04255) (0.002780) ] (0.1)
(77.71) (0.0989)

S S

S

V V V V
V V
π π

π

= − − +
=  

     or 
          3 (0.001273) SV Vπ =  
     so that 
          0 (51.28)(0.001273) SI V= −  
     or 

          
0 (0.0653) mA/V
S

I
V

= −
 

______________________________________________________________________________________ 
 
12.60 

(a) 31
===

Ei

o
fg RV

I
A mA/V Ω=⇒ 3.333ER  

(b) ( )
( )( )

( )( )( ) 9998875.2
33333.01000801

100080
1

=
+

=
+

==
EgFE

gFE

i

o
fg RAh

Ah
V
I

A mA/V 

        ( ) 9994377.145 == fgo AI  

         Error %00375.0%100
0.15

0.159994377.14
−=×

−
=  

______________________________________________________________________________________ 
 
12.61 

(a) ( ) ( ) BBQEBEBQFE RIonVRIh +++= 15  

       ( )( ) 030605.0
5.081100

7.05
=

+
−

=BQI mA 

       448.2=CQI mA,  and  479.2=EQI mA 
       ( )( ) ( )( ) 31.11448.25.0479.25 =−−=ECQV V 
 
 
 



Microelectronics: Circuit Analysis and Design, 4th edition                                                              Chapter 12 
By D. A. Neamen                                                                                                                  Problem Solutions 
______________________________________________________________________________________ 

 

(b) 0=
−

+++
F

o
bFE

o

o

C

o

R
VV

Ih
r
V

R
V π  

        0111
=−+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
++

F
bFE

FoC
o R

V
Ih

RrR
V π  

        ππ rIV b=  

        
F

o

B
s R

VV
r
V

R
V

I
−

++= π

π

ππ  

        
F

o

FB
bs R

V
R
r

R
r

II −⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
++= ππ1  

        

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
++

+
=

FB

F

o
s

b

R
r

R
r

R
V

I
I

ππ1
 

        0
1

111
=

⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢

⎣

⎡

++

+

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
++

FB

F

o
s

F
FE

FoC
o

R
r

R
r

R
V

I

R
r

h
RrR

V
ππ

π  

        01111
=⋅⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−+⋅⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
++⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
++

F

o

F
FEs

F
FE

FBFoC
o R

V
R
r

hI
R
r

h
R
r

R
r

RrR
V ππππ  

   Now  85.40
448.2

100
===

CQ

A
o I

V
r kΩ  

             ( )( ) 8497.0
448.2

026.080
===

CQ

TFE

I
Vh

rπ kΩ  

  Then  0
1010

8497.080
10
8497.080

10
8497.0

100
8497.01

10
1

85.40
1

1
1

=⋅⎟
⎠
⎞

⎜
⎝
⎛ −+⋅⎟

⎠
⎞

⎜
⎝
⎛ −+⎟

⎠
⎞

⎜
⎝
⎛ ++⎟
⎠
⎞

⎜
⎝
⎛ ++ o

so
V

IV  

       ( ) ( ) 0915.7922114.9 =+ so IV  

           666.8−==
s

o
fz I

V
A V/mA 

(c) ( )
⎟
⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜
⎜

⎝

⎛

++

−
=

⎟⎟
⎟
⎟
⎟

⎠

⎞

⎜⎜
⎜
⎜
⎜

⎝

⎛

++

⋅+
===

10
8497.0

100
8497.01

10
666.81

8497.0
1

11

FB

Fs

o

s

b

s
fi

R
r

R
r

RI
V

r
I
rI

I
V

R
ππ

π
ππ  

       1037.0=fiR kΩ  

(d) 
πrRR

V
Ih

r
V

R
V

I
BF

x
bFE

o

x

C

x
x +

+++=  

       
π

π

r
V

I b = ,  and  x
FB

B V
RrR

rR
V ⋅⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛

+
=

π

π
π  

   Then  
FBFB

BFE

oCfox

x

RrRRrR
rR

r
h

rRRV
I

+
+⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛

+⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
++==

ππ

π

π

1111  
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       8425.08497.0100 ==πrRB  kΩ  

       
108425.0

1
108425.0

8425.0
8497.0
80

85.40
1

1
11

+
+⎟

⎠
⎞

⎜
⎝
⎛

+
⎟
⎠
⎞

⎜
⎝
⎛++=

foR
 

   Then  1186.0=foR kΩ  
______________________________________________________________________________________ 
 
12.62 

(a) (i) ( ) GSTNGSDnGSDDQ VVVRKVRIV +−=+=+ 2  

           ( )( )( ) GSGSGS VVV ++−= 16.08.055.03 2  

    We find  239.106.25.2 2 =⇒=−− GSGSGS VVV V 

            ( )( ) 3522.04.0239.15.0 2 =−=DQI mA 

(ii) ( )( ) 8392.03522.05.022 === DQnm IKg  mA/V 

(b) (1) 0=
−

++
F

gso
gsm

D

o

R
VV

Vg
R
V

 

(2) oFsgs
F

ogs
s VRIV

R
VV

I +=⇒
−

=  

   Then  ( ) 0111
=+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+ oFs

F
m

FD
o VRI

R
g

RR
V  

             ( ) 011
=−+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+ Fmsm

D
o RgIg

R
V  

        ( )( )
8392.0

5
1

258392.01
1

1

+

−
=

+

−
==

m
D

Fm

s

o
fz

g
R

Rg
I
V

A  

        23.19−=fzA V/mA 

(c) gsm
D

x
x Vg

R
V

I +=   and   xgs VV =  

     8392.0
5
111
+=+== m

Dfox

x g
RRV

I
 

          962.0=foR kΩ  
______________________________________________________________________________________ 
 
12.63 

(a) 
11

1

1
1

+

−
=

+

−
=

Dm

F
m

m
D

Fm
fz

Rg

R
g

g
R

Rg
A  

As ∞→mg ,  Ffz RA −=  
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(b) 
m

D

Fm
F

g
R

Rg
R

+

−
=−

1
1

95.0  

( )
m

m

g
g
+

−
=−

2.0
251

75.23  

         So that 6.4=mg mA/V 
______________________________________________________________________________________ 
 
12.64 
     dc analysis 

          

24 ||150 20.7 k
24 (12) 1.655 V

24 150

TH

TH

R

V

= = Ω

⎛ ⎞= =⎜ ⎟+⎝ ⎠  

          

1.655 0.7 0.00556 mA
20.7 (151)(1)BQI −

= =
+  

     so 0.834 mACQI =  

          

(150)(0.026) 4.68 k
0.834

0.834 32.08 mA / V
0.026m

r

g

π = = Ω

= =
 

           
 

          
0

||
S

S B F

V V V V V
R R r R

π π π

π

− −
= +

 (1) 

          
0 0 0m
C F

V V Vg V
R R

π
π

−
+ + =

 (2) 
     From (1): 

          
01 1 1

5 5 20.7 || 4.68
S

F F

V VV
R Rπ

⎡ ⎤
= + + −⎢ ⎥

⎣ ⎦  
     or 

          
01(0.20) 0.4620S

F F

VV V
R Rπ

⎛ ⎞
= + −⎜ ⎟

⎝ ⎠  
     From (2): 

          
0

1 1 132.08 0
6F F

V V
R Rπ

⎛ ⎞ ⎛ ⎞
− + + =⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠  
     so 

          

0
10.1667

132.08

F

F

V
R

V

R

π

⎛ ⎞
− +⎜ ⎟

⎝ ⎠=
⎛ ⎞

−⎜ ⎟
⎝ ⎠  (2) 
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     Then 

          

0
0

10.1667
1(0.20) 0.4620

132.08

F
S

F F

F

V
R VV

R R
R

⎡ ⎤⎛ ⎞
− +⎢ ⎥⎜ ⎟⎛ ⎞ ⎝ ⎠⎢ ⎥= + −⎜ ⎟ ⎢ ⎥⎛ ⎞⎝ ⎠ −⎢ ⎥⎜ ⎟
⎢ ⎥⎝ ⎠⎣ ⎦  

     Neglect the FR  in the denominator term. Now 

          
0 0

05 (0.20)
5S

S

V V
V V

V
= − ⇒ = − = −

 

          

( )0
0 0

2

2

0.1667 1
(0.20)(0.20) (0.4620 1)

32.08

1.283 (0.4620 1)(0.1667 1) 32.08

1.206 32.71 1 0

F
F F

F

F F F F

F F

V R
V R R V

R

R R R R

R R

− +⎡ ⎤
− = + −⎢ ⎥

⎣ ⎦
− = − + + −

− − =  

          

232.71 (32.71) 4(1.206)(1)
2(1.206)FR

± +
=

 
     so that 

          27.2 kFR = Ω  
______________________________________________________________________________________ 
 
12.65 
     dc analysis 

          

4 ||15 3.16 k
4 12 2.526 V

4 15

TH B

TH

R R

V

= = Ω =

⎛ ⎞= =⎜ ⎟+⎝ ⎠  

          

2.526 0.7 0.00251
3.16 (181)(4)
0.452 mA

BQ

CQ

I

I

−
= =

+
=  

          

(180)(0.026) 10.4 k
0.452

0.452 17.4 mA/V
0.026m

r

g

π = = Ω

= =
 

           
 

          
1 1 1 0

||
i

S B F

V V V V V
R R r R

π π π

π

− −
= +

 (1) 

          
2

1 0
|| ||m

C B

Vg V
R R r

π
π

π

+ =
  (2) 

          
3

2 0
|| ||m

C B

Vg V
R R r

π
π

π

+ =
  (3) 

          
0 0 0 1

3 0m
C L F

V V V Vg V
R R R

π
π

−
+ + + =

 (4) 
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     Now 

          

|| || 8 || 3.16 ||10.4 1.86 k
|| 3.16 ||10.4 2.42 k

C B

B

R R r
R r

π

π

= = Ω
= = Ω  

     Now substituting in (2): 

          
2

1(17.4) 0
1.86
VV π

π + =
 or 2 1(32.36)V Vπ π= −  

     and substituting in (3): 

          

3
2

3
1

(17.4) 0
1.86

(17.4)[ (32.36) ] 0
1.86

V
V

VV

π
π

π
π

+ =

− + =
 

     or 3 1(1047.3)V Vπ π=  
     Substitute numerical values in (1): 

          
0

1
1 1 1

10 10 2.42
i

F F

V VV
R Rπ

⎛ ⎞
= + + −⎜ ⎟

⎝ ⎠  
     or 

          
0

1
1(0.10) 0.513i

F F

VV V
R Rπ

⎛ ⎞
= + −⎜ ⎟

⎝ ⎠  
     Substitute numerical values in (4): 

          

1
1 0

4
1 0

0

1
4

1 1 1(17.4)(1047.3) 0
8 4

1 11.822 10 0.375 0

10.375

11.822 10

F F

F F

F

F

V
V V

R R

V V
R R

V
R

V

R

π
π

π

π

⎛ ⎞
+ + + − =⎜ ⎟

⎝ ⎠
⎛ ⎞ ⎛ ⎞

× − + + =⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

⎛ ⎞
− +⎜ ⎟

⎝ ⎠=
× −

 
     so that 

          

0
0

4

10.375
1(0.10) 0.513

11.822 10

F
i

F F

F

V
R VV

R R
R

⎡ ⎤⎛ ⎞
− +⎢ ⎥⎜ ⎟⎛ ⎞ ⎝ ⎠⎢ ⎥= + −⎜ ⎟ ⎢ ⎥⎝ ⎠ × −⎢ ⎥
⎢ ⎥⎣ ⎦  

     We have 
0 80
i

V
V

= −
 or 

0

80i
VV = −

 

          

4

10.375
(0.10) 1 10.513

180 1.822 10

F

F F

F

R
R R

R

⎡ ⎤⎛ ⎞
− +⎢ ⎥⎜ ⎟⎛ ⎞ ⎝ ⎠⎢ ⎥− = + −⎜ ⎟ ⎢ ⎥⎝ ⎠ × −⎢ ⎥

⎢ ⎥⎣ ⎦  
     Neglect that 1/ FR  term in the denominator. 

          

4

2 4

(0.513 1)(0.375 1)(0.00125 ) 1
1.822 10

22.775 (0.513 1)(0.375 1) 1.822 10

F F
F

F

F F F F

R RR
R

R R R R

+ +
− = − −

×

= + + + ×  
     We find 

          
2 422.58 1.822 10 1 0F FR R− × − =  
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4 4 21.822 10 (1.822 10 ) 4(22.58)(1)
2(22.58)FR

× ± × +
=

 
     or 

          0.807 MFR = Ω  
______________________________________________________________________________________ 
 
12.66 

           
 

     a. 
1( )S d d

S F

V V V V
R R
− − − −

=
 

     or 

          
11 1 0S

d
S F S F

V VV
R R R R

⎛ ⎞
+ + + =⎜ ⎟

⎝ ⎠  (1) 

          
0 1 11

1 2

( )d

F

V V V VV
R R R
− − −

= +
 

     or 

          
0

1
1 1 2

1 1 1 d

F F

V VV
R R R R R

⎛ ⎞
= + + +⎜ ⎟

⎝ ⎠  (2) 

     and 0 0L dV A V=  or 
0

0
d

L

VV
A

=
 

     Substitute numerical values in (1) and (2): 

          
0 1
4

1 1 0
5 10 5 1010

SV V V⎛ ⎞⋅ + + + =⎜ ⎟
⎝ ⎠  

     or 

          
4

0 1(0.3 10 ) (0.20) (0.10) 0SV V V−× + + =  (1) 

          
0 0

1 4

1 1 1 1
50 50 10 10 1010
V VV ⎛ ⎞ ⎛ ⎞= + + + ⋅⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠  
     or 

          
5

0 1(0.02 10 ) (0.22)V V−− =  (2) 

     Then 

5

1 0
0.02 10

0.22
V V

−⎛ ⎞−
= ⎜ ⎟

⎝ ⎠  
     and 

          

5
4

0 0

4 5
0

0.02 10(0.3 10 ) (0.20) (0.10) 0
0.22

0.3 10 0.4545 10 0.00909 (0.20) 0

S

S

V V V

V V

−
−

− −

⎡ ⎤⎛ ⎞−
× + + =⎢ ⎥⎜ ⎟

⎝ ⎠⎣ ⎦
⎡ ⎤× − × + + =⎣ ⎦  

     Then 

0 0
3

0.20 21.94
9.115 10S S

V V
V V−

−
= ⇒ = −

×  
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     b. 

( )
d d S

if
S d S d

S

V V RR
V V V V

R

− − ⋅
= =

− − +

 

     Now 
0

4
0

21.94
10

S
d

L

V VV
A

= = −
 

     Then 

4

4

(21.94 10 )(5)
1 21.94 10ifR

−

−

×
=

− ×  

     or 
21.099 10  k 10.99 if ifR R−= × Ω⇒ = Ω

 
     c. Because of the 0L dA V  source, 

          0 0fR =
 

______________________________________________________________________________________ 
 
12.67 
     For example, use the circuit shown in Figure 12.41 
______________________________________________________________________________________ 
 
12.68 
     Break the loop 

           
 
          tI Iε=  

     Now 
0 0

1

0i t
F S i

V VA I
R R R R

+ + =
+  

          
0S

r
S i F S i

R VI
R R R R R

⎛ ⎞
= ⋅⎜ ⎟+ +⎝ ⎠  

     or 
0 ( )S i

r F S i
S

R RV I R R R
R

⎛ ⎞+
= ⋅ +⎜ ⎟

⎝ ⎠  
     Then 

          1

1 1 ( ) 0S i
i t r F S i

F S i S

R RA I I R R R
R R R R R

⎛ ⎞ ⎡ ⎤⎛ ⎞+
+ + × + =⎜ ⎟ ⎢ ⎥⎜ ⎟⎜ ⎟+ ⎝ ⎠⎣ ⎦⎝ ⎠  

          1

1 1 ( )

ir

t S i
F S i

F S i S

AIT T
I R R R R R

R R R R R

= − ⇒ =
⎡ ⎤ ⎛ ⎞+

+ +⎢ ⎥ ⎜ ⎟+ ⎝ ⎠⎣ ⎦  
______________________________________________________________________________________ 
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12.69 

           
 

          
1 1 1 0

1 1
1 1

m
E F

V V V V
g V

r R R
π ε ε

π
π

−
+ = +

 (1) 

          
1 1 1 1 1 2

1 2

0 ( )( )r
m r m C

C

Vg V V g V R r
R rπ π π

π

+ = ⇒ = −
 (2) 

          2 tV Vπ =  so that 

          
3 0 3

2
2 3

0m t
C

V V Vg V
R r

π π

π

+
+ + =

 (3) 

          
3 0 0 1

3 3
3 3

m
E F

V V V Vg V
r R R
π ε

π
π

−
+ = +

 (4) 
     From (4): 

          
1

0 3 3
3 3

1 1 1
m

E F F

VV V g
R R r R

ε
π

π

⎛ ⎞ ⎛ ⎞
+ = + +⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠  
     But 1 1V Vε π= −  

     so 

1
3 3

3
0

3

1

1 1

m
F

E F

VV g
r R

V

R R

π
π

π

⎛ ⎞
+ −⎜ ⎟

⎝ ⎠=
⎛ ⎞

+⎜ ⎟
⎝ ⎠  

     Then 

          

1
3 3

3
1 1

1 1

3

1
1 1 1

1 1

m
F

m
E F

F
E F

VV g
r R

V g
r R R

R
R R

π
π

π
π

π

⎛ ⎞
− + +⎜ ⎟⎡ ⎤⎛ ⎞ ⎛ ⎞ ⎝ ⎠+ − + =⎢ ⎥⎜ ⎟ ⎜ ⎟

⎛ ⎞⎝ ⎠⎝ ⎠⎣ ⎦ ⋅ +⎜ ⎟
⎝ ⎠  (1′) 

     and 

          

1
3 3

3
2 3

2 3
2

3

1
1 1 0

1 1

m
F

m t
C

C
E F

VV g
r R

g V V
R r

R
R R

π
π

π
π

π

⎛ ⎞
+ −⎜ ⎟⎛ ⎞ ⎝ ⎠+ + + =⎜ ⎟

⎛ ⎞⎝ ⎠ ⋅ +⎜ ⎟
⎝ ⎠  (3′) 

     From (3′), solve for 3Vπ  and substitute into (1′). Then from (1′), solve for 1Vπ  and substitute into (2).   

     Then 
.r

t

VT
V

= −
 

______________________________________________________________________________________ 
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12.70 

           
 

          1

0r er r

S F

V VV V
R r Rπ

−
+ + =

 (1) 

          
2 2

1
1 2

0e
m t

C

V V Vg V
R r

π π

π

+
+ + =

 (2) 

          
2

2 2
2

e e r
m

E F

V V V Vg V
r R R
π

π
π

−
+ = +

 (3) 
     Assume 8.151 =πr kΩ , 62.71 =mg mA/V, 28.22 =πr kΩ , 7.522 =mg mA/V 

          
1 1 1 0

10 15.8 10 10
e

r
VV ⎛ ⎞+ + − =⎜ ⎟

⎝ ⎠  
     or 
          (0.2633) (0.10)r eV V=  (1) 

          
2

1 1(7.62) 0
40 2.28 40

e
t

VV Vπ
⎛ ⎞+ + + =⎜ ⎟
⎝ ⎠  

     or 
          2(7.62) (0.4636) (0.025) 0t eV V Vπ+ + =  (2) 

          
2

1 1 152.7
2.28 1 10 10

r
e

VV Vπ
⎛ ⎞ ⎛ ⎞+ = + −⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠  

     or 
          2 (53.14) (1.10) (0.10)e rV V Vπ = −  
     Then 
         2 (0.0207) (0.001882)e rV V Vπ = −  (3) 
     Substituting in (2): 
          (7.62) (0.4636)[ (0.0207) (0.001882)] (0.025) 0t e r eV V V V+ − + =  
     or 
          (7.62) (0.03460) (0.0008725) 0t e rV V V+ − =  
     From (1) (2.633)e rV V=  
     Then 

          

(7.62) (2.633)(0.03460) (0.0008725) 0
(7.62) (0.09023) 0

t r r

t r

V V V
V V

+ − =
+ =  

     or 
84.45r

t

V
V

= −
 

     Now 

          
84.45r

t

VT T
V

= − ⇒ =
 

______________________________________________________________________________________ 
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12.71 
          69.201502421 === RRRTH kΩ  

          ( ) 655.112
15024

24

21

2 =⎟
⎠
⎞

⎜
⎝
⎛

+
=⋅⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

= CCTH V
RR

R
V V 

          
( )

( ) ( )( ) 0133.0
15169.20

7.0655.1
1

=
+
−

=
++

−
=

EFETH

BETH
BQ RhR

onVV
I mA 

          666.0=CQI mA 

          62.25
026.0
666.0

==mg mA/V 

           ( )( ) 951.1
666.0

026.050
==πr kΩ  

           150
666.0

100
==or kΩ  

      From Problem 12.64,  let 2.27=FR kΩ  
 

           
 
      We see that  tVV =π .  Let  SB RRRR 21=  

(1) 0=
+

++
BF

o

Co

o
tm RrR

V
Rr

V
Vg

π

 

(2) o
FB

B
r V

RrR
rR

V ⋅⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

+
=

π

π  

Now  027.4569.20515024 ===BR kΩ ;  314.1027.4951.1 ==BRrπ kΩ  

           769.56150 ==Co Rr  kΩ  

(1) toot VVVV 93.1220
314.12.27

1
769.5
162.25 −=⇒=⎥⎦

⎤
⎢⎣
⎡

+
++  

(2) ( )( ) tor VVV 93.12204608.0
2.27314.1

314.1
−=⋅⎟

⎠
⎞

⎜
⎝
⎛

+
=  

66.5=−=
t

r

V
V

T  

______________________________________________________________________________________ 
 
12.72 

(a) ⎟
⎠

⎞
⎜
⎝

⎛
×

−⎟
⎠

⎞
⎜
⎝

⎛−= −−
4

1
3

1

105
tan2

10
tan

ff
φ  

At 4
180 101.5 ×=f  Hz,  °−≅ 180φ  
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(b) ( )

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

×
×

+⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ×
+

×
==

2

4

42

3

4

4

105
101.51

10
101.51

10525.0 βT  

       ( )
( )( )0404.20098.51

10525.0
4×

=
β  

      4102.5 −×=β  
______________________________________________________________________________________ 
 
12.73 

(a) ⎟
⎠

⎞
⎜
⎝

⎛
×

−⎟
⎠

⎞
⎜
⎝

⎛
×

−= −−
5

1
3

1

105
tan

105
tan2 ff

φ  

At 4
180 101.7 ×=f Hz,  °−≅ 180φ  

(b) ( )
2

5

42

3

4

4

105
101.71

105
101.71

101

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

×
×

+
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

×
×

+

==
βT  

       ( )
( )( ) 0205.0

01.164.202
101

4

=⇒= ββ  

(c) ( )
( )( ) 54.48

100205.01
100

4

4

=
+

=fAυ  

(d) Smaller 
______________________________________________________________________________________ 
 
12.74 

          
1 1 1

4 4 5tan tan tan
10 5 10 10

f f fφ − − −⎛ ⎞ ⎛ ⎞ ⎛ ⎞= − − −⎜ ⎟ ⎜ ⎟ ⎜ ⎟×⎝ ⎠ ⎝ ⎠ ⎝ ⎠  
     At 

48.1 10  Hz,f = ×  180.28φ = − °  

     Determine ( )T f  at this frequency. 

          

3

2 2 24 4 4

4 4 5

3

1 1 1(10 )
8.1 10 8.1 10 8.1 101 1 1

10 5 10 10

(10 )
(8.161)(1.904)(1.287)

T β

β

= × × ×
⎛ ⎞ ⎛ ⎞ ⎛ ⎞× × ×

+ + +⎜ ⎟ ⎜ ⎟ ⎜ ⎟×⎝ ⎠ ⎝ ⎠ ⎝ ⎠

=
 

     a. For 0.005β =  

          ( ) 0.250 1 StableT f = < ⇒  
     b. For 0.05β =  

          ( ) 2.50 1 UnstableT f = > ⇒  
______________________________________________________________________________________ 
 
12.75 
     (b)   Phase margin 80 100φ= °⇒ = − °  

          
1 1

3 4100 2 tan tan
10 5 10

f fφ − −⎛ ⎞ ⎛ ⎞= − = − −⎜ ⎟ ⎜ ⎟×⎝ ⎠ ⎝ ⎠  
     By trial and error, 

31.16 10  f Hz= ×  
     Then 
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3

2
2 23 3

3 4

3
4

(5 10 )1
1.16 10 1.16 101 1

10 5 10

(5 10 ) 4.7 10
(2.35)(1.00)

T β

β β −

×
= =

⎛ ⎞⎛ ⎞ ⎛ ⎞× ×⎜ ⎟+ ⋅ +⎜ ⎟ ⎜ ⎟⎜ ⎟ ×⎝ ⎠ ⎝ ⎠⎝ ⎠
×

= ⇒ = ×
 

______________________________________________________________________________________ 
 
 
 
12.76 

           
 
     c. For 0.005,β =  

          ( ) 1(0 dB)T f =  at 
42.10 10  Hzf ≈ ×  

     Then 

          

4 4 4
1 1 1

3 4 5

2.10 10 2.10 10 2.10 10tan tan tan
10 10 10

87.27 64.54 11.86

φ − − −⎛ ⎞ ⎛ ⎞ ⎛ ⎞× × ×
= − − −⎜ ⎟ ⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠ ⎝ ⎠
= − − −  

     or 
          163.7φ = −  
     System is stable. 
     Phase margin 16.3= °  
     For 0.05,β =  

          ( ) 1 (0 dB)T f =  at 
46.44 10  Hzf ≈ ×  

     Then 

          

4 4 4
1 1 1

3 4 5

6.44 10 6.44 10 6.44 10tan tan tan
10 10 10

89.11 81.17 32.78

φ − − −⎛ ⎞ ⎛ ⎞ ⎛ ⎞× × ×
= − − −⎜ ⎟ ⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠ ⎝ ⎠
= − − −  

     or 
          203.1 System is unstable.φ = − °⇒  
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12.77 

(a) ⎟
⎠

⎞
⎜
⎝

⎛−⎟
⎠

⎞
⎜
⎝

⎛−⎟
⎠

⎞
⎜
⎝

⎛−= −−−
7

1
5

1
3

1

10
tan

10
tan

10
tan fff

φ  

At  6
180 10=f Hz,  °−≅ 180φ  

 
 
 
 

(b) ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−=°−= −−

7
1351

5
1351

3
135

10
tan

10
tan

10
tan135

fff
φ  

       5
135 10≅f Hz 

        ( ) ( )
2

7

52

5

52

3

5

4

135

10
101

10
101

10
101

1051

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

×
==

βfT  

        ( )
( )( )( )

3
4

1083.2
1414.1100

1051 −×=⇒
×

= ββ  

(c) ( ) ( )( ) 351
1051083.21

1050
43

4

=
××+

×
=

−fAυ  

______________________________________________________________________________________ 
 
12.78 

     (a) ( )
3

5

5

1099.9
101

10100 −±=⇒
+

= β
β

 

          

3 5

2 2

3 5

2 2

3 5

5

(9.99 10 )(10 )1

1 1
10 10

9991

1 1
10 10

3.08 10  Hz

vT A
f f

f f

f

β
−×

= = =
⎛ ⎞ ⎛ ⎞+ +⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

=
⎛ ⎞ ⎛ ⎞+ +⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

= ×  
     Phase 

          

1 1
3 5

5 5
1 1

3 5

tan tan
10 10
3.08 10 3.08 10tan tan

10 10
89.81 72.01
161.8

f fφ

φ

− −

− −

= − −

× ×
= − −

= − −
= −  

     Stable 
     (b) Phase Margin 180 161.8 18.2= − = °  
______________________________________________________________________________________ 
 
12.79 

(a) ⎟
⎠

⎞
⎜
⎝

⎛−⎟
⎠

⎞
⎜
⎝

⎛−⎟
⎠

⎞
⎜
⎝

⎛−= −−−
6

1
5

1
4

1

10
tan

10
tan

10
tan

fff
φ  
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At 5
180 1033.3 ×=f Hz,  °−≅ 180φ  

(b) (i) ( ) ( )( )
( ) ( ) ( )222

3

180
333.0133.313.331

10019.0

+++
=fT  

            ( ) ( )( )
( )( )( ) 156.0

054.1477.3315.33
10019.0 3

180 ==fT  

 
 
 
 
 

      (ii) ( )( ) 5

2

6

2

5

2

4

3

102.1

10
1

10
1

10
1

10019.01 ×=⇒

⎟
⎠

⎞
⎜
⎝

⎛+⎟
⎠

⎞
⎜
⎝

⎛+⎟
⎠

⎞
⎜
⎝

⎛+

== f
fff

T  Hz 

             ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ×
−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛ ×
−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛ ×
−= −−−

6

5
1

5

5
1

4

5
1

10
102.1tan

10
102.1tan

10
102.1tanφ  

                 °−°−°−= 843.6194.50236.85  
            °−= 3.142φ  

(c) ( )
( )( ) 50

10019.01
100

3

3

=
+

=fA  

______________________________________________________________________________________ 
 
12.80 

     (a) 

1 1180 180
3 5

5
180

180 tan 2 tan
5 10 10

1.05 10  Hz

f f

f

φ − −= − = − −
×

= ×  

     (b) 

3

2 25 5

3 5

0
180

(0.0045)(2 10 )

1.05 10 1.05 101 1
5 10 10

9
(21.02)(2.1025)

0.204

T

T f

×
=

⎡ ⎤⎛ ⎞ ⎛ ⎞× ×
+ +⎢ ⎥⎜ ⎟ ⎜ ⎟× ⎢ ⎥⎝ ⎠ ⎝ ⎠⎣ ⎦

=

= =  
     System is stable 

          

2 2

3 5

4

91

1 1
5 10 10

3.88 10  Hz

T
f f

f

= =
⎡ ⎤⎛ ⎞ ⎛ ⎞+ +⎢ ⎥⎜ ⎟ ⎜ ⎟×⎝ ⎠ ⎝ ⎠⎢ ⎥⎣ ⎦

= ×  

          

4 4
1 1

3 5

3.88 10 3.88 10tan 2 tan
5 10 10

82.66 42.41
125.1

φ

φ

− −× ×
= − −

×
= − −
= − °  
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     (c) 

3

2 25 5

3 5

(0.15)(2 10 )

1.05 10 1.05 101 1
5 10 10

300
(21.02)(2.1025)
6.79

T

T

×
=

⎡ ⎤⎛ ⎞ ⎛ ⎞× ×
+ +⎢ ⎥⎜ ⎟ ⎜ ⎟× ⎢ ⎥⎝ ⎠ ⎝ ⎠⎣ ⎦

=

=  
System is unstable 

          

2 2

3 5

5

3001

1 1
5 10 10

2.33 10  Hz

T
f f

f

= =
⎡ ⎤⎛ ⎞ ⎛ ⎞+ +⎢ ⎥⎜ ⎟ ⎜ ⎟×⎝ ⎠ ⎝ ⎠⎢ ⎥⎣ ⎦

= ×  
 
 
 
 

          

5 5
1 1

3 5

2.33 10 2.33 10tan 2 tan
5 10 10

88.77 133.54
222.3

φ

φ

− −× ×
= − −

×
= − −
= − °  

______________________________________________________________________________________ 
 
12.81 
     Phase Margin 45 135φ= °⇒ = − °  

          
1 1 1 1

3 4 5 6

135

tan tan tan tan
10 10 10 10

f f f f
φ

− − − −

= − °

⎛ ⎞ ⎛ ⎞ ⎛ ⎞ ⎛ ⎞= − − − −⎜ ⎟ ⎜ ⎟ ⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠ ⎝ ⎠ ⎝ ⎠  

     At 
410  Hz,f =  135.6φ = − °  

          

3

2 24 4

3 4

2 24 4

5 6

3

1
1 1(10 )
10 101 1
10 10

1 1

10 101 1
10 10

(10 )1
(10.05)(1.414)(1.005)(1.00)

T

β

β

=

= × × ×
⎛ ⎞ ⎛ ⎞

+ +⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

× ×
⎛ ⎞ ⎛ ⎞

+ +⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

=
 

     or 

          0.01428β =  
______________________________________________________________________________________ 
 
12.82 

          ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
×

−⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
×

−⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
×

−⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−=°−= −−−−

7
1201

6
1201

5
12011201

104
tan

104
tan

104
tantan120

fff
f
f

PD

φ  

          5
120 1031.2 ×≅f Hz 
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         ( )
2

7

52

6

52

5

525
120

104
1031.21

104
1031.21

104
1031.211031.21

40001

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

×
×

+⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

×
×

+⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

×
×

+⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ×
+

==

PDf

fT  

         

( )( )( )0.100167.11548.11031.21

40001
25

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ×
+

=

PDf

 

        ( )( )( )09.100167.11548.1
40001031.2 5

=
×

PDf
 

         8.66=PDf Hz 
______________________________________________________________________________________ 
 
 
 
 
 
 
 
12.83 

(a) ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−=°−⇒ −−

6
1801

4
1801

180 10
tan

10
tan2180

ff
f  

       5
180 1042.1 ×=f  Hz 

       ( )
( )[ ] ( ) ( )( ) 89.4

01.164.202
10

142.012.141

10 3

22

3

180 ==
++

=fT  

       ( ) ⇒>1180fT Unstable 

(b) ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−=°−= −−−

6
1351

4
13511351

10
tan

10
tan2tan135

ff
f
f

PD

φ  

      4
135 10414.0 ×≅f  Hz 

       ( )
2

6

42

4

424

3

135

10
10414.01

10
10414.0110414.01

101

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ×
+

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ×
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛ ×
+

==

PDf

fT  

       ( )( )1171.1
1010414.0 34

=
×

PDf
 

       85.4=PDf Hz 
______________________________________________________________________________________ 
 
12.84 

     (a) 
1 1 1180 180 180

4 4 5180 tan tan tan
10 5 10 10
f f f

φ − − −⎛ ⎞ ⎛ ⎞ ⎛ ⎞= − = − − −⎜ ⎟ ⎜ ⎟ ⎜ ⎟×⎝ ⎠ ⎝ ⎠ ⎝ ⎠  

          
4

180 8.06 10  Hzf ≅ ×  
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     (b) 

2 2 24 4 4

4 4 5

500

8.06 10 8.06 10 8.06 101 1 1
10 5 10 10

500
(8.122)(1.897)(1.284)
25.3

T

T

=
⎛ ⎞ ⎛ ⎞ ⎛ ⎞× × ×

+ + +⎜ ⎟ ⎜ ⎟ ⎜ ⎟×⎝ ⎠ ⎝ ⎠ ⎝ ⎠

=

=  

     (c) 
4 4 5

500

1 1 1 1
10 5 10 10PD

T
f f f fj j j j

f

=
⎛ ⎞⎛ ⎞⎛ ⎞⎛ ⎞+ + + +⎜ ⎟⎜ ⎟⎜ ⎟⎜ ⎟×⎝ ⎠⎝ ⎠⎝ ⎠⎝ ⎠  

      Phase Margin 60 120φ= °⇒ = − °  

          
1 1 1 1

4 4 5120 tan tan tan tan
10 5 10 10PD

f f f f
f

− − − −− = − − − −
×  

     Assume 
1tan 90

PD

f
f

− ≅ °
 

     Then 
34.2 10  Hzf ≅ ×  

 
 
 
 
 
 
 

          

2 2 2 23 3 3 3

4 4 5

23

3

5001
4.2 10 4.2 10 4.2 10 4.2 101 1 1 1

10 5 10 10

5001
4.2 101 (1.085)(1.004)(1.0)

4.2 10 500
(1.0846)(1.0035)(1.0)

9.14 Hz

PD

PD

PD

PD

T

f

f

f
f

= =
⎛ ⎞ ⎛ ⎞ ⎛ ⎞ ⎛ ⎞× × × ×

+ + + +⎜ ⎟ ⎜ ⎟ ⎜ ⎟ ⎜ ⎟×⎝ ⎠ ⎝ ⎠ ⎝ ⎠⎝ ⎠

=
⎛ ⎞×

+ ⎜ ⎟
⎝ ⎠

×
≅

=  
______________________________________________________________________________________ 
 
12.85 

     (a) 

4

4

1050 0.0199
1 (10 )

β
β

= ⇒ =
+  

          

4

5

(0.0199)(10 )

1 1
10PD

T
f fj j

f

=
⎛ ⎞⎛ ⎞+ +⎜ ⎟⎜ ⎟

⎝ ⎠⎝ ⎠  
     Phase margin 45 135φ= °⇒ = − °  

          
1 1

5135 tan tan
10PD

f f
f

− −− = − −
 

          
510  Hzf =  
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4

2 25 5

5

5 4

(0.0199)(10 )1
10 101 1

10

10 (0.0199)(10 )
1.414

711 Hz

PD

PD

PD

T

f

f
f

= =
⎛ ⎞ ⎛ ⎞

+ +⎜ ⎟ ⎜ ⎟
⎝ ⎠⎝ ⎠

=

=  

     (b) 

4

4

1020 0.0499
1 (10 )

β
β

= ⇒ =
+  

 

          

4

5

4

2 2

5

5

(0.0499)(10 )

1 1
711 10

(0.0499)(10 )1

1 1
711 10

1.76 10  Hz

T
f fj j

T
f f

f

=
⎛ ⎞⎛ ⎞+ +⎜ ⎟⎜ ⎟
⎝ ⎠⎝ ⎠

= =
⎛ ⎞ ⎛ ⎞+ +⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

= ×  

          

5 5
1 1

5

1.76 10 1.76 10tan tan
711 10

89.77 60.40
150.2

φ

φ

− −⎛ ⎞ ⎛ ⎞× ×
= − −⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠
= − −
= −  

     Phase Margin 180 150.2 29.8= − = °  
______________________________________________________________________________________ 
 
 
 
12.86 

     (a) 
5100 dB 10O OA A= ⇒ =  

          

5

5

1020 0.04999
1 (10 )

β
β

= ⇒ =
+  

          

5

6 7

(0.04999)(10 )

1 1 1
10 10PD

T
f f fj j j

f

=
⎛ ⎞⎛ ⎞⎛ ⎞+ + +⎜ ⎟⎜ ⎟⎜ ⎟

⎝ ⎠⎝ ⎠⎝ ⎠  
     Phase Margin 45 135φ= °⇒ = − °  

          
1 1 1

6 7135 tan tan tan
10 10PD

f f f
f

− − −− = − − −
 

          
610  Hzf ≈  

          

5

2 2 26 6 6

6 7

5

26

6 5

(0.04999)(10 )1
10 10 101 1 1

10 10

(0.04999)(10 )1
101 (1.414)(1.005)

10 (0.04999)(10 )
(1.414)(1.005)
2.84 Hz

PD

PD

PD

PD

T

f

f

f
f

= =
⎛ ⎞ ⎛ ⎞ ⎛ ⎞

+ + +⎜ ⎟ ⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠⎝ ⎠

=
⎛ ⎞

+ ⎜ ⎟
⎝ ⎠

=

=  
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      (b) 

5

5

105 0.19999
1 (10 )

β
β

= ⇒ =
+  

          

5

2 2 2

6 7

6

(0.19999)(10 )1

1 1 1
284 10 10

2.25 10  Hz

T
f f f

f

= =
⎛ ⎞ ⎛ ⎞ ⎛ ⎞+ + +⎜ ⎟ ⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠ ⎝ ⎠

= ×  

          

6 6 6
1 1 1

6 7

2.25 10 2.25 10 2.25 10tan tan tan
284 10 10

89.99 66.04 12.68
168.7

φ

φ

− − −⎛ ⎞ ⎛ ⎞ ⎛ ⎞× × ×
= − − −⎜ ⎟ ⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠ ⎝ ⎠
= − − −
= −  

     Phase Margin 180 168.7 11.3= − = °  
______________________________________________________________________________________ 
 
12.87 

     a. 
5(0) 100 dB (0) 10T T= ⇒ =  

          

5

6 6

10( )
1 1 1

10 5 10 10 10

T f
f f fj j j

=
⎛ ⎞⎛ ⎞⎛ ⎞+ + +⎜ ⎟⎜ ⎟⎜ ⎟× ×⎝ ⎠⎝ ⎠⎝ ⎠  

          1T = =  

                  

5

2 2 2

6 6

1 1 110

1 1 1
10 5 10 10 10
f f f

= × × ×
⎛ ⎞ ⎛ ⎞ ⎛ ⎞+ + +⎜ ⎟ ⎜ ⎟ ⎜ ⎟× ×⎝ ⎠ ⎝ ⎠ ⎝ ⎠  

     By trial and error 

          0.976 MHzf =  
 

          

6
1 1 10.976 10 0.976 0.976tan tan tan

10 5 10
90 11.05 5.574 106.6

φ − − −⎛ ⎞× ⎛ ⎞ ⎛ ⎞= − − −⎜ ⎟ ⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠⎝ ⎠

= − ° − ° − ° = − °  
     Phase Margin 180 106.6 73.4= ° − ° = °  

     b. 
1

1
P

F

f
C

′ ∝
 so 1

10 75
20Pf

=
′  

     or 

          1 2.67 HzPf ′ =  
      Now 

          1T = =  

             

5

2 2

6

1 110

1 1
2.67 5 10

f f
= × ×

⎛ ⎞ ⎛ ⎞+ +⎜ ⎟ ⎜ ⎟×⎝ ⎠ ⎝ ⎠  

                                                       

2

6

1

1
10 10

f
×

⎛ ⎞+ ⎜ ⎟×⎝ ⎠  
     By trial and error 

          
52.66 10  Hzf ≈ ×  

     then 
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5
1 1 12.66 10 0.266 0.266tan tan tan

2.67 5 10
90 3.045 1.524 94.57

φ − − −⎛ ⎞× ⎛ ⎞ ⎛ ⎞= − − −⎜ ⎟ ⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠⎝ ⎠

= − ° − ° − ° = − °  
     Phase Margin 180 94.57 85.4= °− ° = °  
______________________________________________________________________________________ 
 
12.88 

(a) ( ) ( ) ( )126
21 102.11075.022

1
2

1
−×××

==
ππ iio

P CRR
f  

        243=Pf kHz 

(b) ( )( ) ( ) ( )MiMiio
PD CCCCRR

f
+××

=
+

==
6

21 1075.022
1

2
16

ππ
 

        MMi CCC +×=×=+ −− 128 102.110863.4  
        μ0486.0=MC F 
(c) ( )ACC FM += 1  

       ( )1001100486.0 6
FC=× −  

       6.48=FC pF 
______________________________________________________________________________________ 
 
 
 
 
 
 
 
 
 
 
12.89 

           ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
×

−⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
×

−⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−=°−= −−−

7
1201

6
12011201

104
tan

104
tantan120

ff
f
f

PD

φ  

          6
120 1005.2 ×≅f  Hz 

          ( )
2

7

62

6

626
120

104
1005.21

104
1005.211005.21

40001

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

×
×

+⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

×
×

+⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ×
+

==

PDf

fT  

          ( )( )0013.11237.1
40001005.2 6

=
×

PDf
 

          577=PDf Hz 
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12.90 

(a) ( ) 024998.0
1051

10540
5

5

=⇒
×+

×
= β

β
 

(b) ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
×

−⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−=°−= −−−

7
1201

5
12011201

10
tan

105
tantan120

ff
f
f

PD

φ  
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       5
120 1071.2 ×≅f Hz 

       ( ) ( )( )
2

7

52

5

525

5

120

10
1071.21

105
1071.211071.21

105024998.01

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ×
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛

×
×

+⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ×
+

×
==

PDf

fT  

       ( )( )
( )( )11374.1

105024998.01071.2 55 ×
=

×

PDf
 

       66.24=PDf Hz 
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Chapter 13 
 
13.1 

(a) ( ) 15
2.0

30
2 =

−−
=DR kΩ  

        ( )2
3

3
3 2 TPSG

p
D VV

L
Wk

I +⎟
⎠
⎞

⎜
⎝
⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ′
=  

        ( )( ) 9.04.040
2
04.02.0 3

2
3 =⇒−⎟

⎠
⎞

⎜
⎝
⎛= SGSG VV V 

        9
1.0
9.0

1 ==DR kΩ  

(b) (i) 1
11

2 D
m

d

o
d R

g
A ⋅==

υ
υ

 

                  ( )( ) 6325.01.020
2
1.021 =⎟
⎠
⎞

⎜
⎝
⎛=mg mA/V 

             ( ) 846.29
2

6325.0
=⎟

⎠
⎞

⎜
⎝
⎛=dA  

       (ii) 23
1

2 Dm
o

o RgA −==
υ
υ

 

                   ( )( ) 8.02.040
2
04.023 =⎟

⎠
⎞

⎜
⎝
⎛=mg mA/V 

               ( )( ) 12158.02 −=−=A
(c)  ( )( ) 15.3412846.22 −=−=⋅= AAA d

______________________________________________________________________________________ 
 
13.2 

(a) 5.7
4.0
03

2 =
−

=CR k  Ω

       V ( )( ) 1.235.04.07.03 −=−+=BV

       ( ) 6.3
25.0

31.2
1 =

−−−
=CR k  Ω

(b) (i) ( )31
11

2 iC
m

d

o
d RR

g
A ==

υ
υ

 

                  615.9
026.0
25.0

1 ==mg mA/V, ( )( ) 7.11
4.0
026.0180

3 ==πr  kΩ  

                   ( ) ( )( ) 2.1025.01817.11133 =+=++= Eni RrR βπ kΩ  

             ( ) 72.162.1026.3
2
615.9

=⎟
⎠
⎞

⎜
⎝
⎛=dA  

      (ii) ( )
( )( )
( )( ) 21.13

5.01817.11
5.7180

13

2

1
2 −=

+
−

=
++

−
==

En

Cn

o

o

Rr
R

A
β

β
υ
υ

π

 

(c) ( )( ) 9.22021.1372.162 −=−=⋅= AAA d  
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13.3   Computer Analysis 
______________________________________________________________________________________ 
 
13.4   Computer Analysis 
______________________________________________________________________________________ 
 
13.5 

     (a) ( )1 2 4 6d m o o iA g r r R=
 

          

1
1

2
2

2

4
4

2

6 6 1 7

7

6
1

6

20 0.769 /
0.026
80 4 
20
80 4 
20

(1 )

(120)(0.026) 15.6 
0.2

( ) 0.6 0.030 
20

(120)(0.026) 104 
0.030

C
m

T

A
o

C

A
o

C

i n

BE
C

Ig mA V
V
Vr M
I
Vr M
I

R r R r

r k

V onI m
R

r k

π π

π

π

β

= = ⇒

= = = Ω

= = = Ω

= + + ⎡ ⎤⎣ ⎦

= = Ω

≅ = =

= = Ω

A

 
     Then 

          6 104 (121) 20 15.6 1.16 iR M= + ⎡ ⎤ ⇒ Ω⎣ ⎦  
     Then 

          ( )769 4 4 1.16 565d dA A= ⇒ =
 

     Now 

          

1
7 7 7 7 7 6

1 7

11
7 6 6

1 7 6

( )

(1 ) and  

o c o n b o n o c

o
n n o b b

i

RV I r I r r I
R r

VRr I I
R r R

π

π

β β

β β

⎛ ⎞
= − = − = − ⎜ ⎟+⎝ ⎠

⎛ ⎞
= − + =⎜ ⎟+⎝ ⎠  

     Then 

          

7 1
2

1 6 1

7
7

(1 )

80 400 
0.2

o n n o
v

o i

A
o

C

V r RA
V R R
Vr k
I

π

β β ⎛ ⎞− +
= = ⎜ ⎟+⎝ ⎠

= = = Ω

7r

 
     So 

          
2 2

(120)(121)(400) 20 2813
1160 20 15.6v vA A− ⎛ ⎞= ⇒⎜ ⎟+⎝ ⎠

= −
 

     
6

2Overall gain (565)( 2813) 1.59 10d vA A A= ⋅ = − ⇒ = − ×  

     (b) 12idR rπ=  and 
1

(80)(0.026) 104 
0.020

r kπ = = Ω
 

          208 idR k= Ω  
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(c)

1 and (10)(1 2813) 28,140 
2PD M

eq M

f C p
R Cπ

= = + = F
  

          

2 4 6

6 12

4 4 1.16 0.734 

1 7.71 
2 (0.734 10 )(28,140 10 )

eq o o i

PD

R r r R M

f Hz
π −

= = = Ω

= =
× ×  

     
6Gain-Bandwidth Product (7.71)(1.59 10 ) 12.3 MHz= × ⇒  

______________________________________________________________________________________ 
 
13.6 
     a.  acts as the protection device. 3Q

     b. Same as part (a). 
______________________________________________________________________________________ 
 
13.7 
     If we assume  then (on) 0.7 V,BEV = in 0.7 0.7 50 5V = + + +  
     So breakdown voltage 56.4 V.≈  
______________________________________________________________________________________ 
 
13.8 

(a) ( ) 7184.0
105

105.0ln026.0
16

3

1112 =⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

×
×

==
−

−

BEEB VV V 

       ( ) 1.57
5.0

157184.07184.015
5 =

−−−−
=R kΩ  

       ( )
( ) 438.2

03.0
5.0ln

03.0
026.0

4 =⎟
⎠
⎞

⎜
⎝
⎛=R kΩ  

       ( )( ) 6453.0438.203.07184.04101110 =−=−= RIVV CBEBE V 

(b) ( ) 5044.0
1.57

156.06.015
=

−−−−
=REFI mA 

        ( ) ( ) μ1.305044.0ln026.0438.2 10
10

10 ≅⇒⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= C

C
C I

I
I A 

(c) :  REFI %88.0%100
5.0

5.05044.0
=×⎟

⎠
⎞

⎜
⎝
⎛ −  

        :  10CI %33.0%100
30
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=×⎟

⎠
⎞

⎜
⎝
⎛ −  

______________________________________________________________________________________ 
 
13.9 

(a) ( ) 13.17
5.0

57184.07184.05
5 =

−−−−
=R kΩ  

       ( )
( ) 438.2

03.0
5.0ln

03.0
026.0

4 =⎟
⎠
⎞

⎜
⎝
⎛=R kΩ  

       V 7184.01112 == BEEB VV
       V 6453.010 =BEV
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(b) ( ) 5137.0
13.17

56.06.05
=

−−−−
=REFI mA 
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10
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⎜
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13.10 

(a) 
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80
33 12 −−−−

= BEEB
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VV
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       ( ) ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
×
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−1512 103

ln026.0 REF
BEEB

I
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    By trial and error,  μ6.59≅REFI A 
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⎞
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⎝
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5 0.6 0.6 ( 5) 0.22 mA

40REF REFI I− − − −
= ⇒ =

 

          

10 4
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ln

0.22(5) (0.026) ln
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C T

C

C
C

II R V
I

I
I

⎛ ⎞
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⎝ ⎠
⎛ ⎞

= ⎜ ⎟
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     By trial and error; 
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6 6
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≅

≅ ⇒ =
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13.12 
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13.13 
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= + =
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13.14 
     (a)  (min) 15 0.6 0.6 0.6 0.6 12.6 cmv V= − + + + + = −

           

(max) 15 .6 14.4 
So 12.6 14.4 

cm

cm

v V
v V

= + − =
− ≤ ≤

     (b)  (min) 5 4(0.6) 2.6 cmv V= − + = −
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v V
v V

= − =
− ≤ ≤
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13.15 
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13.18 

     (a) ( )4 6 2d m o o iA g r r R= −
 

     From example 13.4 

          
4
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0.026m og A V r Mμ= = = Ω

 
     Now 
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i n ER r R

M
π β ′= + +

= + ⇒ Ω  
     Then 

          ( )(365) 5.26 5.26 1.95 409d dA A= − ⇒ = −
 

     (b) From Equation (13.20), 

          

( )
{ }

9 2 3 017
2

2 9 17

(1 )

(1 )
n n act i

v
i n

R R R R
A

R R r Rπ

β β

β

− +
=

⎡ ⎤+ + +⎣ ⎦g  
     For 20,  1.95 g iR R M= = Ω  
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     Using the results of Example 13.5 

          

( )
2 2

200(201)(50) 92.6 4050 92.6
792

(1950){50 9.63}v vA A
−

= ⇒
+

= −
 

______________________________________________________________________________________ 
 
13.19 
     Let  10 40CI = A,μ  then 1 2 20 A.C CI I μ= =  Use the procedure in Example 13.4: 

          

2

6

6

06

4.07 M
(200)(0.026) 260 k

0.020
0.020 0.769 mA/V
0.026
50 2.5 M

0.02

i

m

R

r

g

r

π

= Ω

= =

= =

= ⇒ Ω

Ω

 
     Then 

          

act1

06

2.5[1 (0.769)(1 260)] 4.42 M
50 2.5 M

0.02

R

r

= + =

= ⇒ Ω

Ω

 
     Then 

          

04 act1 2( )

20 (2.5 4.42 4.07)
0.026

CQ
d i

T

I
A r R R

V
⎛ ⎞

= −⎜ ⎟
⎝ ⎠
⎛ ⎞= −⎜ ⎟
⎝ ⎠  

     So 

          882dA = −  
______________________________________________________________________________________ 
 
13.20 
     From Problem 13.11 
          1 2 17 137.10 A, 0.165 mA, 0.055 mAC C AI I I Iμ= = = =  

          

17 8 17
16 17

9

0.165 (0.165)(0.1) 0.6
200 50

0.000825 0.01233

E BE
C B

I R V
I I

R
+ +

≈ + = +

= +  

          

[ ]

16

17

1
9 17 8

16

0.0132 mA
(200)(0.026) 31.5 K

0.165
(1 ) 50 [31.5 (201)(0.1)]

50 51.6 25.4 K
(200)(0.026) 394 K

0.0132

C

E

I

r

R R r R

r

π

π

π

β

=

= =

= + + = +

= =

= =
 

     Then 

           
1

2 16 (1 ) 394 (201)(25.4) 5.50 Mi ER r Rπ β= + + = + ⇒ Ω
     Now 
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6

6

6

act1 6 6 6

4

(200)(0.026) 732 K
0.0071

0.0071 0.273 mA/V
0.026

50 7.04 M
0.0071

[1 ( )]
7.04[1 (0.273)(1 732)] 8.96 M

50 7.04 M
0.0071

m

o

o m

o

r

g

r

R r g R r

r

π

π

= =

= =

= ⇒ Ω

= +
= + =

= ⇒ Ω

Ω

 
     Then 

          

1 4 act1 2( )

7.10 (7.04 8.96 5.5)
0.026

d m o iA g r R R= −

⎛ ⎞= −⎜ ⎟
⎝ ⎠  

          627dA = −  

     Now 
act2 17

50 50303 K 303 K
0.165 0.165oR R= ⇒ = =

 
     From Eq. (13.20), assuming  3iR →∞

          

{ }
9 act2 017

2
2 9 17 8

8

5

2

(1 ) ( )
[ (1 ) ]

(200)(201)(50)(303 303) 3.045 10
(5500)[50 31.5 (201)(0.1)] 5.588 10
545

v
i

v

R R R
A

R R r R

A

π

β β
β

+
≅ −

+ + +

− − ×
= =

+ + ×
= −  

     Overall gain  ( 627)( 545) 341,715vA = − − =

______________________________________________________________________________________ 
 
13.21 
     Using results from Problem 13.20 

          

2 act1

4

1005.50 M , [1 (0.273)(1 732)] 17.93 M
0.0071

00 14.08 M
0.0071

7.10 (14.08 17.93 5.50)
0.026

885

i

o

d

d

R R

r

A

A

⎛ ⎞= Ω + ⇒⎜ ⎟
⎝ ⎠

1
= ⇒ Ω

⎛ ⎞= −⎜ ⎟
⎝ ⎠

= −

Ω

 
     Now 

          
act2 17

100 100606 K 606 K
0.165 0.165oR R= = = =

 

          

8

2 5

2

(200)(201)(50)(606 606) 6.09 10
(5500)[50 31.5 (201)(0.1)] 5.588 10
1090

v

v

A

A

− − ×
= =

+ + ×
= −  

     Overall gain 
           ( 885)( 1090) 964,650vA = − − =
______________________________________________________________________________________ 
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13.22 

(a)  BiasCC III =+ 1918

        ( ) mA,  18.025.0 1919 =+ CC II 144.019 =⇒ CI mA 
                                                             036.018 =CI mA 

        ( ) 60815.0
10

10144.0ln026.0 14

3

19 =⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ×
=

−

−

BEV V 

        9.16
036.0

60815.0
10 ==R kΩ  

(b) V 60815.019 =BEV

        ( ) 5721.0
10

10036.0ln026.0 14

3

18 =⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ×
=

−

−

BEV V 

______________________________________________________________________________________ 
 
13.23 

     (b) mA,  168.019 =CI 462.6
026.0
168.0

19 ==mg mA/V, 

           ( )( ) 95.30
168.0

026.0200
19 ==πr kΩ ,  298

168.0
50

19 ==or kΩ  

μ84.1218 =CI A,  4938.0
026.0

01284.0
18 ==mg mA/V 

 

           ( )( ) 405
01284.0

026.0200
18 ==πr kΩ ,  3894

01284.0
50

18 ==or kΩ  

1918 ππ VVVx +=  

(1) 
19

1919
18

18
1818

18

18

o

x
m

o
mx r

V
Vg

r
V

Vg
r
V

I ++++= π
π

π
π

π  

(2) 
19

19

10

19

18

18
1818

18

18

π

πππ
π

π

π

r
V

R
V

r
V

Vg
r
V

o
m +=++  

Then  ⎟
⎠
⎞

⎜
⎝
⎛ +=⎟

⎠
⎞

⎜
⎝
⎛ ++

95.30
1

50
1

3894
14938.0

405
1

1918 ππ VV  

     ( ) ( ) ( )10535.005231.049653.0 19181918 ππππ VVVV =⇒=  

Then (1) ( ) ( )
298

462.649653.0 1918
x

x
V

VVI ++= ππ  

               ( )( ) ( ) ( ) xx VVVI 003356.0462.649653.010535.0 1919 ++= ππ  
                ( ) ( 003356.05143.619 xx VVI += π )
Now  ( ) ( ) 1919191918 10535.110535.0 πππππ VVVVVVx =+=+=  
Or      ( ) xVV 90469.019 =π

Then  ( ) ( ) ( )003356.05143.690469.0 xxx VVI +=  

So  Ω=⇒== 1708968.51
eq

eqx

x R
RV

I
 

______________________________________________________________________________________ 
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13.24 
     Now 

          
14 01

14 1e
P

r RR π

β
+

=
+  and 0 6 1e 4R R R= +  

     Assume series resistance of  and  is small. Then 18Q 19Q

          01 013 22A eR r R=  

     where 
22 017 013

22 1
B

e
P

r R r
R π

β
+

=
+  

     and 017 017 17 8 17[1 ( )]mR r g R rπ= +  
     Using results from Example 13.6, 

            
17 22

17 017

9.63 k 7.22 k
20.8 mA/V 92.6 km

r r
g r
π π= Ω =

= =
Ω
Ω

     Then 

          

017

013

92.6[1 (20.8)(0.1 9.63)] 283 k
50 92.6 k

0.54B

R

r

= + =

= = Ω

Ω

 
     Then 

          

22

01 013 22

14

7.22 283 92.6
1.51 k

51
278 1.51 1.50 k

(50)(0.026) 0.65 k
2

e

A e

R

R r R

rπ

+
= =

= = =

= = Ω

Ω

Ω

 
     Then 

          
14

0.65 1.50 0.0422 k
51eR +

= = Ω
 

     or 
           14 42.2 eR = Ω
     Then 

          0 042.2 27 69.2 R R= + ⇒ = Ω  
______________________________________________________________________________________ 
 
13.25 

          
3

12 (1 )
1id n

P

r
R r π

π β
β

⎡ ⎤⎛ ⎞
= + +⎢ ⎥⎜ ⎟+⎝ ⎠⎣ ⎦  

          200, 10n Pβ β= =  
     (a) 

          

1

1

3

9.5 
(200)(0.026) 547 K

0.0095
(10)(0.026) 27.4 K

0.0095

CI A

r

r

π

π

μ=

= =

= =
 

     Then 

          

(201)(27.4)2 547
11

2.095 M

id

id

R

R

⎡ ⎤= +⎢ ⎥⎣ ⎦
⇒ Ω  
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(b) 

          

1

1

3

7.10 A
(200)(0.026) 732 K

0.0071
(10)(0.026) 36.6 K

0.0071
(201)(36.6)2 732

11
2.80 M

C

id

id

I

r

r

R

R

π

π

μ=

= =

= =

⎡ ⎤= +⎢ ⎥⎣ ⎦
⇒ Ω  

______________________________________________________________________________________ 
 
13.26 
     We can write 

          

0

1

1

( )
1 1

181, 260

1 1
10.7

PD

A
A f

f fj j
f f

f fj j
f

=
⎛ ⎞⎛
+ +⎜ ⎟⎜

⎝ ⎠⎝

=
⎛ ⎞⎛ ⎞+ +⎜ ⎟⎜ ⎟

⎝ ⎠⎝ ⎠

⎞
⎟
⎠

 
     Phase: 

          

1 1

1

tan tan
10.7

f f
f

φ − − ⎛ ⎞⎛ ⎞= − − ⎜ ⎟⎜ ⎟
⎝ ⎠ ⎝ ⎠  

     For a Phase margin 70 ,= °  110φ = − °  
     So 

          

1 1

1

110 tan tan
10.7

f f
f

− − ⎛ ⎞⎛ ⎞− ° = − − ⎜ ⎟⎜ ⎟
⎝ ⎠ ⎝ ⎠  

     Assuming Hz,  we have 7.10>>f

          

1

1 1

tan 20 0.364f f
f f

− ⎛ ⎞
= °⇒ =⎜ ⎟

⎝ ⎠  
     At this frequency, ( ) 1,A f =  so 

          

2
2

2

181,2601

1 1 (0.3
10.7

170,327

1
10.7

f

f

=
⎛ ⎞+ ⋅ +⎜ ⎟
⎝ ⎠

=
⎛ ⎞+ ⎜ ⎟
⎝ ⎠

64)

 

     or 
170,327 1.82 MHz

10.7
f f= ⇒ =

 
     Then, second pole at 

          
1 1 5 MHz

0.364
ff f= ⇒ =

 
______________________________________________________________________________________ 
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13.27 

(a) Hz ( ) 10101010 66 =⇒=× PDPD ff

(b) ( )( )
8

6
10326.1

10102.12
1

2
1 −×=

×
=⇒=

ππ M
Meq

PD C
CR

f F 

       ( ) 25.13
1001

10326.11
8

=⇒
×

=⇒+=
−

FFFM CCACC pF 

______________________________________________________________________________________ 
 
13.28 

          ⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
−−=⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛
−⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−=−= −−−

3,2

1

3,2

11 tan290tan2tan110
f
f

f
f

f
f

PD

φ  

    So  1763.0
3,2

=⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

f
f

 

          
( )[ ]

9397.1
1763.01

10

000,200

11

000,2001
2

2

3,2

2
=⇒

+⎟
⎠

⎞
⎜
⎝

⎛
≅

⎥
⎥

⎦

⎤

⎢
⎢

⎣

⎡

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

== f
f

f
f

f
f

A

PD

MHz 

   Then  0.11
1763.0

109397.1
3,2

6

3,2 =⇒
×

= ff MHz 

______________________________________________________________________________________ 
 
13.29 

(a) ( )2
3

3
3 2 TPSG

p
D VV

L
Wk

I +⎟
⎠
⎞

⎜
⎝
⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ′
=  

        ( )( ) 7873.04.050
2

40150 3
2

3 =⇒−⎟
⎠
⎞

⎜
⎝
⎛= SGSG VV V 

        87.7
1.0

7873.0
1 ==DR kΩ  

        ( )2
4

4
4 2 TNGS

n
D VV

L
Wk

I −⎟
⎠
⎞

⎜
⎝
⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ′
=  

        ( )( ) 7162.04.040
2

100200 4
2

4 =⇒−⎟
⎠
⎞

⎜
⎝
⎛= GSGS VV V 

      ( ) 8.24
15.0

37162.0
2 =

−−
=DR kΩ  

      ( ) 15
15.0

30
=

−−
=SR k  Ω

(b) (i) 1
1

1 2 D
m

d R
g

A ⋅⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= ,  ( )( ) 6325.01.020

2
1.021 =⎟
⎠
⎞

⎜
⎝
⎛=mg mA/V 

            ( ) 49.287.7
2

6325.0
1 =⎟

⎠
⎞

⎜
⎝
⎛=dA  

     (ii) ,  232 Dm RgA −= ( )( ) 7746.015.050
2
04.023 =⎟

⎠
⎞

⎜
⎝
⎛=mg mA/V 

            ( )( ) 21.198.247746.02 −=−=A
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   (iii) 
Sm

Sm

Rg
Rg

A
4

4
3 1+
= ,   ( )( ) 265.12.040

2
1.024 =⎟
⎠
⎞

⎜
⎝
⎛=mg mA/V 

          ( )( )
( )( ) 950.0

15265.11
15265.1

3 =
+

=A  

(c) ( )( )( ) 4.4595.021.1949.2321 −=−=⋅⋅= AAAA d  
______________________________________________________________________________________ 
 
13.30 

(a) ( )( ) 6828.04.025
2

100100 3
2

33 =⇒−⎟
⎠
⎞

⎜
⎝
⎛== GSGSD VVI V 

       66.13
05.0

6828.0
1 ==DR kΩ  

           ( )( ) 7162.04.0100
2

40200 4
2

44 =⇒−⎟
⎠
⎞

⎜
⎝
⎛== SGSGD VVI V 

           ( ) 16.37
1.0
7162.03

3 =
−−

=DR k  Ω

           15
2.0
03
=

−
=SR k  Ω

(b) (i) 1
1

2 D
m

d R
g

A ⋅⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= ,  ( )( ) 5657.005.080

2
04.021 =⎟

⎠
⎞

⎜
⎝
⎛=mg mA/V 

            ( ) 864.366.13
2

5657.0
=⎟

⎠
⎞

⎜
⎝
⎛=dA  

     (ii) ,  332 Dm RgA −= ( )( ) 7071.01.025
2
1.023 =⎟
⎠
⎞

⎜
⎝
⎛=mg mA/V 

            ( )( ) 28.2616.377071.02 −=−=A

    (iii) 
Sm

Sm

Rg
Rg

A
4

4
3 1+
= ,  ( )( ) 265.12.0100

2
04.024 =⎟

⎠
⎞

⎜
⎝
⎛=mg mA/V 

           ( )( )
( )( ) 950.0

15265.11
15265.1

3 =
+

=A  

(c) ( )( )( ) 5.9695.028.26864.332 −=−=⋅⋅= AAAA d  
______________________________________________________________________________________ 
 
13.31 
     a. Original 1mg  and 2mg  

          

1 2

2

(12.5)(10)
2

125 /

P ox
p p

CWK K
L

A V

μ

μ

⎛ ⎞⎛ ⎞= = =⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠
=  

     So 

          

1 2 12 2 (0.125)(10)
2

0.09975 mA/V

Q
m m p

I
g g K

⎛ ⎞
= = =⎜ ⎟

⎝ ⎠
=  

     If 

W
L

⎛ ⎞
⎜ ⎟
⎝ ⎠  is increased to 50, then 
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2

1 2 (50)(10) 500 /p pK K Aμ= = = V  
     So 

          1 2 2 (0.5)(0.0199) 0.1995 mA/Vm mg g= = =  
     b. Gain of first stage 

          1 02 04( ) (0.1995)(5025 5025)d mA g r r= =  
     or 

          501dA =  
     Voltage gain of second stage remains the same, or 
           2 251vA =

     Then  2 (501)(251)v d vA A A= ⋅ =

     or 

          125,751dA =  
______________________________________________________________________________________ 
 
13.32 
           ( ) ( ) 16 minmax SGSDCM V υυυ −−= +

                   ( ) ( ) 6022.02.05.09022.02.0min6 =+−=+= satSDSD υυ V 

                    ( )2
111 TPSGpD VKi += υ

                  V ( ) 7843.05.02502.20 1
2

1 =⇒−= SGSG υυ
          ( ) 61.37843.06022.05max =−−=CMυ V 

           ( ) ( ) 113 minmin SGSDGSCM V υυυυ −++= −

                  ,  ( )2
33 TNGSnD VKi −= υ ( ) 3125.025.6

2
1.0

=⎟
⎠
⎞

⎜
⎝
⎛=nK mA/V  2

                 ( ) 7542.05.05.3122.20 3
2

3 =⇒−= GSGS υυ  V 
                 ( ) 4843.02.05.07843.0min1 =+−=SDυ V 
          ( ) 55.47843.04843.07542.05min −=−++−=CMυ V 
     So  61.355.4 ≤≤− CMυ V 
______________________________________________________________________________________ 
 
13.33 

(a) ( ) 0.150
2
04.0

2 5
5 =⎟

⎠
⎞

⎜
⎝
⎛=⎟

⎠
⎞

⎜
⎝
⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ′
=

L
Wk

K p
p mA/V  2

           ( )
set

SG
TPSGp R

VVV
VVK

−+ −−
=+ 52

55  

            ( )( )( ) 55
2

5 1049.04.1501 SGSGSG VVV −=+−

           V 121.105.146950 55
2

5 =⇒=+− SGSGSG VVV

           1776.0
50

121.110
=

−
== Qset II mA 7DI=  

     (b) ( )421 oomd rrgA = ,   ( ) 5960.0
2

1776.050
2
04.021 =⎟

⎠
⎞

⎜
⎝
⎛

⎟
⎠
⎞

⎜
⎝
⎛=mg mA/V 

                     
( )

5.281

2
1776.004.0

1
2 =

⎟
⎠
⎞

⎜
⎝
⎛

=or kΩ ,  
( )

1.563

2
1776.002.0

1
4 =

⎟
⎠
⎞

⎜
⎝
⎛

=or kΩ  
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            ( )( ) 9.1111.5635.2815960.0 ==dA  

            ( )8772 oom rrgA −= ,   ( )( ) 032.11776.030
2
1.027 =⎟
⎠
⎞

⎜
⎝
⎛=mg mA/V 

                      ( )( ) 5.281
1776.002.0

1
7 ==or kΩ ,  ( )( ) 8.140

1776.004.0
1

8 ==or kΩ  

             ( )( ) 86.968.1405.281032.12 −=−=A  
             ( )( ) 839,1086.969.1112 −=−=⋅= AAA d  
______________________________________________________________________________________ 
 
13.34 

          ( )421 oomd rrgA = ,   ( )( ) 6325.01.050
2
04.021 =⎟

⎠
⎞

⎜
⎝
⎛=mg mA/V 

                    ( )( ) 400
1.0025.0

1
2 ==or kΩ ,  ( )( ) 7.666

1.0015.0
1

4 ==or kΩ  

           ( )( ) 1.1587.6664006325.0 ==dA  

           ( )8772 oom rrgA −= ,   ( )( ) 095.12.030
2
1.027 =⎟
⎠
⎞

⎜
⎝
⎛=mg mA/V 

                   ( )( ) 3.333
2.0015.0

1
7 ==or kΩ ,  ( )( ) 200

2.0025.0
1

8 ==or kΩ  

            ( )( ) 9.1362003.333095.12 −=−=A  
            ( )( ) 644,219.1361.1582 −=−=⋅= AAA d  
______________________________________________________________________________________ 
 
13.35 

          

1
2PD

eq i

f
R Cπ

=
 

     where 04 02eqR r r=  and 1 2(1 )i vC C A= +  
     We can find that 
           and  2 251vA = 04 02 5.025 Mr r= = Ω

     Now 

          5.025 5.025 2.51 MeqR = = Ω  
     and 
           12(1 251) 3024 pFiC = + =
     So 

          
6 1

1
2 (2.51 10 )(3024 10 )PDf
π −=

× × 2

 
     or 

          21.0 HzPDf =  
______________________________________________________________________________________ 
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13.36 
          From Problem 13.33,  
              86.962 =A ,  k ,  5.2812 =or Ω 1.5634 =or kΩ  

          ( ) Moo
PD Crr

f
422

1
π

=  

     Then  
( )( )

7
3

1006.1
101.5635.28182

1 −×=
×

=
πMC F 

           ( ) ( )86.971006.11 1
7

21 CACCM =×⇒+= −  

    Or    F 9
1 1008.1 −×=C

______________________________________________________________________________________ 
 
13.37 

          0 07 08R r r=  
     We can find that 
           07 08 2.52 Mr r= = Ω
     Then 

          0 2.52 2.52R =  
     or 

          0 1.26 MR = Ω  
______________________________________________________________________________________ 
 
13.38 

(a) 2
3
6

2 ==GSV V 

       ( ) 91.34.02
2
1.05.0

52

2 =⎟
⎠
⎞

⎜
⎝
⎛⇒−⎟

⎠
⎞

⎜
⎝
⎛
⎟
⎠
⎞

⎜
⎝
⎛==

−L
W

L
WI D  

(b) 
( )
( )211

211

1 oom

oom

rrg
rrg

A
+

=υ ,  ( )( ) 80
5.0025.0

1
21 === oo rr kΩ ,  4021 =oo rr kΩ  

        
( )
( ) 225.1
401

40
98.0 1

1

1 =⇒
+

= m
m

m g
g

g
mA/V 

        ( ) 155.0
2
1.02225.1

11
1 =⎟

⎠
⎞

⎜
⎝
⎛⇒⎟

⎠
⎞

⎜
⎝
⎛
⎟
⎠
⎞

⎜
⎝
⎛==

L
W

L
Wg m  

(c) 408163.040
225.1
11

21
1

=== oo
m

o rr
g

R  

         Ω= 800oR
______________________________________________________________________________________ 
 
13.39 

     (a) 

[ ]2
2

2

80 (20) 1.1737 0.7
2

180 

Q

Q

I

I Aμ

⎛ ⎞= −⎜ ⎟
⎝ ⎠

=  
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     (b) 

( )

( )

2
6 6 6

2
7 7 7

80 (25) 0.7 25 0.8581 V
2
40 (50) 0.7 25 0.8581 V
2

D GS GS

D SG SG

I V V

I V V

⎛ ⎞= − = ⇒ =⎜ ⎟
⎝ ⎠
⎛ ⎞= − = ⇒ =⎜ ⎟
⎝ ⎠  

 
     Set 
            8 8 0.8581 VSG P GS NV V= =

          

2

8 8

2

8 8

40180 (0.8581 0.7) 360
2

80180 (0.8581 0.7) 180
2

P P

N N

W W
L L

W W
L L

⎛ ⎞⎛ ⎞ ⎛ ⎞= − ⇒⎜ ⎟⎜ ⎟ ⎜ ⎟
⎝ ⎠⎝ ⎠ ⎝ ⎠

⎛ ⎞⎛ ⎞ ⎛ ⎞= − ⇒⎜ ⎟⎜ ⎟ ⎜ ⎟
⎝ ⎠⎝ ⎠ ⎝ ⎠

=

=
 

______________________________________________________________________________________ 
 
13.40 

          ( ) ( )( ) 8873.05.020
2
1.05.0

2
1.0150.0 11

2
11

2
11

11
1 =⇒−⎟

⎠
⎞

⎜
⎝
⎛=−⎟

⎠
⎞

⎜
⎝
⎛
⎟
⎠
⎞

⎜
⎝
⎛=== GSGSGSQREF VVV

L
WII V                

          V 1127.48873.05, =−=REFGSV
           For three NMOS transistors in series: 

                  3709.1
3

1127.4
==GSV V 

          ( ) 96.35.03709.1
2
1.015.0 2 =⎟

⎠
⎞

⎜
⎝
⎛⇒−⎟

⎠
⎞

⎜
⎝
⎛
⎟
⎠
⎞

⎜
⎝
⎛==

L
W

L
WI REF  

______________________________________________________________________________________ 
 
13.41 
     (a) 

          

( )2
2 8

8

6 7

2
6 7

80250 (5) 0.7
2

1.818 V
1.818 0.909 V

2
80 (25)(0.909 0.7) 43.7 
2

Q GS

GS

GS SG

D D

I A V

V

V V

I I

μ

Aμ

⎛ ⎞= = −⎜ ⎟
⎝ ⎠

⇒ =

⇒ = = =

⎛ ⎞= = − =⎜ ⎟
⎝ ⎠  

     (b) 

          

( )( )

( )( )
( ) ( )( )

1

2

04

1 1 2 4

1

80 2502 (15) 0.5477 mA/V
2 2
1 800K

0.01 0.125
1 533.3K

0.015 0.125
0.5477 800 533.3

175

m

o

d m o o

d

g

r

r

A g r r

A

⎛ ⎞ ⎛ ⎞= ⇒⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

= =

= =

= =

=  
     Second stage: 
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2 5 5 9

5

05

09

2

2

( )

402 (80)(250) 1.265 mA/V
2
1 266.7 K

(0.015)(0.25)
1 400 K

(0.01)(0.25)
(1.265)(266.7 400)
202

m o o

m

A g r r

g

r

r

A
A

= −

⎛ ⎞= ⇒⎜ ⎟
⎝ ⎠

= =

= =

= −
= −  

 
     Assume the gain of the output stage 1,≈  then 

           
1 2 (175)( 202)

35,350
v d

v

A A A
A

= ⋅ = −
= −

______________________________________________________________________________________ 
 
13.42 

     (a) 1 6 8( )d m o oA g R R=  

          ( )( )

1

1 8

6

1 6 8 10

4
4

2 2 (0.5)(0.025) 224 /

2 (0.5)(0.025) 224 /
1 1 2.67 

(0.015)(25)
1 1 1.33

0.015 50

m n DQ

m m

m

o o o o
DQ

o
D

g K I A V

g g

g A V

r r r r M
I

r M
I

μ

μ

λ

λ

= = ⇒

=

= ⇒

= = = = = = Ω

= = ⇒ Ω
 

     Now 

          
8 8 8 10

6 6 6 4 1 6

( ) (224)(2.67)(2.67) 1597 
( )( ) (224)(2.67)(2.67 1.33) 531 

o m o o

o m o o o o

R g r r M
R g r r r R M

= = = Ω
= = ⇒ = Ω  

     Then 

          (224)(531 1597) 89,264d dA A= ⇒ =  

     (b) 6 8 531 1597 398 o o o oR R R R M= = ⇒ = Ω  

     (c) ( )( )6 12

1 1 80 
2 2 398 10 5 10PD PD

o L

f f H
R Cπ π −

= = ⇒ =
× ×

z
 

          (89,264)(80) 7.14 GBW GBW MHz= ⇒ =  
______________________________________________________________________________________ 
 
13.43 
     (a) 
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1 8 10

6

4
4

1 8
1 1

6
6 6

6 8 6 6

1 1 2 
(0.02)(25)

1 1 2.67 
(0.015)(25)

1 1 1.33 
(0.015)(50)

352 (25) 41.8
2

802 (25) 63.2
2

[ (

o o o
p D

o
n D

o
n D

m m

m

o o o m o

r r r M
I

r M
I

r M
I

W Wg g
L L

W Wg
L L

R R R g r

λ

λ

λ

= = = = = Ω

= = = Ω

= = = Ω

⎛ ⎞⎛ ⎞ ⎛ ⎞= =⎜ ⎟⎜ ⎟ ⎜ ⎟
⎝ ⎠⎝ ⎠ ⎝ ⎠

⎛ ⎞⎛ ⎞ ⎛ ⎞= =⎜ ⎟⎜ ⎟ ⎜ ⎟
⎝ ⎠⎝ ⎠ ⎝ ⎠

= =

=

4 1 8 8 10)( )] [ ( )]o o m o or r g r r
 

     Define 
1

1

WX
L

⎛ ⎞= ⎜ ⎟
⎝ ⎠  and 

6
6

WX
L

⎛ ⎞= ⎜ ⎟
⎝ ⎠  

     Then 

          

( )( ) ( )( )6 1

1 6
6 1

6 1

63.2 2.67 1.33 2 41.8 2 2

22,539
134.8 167.2

134.8 167.2

oR X X

X X
X X

X X

⎡ ⎤= ⎡⎣ ⎦⎣ ⎦

= =
+

⎤

 
 
 

          

1 6
1 1

6 1

22,539(41.8 )
134.8 167.2

10,000

d m o
X XA g R X

X X
⎛ ⎞

= = ⎜ ⎟+⎝ ⎠
=  

     Now 
6 1

6 1

1 0.674
2.2

W WX X
L L

⎛ ⎞ ⎛ ⎞= = =⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠  

     We then find 

          

2
1

1

4.06
p

W WX
L L

⎛ ⎞ ⎛ ⎞= = =⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠  

     and 

          
1.85

n

W
L

⎛ ⎞ =⎜ ⎟
⎝ ⎠  

______________________________________________________________________________________ 
 
13.44 
     Let   5 ,V V+ = 5V V− = −

          

1 8 10

6

4

1 1 8
1

(10) 3 0.3 mA 0.1 100 A
1 1 M

(0.02)(50)
1 1.33 M

(0.015)(50)
1 0.667 

(0.015)(100)

352 (50) 59.2
2

T T REF

o o o

o

o

m m

P I I I mA

r r r

r

r M

Wg X g
L

μ= = ⇒ = ⇒ = =

= = = = Ω

= = Ω

= = Ω

⎛ ⎞⎛ ⎞= = =⎜ ⎟⎜ ⎟
⎝ ⎠⎝ ⎠  

     where 
1

1

WX
L

⎛ ⎞= ⎜ ⎟
⎝ ⎠  

     Assume all width-to-length ratios are the same. 
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6 1

802 (50) 89.4
2m

Wg X
L

⎛ ⎞⎛ ⎞= =⎜ ⎟⎜ ⎟
⎝ ⎠⎝ ⎠  

     Now 

          

( )( ) ( )
( )( ) ( )( )

[ ] [ ] ( )( )

6 8 6 6 4 1 8 8 10

1 1

1 1
1 1

1 1

89.4 1.33 0.667 1 59.2 1 1

47.6 59.2
47.6 59.2

47.6 59.2

o o o m o o o m o oR R R g r r r g r r

X X

X X
X X

X X

⎡ ⎤= = ⎡ ⎤⎣ ⎦⎣ ⎦
⎡ ⎤= ⎡⎣ ⎦⎣ ⎦

= =
+

⎤

 
     So 126.4oR X=  
     Now 

           ( )( )1 1 159.2 26.4 25,000d m oA g R X X= = =

     So that 
2

1 16WX
L

= =
 for all transistors 

______________________________________________________________________________________ 
 
 
 
 
 
 
 
13.45 

(a) ( )861 oomd rrBgA =  

                  ( )( ) 4899.006.020
2
1.021 =⎟
⎠
⎞

⎜
⎝
⎛=mg mA/V 

                   ( )( )( ) 9.138
306.004.0

1
6 ==or kΩ  

                   ( )( )( ) 8.277
306.002.0

1
8 ==or kΩ  

        ( )( )( ) 1.1368.2779.1384899.03 ==dA  

(b) 6.928.2779.13886 === ooo rrR kΩ  

(c) ( )( ) 7.343
105106.922

1
2

1
123

=⇒
××

==
− PD

o
PD f

CR
f

ππ
kHz 

       MHz ( )( ) 8.46107.3431.136 3 =⇒×= GBWGBW
______________________________________________________________________________________ 
 
13.46 

     (a) 

( )
( )

6

8

1 6 8

1 1

1

1 0.5 
(0.02)(2.5)(40)

1 0.667 
(0.015)(2.5)(40)

400 (2.5) 0.5 0.667 560 /

80560 2 (40) 49
2

o

o

d m o o

m m

m

r M

r M

A Bg r r

g g A

W Wg
L L

μ

= = Ω

= = Ω

=

= ⇒ =

⎛ ⎞⎛ ⎞ ⎛ ⎞= = ⇒ =⎜ ⎟⎜ ⎟ ⎜ ⎟
⎝ ⎠⎝ ⎠ ⎝ ⎠

V

 
     Assume all (W/L) ratios are the same except for 
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5 6

5 6

and . 122.5W WM M
L L

⎛ ⎞ ⎛ ⎞= =⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠   

     (b) Assume the bias voltages are 
                                      5 ,V V+ = 5 .V V− = −

           
 

     Assume 
49

A B

W W
L L

⎛ ⎞ ⎛ ⎞= =⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠  

 

          
280 (49)( 0.5) 80 0.702 

2Q GSA GSAI V V⎛ ⎞= − = ⇒ =⎜ ⎟
⎝ ⎠

V
 

     Then 

          
28080 ( 0.5)

2REF GSC
C

WI V
L

⎛ ⎞⎛ ⎞= = −⎜ ⎟⎜ ⎟
⎝ ⎠⎝ ⎠  

     For four transistors 

          

2

10 0.702 2.325 
4

8080 (2.325 0.5) 0.60
2

GSC

C C

V V

W W
L L

−
= =

⎛ ⎞⎛ ⎞ ⎛ ⎞= − ⇒⎜ ⎟⎜ ⎟ ⎜ ⎟
⎝ ⎠⎝ ⎠ ⎝ ⎠

=
 

     (c) 
3

1 0.5 0.667 0.286 
2dB o

o

f R M
R Cπ− = = = Ω

 

          

3 3 12

3

1 185 
2 (286 10 )(3 10 )
(400)(185 10 ) 74 

dBf kHz

GBW MHz
π− −= =

× ×
= × ⇒  

______________________________________________________________________________________ 
 
13.47 
     (a) From previous results, we can write 

          ( )

10 10 10 6

12 12 12 8

1 10 12

( )
( )

o m o o

o m o o

d m o o

R g r r
R g r r
A Bg R R

=
=
=  

     Now 

          

( )

( )

10 6

12 8

1 1 0.5 
(0.02)(2.5)(40)2

1 1 0.667 
(0.015)(2.5)(40)2

o o
P Q

o o
n Q

r r M
B I

r r M
B I

λ

λ

= = = = Ω
/

= = = = Ω
/
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     Assume all transistors have the same width-to-length ratios except for 5M  and 6.M  

     Let 
2W X

L
⎛ ⎞ =⎜ ⎟
⎝ ⎠  

     Then 

          

( )

( )

2
10 10

10

2
12 12

12

2
1

352 2
2 2

83.67

802 2
2 2

126.5 

802 (40) 80 
2

p
m DQ

n
m DQ

m

k Wg I X
L

X

k Wg I X
L

X

g X X

′⎛ ⎞⎛ ⎞ ⎛ ⎞= =⎜ ⎟⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠⎝ ⎠

=

′⎛ ⎞⎛ ⎞ ⎛ ⎞= =⎜ ⎟ ⎜ ⎟⎜ ⎟⎝ ⎠ ⎝ ⎠⎝ ⎠
=

⎛ ⎞= =⎜ ⎟
⎝ ⎠

(2.5)(40)

(2.5)(40)

 
     Then 

          
10

12

(83.67 )(0.5)(0.5) 20.9  
(126.5 )(0.667)(0.667) 56.3  

o

o

R X X M
R X X

= =
= = M

Ω
Ω  

     We want 

          
2

20,000 (2.5)(80 )[20.9 56.3 ]
(20.9 )(56.3 )200 3048
20.9 56.3

X X X
X XX X
X X

=

⎡ ⎤= =⎢ ⎥+⎣ ⎦  
 
     Then 

          
2 6.56 WX

L
⎛ ⎞= = ⎜ ⎟
⎝ ⎠  

     Then 

          6 5

(2.5)(6.56) 16.4W W
L L

⎛ ⎞ ⎛ ⎞= = =⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠  

     (b) Assume bias voltages are  5 ,V V+ = 5V V− = −  

           
 

     Assume 
6.56

A B

W W
L L

⎛ ⎞ ⎛ ⎞= =⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠  

          
28080 (6.56)( 0.5) 1.052 

2Q GSA GSAI V V⎛ ⎞= = − ⇒ =⎜ ⎟
⎝ ⎠

V
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     Need 5 transistors in series 

          
10 1.052 1.79 

5GSCV V−
= =

 
     Then 

          

28080 (1.79 0.5) 1.20
2REF

C C

W WI
L L

⎛ ⎞⎛ ⎞ ⎛ ⎞= = − ⇒ =⎜ ⎟⎜ ⎟ ⎜ ⎟
⎝ ⎠⎝ ⎠ ⎝ ⎠  

     (c) 
3

1
2dB

o

f
R Cπ− =

 where 10 12o o oR R R=  
     Now 

          

10

12

20.9 6.56 53.5 

56.3 6.56 144 
o

o

R M

R M

= =

= =

Ω

Ω  
     Then 

          

3 6 12

3

53.5 144 39  
1 1.36 

2 (39 10 )(3 10 )
(20,000)(1.36 10 ) 27.2 

o

dB

R M

f k

GBW x GBW MHz
π− −

= = Ω

= =
× ×

= ⇒ =

Hz

 
______________________________________________________________________________________ 
 
 
 
 
13.48 

(a) V ( )( ) 82.04.03.07.01 =+=Δ OV

       47.5
15.0
82.0

==DR k  Ω

       10
3.0
03
=

−
=CR k  Ω

(b) ( )iCD
m

d RR
g

A
2

1= ,   ( )( ) 7746.015.050
2
04.021 =⎟

⎠
⎞

⎜
⎝
⎛=mg mA/V 

            ( ) EiC RrR βπ ++= 1 ,  ( )( ) 4.10
3.0
026.0120

==πr kΩ  

            ( )( ) 8.584.01214.10 =+=iCR kΩ  

        ( ) 938.18.5847.5
2

7746.0
=⎟

⎠
⎞

⎜
⎝
⎛=dA  

(c)  ( )
( )( )
( )( ) 41.20

4.01214.10
10120

12 −=
+

−
=

++
−

=
E

C

Rr
R

A
β

β

π

 

(d) ( )( ) 6.3941.20938.12 −=−=⋅= AAA dυ  
______________________________________________________________________________________ 
 
13.49 

(a) ( ) 10
3.0

30
=

−−
=SR k  Ω

         ( )2
11 TNGSnD VVKI −=

         V ( ) 7162.04.033.0 1
2

1 =⇒−= GSGS VV

        ( ) 39.12
3.0

37162.0
2 =

−−
=CR kΩ  

         V ( )( ) 85.07.05.03.01 =+=Δ OV
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         4.3
25.0
85.0

1 ==CR k  Ω

(b)       615.9
026.0
25.0

1 ==mg mA/V,  ( )( ) 48.12
25.0

026.0120
1 ==πr kΩ  

             54.11
026.0

3.0
3 ==mg mA/V,  ( )( ) 4.10

3.0
026.0120

3 ==πr kΩ  

        ( )31
1

2 iC
m

d RR
g

A =  

              ( ) ( )( ) 9.705.01214.10133 =+=++= Ei RrR βπ kΩ  

         ( ) 60.159.704.3
2
615.9

==dA  

(c) ( )
( )( )

( )( ) 97.20
5.01214.10

39.12120
13

2
2 −=

+
−

=
++

−
=

E

C

Rr
R

A
β

β

π

 

(d) 
SmD

SmD

Rg
Rg

A
+

=
13 ,   ( )( ) 897.13.032 ==mDg mA/V 

        ( )( )
( )( ) 950.0

10897.11
10897.1

3 =
+

=A  

(e) ( )( )( ) 8.31095.097.206.1532 −=−=⋅⋅= AAAA dυ  
______________________________________________________________________________________ 
 
13.50 

(a) For PMOS: 

           ( )( ) 6325.0125.040
2
04.0221 =⎟

⎠
⎞

⎜
⎝
⎛== mm gg mA/V 

            ( )( ) 6.228
125.0035.0

11

1

===
D

oP I
r

λ
kΩ  

       For BJT: 

             1200
125.0

150
2 ===

C

A
o I

V
r kΩ  

(b) ( ) ( )( ) 5.12112006.2286325.022 === ooPmd rrgA  
______________________________________________________________________________________ 
 
13.51 

(a) For NMOS: 

            ( )( ) 0.1125.040
2
1.02 =⎟
⎠
⎞

⎜
⎝
⎛=mNg mA/V 

             ( )( ) 400
125.002.0

1
==oNr kΩ  

       For BJT: 

             800
125.0

100
2 ==or k  Ω

(b) ( ) ( )( ) 7.2668004000.12 === ooNmNd rrgA  
______________________________________________________________________________________ 
 
13.52 
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     (a) ( )

2

1

1 6 8

200 0.5 /
0.015 

REF n p

n p

d m o o

I A K K mA
V

A g R R

μ
λ λ −

= = =
= =

=

 V

  
     where 

          ( )
8 8 8 10

6 6 6 4 1

( )
( )

o m o o

o m o o o

R g r r
R g r r r

=
=  

     Now 

          

8 8

8
8

10
8

6
6

6
6

4
4

1
1

1

2 2 (0.5)(0.1) 0.447 
1 1 667 

(0.015)(0.1)
1 667 

0.1 3.846 
0.026
80 800 
0.1

1 1 333 
(0.015)(0.2)

1 1 667 
(0.015)(0.1)

2

m P D

o
P D

o
P D

C
m

T

A
o

C

o
n D

o
p D

m

g K I mA V

r k
I

r k
I

Ig mA V
V
Vr k
I

r k
I

r k
I

g

λ

λ

λ

λ

= = =

= = = Ω

= = Ω

= = = /

= = = Ω

= = = Ω

= = = Ω

=

/

1 2 (0.5)(0.1) 0.447 P DK I m= = A V/  
 
     So 

          

8

6

(0.447)(667)(667) 198.9 
(3.846)(800)(333 667) 683.4 

o

o

R M
R M

= ⇒

= ⇒

Ω

Ω  
     Then 

          447(198.9 683.4) 68,865d dA A= ⇒ =  
______________________________________________________________________________________ 
 
13.53 
     Assume biased at   10 ,V V+ = 10 .V V− = −

          

( )1 6 8

2 2

1 1

3 (20) 10 167 
25,000

80 / , 35 /
0.015 , 0.02 

REF REF

d m o o

n p

n p

P I I A
A g R R

k A V k A V
V V

μ

μ μ
λ λ− −

= = ⇒ =
= =

′ ′= =
= =  

     Assume 
2.2

p n

W W
L L

⎛ ⎞ ⎛ ⎞=⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠  

          

( )8 8 8 10

6 6 6 4 1

8
8

10
8

2
8 8

8

( )( )
1 1 0.60 

(0.02)(83.3)
1 0.60 

352 2 (2.2) (83.3)
2 2

113.3

o m o o

o m o o o

o
P D

o
P D

p
m D

R g r r
R g r r r

r M
I

r M
I

k Wg I
L

X

λ

λ

=
=

= = = Ω

= = Ω

′⎛ ⎞⎛ ⎞ ⎛ ⎞= =⎜ ⎟⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠⎝ ⎠

=

X
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     where 
2

n

WX
L

⎛ ⎞= ⎜ ⎟
⎝ ⎠  

          

6
6

4
4

1
1

6
6

2
1 1

1

80 0.960 
83.3

1 1 0.40 
(0.015)(167)

1 1 0.60 
(0.02)(83.3)

83.3 3204 /
0.026

352 2 (2.2)
2 2

113.3

A
o

C

o
n D

o
p D

C
m

T

p
m D

Vr M
I

r M
I

r M
I

I
g A V

V

k Wg I
L

X

λ

λ

μ

= = = Ω

= = = Ω

= = = Ω

= = =

′⎛ ⎞⎛ ⎞ ⎛ ⎞= =⎜ ⎟⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠⎝ ⎠

=

(83.3)X

 
     Now 

          

6

8

(3204)(0.960) 0.40 0.60 738 

(113.3 )(0.60)(0.60) 40.8  
o

o

R M

R X X M

= ⎡ ⎤ =⎣ ⎦
= =

Ω

Ω  
     Then 

          

25,000 (113.3 ) 738 40.8

30,110(113.3 )
738 40.8

dA X

XX

X

X

= = ⎡⎣ ⎦
⎡ ⎤= ⎢ ⎥+⎣ ⎦

⎤

 
 
 
     which yields  2.48X =
     or 

          

2 6.16
n

WX
L

⎛ ⎞= = ⎜ ⎟
⎝ ⎠  

     and 

          
(2.2)(6.16) 12.3

P

W
L

⎛ ⎞ + =⎜ ⎟
⎝ ⎠  

______________________________________________________________________________________ 
 
13.54 
     For  (max), assume  Then cmv 5( ) 0.CBV Q =

          
9 10

15 0.6 0.6 13.8 V
0.236 0.118 mA

2

S

D D

V  

I I  

= − − =

= = =
 

     Using parameters given in Example 13.12 

          
9 0.118 1.4 2.17 

0.20
D

SG TP
P

I
V V

K
= − = + = V

 
     Then 
           (max) 13.8 2.17 (max) 11.6 Vcm cmv v= − ⇒ =
     For 
          ,  assume (min)cmv

           9( ) ( ) 2.17 1.4 0.77 VSD SD SG TPV M V sat V V= = + = − =
     Now 

           
10 10 10

10

(0.5) 0.6 (0.5) 15
0.118 0.6 15 14.28 V

D D D

D

V I I
V

= + + −
= + − ⇒ = −

     Then 
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(min) 14.28 (sat)
14.28 0.77 2.17 15.68 V

cm SD SGv V V= − + −
= − + − = −

     Then, common-mode voltage range 

          15.68 11.6cmv− ≤ ≤  
     Or, assuming the input is limited to 15 V,±  then 

          15 11.6 Vcmv− ≤ ≤  
______________________________________________________________________________________ 
 
13.55 
           21 II =

          ( )
1

72

R
VV

VVK BESG
TPSGp

−
=+  

          8.1
8

6.0
15.02 =⇒

−
== SG

SG V
V

I V 

          mA/V  ( ) 234.018.115.0 2
1 =⇒−== pp KKI 2

______________________________________________________________________________________ 
 
 
 
 
 
 
 
13.56 

(a) ( )
1

72

R
VV

VVK BESG
TPSGp

−
=+  

        ( )
8

6.0
2.115.0 2 −

=− SG
SG

V
V  

    We find  ,  0328.288.32.1 2 =+− SGSG VV 437.2=⇒ SGV V 

        2296.0
8

6.0437.2
21 =

−
== II mA 

(b)  6.06.07 −−= +VVC

        437.26 += −VVC

    Set  76 CC VV =
    Then  82.1437.22.1 =⇒+−=− SSS VVV V 

______________________________________________________________________________________ 
 
13.57 
          5 4 300 AC CI I μ= =  
     We have 

          
2 13

13

(200)(0.026) 17.3 k
0.3

n T
i

C

VR r
Iπ
β

= = = = Ω
 

          5 22 ( ) 2(0.6)(0.3) (17.3)d n Q iA K I R= ⋅ = ⋅  
     or 

          10.38dA =  
     Now 
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13
13

013
13

0.3 11.5 mA/V
0.026

50 167 k
0.3

C
m

T

A

C

I
g

V
Vr
I

= = =

= = = Ω
 

     Then 
           2 13 013| | (11.5)(167)v mA g r= ⋅ =
     or 

          2 1917vA =
 

     Overall gain: 

          
(10.38)(1917) 19,895vA = =

 
_____________________________________________________________________________ 
 
13.58  
     Assuming the resistances looking into  and into the output stage are very large, we have 4Q

          
013

2
13 13

| |
(1 )v

E

RA
r Rπ

β
β

=
+ +  

     where ( )013 013 13 13 131 m ER r g R rπ⎡ ⎤= +⎣ ⎦  

          

13 013

13

13

50300 167 k
0.3

0.3 11.5 mA / V
0.026

(200)(0.026) 17.3 k
0.3

C

m

I A, r

g

rπ

μ= = =

= =

= = Ω

 Ω

 
 
     So 

          ( )013 (167) 1 (11.5) 1 17.3 1.98 MR ⎡ ⎤= + ⇒⎣ ⎦ Ω  
     Then 

          
2

(200)(1980)| | 1814
17.3 (201)(1)vA = =

+  
     Now 

          

[ ]1 2(1 ) 12 1 1814
21,780 pF

i v

i

C C A
C

= + = +
⇒ =  

          2 012 010

1
2PD

eq i

eq i

f
R C

R R r r

π
=

=  
     Neglecting 3R ,  

          
010

10

1 1 333 k
(0.02)(0.15)D

r
Iλ

= = = Ω
 

     Neglecting 5 ,R  

          

012

2 13 13

50 333 k
0.15

(1 ) 17.3 (201)(1)
218 k

i E

r

R r Rπ β

= = Ω

= + + = +
= Ω  

     Then 

          ( )3 1

1
2 218 333 333 10 21,780 10PDf
π −

=
⎡ ⎤× × ×⎣ ⎦

2

 
     or 

          77.4 HzPDf =  
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     Unity-Gain Bandwidth 
     Gain of first stage: 

          

12 12 102 ( )

2(0.6)(0.3) (218 333 333)
(0.6)(218 333 333)

d n Qs o oA K I R r r= ⋅

= ⋅
=  

     or  56.6dA =

     Overall gain: 
           (56.6)(1814) 102,672vA = =

     Then unity-gain bandwidth  (77.4)(102,672)=

          7.95 MHz⇒  
______________________________________________________________________________________ 
 
13.59 
     Since  in 0GSV = 6 ,J  REF DSSI I=  

          0.8 DSSI mA⇒ =  
______________________________________________________________________________________ 
 
 
 
 
 
 
 
 
13.60 

     a. [ ]2 5 6(1 ) (1 )i ER r r Rπ πβ β= + + + +  

          

6

6
5

(100)(0.026) 13 k
0.2

200 A 2 A
100

C
C

r

II

π

μ μ
β

= =

≅ = =

Ω

 
    So 

          
5

(100)(0.026) 1300 k
0.002

rπ = = Ω
 

     Then 

          [ ]2 1300 (101) 13 (101)(0.3)iR = + +  
     or 

          2 5.67 MiR = Ω  

     b. ( )2 02 04 2v m iA g r r R=  

          

2
2 2 (0.1)(0.2)

3
0.0943 mA / V

m D DSS
P

g I I
V

= ⋅ ⋅ = ⋅

=  

          

02

04
4

1 1 500 k
(0.02)(0.1)

5.0 500 k
0.1

D

A

C

r
I

Vr
I

λ
= = =

= = = Ω

Ω

 
     Then 
           (0.0943)[500 || 500 || 5670]vA =
     or 
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          22.6vA =  
______________________________________________________________________________________ 
 
13.61 

     a. Need  For minimum bias ( )( ) satSD E SD PV Q V V≥ = 3 V±  

     Set 3 VPV =  and 3 VZKV =  

          
1

2
3

ZK D
REF

V V
I

R
−

=
 

     so that 
3 3

3 0.6 24 k
0.1

R R−
= ⇒ = Ω

 
     Set bias in  2 2 0.1 0.1 0.2 mAE REF ZQ I I= + = + =

     Therefore, 

          0.2 mADSSI =  
     b. Neglecting base currents 

          
01 1

4

12 0.60.5 mAREFI I
R
−

= = =
 

     so that 

          4 22.8 kR = Ω  
______________________________________________________________________________________ 
 
 
 
 
 
13.62 
     a. We have 

          

2
2 2 (0.5)(1)

| | 4
0.354 mA V

m D DSS
P

g I I
V

 /

= ⋅ ⋅ = ⋅

=  

          

02

04

4

4

1 1 100 k
(0.02)(0.5)

100 200 k
0.5

0.5 19.23 mA/V
0.026
(200)(0.026) 10.4 k

0.5

D

A

D

m

r
I

Vr
I

g

rπ

λ
= = =

= = = Ω

= =

= =

Ω

Ω
 

     So 

          

( )
( )( )

04 04 4 4 21

200 1 19.23 10.4 0.5

2035 k

mR r g r Rπ⎡ ⎤= +⎣ ⎦
⎡ ⎤= +⎣ ⎦

= Ω  

          ( )2 02 04d m LA g r R R=  

     For ( )0.354 100 || 2035 33.7
L

d

R
A
→∞
= =  

 With these parameter values, gain can never reach 500. 
     b. Similarly for this part, gain can never reach 700. 
______________________________________________________________________________________ 
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Chapter 14 
 
14.1 

          

80

(max) 4.5 (max) 56.25 mV

o
d

i

o i

v
A

v
v v

= = −

= ⇒ =  

     So

56.25(max) 39.77 mV
2i rmsv = =

 
______________________________________________________________________________________ 
 
14.2 

           
 
     (a) 

          

2
4.5 0.028125 mA
160
4.5 4.5 mA
1L

i

i

= =

= =
 

     Output Circuit  4.528 mA=

          
4.5 0.05625 V
80

o
i i

v
v v

A
−

= − = ⇒ = −
 

     (b) 

          

4.515 mA

(min) 300

o
o

L L

L

v
i

R R
R

≈ = =

⇒ = Ω  
______________________________________________________________________________________ 
 
14.3 
     (1)  2 Vov =

     (2)  2 12.5 mVv =

     (3)  
42 10OLA = ×

     (4) 1 8 Vv μ=  
     (5)  1000OLA =

______________________________________________________________________________________ 
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14.4 

(a) ( ) 42857.21
6.5

120

1

2 −=−=−=∞
R
R

ACL  

       42376.21

10
42857.221

42857.21

5

−=
+

−
=CLA  

      ( ) %0224.0%100
42857.21

42857.2142376.21
−=×

−
−−−  

(b) ( ) 634146.14
2.8

120

1

2 −=−=−=∞
R
R

ACL  

       63186.14

10
634146.151

634146.14

5

−=
+

−
=CLA  

        ( ) %0156.0%100
634146.14

634146.1463186.14
−=×

−
−−−  

______________________________________________________________________________________ 
 
14.5 

(a) (i) 90863.7

102
91176.71

91176.7

102
8.6

471
1

8.6
471

4

4

=

×
+

=

×

⎟
⎠
⎞

⎜
⎝
⎛ +

+

+
=CLA  

(ii) %03956.0%100
91176.7

91176.790863.7
−=×

−  

(b) (i) 84966.7

10
91176.71

91176.7

3

=
+

=CLA  

(ii) %785.0%100
91176.7

91176.784966.7
−=×

−  

______________________________________________________________________________________ 
 
14.6 

(a) 12091.15
1050005.1

102

1
1

0.15
1

2

1

24

1

2

3
1

2

1

2

=⇒
⎟
⎠
⎞⎜

⎝
⎛×+

−
=

×

⎟
⎠
⎞⎜

⎝
⎛ +

+

−
=−

− R
R

R
R

R
R

R
R
R

R

 

(b) 1160.15

105
12091.161

12091.15

4

−=

×
+

−
=CLA  

______________________________________________________________________________________ 
 
14.7 

          ( )( ) 5109991.8
901

90900001.01 ×=⇒
+

=− OL

OL

A

A

 

______________________________________________________________________________________ 
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14.8 

          ( )( ) 4999
11

110002.01 =⇒
+

=−= OL

OL

CL A

A

A  

______________________________________________________________________________________ 
 
14.9 

(a) ( )
( )001.0121

001.01210

1

2

±
±

=+=
R
R

A  

       02.10
979.20

21.210
max

==A  

       98.9
021.21
79.209

min
==A  

    So  02.1098.9 ≤≤ A  

(b) 009.10

10
02.111

02.10

4

max
=

+
=A  

       969.9

10
98.101

98.9

4

min
=

+
=A  

    So  009.10969.9 ≤≤ A  
______________________________________________________________________________________ 
 
14.10 

           
 

          

1 01 1
0 0

1 2

0
1

0

0
1

1 2 1 2

and 

so that 

1 1 1

I
L

i

L

I

i

v vv v v v A
R R R

v
v

A

vv
v

R R R R R

−−
= + = −

= −

⎛ ⎞
+ = + +⎜ ⎟

⎝ ⎠

1v

  
     So 

          
0

1 2 0 1 2

1 1 1 1 1I

L i

v v
R R A R R R

⎡ ⎤⎛ ⎞
= − + + +⎢ ⎥⎜ ⎟

⎝ ⎠⎣ ⎦  
     Then 

          

0 1

2 0 1 2

(1/ )
1 1 1 1 1

CL
I

L i

v R A
v

R A R R R

−
= =
⎡ ⎤⎛ ⎞

+ + +⎢ ⎥⎜ ⎟
⎝ ⎠⎣ ⎦  

     From Equation (14.20) for  and LR = ∞ 0 0R =  
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0

2

(1 )1 1 1
1

L

if i

A
R R R

+
= + ⋅

 
     a. For  1 kiR = Ω

          

3

3

(1/ 20)
1 1 1 1 1

100 20 100 110
0.05

[0.01 1.06 10 ]

CLA

−

−
=
⎡ ⎤⎛ ⎞+ + +⎜ ⎟⎢ ⎥⎝ ⎠⎣ ⎦

−
=

+ ×  
     or 

          

3

4.52

1 1 1 10 90.8 
1 100

CL

if
if

A

R
R

⇒ = −

+
= + ⇒ = Ω

 
     b. For  10 kiR = Ω

          

3

4

(1/ 20)
1 1 1 1 1

100 20 100 1010
0.05

[0.01 1.6 10 ]

CLA

−

−
=
⎡ ⎤⎛ ⎞+ + +⎜ ⎟⎢ ⎥⎝ ⎠⎣ ⎦

−
=

+ ×  
     or 

          4.92CLA⇒ = −  

          

31 1 1 10 98.9 
10 100 if

if

R
R

+
= + ⇒ = Ω

 
     c. For  100 kiR = Ω

          

3

5

(1/ 20)
1 1 1 1 1

100 20 100 10010
0.05

[0.01 7 10 ]

CLA

−

−
=
⎡ ⎤⎛ ⎞+ + +⎜ ⎟⎢ ⎥⎝ ⎠⎣ ⎦

−
=

+ ×  
     or 

          

3

4.965

1 1 1 10 99.8 
100 100

CL

if
if

A

R
R

⇒ = −

+
= + ⇒ = Ω

 
______________________________________________________________________________________ 
 
14.11 
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2

1

2

1

1

11 1

o
CL

i

OL

R
Rv

A
v R

A R

⎛ ⎞
+⎜ ⎟

⎝ ⎠= =
⎡ ⎤⎛ ⎞
+ +⎢ ⎥⎜ ⎟

⎝ ⎠⎣ ⎦  
     For the ideal: 

          
2

1

0.101 5
0.002

R
R

⎛ ⎞
+ = =⎜ ⎟

⎝ ⎠
0

 
           ( ) (0.10)(1 0.001) 0.0999ov actual = − =
     So 

          

0.0999 50 49.95
10.002 1 (50)
OLA

= =
+

 
     which yields 

          1000OLA =  
______________________________________________________________________________________ 
 
14.12 
     From Equation (14.18) 

          

21
1

1

2

1

1 1 1

OL

oo
vf

L o

A
R RvA

v
R R R

⎛ ⎞
− −⎜ ⎟
⎝ ⎠= =

⎛ ⎞
+ +⎜ ⎟

⎝ ⎠  
     Or 

          

3

3

1 1

3
1 1

5 10 1
1 100 (4.99999 10 )

1 1 1 1.11
10 1 100

4.504495 10

o

o

v v

v v

⎛ ⎞×
− −⎜ ⎟

− ×⎝ ⎠= ⋅ =
⎛ ⎞+ +⎜ ⎟
⎝ ⎠

= − × ⋅

1v⋅

 
     Now 

          
11

1 1 1

iv vi K
v R v

−
= ≡

 
     Then 
           1 1iv v KR v− = 1

     which yields 

          
1

1 1
ivv

KR
=

+  
     Now, from Equation (14.20) 

          

3

3

11 5 101 1 10
1 110 100 1

10 100
5.0011 10(0.1) (0.01) 45.15495

1.11

K

⎡ ⎤+ × +⎢ ⎥
= + ⎢ ⎥

⎢ ⎥+ +
⎢ ⎥⎣ ⎦

⎡ ⎤×
= + =⎢ ⎥

⎣ ⎦  
     Then 

          ( )( )1 45.15495 10 1 452.5495
i iv vv = =

+  
     We find 
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3

1 4.504495 10
452.5495

i
o

vv ⎡ ⎤= − × ⎢ ⎥⎣ ⎦  
     Or 

          

1
1 9.9536o

vf
i

vA
v

= = −
 

     For the second stage,  LR = ∞

          

3

3
2 1

3

1 1 1
1

1

5 10 1
1 100

4.950485 10
1 1
1 100

1 1 1 5 10 49.61485
110 100 1

100

1 (49.61485)(10) 1 497.1485

o

o o o

v v

K

v v vv
KR

⎛ ⎞×
− −⎜ ⎟
⎝ ⎠ ′ ′= ⋅ = −
⎛ ⎞+⎜ ⎟
⎝ ⎠

⎡ ⎤
⎢ ⎥+ ×

≡ + =⎢ ⎥
⎢ ⎥+
⎢ ⎥⎣ ⎦

′ = = =
+ +

1v× ⋅

 
     Then 

          

3
2

1

4.950485 10 9.95776
497.1485

o

o

v
v

− ×
= = −

 
     So 

          
2 ( 9.9536)( 9.95776) 99.12o

vf vf
i

vA A
v

= = − − ⇒ =
 

______________________________________________________________________________________ 
 
14.13 
     a. 

           
 

          
1 01 1

3 1 2

0I

i

v vv v v
R R R R

−−
+ + =

+     (1) 

          
0

1
3 1 2 2 3

1 1 1 I

i i

v vv
R R R R R R R
⎡ ⎤

+ + = +⎢ ⎥+ +⎣ ⎦  

          
0 0 0 0 1

0 2

0L d

L

v v A v v v
R R R

− −
+ + =

   (2) 
     or 

          
01

0
0 2 2 0

1 1 1 L d

L

A vvv
R R R R R
⎡ ⎤

+ + = +⎢ ⎥
⎣ ⎦  

          
1

3

I
d i

i

v vv R
R R

⎛ ⎞−
= ⋅⎜ ⎟+⎝ ⎠     (3) 

     So substituting numbers: 
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0

1
1 1

10 20 10 40 40 10 20
Iv vv 1⎡ ⎤+ + = +⎢ ⎥+⎣ ⎦ +   (1) 

     or 
           1 0[0.15833] [0.025] [0.03333]Iv v v= +

          

4
1

0
(10 )1 1 1

1 0.5 40 40 0.5
dvvv ⎡ ⎤+ + = +⎢ ⎥⎣ ⎦    (2) 

     or 

          [ ] [ ] ( )4
0 13.025 0.025 2 10 dv v= + × v  

          
( )1

120 0.6667
10 20

I
d

v vv v−⎛ ⎞= ⋅ =⎜ ⎟+⎝ ⎠
I v−

  (3) 
     So 

          [ ] [ ] ( )( )( )4
0 13.025 0.025 2 10 0.6667 Iv v v= + × − 1v  (2) 

     or 

          [ ] 4 4
0 13.025 1.333 10 1.333 10Iv v= × − × v

)

 
     From (1): 

           ( ) (1 0 0.1579 0.2105Iv v v= +

     Then 

          

[ ] ( ) ( )4 4
0 0

3 4
0

3.025 1.333 10 1.333 10 0.1579 0.2105

2.1078 10 1.0524 10
I I

I

v v v v

v v

= × − × +⎡ ⎤⎣ ⎦
⎡ ⎤ ⎡ ⎤× = ×⎣ ⎦ ⎣ ⎦  

     or 

          

0 4.993CL
I

v
A

v
= =

 
     To find :ifR  Use Equation (14.27) 

          

( )3

1 2

1

0.5 0.51
1 40

101 1 0.5 0.5 0.51
10 40 1 40 40(40)

(1.5125) {(0.125)(1.5125) 0.0003125} 25

I

d

I d

i

v
v

i v

⎛ ⎞+ +⎜ ⎟
⎝ ⎠

⎧ ⎫⎛ ⎞⎛ ⎞= + + + − −⎨ ⎬⎜ ⎟⎜ ⎟
⎝ ⎠⎝ ⎠⎩ ⎭

= − v−  
     or 
          (1.5125) {0.18875} 25I I di v= − v

I

 
     Now 
           and  (20)d I i Iv i R i= = 1 (20)I Iv v i= −

     So 

           

(1.5125) [ (20)] [0.18875] 25 (20)
[505.3] (0.18875)

I I I

I I

i v i i
i v

= − ⋅ −
=

     or 

          
2677 kI

I

v
i
= Ω

 
     Now 

10 2677 2.687 Mif ifR R= + ⇒ = Ω
 

     To determine 0 :fR  Using Equation (14.36) 

          

3
0

20 0

1

1 1 1 10
400.5 11

10 20

L

f

i

A
RR R

R R

⎡ ⎤ ⎡ ⎤
⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥= ⋅ = ⋅

′ ⎢ ⎥ ⎢ ⎥++⎢ ⎥ ⎢ ⎥
⎣ ⎦⎣ ⎦  
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     or  0 3.5 fR′ = Ω

     Then 0 1 k 3.5 fR = Ω Ω  

          0 3.49 fR⇒ = Ω
 

     b. Using Equation (14.16) 

          
3

5( 10) (0.05)%
10

CL CL

CL CL

dA dA
A A

⎛ ⎞= − ⇒ = −⎜ ⎟
⎝ ⎠  

______________________________________________________________________________________ 
 
14.14 

(a)  

 
 

(b) (i) 
( )
o

OIOLO

i

OI

R
A

R
υυυυυ −−

=
−

 

              ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
++=+

o

OL

oi
O

o

IOL

i

I

R
A

RRR
A

R
11υ

υυ
 

              ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ×
++=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛ ×
+

1
105

1
1

10
1

1
105

10
1 33

OI υυ  

               ( ) ( 33 100011.5100001.5 ×=× OI υυ )
              9998.0=

I

O

υ
υ

 

        (ii) 
( )

i

x

o

xOLx
x R

V
R

VAV
I +

−−
=  

              
10
1

1
1051111 3

+
×+

=+
+

==
io

OL

ofx

x

RR
A

RV
I

 

               Ω≅ 2.0ofR
 
 
 
 
 
 
 
 
______________________________________________________________________________________ 
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1 01 1 2 1

01 2
1

20 10 40
1 1 1

20 10 40 20 10 40

I I

I I

v vv v v v

vv v v

−− −
+ =

⎡ ⎤+ + = + +⎢ ⎥⎣ ⎦  

     and  so that 0 0Lv A= − 1v
0

1
0L

vv
A

= −
 

 
 
 
     Then 

          

1 2 0 3

2
0

0 1 2

0 0

0 0

1 1 7(0.05) (0.10)
40 402 10

[2.50875 10 ]
1.993 3.986

2 1.993 0.35
2

I I

I I

v v v

v
v v v

v v %
v v

−

⎧ ⎫⎛ ⎞+ = − + ⋅⎨ ⎬⎜ ⎟× ⎝ ⎠⎩ ⎭
= − ×

⇒ = − −

Δ Δ−
= ⇒ =

 
______________________________________________________________________________________ 
 
14.16 

           
 

          
2 2

40 4 0.8
40 10 5Bv v v⎛ ⎞ ⎛ ⎞= = =⎜ ⎟ ⎜ ⎟+⎝ ⎠ ⎝ ⎠

2v
 (1) 

          
01

10 40
AA v vv v −−

=
 

          
01 1 1

10 40 10 40A
vv v ⎛ ⎞+ = +⎜ ⎟

⎝ ⎠  
            (2) 1 0(0.1) (0.025) (0.125)Av v v+ =

          0 0 0 ( )L d L B Av A v A v v= = −   (3) 
    
  or 
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0 0 2

0
2

0

0
2

0

[0.8 ]

0.8

0.8

L A

A
L

A
L

v A v v
v v v
A

vv v
A

= −

− = −

⇒ = −

 
     Then 

          

0
1 0 2

0

1 2 0 3

2
0

0

2 1

(0.1) (0.025) (0.125) 0.8

0.125(0.1) (0.1) 0.025
10

[2.5125 10 ]

3.9801

0.0199 0.4975
4

L

d

d

d

vv v v
A

v v v

v
vA

v v

A %
A

−

⎡ ⎤
+ = −⎢ ⎥

⎣ ⎦
⎡ ⎤− = − +⎢ ⎥⎣ ⎦

= − ×

⇒ = =
−

Δ
⇒ = ⇒

 
______________________________________________________________________________________ 
 
 
 
 
14.17 
     a. Considering the second op-amp and Equation (14.20), we have 

          
2

1 1 1 1 100 1010.10
110 0.1 (0.1)(11)1

0.1
ifR

⎡ ⎤
⎢ ⎥+

= + ⋅ = +⎢ ⎥
⎢ ⎥+
⎢ ⎥⎣ ⎦  

     So  2 0.0109 kifR = Ω

     The effective load on the first op-amp is then 

           1 20.1 0.1109 kL ifR R= + = Ω

     Again using Equation (14.20), we have 

          

11 1001 1 1 110.0170.1109 0.10
1 110 1 11.0171

0.1109 1
ifR

+ +
= + ⋅ = +

+ +
 

     so that 

          
99.1 ifR = Ω

 
     b. To determine 0 :fR  
     For the first op-amp, we can write, using Equation (14.36) 

          

0

20 1 0

1

1 1 1 100
401 11

1||10||

L

f

i

A
RR R

R R

⎡ ⎤ ⎡ ⎤
⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥= ⋅ = ⋅
⎢ ⎥ ⎢ ⎥++⎢ ⎥ ⎢ ⎥⎣ ⎦⎣ ⎦  

     which yields  0 1 0.021 kfR = Ω

     For the second op-amp, then 
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0

20 0

1 0 1

1 1

1
( ) ||

1 100
0.101 1

(0.121) ||10

L

f

f i

A
RR R

R R R

⎡ ⎤
⎢ ⎥
⎢ ⎥= ⋅
⎢ ⎥+⎢ ⎥+⎣ ⎦

⎡ ⎤
⎢ ⎥
⎢ ⎥= ⋅
⎢ ⎥+⎢ ⎥⎣ ⎦  

     or 0 18.4 fR = Ω
 

     c. To find the gain, consider the second op-amp. 

           
 

          
01 2 2 2 02( )

0.1 0.1
d d d

i

v v v v v
R

− − − −
+ =

  (1) 

          
01 02

2
1 1 1

0.1 0.1 10 0.1 0.1d
v v

v ⎛ ⎞+ + + = −⎜ ⎟
⎝ ⎠  

     or 
           01 2 02(10) (20.1) (10)dv v v+ = −
 
 
 

          
02 0 2 02 2

0

( ) 0
0.1

L d dv A v v v
R
− − −

+ =
  (2) 

          

02 02
2

02 2

100 1 0
1 1 0.1 0.1

(11) (90) 0

d

d

v vv

v v

⎛ ⎞− − +⎜ ⎟
⎝ ⎠

− =

=

−

 
     or 
           2 02 (0.1222)dv v=
     Then Equation (1) becomes 
           01 02 02(10) (0.1222)(20.1) (10)v v v+ =
     or 
           01 02 (1.246)v v= −
     Now consider the first op-amp. 
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1 1 1 0( )

1 1
I d d d

i

v v v v v
R

− − − −
+ = 1

  (1) 

          
1 0

1 1 1(1) (1)
1 10 1I dv v v⎛ ⎞+ + + = −⎜ ⎟
⎝ ⎠

1

(1) (2.1) (1)v v v+ = −

 
     or 
           1 01I d

          
01 01 0 1 01 1

0

( ) 0
0.1109 1

L d dv v A v v v
R
− − −

+ + =
 (2) 

          

01 1

01 1

1 1 1 100 1 0
0.1109 1 1 1 1

(11.017) (99) 0

d

d

v v

v v

⎛ ⎞ ⎛+ + − − =⎜ ⎟ ⎜
⎝ ⎠ ⎝

− =

⎞
⎟
⎠

−

 
     or 
           1 01(0.1113)dv v=
     Then Equation (1) becomes 
           01 01(1) (0.1113)(2.1)Iv v v+ =

     or  01(1.234)Iv v= −

     We had  01 02 (1.246)v v= −

     So  02 (1.246)(1.234)Iv v=

     or 

02 0.650
I

v
v

=
 

     d. Ideal 
02 1
I

v
v

=
 

     So ratio of actual to ideal  0.650.=
______________________________________________________________________________________ 
 
 
14.18 
     (a) For the op-amp.  

6
0 3 10L dBA f⋅ =

          

6

3 4

10 50 Hz
2 10dBf = =
×  

     For the closed-loop amplifier. 

          

6

3
10 40 kHz
25dBf = =

 
     (b) Open-loop amplifier. 

          

4 4

2

3
3

4
4

3 2

4
3

3 2

2 10 2 10| |
1 1

2 100.25 1.94 10
1 (0.25)

2 105 3.9
1 (5)

dB
dB

dB

dB

A A
fj f

f f

f f A

f f A−

× ×
= ⇒ =

⎛ ⎞+
+ ⎜ ⎟
⎝ ⎠

×
= ⇒ = = ×

+

×
= ⇒ = = ×

+
2 10

 
     Closed-loop amplifier 

          

3 2

3 2

250.25 24.25
1 (0.25)
255 4

1 (5)

dB

dB

f f A

f f A−

= ⇒ = =
+

= ⇒ = =
+

.90
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14.19 
          dB,   100=oA 510=⇒ oA
          dB,   38=A 43.79=A

        Then  
24

5

101

1043.79

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

=

PDf

 

           94.7
43.79

1010 54

=⇒≅ PD
PD

f
f

 Hz 

           Hz ( )( ) 55 1094.794.710 ×==GBW
______________________________________________________________________________________ 
 
14.20 

(a) 11
15

15011
1

2 =⎟
⎠
⎞

⎜
⎝
⎛ +=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+=

R
R

ACLO  

         kHz ( ) 10911102.1 33
6 =⇒=×= −− dBdBT fff

(b) ( )( )
( )( ) ⎥⎦

⎤
⎢
⎣

⎡
±
±

+=
05.0115
05.011501CLOA  

               ( ) 05.12
25.14

5.1571max =+=CLOA  

               ( ) 05.10
75.15

5.1421min =+=CLOA  

             Then   05.1205.10 ≤≤ CLOA
 
                 kHz ( ) 6.9905.12102.1 33

6 =⇒=×= −− dBdBT fff

                 kHz ( ) 4.11905.10102.1 33
6 =⇒=×= −− dBdBT fff

            Then   kHz 4.1196.99 3 ≤≤ −dBf
______________________________________________________________________________________ 
 
14.21 
     The open loop gain can be written as 

          

0
0

6

( )
1 1

5 10

L

PD

AA f
f fj j

f

=
⎛ ⎞⎛ ⎞+ ⋅ + ⋅⎜ ⎟⎜ ⎟×⎝ ⎠⎝ ⎠  

     where  
5

0 2 10 .A = ×

     The closed-loop response is 

          
0

01
L

CL
L

AA
Aβ

=
+  

     At low frequency, 

          

5

5

2 10100
1 (2 10β

×
=

+ × )  
     So that  

39.995 10 .β −= ×

     Assuming the second pole is the same for both the open-loop and closed-loop, then 
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1 1
6tan tan

5 10PD

f f
f

φ − −⎛ ⎞ ⎛ ⎞= − −⎜ ⎟ ⎜ ⎟×⎝ ⎠⎝ ⎠  
     For a phase margin of 80  ,° 100 .φ = − °  
     So 

          
1

6100 90 tan
5 10

f− ⎛ ⎞− = − − ⎜ ⎟×⎝ ⎠  
     or 

           
58.816 10  Hzf = ×

     Then 

          

0
5

2 25 5

6

1
2 10

8.816 10 8.816 101 1
5 10

L

PD

A

f

=

×
=

⎛ ⎞ ⎛ ⎞× ×
+ +⎜ ⎟ ⎜ ⎟×⎝ ⎠⎝ ⎠  

     or 

          

5
58.816 10 1.9696 10

PDf
×

≅ ×
 

     or 

          4.48 HzPDf =  
______________________________________________________________________________________ 
 
14.22 
     (a) 1st stage 
          3 3(10) 1 100dB dB  f MHz f kHz− −= ⇒ =  
     2nd stage 
          3 3(50) 1 20dB dB  f MHz f kHz− −= ⇒ =  
     Bandwidth of overall system  20 kHz≅

 
 
 
     (b) If each stage has the same gain, so 
           

2 500 22.36K K= ⇒ =
     Then bandwidth of each stage 
          3 3(22.36) 1 44.7dB dB  f MHz f kHz− −= ⇒ =  
______________________________________________________________________________________ 
 
14.23 

(a) 9978.9

105
111

0.10

1
1

41

2

1

2

−=

×
+

−
=

⎟
⎠
⎞⎜

⎝
⎛ +

+

−
=

O

CLO

A
R

R
R

R

A  

         kHz ( ) 033.1509978.9105.1 33
6 =⇒=×= −− dBdBT fff

(b)  ( ) 34.9999978.9 3 −=−=CLOA

At ;  dBf −3 64.706
2
34.999

==⇒ CLA  
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Then  
3

2

3
3

10033.150
1

34.99964.706

⎥
⎥

⎦

⎤

⎢
⎢

⎣

⎡

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
×

+

=

−dBf
 

49.76
64.706
34.999

10033.150
1 3

232

3
3 =⇒⎟

⎠
⎞

⎜
⎝
⎛=

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
×

+ −
−

dB
dB f

f
kHz 

______________________________________________________________________________________ 
 
14.24 

          

4 6

6
3 3

2

33

(5 10 ) 10 20 

(25) 10 40 

25

1 1
40 10

PD PD

dB dB

vo
v v

dB

f f Hz

f f kHz

A
A A

f fj
f

− −

−

× = ⇒ =

⇒ =

= ⇒ =
⎛ ⎞+ + ⎜ ⎟×⎝ ⎠  

     At 30.5 20 dBf f k−= = Hz  

          
2

25 22.36
1 (0.5)

vA = =
+  

     At 32 80 dBf f k−= = Hz  

          
2

25 11.18
1 (2)

vA = =
+  

______________________________________________________________________________________ 
 
14.25 

          
3 6(20 10 ) 10 50vf vfMAX MAX

A A× ⋅ = ⇒ =
 

______________________________________________________________________________________ 
 
 
 
 
 
14.26 

(a) ( ) 159
52

105
2 max

6

max =⇒
×

== f
V
SRf

PO ππ
kHz 

(b) ( ) 5.530
5.12

105
max

6

max =⇒
×

= ff
π

kHz 

(c) ( ) 99.1
4.02

105
max

6

max =⇒
×

= ff
π

MHz 

______________________________________________________________________________________ 
 
14.27 
     a. Using Equation (14.55), 

          

6

0 3

8 10
2 (250 10 )PV
π

×
=

×  
     or 

          0 5.09 VPV =  
     b. 
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       Period 
6

3

1 1 4 10  s
250 10

T
f

−= = = ×
×  

      One-fourth period 1 sμ=  

     

0

0

Slope 8 V/ s
1

8 V

P

P

V SR
s
V

μ
μ

= = =

⇒ =
 

______________________________________________________________________________________ 
 
14.28 

          
POV

SRf
π2max =  

          V/s ( )( ) 53 1054.71012102 ×=×= πSR
   Or   V/754.0=SR μ s 
______________________________________________________________________________________ 
 
14.29 

(a) 0.5
2

1063.01020
6

3
max =⇒

×
=×= PO

PO

V
V

f
π

V 

(b) ( ) 87.23
10202

103
3

6

=
×

×
=

πPOV V 

______________________________________________________________________________________ 
 
14.30 
     For input (a), maximum output is 5 V. 
           1 V/μsS R =
so 
 

           
 
     For input (b), maximum output is 2 V. 
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     For input (c), maximum output is 0.5 V so the output is 
 

           
______________________________________________________________________________________ 
 
14.31 

     For input (a), 01max 3 V.v =  
 

           
 

     Then 02 max
3(3) 9 Vv = =  

 
 
 
 
 
 

           
 

     For input (b), 01max 1.5 V.v =  
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     Then ( )02 max
3 1.5 4.5Vv = =  

 

           
______________________________________________________________________________________ 
 
14.32 

          
1

1 1 exp ,BE
S

T

VI I
V

⎛ ⎞
= ⎜ ⎟

⎝ ⎠  
2

2 2 exp BE
S

T

VI I
V

⎛ ⎞
= ⎜ ⎟

⎝ ⎠  
     Want  so 1 2 ,I I=

          

14 1

1

2 14 2

1 2

5 10 (1 )exp
1

5 10 (1 )exp

(1 ) exp
(1 )

BE

T

BE

T

BE BE

T

Vx
VI

I Vx
V

V Vx
x V

−

−

⎛ ⎞
× + ⎜ ⎟

⎝ ⎠= =
⎛ ⎞

× − ⎜ ⎟
⎝ ⎠

⎛ ⎞−+
= ⎜ ⎟− ⎝ ⎠  

     Or 

          

2 11 exp exp
1

0.0025exp 1.10
0.026

OSBE BE

T T

VV Vx
x V

⎛ ⎞ ⎛−+
= =⎜ ⎟ ⎜− ⎝ ⎠ ⎝

⎛ ⎞= =⎜ ⎟
⎝ ⎠

V
⎞
⎟
⎠

 
 
 
     Now 
          1 (  1 )(1.10)x x+ = − ⇒

           0.0476 4.76%x = ⇒
______________________________________________________________________________________ 
 
14.33 

(a) Balanced circuit, A 15
4 105 −×=SI

(b) From Eq. (14.62),  51 =CEυ V,  4.42.16.52 =−=CEυ V 
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⎟
⎠
⎞

⎜
⎝
⎛ +

⎟
⎠
⎞

⎜
⎝
⎛ +
⋅=

+

+

80
2.11

120
4.41

80
6.01

120
51

4

3

S

S

I
I

 

        ( )
( )015.1
036667.1

0075.1
041667.1

4

3 ⋅=
S

S

I
I

 

        15
4

4

3 10939.40123.1 −×=⇒= S
S

S I
I
I

 A 

(c) 51 =CEυ V,  1.35.26.52 =−=CEυ V 

        
⎟
⎠
⎞

⎜
⎝
⎛ +

⎟
⎠
⎞

⎜
⎝
⎛ +
⋅=

+

+

80
5.21

120
1.31

80
6.01

120
51

4

3

S

S

I
I

 

        ( )
( )03125.1

025833.1
0075.1

041667.1

4

3 ⋅=
S

S

I
I

 

        15
4

4

3 10811.403937.1 −×=⇒= S
S

S I
I
I

 A 

______________________________________________________________________________________ 
 
14.34 
          μ150=nK A/V 2  

          ( ) ( ) μxxxK n 30011501150 =−−+=Δ A/V  2

          ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ Δ
=

n

n

n

Q
OS K

K
K
I

V
22

1  

          ( ) 01837.08165.0
150
300

1502
200

2
11015 3 =⇒=⎟

⎠
⎞

⎜
⎝
⎛=× − xxx  

______________________________________________________________________________________ 
 
14.35 

(a)  V ( ) ( ) 33 10603001021030 −− ×±−=×±−=Oυ
    So  240.0360.0 −≤≤− Oυ V 

(b)  V ( ) 06.0310210030 3 ±−=×±−= −
Oυ

    So  94.206.3 −≤≤− Oυ  V 
______________________________________________________________________________________ 
 
 
 
 
14.36 
          ( )2sin2530 ±−= tO ωυ mV 
          06.0sin75.0 ±−= tO ωυ V 
    So  ( ) ( 06.0sin75.006.0sin75.0 )+−≤≤−− tt O ωυω  V 
______________________________________________________________________________________ 
 
14.37 
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3
8

4

0.5 10 5 10  
10

I A
−

−×
= = ×

 
     Also 

          0

1 i
o

o
dV II C V Idt t
dt C C

= ⇒ = =∫ ⋅
 

     Then 

          

8
3

6

5 105 1
10 10

t t s
−

−

×
= ⇒ =

×
0  

 
______________________________________________________________________________________ 
 
14.38 

(a) ( 3
10

10011 ±⎟
⎠
⎞

⎜
⎝
⎛ +=Oυ )  mV, 3333 1 ≤≤− Oυ mV 

       ( )333
10
50

2 ±±⎟
⎠
⎞

⎜
⎝
⎛−=Oυ  mV, 180180 2 ≤≤− Oυ mV 

(b) ( )( )310111 ±=Oυ  mV,  14377 1 ≤≤⇒ Oυ mV 
       ( ) 730314352 −=+−=Oυ mV 
       ( ) 37037752 −=−−=Oυ mV 
     So  37.073.0 2 −≤≤− Oυ V 
(c) ( )( )3100111 ±=Oυ  mV 
             133.1067.1 1 ≤≤ Oυ V 
       ( ) 68.5003.0133.152 −=+−=Oυ V 
       ( ) 32.5003.0067.152 −=−−=Oυ V 
    So  32.568.5 2 −≤≤− Oυ V 

______________________________________________________________________________________ 
 
 
 
 
 
 
14.39 
      due to 0v Iv  

          
0

1(0.5) 1 0.9545 V
1.1

v ⎛ ⎞= + =⎜ ⎟
⎝ ⎠  

     Wiper arm at  (using superposition) 10 V,V + =
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1 5
1

1 5 4

|| 0.0909(10) (10)
|| 0.0909 10

0.090

R Rv
R R R

⎛ ⎞ ⎛ ⎞= =⎜ ⎟ ⎜ ⎟+ +⎝ ⎠⎝ ⎠
=  

     Then 
01

1 (0.090) 0.090
1

v ⎛ ⎞= − = −⎜ ⎟
⎝ ⎠  

     Wiper arm in center,  and  1 0v = 02 0v =

     Wiper arm at   10 V,V − = − 1 0.090v = −

     So  
           03 0.090v =

     Finally, total output  (from superposition) 0 :v

     Wiper arm at  ,V +

          0 0.8645 Vv =  
     Wiper arm in center, 

          0 0.9545 Vv =  
     Wiper arm at  ,V −

          0 1.0445 Vv =  
______________________________________________________________________________________ 
 
14.40 
     a.  1 2 0.5 || 25 0.490 kR R′ ′= = = Ω

     or 

          1 2 490 R R′ ′= = Ω  
     b. From Equation (14.75), 

          

6

114

6

214

125 10(0.026) ln (0.125)
2 10

125 10(0.026) ln (0.125)
2.2 10

R

R

−

−

−

−

⎛ ⎞× ′+⎜ ⎟×⎝ ⎠
⎛ ⎞× ′= +⎜ ⎟×⎝ ⎠  

          
1 2

2 1

0.586452 (0.125) 0.583974 (0.125)
0.002478 (0.125)( )

R R
R R
′ ′+ = +
′ ′= −  

     So  2 1 0.0198 k 19.8 R R′ ′− = Ω⇒ Ω

     Then 

          

2 1

2 1

(1 )
0.0198

(1 )
(0.5)(1 )(50) (0.5)(50) 0.0198

(0.5) (1 )(50) (0.5) (50)
25(1 ) 25 0.0198

50.5 50 0.5 50
(0.5 50 )(25 25 ) (25 )(50.5 50 ) 0.0198

(50.5 50 )(0.5 50 )

x x

x x

R x R R R
R x R R xR

x x
x x

x x
x x
x x x x

x x

− ×
− =

+ − +
−

− =
+ − +
−

− =
− +
+ − − −

=
− +  
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{ } { }
{ } { }

2 2

2

2

2

2

25 0.5 0.5 50 50 50.5 50 0.0198 25.25 2525 25 2500

25 0.5 0.0198 25.25 2500 2500

0.5 0.019998 1.98 1.98
1.98 2.98 0.48 0

2.98 (2.98) 4(1.98)(0.48)
2(1.98)

2x x x x x x x x

x x x

x x x
x x

x

− + − − + = + − −

− = + −

− = + −
− + =

± −
=

 
     So  
          0.183x =  
     and  
          1 0.81x− = 7

Ω
Ω

 
______________________________________________________________________________________ 
 
14.41 

           
1 1

2 2

||15 0.5 ||15 0.4839 k
|| 35 0.5 || 35 0.4930 k

R R
R R
′ = = =
′ = = =

     From Equation (14.75), 

          

1 2
1 1 2 2

3 4

1
2 2 1 1

2

1 1 1
2 2

2 2 2

1 1
2

2 2

(0.026) ln (0.026) ln 

(0.026) ln 

(0.026) ln 1

(0.026) ln (0.4930) 1 (0.9815)

C C
C C

S S

C
C C

C

C C
C

C C

C C
C

C C

i i
i R i R

I I

i
i R i R

i

i i Ri R
i i R

i i
i

i i

⎛ ⎞ ⎛ ⎞
′ ′+ = +⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠
⎛ ⎞

′ ′= −⎜ ⎟
⎝ ⎠

′⎛ ⎞ ⎡ ⎤
′= − ⋅⎜ ⎟ ⎢ ⎥′⎝ ⎠ ⎣ ⎦

⎛ ⎞
= −⎜ ⎟

⎝ ⎠

⎡ ⎤⎛ ⎞
⎢ ⎥⎜ ⎟

⎝ ⎠⎣ ⎦  
     By trial and error: 

          1 252 ACi μ=  and 2 248 ACi μ=  
     or 

          

1

2

1.0155C

C

i
i

=
 

______________________________________________________________________________________ 
 
14.42 

(a) ( ) ( )( ) 2.01020010 36
1 =×= −

AO μυ V 

Insert resistor  3R

 ( ) ( ) 09.9
20

20011022.0 33
6

2 =⇒⎟
⎠
⎞

⎜
⎝
⎛ +×−=−= − RRAO μυ kΩ  

(b) ( ) ( )( ) 16.010200108.0 36
8.0 =××= −

AO μυ V 

       ( ) ( ) 09.29
20

2001105.016.0 33
6

5.0 =⇒⎟
⎠
⎞

⎜
⎝
⎛ +×−=−= − RRAO μυ kΩ  

______________________________________________________________________________________ 
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(a) V ( )( ) 3.010150102 36
2 −=××−=−= −RI BOυ

(b) ( ) 5.03.002.0
15

150
−=−−=Oυ V 

(c) ( ) 1.03.002.0
15

150
−=−−−=Oυ V 

(d) ( ) 3.13.01.0
15

150
−=−−=Oυ V 

______________________________________________________________________________________ 
 
14.44 

(a) V ( )( ) 15.010250106.0 36 =××= −
Oυ

(b) ( )( ) 478.015.0008.041 =+=Oυ V 
(c) ( )( ) 0065.015.00035.041 =+−=Oυ V 
(d) ( )( ) 15.0sin205.015.0sin005.041 +=+= ttO ωωυ  (V) 

______________________________________________________________________________________ 
 
14.45 
     a. 

           
 

     For 2 1 A,BI μ=  then  ( )(6 4
0 10 10v −= − )

     or 0 0.010 Vv = −  
     b. If a 10  resistor is included in the feedback loop  kΩ

           
 
     Now  0 2 1(10) (10) 0B Bv I I= − + =

     Circuit is compensated if  1 2 .B BI I=

______________________________________________________________________________________ 
 
 
 
 
14.46 
     From Equation (14.83), we have 
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Ω
           0 2 0Sv R I=

     where  and 2 40 kR = 0 3 A.SI μ=  
     Then 

           ( )(3 6
0 40 10 3 10v −= × × )

     or 

          0 0.12 Vv =  
______________________________________________________________________________________ 
 
14.47 
     a. Assume all bias currents are in the same direction and into each op-amp. 

          ( ) ( )( )6 5
01 1 01100 k 10 10 0.1 VBv I v−= Ω = ⇒ =  

     Then 

           

( ) ( )
( )( ) ( )(

02 01 1

6 4

5 50 k

0.1 5 10 5 10

0.5 0.05

Bv v I
−

= − + Ω

= − + ×

= − +

)

     or  

          02 0.45 Vv = −  
b. Connect  resistor to noninverting terminal of first op-amp, and  3 10 ||100 9.09 kR = = Ω

Ω          resistor to noninverting terminal of second op-amp. 3 10 || 50 8.33 kR = =

______________________________________________________________________________________ 
 
14.48 
     a. For a constant current through a capacitor. 

          
0 0

1  
t

v I
C

= ∫ dt
 

     or 

6

0 06

0.1 10 (0.1)
10

v t v
−

−

×
= ⋅ ⇒ = t

 
     b. At   10 s,t = 0 1 Vv =

     c. Then 

          

12
4

0 06

100 10 (10 )
10

v t v
−

−
−

×
= ⋅ ⇒ = t

 
     At  10 s,t = 0 1 mVv =  
______________________________________________________________________________________ 
 
14.49 

(a) V ( )( ) 15.01050103 36
1 =××= −

Oυ
       15.02 =Oυ V 

       ( ) ( )( ) 09.0102010315.0
20
20 36

3 −=××+−= −
Oυ V 

(b) 33.85010 ==AR  k  Ω

       102020 ==BR  kΩ  

(c) V ( )( ) 015.0103.01050 63
1 ±=××±= −

Oυ
       015.02 ±=Oυ V 

       V ( )( ) 021.0015.0103.01020 63
3 ±=±××±= −

Oυ
______________________________________________________________________________________ 
 
14.50 
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     a. Using Equation (14.79), 
     Circuit (a), 

          
( )( ) ( )( )6 3 6 3

0
500.8 10 50 10 0.8 10 25 10 1
50

v − − ⎛ ⎞= × × − × × +⎜ ⎟
⎝ ⎠  

     or 

          0 0v =  
     Circuit (b), 

          

( )( ) ( )( )6 3 6 3
0

2

500.8 10 50 10 0.8 10 10 1
50

4 10 1.6

v − −

−

⎛ ⎞= × × − × +⎜ ⎟
⎝ ⎠

= × −  
     or 

          0 1.56 Vv = −  
     b. Assume 1 0.7 ABI μ=  and 2 0.9 A,BI μ=  then using Equation (14.79): 
     Circuit (a), 

          

( )( ) ( )( )6 3 6 3
0

500.7 10 50 10 0.9 10 25 10 1
50

0.035 0.045

v − − ⎛ ⎞= × × − × × +⎜ ⎟
⎝ ⎠

= −  
     or 0 0.010 Vv = −  
     Circuit (b), 

          

( )( ) ( )( )6 3 6 6
0

500.7 10 50 10 0.9 10 10 1
50

0.035 1.8

v − − ⎛ ⎞= × × − × +⎜ ⎟
⎝ ⎠

= −  
     or 0 1.765 Vv = −  
______________________________________________________________________________________ 
 
14.51 

(a) For :  OSV ( ) 333
10

1001 ±=±⎟
⎠
⎞

⎜
⎝
⎛ +=Oυ mV 

For :  BI ( ) ( )( ) 043.0101001043.0max 36 =××= −
Oυ  V 

               ( ) ( )( ) 037.0101001037.0max 36 =××= −
Oυ V 

So  764 ≤≤ Oυ mV 
(b) For :  OSV 33±=Oυ mV 

For :   V OSI ( )( ) 006.0101001006.0 36 ±=××±= −
Oυ

So  3939 ≤≤− Oυ mV 

(c) ( ) 039.02.0
10

1001 ±⎟
⎠
⎞

⎜
⎝
⎛ +=Oυ  

So 239.2161.2 ≤≤ Oυ V 
______________________________________________________________________________________ 
 
 
 
 
 
 
 
 
 
14.52 
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     a. 2

(15) 0.010 Vi

i

R
R R

⎛ ⎞
=⎜ ⎟+⎝ ⎠  

          
2

2

15 0.0006667
15
15(1 0.0006667) 0.0006667 

R
R

=
+
− =  

     Then 

          2 22.48 MR = Ω  
     b. 1 1|| 15 ||10 6 ki FR R R R= = ⇒ = Ω  
______________________________________________________________________________________ 
 
14.53 

a. Assume the offset voltage polarities are such as to produce the worst case values, but the bias  
         currents are in the same direction. 

     Use superposition: 
     Offset voltages 

          

01 01

02

02

100| | 1 (10) 110 mV | |
10

50| | (5)(110) 1 (10)
10

| | 610 mV

v v

v

v

⎛ ⎞= + = =⎜ ⎟
⎝ ⎠

⎛ ⎞= + +⎜ ⎟
⎝ ⎠

⇒ =
 

     Bias Currents: 

           
6 3

01 (100 k ) (2 10 )(100 10 ) 0.2 VBv I −= Ω = × × =
     Then 

           
6 3

02 ( 5)(0.2) (2 10 )(50 10 ) 0.9 Vv −= − + × × = −

     Worst case:  is positive and  is negative, then 01v 02v

          01 0.31 Vv =  and 02 1.51 Vv = −  
     b. Compensation network: 

           
 
     If we want 

          

20 mV and 10 V

8.33 (10) 0.020
8.33

B

B C

C

R V V
R R

R

+ +⎛ ⎞
= =⎜ ⎟+⎝ ⎠

⎛ ⎞
=⎜ ⎟+⎝ ⎠  

     or 4.15 MCR ≅ Ω  
______________________________________________________________________________________ 
 
 
 
 
 
14.54 
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(a) Offset voltage: 

           ( ) 122
10
5011 ±=±⎟

⎠
⎞

⎜
⎝
⎛ +=Oυ mV 

           142122 ±=±±=Oυ mV 

           ( ) ( )( ) 162212
20
20

3 ±=±+±⎟
⎠
⎞

⎜
⎝
⎛−=Oυ mV 

      Bias current: 
           V ( )( ) 0105.010501021.0 36

1 =××= −
Oυ

      or  V ( )( ) 0095.010501019.0 36
1 =××= −

Oυ
           12 OO υυ =  

           ( )( ) ( )( ) 0042.010201021.01 1
36

13 +−=××+−= −
OOO υυυ  

     or    ( )( ) 0038.010201019.0 1
36

13 +−=××+−= −
OOO υυυ

    By superposition 
            5.225.2 1 ≤≤− Oυ mV 
                 5.245.4 2 ≤≤− Oυ mV 
              7.103.22 3 ≤≤− Oυ mV 
(b) Bias currents: 
           ( ) ( )( ) 110501002.01050 1

363
1 ±=⇒××±=×±= −

OOSO I υυ mV 

           ( ) ( )( ) 4.010201002.01020 3
363

3 ±=⇒××±=×±= −
OOSO I υυ mV 

      By superposition:  ( ) 4.02213 ±±±= OO υυ  
              1313 1 ≤≤− Oυ mV 
              1515 2 ≤≤− Oυ mV 
           4.174.17 3 ≤≤− Oυ mV 

______________________________________________________________________________________ 
 
14.55 
     For circuit (a), effect of bias current: 

           
3 9

0 (50 10 )(100 10 ) 5 mVv −= × × ⇒
     Effect of offset voltage 

          
0

50(2) 1 4 mV
50

v ⎛ ⎞= + =⎜ ⎟
⎝ ⎠  

     So net output voltage is 0 9 mVv =  
     For circuit (b), effect of bias current: 
     Let   then from Equation (14.79), 2 550 nA,BI = 1 450 nA,BI =

          

9 3 9 6
0

2

50(450 10 )(50 10 ) (550 10 )(10 ) 1
50

2.25 10 1.1

v − −

−

⎛ ⎞= × × − × +⎜ ⎟
⎝ ⎠

= × −  
     or 
           0 1.0775 Vv = −
     If the offset voltage is negative, then 
           0 ( 2)(2) 4 mVv = − = −
     So the net output voltage is 

          0 1.0815 Vv = −  
_____________________________________________________________________________________ 
 
14.56 
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     a. At   so the output voltage for each circuit is 25 C,T = ° 0 2 mVSV =

          0 4 mVv =  
     b. For  the offset voltage for is 50 C,T = °

           0 2 mV (0.0067)(25) 2.1675 mVSV = + =
     so the output voltage for each circuit is 

          0 4.335 mVv =  
______________________________________________________________________________________ 
 
14.57 
     a. At   then 25 C,T = ° 0 1 mV,SV =

          
01 01

50(1) 1 6 mV
10

v v⎛ ⎞= + ⇒ =⎜ ⎟
⎝ ⎠   

     and 

          

02 01

02

60 601 (1) 1
20 20

6(4) (1)(4) 28 mV

v v

v

⎛ ⎞ ⎛ ⎞= + + +⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

= + ⇒ =  
b. At   then 50 C,T = ° 0 1 (0.0033)(25) 1.0825 mV,SV = + =

          01 01(1.0825)(6) 6.495 mVv v= ⇒ =  
     and 
           02 (6.495)(4) (1.0825)(4)v = +
     or 

          02 30.31 mVv =  
______________________________________________________________________________________ 
 
14.58 

             

0

0

25 C; 500 nA, 200 nA
50 C, 500 nA (8 nA / C)(25 C) 700 nA

200 nA (2 nA / C)(25 C) 250 nA

B S

B

S

I I
I

I

° = =
° = + ° ° =

= + ° ° =

     a. Circuit (a): For ,BI  bias current cancellation, 0 0v =  
     Circuit (b): For ,BI  Equation (14.79), 

          

9 3 9 6
0

0

50(500 10 )(50 10 ) (500 10 )(10 ) 1
50

0.025 1.00 0.975 V

v

v

− − ⎛ ⎞= × × − × +⎜ ⎟
⎝ ⎠

= − ⇒ = −  
     b. Due to offset bias currents. 
     Circuit (a): 

          
9 3

0 (200 10 )(50 10 ) 0.010 Vv −= × × ⇒ =0v   
     Circuit (b): 

      
2

1

Let 600 nA
400 nA

B

B

I
I

=
=

     Then 

          

9 3 9 6
0

0

50(400 10 )(50 10 ) (600 10 )(10 ) 1
50

0.020 1.20 1.18 V

v

v

− − ⎛ ⎞= × × − × +⎜ ⎟
⎝ ⎠

= − ⇒ = −  
     c. Circuit (a): Due to ,BI  0v =  
     Circuit (b): Due to ,BI  
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9 3 9 6
0

0

50(700 10 )(50 10 ) (700 10 )(10 ) 1
50

0.035 1.40 1.365 V

v

v

− − ⎛ ⎞= × × − × +⎜ ⎟
⎝ ⎠

= − ⇒ = −  
     Circuit (a): Due to  0 ,SI

          
9 3

0 (250 10 )(50 10 ) 0.0125 Vv v−= × × ⇒ =0   
     Circuit (b): Due to  0 ,SI

     
2

1

Let 825 nA
575 nA

B

B

I
I

=
=

     Then 

          

9 3 9 6
0

0

50(575 10 )(50 10 ) (825 10 )(10 ) 1
50

0.02875 1.65 1.62 V

v

v

− − ⎛ ⎞= × × − × +⎜ ⎟
⎝ ⎠

= − ⇒ = −  
______________________________________________________________________________________ 
 
14.59 

          

0

0

25 C; 2 A, 0.2 A
50 C, 2 A (0.020 A / C)(25 C 2.5 A

0.2 A (0.005 A / C)(25 C) 0.325 A

B S

B

S

I I
I )

I

μ μ
μ μ μ
μ μ μ

° = =
° = + ° ° =

= + ° ° =   
     a. Due to :BI  (Assume bias currents into op-amp). 

          

6 3
01

01

(50 k ) (2 10 )(50 10 )
0.10 V

Bv I
v

−= Ω = × ×
⇒ =  

          

02 01

6 3 6

60 601 (60 k ) (50 k ) 1
20 20

(0.1)(4) (2 10 )(60 10 ) (2 10 )(60 10 )4

B Bv v I I

− −

⎛ ⎞ ⎛ ⎞= + + Ω − Ω +⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

= + × × − × × 3

 
     or 02 0.12 Vv =  
     b. Due to  0 :SI

          

1

1

2

1st op-amp. Let 2.1 A
2nd op-amp. Let 2.1 A

1.9 A

B

B

B

I
I
I

μ
μ
μ

=
=
=  

          

6 3
01 1

01

(50 k ) (2.1 10 )(50 10 )
0.105 V

Bv I
v

−= Ω = × ×
⇒ =  

          

02 01 1 2

6 3 6 3

60 601 (60 k ) (50 k ) 1
20 20

(0.105)(4) (2.1 10 )(60 10 ) (1.9 10 )(50 10 )(4)

B Bv v I I

− −

⎛ ⎞ ⎛ ⎞= + + Ω − Ω +⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

= + × × − × ×  
     or 

          02 0.166 Vv =  
     c. Due to :BI  

          

6 3
01 01

01 02

6 3 6 3

(2.5 10 )(50 10 ) 0.125 V

60 601 (60 k ) (50 k ) 1
20 20

(0.125)(4) (2.5 10 )(60 10 ) (2.5 10 )(50 10 (4)

B B

v v

v v I I

−

−

= × × ⇒ =

⎛ ⎞ ⎛ ⎞= + + Ω − Ω +⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

= + × × − × ×  
     or 02 0.15 Vv =  
     Due to  0 :SI
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1

2

Let 2.625 A
2.3375 A

B

B

I
I

μ
μ

=
=  

          

6 3
01 1

01

(50 k ) (2.6625 10 )(50 10 )
1.133 V

Bv I
v

−= Ω = × ×
⇒ =  

          

02 01 1 2

6 3 6 3

60 601 (60 k ) (50 k ) 1
20 20

(0.133)(4) (2.6625 10 )(60 10 ) (2.3375 10 )(50 10 )(4)

B Bv v I I

− −

⎛ ⎞ ⎛ ⎞= + + Ω − Ω +⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

= + × × − × ×  
     or 

          02 0.224 Vv =  
______________________________________________________________________________________ 
 
14.60 

(a) 0.5
10
50

==dA  

    For common-mode,  21 II υυ =  
    From Chapter 9, 

         
1

2

4

3

1

2

1

1

R
R

R
R

R
R

Acm −

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

=  

      If     ,  ( ) 75.50015.1502 ==R ( ) 85.9015.01101 =−=R  
              ,  ( ) 85.9015.01103 =−=R ( ) 75.50015.1504 ==R  

      Then    610046.515228.5
19409.1
15228.6

85.9
75.50

75.50
85.91

85.9
75.501

−×=−=−
+

+
=cmA  

      If      ,  ( ) 15.10015.1103 ==R ( ) 25.49015.01504 =−=R  

  Then      051268.015228.5
20609.1
15228.6

85.9
75.50

25.49
15.101

85.9
75.501

−=−=−
+

+
=cmA  

   If       ,   25.492 =R 15.101 =R

   Then      04877.085222.4
19409.1
85222.5

15.10
25.49

75.50
85.91

15.10
25.491

+=−=−
+

+
=cmA  

   Now   ( ) 8.39
051268.0

5log20min 10 =⎟
⎠
⎞

⎜
⎝
⎛=dBCMRR dB 

(b)       ,  ( ) 5.5103.1502 ==R ( ) 70.997.0101 ==R  
             ,  ( ) 5.4897.0504 ==R ( ) 3.1003.1103 ==R  
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         10519.030928.5
21237.1
30928.6

70.9
5.51

5.48
3.101

70.9
5.511

−=−=−
+

+
=cmA  

         5.33
10519.0

5log20 10 =⎟
⎠
⎞

⎜
⎝
⎛=dBCMRR dB 

______________________________________________________________________________________ 
 
14.61      

(a) dB  50=dBCMRR 2.316=⇒ CMRR

        01581.0
2.316

5
==cmA  

        From Problem 14.60, 

       

( )
( )
( )
( )

( )
( )x

x

x
x
x
x

Acm −
+

−

−
+

+

−
+

+
=−=

110
150

150
1101

110
1501

01581.0  

        x is small, so that x
x

+≅
−

1
1

1  

    Then 
( )( )
( )( ) ( )( xx

xx
xx

++−
+++
+++

=− 115
112.01

115101581.0 )  

       Neglect , 2x

       
( )
( ) ( )x

x
x 215
212.01

215101581.0 +−
++
++

≅−  

       ( ) ( )[ ] ( ) ( ) ( )[ ]xxxx 212.012152151212.0101581.0 +++−++=++−  

    We find  ( ) ( ) ( ) 009456.121001581.121003162.021 2 =+⇒=−+−+ xxx  
    Then   %4728.0004728.0 =⇒= xx
(b) dB,   75=dBCMRR 4.5623=⇒ CMRR

        00088914.0
4.5623

5
==cmA  

    Then ( ) ( )[ ] ( )2211212.0100088914.0 xx +−=++−  

    ( ) ( ) ( ) %0267.00005334.121000088914.121000177828.021 2 =⇒=+⇒=−+−+ xxxx  
______________________________________________________________________________________ 
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Chapter 15 
 
15.1 

(a) Noninverting amplifier 

       210718 2
1

2

1

2 =⇒=⇒+= R
R
R

R
R

kΩ , 301 =R kΩ  

       At noninverting terminal 

      ( )
6

3
10305.5

10302
1

2
1 −×=

×
==

ππ f
RC  

      Let input μ001.0=C F,  then 305.5=R kΩ  
(b) Set 151 =R kΩ , 3002 =R kΩ  for inverting amplifier 

       ( )
6

31 10958.7
10202

1
2

1 −×=
×

==
ππ f

CR  

        Put C in series with 1R  

       5.530
1015
10958.7

3

6

=⇒
×
×

=
−

CC pF 

______________________________________________________________________________________ 
 
15.2 

(a) 
( )

83.74061.0
5.11

1
4

−⇒=
+

=T dB 

(b) 
( )

93.102841.0
5.11

1
6

−⇒=
+

=T dB 

(c) 
( )

25.141938.0
5.11

1
8

−⇒=
+

=T dB 

(d) 
( )

68.171306.0
5.11

1
10

−⇒=
+

=T dB 

______________________________________________________________________________________ 
 
15.3 
          6−=T dB, 50.0=⇒ T  

          
( ) NN 22 111.11

1

9.0
11

150.0
+

=

⎟
⎠
⎞

⎜
⎝
⎛+

=  

    or  ( ) 31
5.0

1111.1
2

2 =−⎟
⎠
⎞

⎜
⎝
⎛=N  

         For N=6,  ( )( )( ) 54.3111.1 62 = ,  ⇒ 6-pole filter 
______________________________________________________________________________________ 
 
15.4 

(a) From Figure 15.8(a) 

        ( )
6

3
3

10366.6
10252

1
2

1 −

−

×=
×

==
ππ dBf

RC  
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       Let μ001.0=C F, then 366.6=R kΩ  
       And ( ) 50.4707.03 == RR kΩ  
               ( ) 0.9414.14 == RR kΩ  

(b) (i) 26.46123.0

22
251

1
4

−⇒=

⎟
⎠
⎞

⎜
⎝
⎛+

=T dB 

           (ii) 3707.0

25
251

1
4

−⇒=

⎟
⎠
⎞

⎜
⎝
⎛+

=T dB 

          (iii) 14.27819.0

28
251

1
4

−⇒=

⎟
⎠
⎞

⎜
⎝
⎛+

=T dB 

______________________________________________________________________________________ 
 
15.5 

(a) ( )
6

3
3

10958.7
10202

1
2

1 −

−

×=
×

==
ππ dBf

RC  

Let 20=R kΩ ,  then 9.397=C pF 
And ( ) 1411546.31 == CC pF 
        ( ) 9.553392.12 == CC pF 
        ( ) 5.802024.03 == CC pF 

(b) (i) 0673.09923.0

20
101

1
6

−⇒=

⎟
⎠
⎞

⎜
⎝
⎛+

=T dB 

           (ii) 711.09214.0

20
151

1
6

−⇒=

⎟
⎠
⎞

⎜
⎝
⎛+

=T dB 

          (iii) 0.37071.0

20
201

1
6

−⇒=

⎟
⎠
⎞

⎜
⎝
⎛+

=T dB 

          (iv) 83.64557.0

20
251

1
6

−⇒=

⎟
⎠
⎞

⎜
⎝
⎛+

=T dB 

           (v) 9.102841.0

20
301

1
6

−⇒=

⎟
⎠
⎞

⎜
⎝
⎛+

=T dB 

______________________________________________________________________________________ 
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15.6 
     From Equation (15.7). 

          
1 2

1 2 4 1 2 3

( )
( )
Y Y

T s
Y Y Y Y Y Y

=
+ + +  

     For a high-pass filter, let 1 2 ,Y Y sC= =  

          
3

3

1 ,Y
R

=
 and 

4
4

1Y
R

=
 

     Then 

          

2 2

2 2

4 3

4 3

( )
1 1

1
1 11 2

=
⎛ ⎞

+ + +⎜ ⎟
⎝ ⎠

=
⎛ ⎞

+ +⎜ ⎟
⎝ ⎠

s CT s
s C sC sC

R R

sR C sR C  
     Define CR33 =τ  and CR44 =τ  

          ( )
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
++

=

34

1211

1

ττ ss

sT  

     Set s jω=  

          ( )
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
++

=

34

1211

1

ωτωτ

ω

jj

jT  

                   

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−−

=

34

21

1

ωτωτ
jj

 

                  

443
2

211

1

ωτττω
j

−⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
−

=  

          ( )
2/1

2
4

2

2

43
2

411

−

⎪⎭

⎪
⎬
⎫

⎪⎩

⎪
⎨
⎧

+⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
−=

τωττω
ωjT  

     For a maximally flat filter, we want 

          
0

d T
d

ω
ω

→∞

=
 

     Taking the derivative, we find 

          
( ) ( )

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡ −
+⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛
⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
−×

⎪⎭

⎪
⎬
⎫

⎪⎩

⎪
⎨
⎧

+⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
−−=

−

2
4

3
43

3
43

2

2/3

2
4

2

2

43
2

242112411
2
1

τωττωττωτωττωω
ω

d
jTd

 

     or 
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( )

0=∞→ωω
ω

d
jTd

 

                               
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
−⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛
−⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛
=

2
4

3
43

2
43

3

8114
τωττωττω

 

                               
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
−⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛
−=

2
443

2
43

3

21114
τττωττω

 

     Then 

          02111
2
443

2
43

=
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
−⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛
−

∞→ω
τττωττ

 

     So that 43
43

221 ττ
ττ

=⇒=  

     Then the transfer function can be written as: 

          ( ) ( ) ( )

2/1

2
3

2

2

2
3

2 4
4

2
11

−

⎪⎭

⎪
⎬
⎫

⎪⎩

⎪
⎨
⎧

+
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
−=

τωτω
ωjT  

                     
( )

2/1

2
3

222
3

22
3

2

1

4

111

−

⎪⎭

⎪
⎬
⎫

⎪⎩

⎪
⎨
⎧

++−=
τωτωτω

 

                     
( )

2/1

22
3

24

11

−

⎪⎭

⎪
⎬
⎫

⎪⎩

⎪
⎨
⎧
+=

τω
 

     3 dB−  frequency 

          12 2
3

2 =τω  or 
( ) ( )CR33 2

1
2
1

==
τ

ω  

     Define 

          
1

RC
ω =

 
     So that 

          
3 2
=

RR
 

     We had 432 ττ =  or 3 4 4 32( ) 2R C R C R R= ⇒ =  

     So that 4 2= ⋅R R
 

______________________________________________________________________________________ 
 
15.7 
          14− dB 1995.0=⇒ T  

          
( )

( ) 1.241
1995.0
12.1

2.11

11995.0
2

2
2

=−⎟
⎠
⎞

⎜
⎝
⎛=⇒

+
= N

N  

           N=9,  9th order filter 
______________________________________________________________________________________ 
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15.8 
          12− dB 2512.0=⇒ T  

          0.2512 ( ) 85.141
2512.0
1333.1

3
41

1 2
2

2
=−⎟

⎠
⎞

⎜
⎝
⎛=⇒

⎟
⎠
⎞

⎜
⎝
⎛+

= N

N
 

         N=5,  5th order filter 
______________________________________________________________________________________ 
 
15.9 

          

2

3

1

1
N

dB

T
f

f

=
⎛ ⎞

+ ⎜ ⎟
⎝ ⎠  

     At 12 kHz,f =  0.9T =  

          

2 2

3 3

2

2
3

1 10.9
121 1

12 1 1 0.2346
(0.9)

= =
⎛ ⎞ ⎛ ⎞

+ +⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

⎛ ⎞
= − =⎜ ⎟

⎝ ⎠

N N

dB dB

N

dB

f
f f

f  
     Also 

          

2

3

2

2
3

2

2
3 4

2

3
2 4

10.01
141

14 1 1 9999
(0.01)

14
14 9999 4.262 10
12 0.234612

(1.16667) 4.262 10
35

=
⎛ ⎞

+ ⎜ ⎟
⎝ ⎠

⎛ ⎞
= − =⎜ ⎟

⎝ ⎠

⎛ ⎞
⎜ ⎟

⎛ ⎞⎝ ⎠ = = = ×⎜ ⎟
⎝ ⎠⎛ ⎞

⎜ ⎟
⎝ ⎠

= ×
=

N

dB

N

dB

N

N
dB

N

dB
N

f

f

f

f

N  
     Then 

          

2

3

2

3

1
0.0142862

3

10.9
121

12 0.2346

12 (0.2346) (0.2346)

0.9795

N

dB

N

dB

N

dB

f

f

f

⎛ ⎞
⎜ ⎟
⎝ ⎠

=
⎛ ⎞

+ ⎜ ⎟
⎝ ⎠

⎛ ⎞
=⎜ ⎟

⎝ ⎠

⎛ ⎞
= =⎜ ⎟

⎝ ⎠
=  
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     So 

          3 12.25 kHz=dBf
 

______________________________________________________________________________________ 
 
15.10 

(a) 
( ) NN

T
22 25.11

1

8.0
11

1

+
=

⎟
⎠
⎞

⎜
⎝
⎛+

=  

For N=3,  
( )

83.64557.0
25.11

1
6

−⇒=
+

=T dB 

(b) For N=5,  
( )

1.103114.0
25.11

1
10

−⇒=
+

=T dB 

(c) For N=7,  
( )

8.132053.0
25.11

1
14

−⇒=
+

=T dB 

______________________________________________________________________________________ 
 
15.11 

(a) 
( ) N

T
24.11

1

+
=  

For N=3,  
( )

31.93424.0
4.11

1
6

−⇒=
+

=T dB 

(b) For N=5,  
( )

8.141828.0
4.11

1
10

−⇒=
+

=T dB 

(c) For N=7,  
( )

5.200944.0
4.11

1
14

−⇒=
+

=T dB 

______________________________________________________________________________________ 
 
15.12 
     Consider 

           
 

     For low-frequency: 

2 3

1 2 3

o

i

v R R
v R R R

+
=

+ +  

     For high-frequency: 

2

1 2

o

i

v R
v R R

=
+  
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     So we need 

          
2 3 2

1 2 3 1 2

25
R R R

R R R R R
⎛ ⎞+

= ⎜ ⎟+ + +⎝ ⎠  

           
 

     Let 1 2 50 R R k+ = Ω  and 2 11.5 48.5 = Ω⇒ = ΩR k R k
 

     Then  

          

3
3

3

1.5 1.525 144
50 50

+ ⎛ ⎞= ⇒ = Ω⎜ ⎟+ ⎝ ⎠

R R k
R  

     Connect the output of this circuit to a non-inverting op-amp circuit. 

           
 
     At low-frequency: 
 

          
2 3

1
1 2 3

1.5 144 0.75
48.5 1.5 144o i i i

R R
v v v v

R R R
+ +

= ⋅ = ⋅ =
+ + + +  

     Need to have 25.ov =  

          

5 5 5
1

4 4 4

25 1 1 (0.75) 32.3
⎛ ⎞ ⎛ ⎞

= = + ⋅ = + ⇒ =⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

o o i
R R R

v v v
R R R  

     To check at high-frequency. 

          

2
1

1 2

1

1.5 0.03
1.5 48.5

(1 32.3) (33.3)(0.03) (1.0)

= = =
+ +

= + = =

o i i i

o o i i

Rv v v v
R R

v v v v  
     which meets the design specification 
     Consider the frequency response. 

          

2 3
1

1 2 3

1

1
o

i

R R
v sC
v R R R

sC

+
=

+ +
 

     Now  

          
3

3
3

1
1

R
R

sC sR C
=

+  
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     Then, we find 

          

1 3 2 3

3 1 2 3

(1 )
( )(1 )

o

i

v R R sR C
v R R R sR C

+ +
=

+ + +  
     which can be rearranged as 

          

( )
( )( )( )

2 3 2 31

1 2 3 3 1 2

( ) 1 ( || )

( ) 1 ||
o

i

R R s R R Cv
v R R R s R R R C

+ +
=

+ + + +
 

     So 

          

( ) ( ) ( )

( )( ) ( )

( )

3 3
2 3

3
3 1 2

5

1 1 1
2 || 2 1.5 ||144 10 9.33 10

1 1
2 144 || 50 102 ||

1
2.33 10

L

H

f
R R C C C

f
CR R R C

C

π π

ππ

≅ = =
× ×

≅ =
×+

=
×

 
     Set 

          
( ) ( )3 5

1 1 125 
2 2 9.33 10 2.33 10

L Hf fkHz
C C

⎡ ⎤+ ⎢ ⎥= = +
× ×⎢ ⎥⎣ ⎦  

     Which yields 

          2.23 =C nF  
______________________________________________________________________________________ 
 
15.13 
 

           
 

          

5

2

3

1 100 10

1

v N

dB

A dB
f

f

−

−

= − ⇒
⎛ ⎞

+ ⎜ ⎟
⎝ ⎠  

     So 

          

5

2

110
7701
12

N

− =
⎛ ⎞+ ⎜ ⎟
⎝ ⎠  

     or 

          

2
2 10

5

11 (64.2) 10
10

N
−

⎛ ⎞+ = =⎜ ⎟
⎝ ⎠  

     or 

          
2 10(64.2) 10N ≅  
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     Now 
 
N Left Side 
1 34.112 10×  
2 71.7 10×  
3 107 10×  
 
     So, we need a 3rd order filter. 
______________________________________________________________________________________ 
 
15.14 

           
 
     Low-pass: 

350 3.16 10dB −− ⇒ ×  
     Then 

          

3

4 4

1 13.16 10
601 1

L L

f
f f

−× = =
⎛ ⎞ ⎛ ⎞

+ +⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠  

     We find 3.37 Lf Hz=  
     High Pass: 

          

3

4 4

1 13.16 10

11
60

HH ff
f

−× = =
⎛ ⎞ ⎛ ⎞++ ⎜ ⎟⎜ ⎟ ⎝ ⎠⎝ ⎠  

     We find 1067 Hf Hz=  
     Bandwidth: 1067 3.37H LBW f f= − = − ⇒  

          1064 ≅BW Hz  
______________________________________________________________________________________ 
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15.15 
     a. 

          

02 0

4 3
1

0 01

2

01 02
01 02

5 5

(1)
1

(2)
1

(3)

I v vv
R R R

sC
v v
R

sC
v v v v
R R

= − −
⎛ ⎞
⎜ ⎟
⎝ ⎠

= −
⎛ ⎞
⎜ ⎟
⎝ ⎠

= − ⇒ = −
 

     Then 

          

0 02

2 1
v v
R

sC

= +
⎛ ⎞
⎜ ⎟
⎝ ⎠  or 

02 0
2

1v v
sR C

⎛ ⎞
= ⎜ ⎟

⎝ ⎠  (2) 
     And 

          

0 0

4 3 2
1

0
13 2

1

1
0

3 2 1

1 1 2 3
0

1 2 3

1
1

1 1 (1)
(1/ )( )
(1/ )

11
( )

(1 )( )
( )

I v vv
R R sR C R

sC

v
R sCR sR C
R sC

sR Cv
R sR C R

R sR C sR R Cv
sC R R R

⎛ ⎞
= − ⋅ −⎜ ⎟

⎛ ⎞⎝ ⎠
⎜ ⎟
⎝ ⎠

⎡ ⎤
⎢ ⎥
⎢ ⎥= − +

⋅⎢ ⎥
⎢ ⎥+⎣ ⎦
⎡ ⎤+

= − +⎢ ⎥
⎣ ⎦
⎡ ⎤+ +

= − ⎢ ⎥
⎣ ⎦  

     Then 

          
0 1 2 3

2 2
4 1 2 3 1 2 3

( )( )1

I

v sC R R R
v R R sR R C s R R R C

⎡ ⎤
= − ⎢ ⎥+ +⎣ ⎦  

     or 

          

0 4

1 2 3

1

( )
1 1v

I

v R
A s

v sC
R sCR R

−
= =

+ +
 

b.    

4

1 2 3

1

( )
1 1v

R
A j

j C
R j CR R

ω
ω

ω

−
=

+ +
 

 
 
 
 
 
 
 
 
 



Microelectronics: Circuit Analysis and Design, 4th edition                                                              Chapter 15 
By D. A. Neamen                                                                                                                  Problem Solutions 
______________________________________________________________________________________ 
 
     or 

          

4

1 2 3

1

4 1
1

2 3

1
1/ 22

4
1

1
2 3

1

( )
1 1

1

1

1( )

1

v

v

RA j
j C

R CR R
R
R Rj R C

CR R

RA j
R RR C

CR R

ω
ω

ω

ω
ω

ω

ω
ω

−

−
=

⎡ ⎤
+ −⎢ ⎥

⎣ ⎦

= − ⋅
⎧ ⎫⎡ ⎤⎪ ⎪+ −⎨ ⎬⎢ ⎥
⎪ ⎪⎣ ⎦⎩ ⎭

= ⋅
⎧ ⎫⎡ ⎤⎪ ⎪+ −⎨ ⎬⎢ ⎥

⎣ ⎦⎪ ⎪⎩ ⎭  

          maxvA  when 
1

1
2 3

0RR C
CR R

ω
ω

⎡ ⎤
− =⎢ ⎥

⎣ ⎦  
     Then 

          

1
max max

4

85 28.3
3

= = ⇒ =v v
RA A
R  

     Now 

          
1 2 2

2 3

11 0R C
C R R

ω
ω

⎡ ⎤
− =⎢ ⎥

⎣ ⎦  or 2 3

1
C R R

ω =
 

     Then 

          
6 2

2 3

1 1
2 2 (0.1 10 ) (300)

f
C R Rπ π −

= =
×  

     So 

          
5.305 kHz=f

 
     To find the two 3 dB−  frequencies, 

          

1
1

2 3
2 2

1 2 3 1 2 3
2 3 2 6 2 3 2 6

2 5 3 3

2 5 3 3

3 23

5

1

(85 10 )(300) (0.1 10 ) 85 10 (300) (0.1 10 )
(7.65 10 ) 85 10 (9 10 )
(7.65 10 ) (9 10 ) 85 10 0

(9 10 ) 4(7.65(9 10 )
2(7.65 10 )

ω
ω

ω ω
ω ω
ω ω
ω ω

ω

− −

− −

− −

−−

−

⎡ ⎤
− = ±⎢ ⎥

⎣ ⎦
− = ±

× × − × = ± ×
× − × = ± ×
× ± × − × =

× + ×± ×
= ±

×

R
R C

CR R
R R R C R R R C

5 3

5

10 )(85 10 )
2(7.65 10 )

− −

−

×

×  
     We find 5.315 kHzf =  and 5.296 kHzf =  
______________________________________________________________________________________ 
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15.16 
     a. 

          
0

(1)
1

(2)

−
=
⎛ ⎞
⎜ ⎟
⎝ ⎠

−−
=

I A A

BI B

v v v
R

sC
v vv v

R R  
     and A Bv v=  
     So 

          
1 1I

A A
v sRCv sC v
R R R

+⎛ ⎞ ⎛ ⎞= + =⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠  (1) 

     or 

          1
I

A
v

v
sRC

=
+  

     Then 

          

0

0

22 2 (2)
1

2 11
1 1

+ = = =
+

−⎡ ⎤ ⎡ ⎤= − =⎢ ⎥ ⎢ ⎥+ +⎣ ⎦ ⎣ ⎦

I
I B A

I I

vv v v v
sRC

sRCv v v
sRC sRC  

     Now 

          

0

2 2 2

2 2 2

1( )
1

1 1
1

ωω
ω

ω

ω

−
= =

+

+
= ⇒ =

+

I

v j RCA j
v j RC

R CA A
R C  

     Phase: 

          
12 tan ( )RCφ ω−= −  

     b. 
4 9 4(10 )(15.9 10 ) 1.59 10RC − −= × = ×  

 
f φ  
0 0 

210  11.4−  
35 10×  53.1−  

31/ 2 10  HzRCπ =  90− °  
35 10×  157−  

410  169−  
______________________________________________________________________________________ 
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15.17 
     a. 

          

[ ]

1

2

0

1 2

0

1 2

2

2
0

1 2

2 1 1 20 2 1 2

1 2 1 2

0 2 1 2

1 2

3
2

3
1

0
|| (1/ )

0

1
1 ( )

1
( ) 1 ( || )(1 )

(1 ) (1 )

1 ( || )1
(1 )

1
2

1
2 ( ||

i i

i i

i i

i

i

dB

dB

V V V
R R sC
V V V
R R

sR C
R V V V
R sR C

R R s R R CV R R sR C
V R sR C R sR C

V R s R R C
V R sR C

f
R C

f
R

π

π

−
+ =

−
+ =
⎡ ⎤
⎢ ⎥+⎣ ⎦

⋅ + =
+

+ ++ +
= =

+ +

⎛ ⎞ ⎡ ⎤+
⇒ = +⎜ ⎟ ⎢ ⎥+⎝ ⎠ ⎣ ⎦

⇒ =

⇒ =
2 )R C

 
     b. 

          
[ ] [ ]

0

1 2

0

2 21

1

2
1 0

1

2 1 1 2 0
1

0 02 1 2
1 2 1 2 3

1 1 1 2

0
|| (1/ )

1

(1 ) 1

[ ]

11 ( || ) 1 1 ( || )
2 ( || )

i i

i i

i

i

dB
i i

V V V
R sC R

V V V
R RR

sR C

RV sR C V
R

V
R R sR R C V

R

V VR R Rs R R C s R R C f
V R V R R R Cπ

−
+ =

+ =
⎛ ⎞
⎜ ⎟+⎝ ⎠
⎡ ⎤

⋅ + + =⎢ ⎥
⎣ ⎦

⋅ + + =

⎛ ⎞+
= ⋅ + ⇒ = + + ⇒ =⎜ ⎟

⎝ ⎠  
______________________________________________________________________________________ 
15.18 
     a. 

          

0

1 1 2 2

1 2 2
0

1 1 2

0 2 1 2 1
2

1 1 2 2 1 1 2 2 1 2 1 2

0 2 1

1 22 2
1 2 1 2

1 1 1

(1/ ) || (1/ )

1
1

(1 )(1 ) 1

1 1

i

i

i

i

V V
R sC R sC

sC sR CV V
sR C sC

V sR C sR C
V sR C sR C sR C sR C s R R C C

V R sC
V R R CsC s R C C

R R C

−
=

+

⎛ ⎞ ⎛ ⎞+
= −⎜ ⎟ ⎜ ⎟+⎝ ⎠ ⎝ ⎠

− −
= =

+ + + + +

⎡ ⎤
⎢ ⎥
⎢ ⎥= − × ⎢ ⎥⎛ ⎞

+ + ⋅ +⎢ ⎥⎜ ⎟
⎢ ⎥⎝ ⎠⎣ ⎦  
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     or 

          

0 2

1 2 2
2 2

1 1 1 1

1( )
1 1i

V R
T s

V R R C sR C
sR C R C

⎡ ⎤
⎢ ⎥
⎢ ⎥= = − ⋅ ⎢ ⎥⎛ ⎞

+ + ⋅ +⎢ ⎥⎜ ⎟
⎢ ⎥⎝ ⎠⎣ ⎦  

     b. 

          

2
1/ 22 2

1
2 2

2 2
1 1 1 1

1( )
11 .

R
T j

R R C R C
R C R C

ω

ω
ω

= − ×
⎧ ⎫⎛ ⎞ ⎛ ⎞⎪ ⎪+ + −⎨ ⎬⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠⎪ ⎪⎩ ⎭  

     when 
2 2

1 1

1 0,R C
R C

ω
ω

⎛ ⎞
− =⎜ ⎟

⎝ ⎠  we want 

          

2

1 2 2

1 1

1( ) 50
1

R
T j

R R C
R C

ω = = ⋅
⎛ ⎞
+ ⋅⎜ ⎟

⎝ ⎠  
     At the 3 dB−  frequencies, we want 

          
2 2

2 2
1 1 1 1

1 1
R C

R C
R C R C

ω
ω

⎛ ⎞ ⎛ ⎞
− = ± + ⋅⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠  
     For 5 kHz,f =  use +  sign and for 200 Hz,f =  use −  sign. 

          

1
3 4

2

2 (200) 1257
2 (5 10 ) 3.142 10

ω π
ω π

= =
= × = ×  

     Define 222 CR=τ  and 111 CR=τ  
     Then 

          

1

21

2

1

150

τ
τ

+
⋅=

R
R

 (1) 

           ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
++=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−

1

2

12
22 11

τ
τ

τω
τω  (2) 

          ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+−=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−

1

2

11
21 11

τ
τ

τω
τω  (3) 

     From (2) 

          
1

21

12

21
2
2 1

τ
ττ

τω
ττω +

=
−

 

     or 

          21
2

212
1 ττ
ω

ττω +=−  

          ( ) 2
2

221
11 τ
ω

τωτ +=−  

     So 

          
1

1

22

2
2

1 −

+
=

τω

τ
ω

τ  

     Substituting into (3), we find 
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( )

( )

⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢

⎣

⎡

+

−
+−=

−

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

⋅

−

2
2

222

22

2
2

1

21 1
1

1

1

1
1

τ
ω

τωτ

τω

τ
ω

ω

τω  

          ( ) ( )
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
−+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+−=−−⎥

⎦

⎤
⎢
⎣

⎡
+ 11111

2222
2

22
1

2
2

21 τωττ
ω

τω
ω

τ
ω

τω  

          2
2
222

21
2

1

22
212

2

1 11 ττωτ
ωω

τ
ω
ω

τωτ
ω
ω

+−−−=+⋅−+⋅  

          ( ) 011

21
2

1

2

2

12
221 =⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
++⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−++

ωω
τ

ω
ω

ω
ω

τωω  

          ( ) 010273.896.24102677.3 4
2

2
2

4 =×+−× −ττ  

          
( ) ( )( )

( )4

442

2 102677.32
10273.8102677.3496.2496.24

×

××−±
=

−

τ  

     Since 2ω  is large, 2τ should be small so use minus sign: 

          5
2 1047.3 −×=τ  s 

     Then 

          4
12

55

1 1032.7
1009.9

1047.31018.3 −
−

−−

×=⇒
×

×+×
= ττ s 

     Now 

          

2
5

1
4

150
3.47 101
7.32 10

R
R −

−

= ⋅
×

+
×  

     Then 

          
2

1

52.37R
R

=
 or 2 524 k= ΩR

 
     Also 
          111 CR=τ  so that μ0732.01 =C F 
          222 CR=τ  so that 3.662 =C pF 
______________________________________________________________________________________ 
 
15.19 
          Two noninverting amplifiers, 

          301
2

1

2 =⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

R
R

dB 62.31⇒=  

     which gives 62.4
1

2 =
R
R

,  then 2502 =R kΩ ,  1.541 =R kΩ  

     For high-pass filter: 

         ( )
6

3
10958.7

10202
1 −×=
×

=
π

RC  

          Set 250=R kΩ , then 8.31=C pF 
     For low-pass filter: 
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          ( )
310061.1

1502
1 −×==

π
RC  

           Set 250=R kΩ , then 00424.0=C μ F 
______________________________________________________________________________________ 
 
15.20 

(a) ( )( ) 40
105.01050

1
123

=⇒
××

=
− eqeq RR MΩ  

(b) ( )( ) 10
1021050

1
123

=⇒
××

=
− eqeq RR MΩ  

(c) ( )( ) 2
10101050

1
123

=⇒
××

=
− eqeq RR MΩ  

______________________________________________________________________________________ 
 
15.21 
     a. From Equation (15.28), 

          
1 2

C
eq

V V
Q T

R
−

= ⋅
 

     and 100 kHzCf =  so that 
3

1 10 s
100 10CT μ= ⇒

×  
     Now 

          
3 12

1 1 1 M
(100 10 )(10 10 )eq

C

R
f C −= = ⇒ Ω

× ×  
     So 

          

6
12

6

(2 1)(10 10 ) 10 10  C
10

Q
−

−− ×
= = ×

 
     or 

          
10 pC=Q

 

     b. 

12

6

10 10
10 10eq

C

QI
T

−

−

×
= =

×  or 
1 Aμ=eqI

 
     c. Q CV=  so find the time that 0V  reaches 99% of its full value. 
 
          ( )τ/

1 1 t
o eVV −−=  where RC=τ  

     Then τ/199.0 te −−=  or 01.0/ =− τte  
     or ( )100lnτ=t  

          ( )( ) 8123 10101010 −− =×== RCτ s 
     Then 

          
84.61 10  s−= ×t  

______________________________________________________________________________________ 
 
15.22 

     Low frequency 
1

2

gain 10 10
C
C

= − ⇒ =
 

          
3 2

3 10 10  Hz
2

C
dB

F

f C
f

Cπ
= × =

 
     Set 
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          310 100 kHzC dBf f= =  
     Then 

          

3
2

3

2 (10 10 ) 0.628
100 10F

C
C

π ×
= =

×  
     The largest capacitor is 1,C  so let 

          1 30 pF=C
 

     Then 

          2 3 pF=C
 

      and  

          
4.78 pF=FC

 
______________________________________________________________________________________ 
 
15.23 
     a. Time constant  FeqCR==τ  where 

          

6
3 12

1

1 1 2 10  
(100 10 )(5 10 )eq

C

R
f C −= = = × Ω

× ×  
     Then 
          ( )( )126 1030102 −××=τ  
     or 
          μτ 60= s 

     b. dtvv Io ∫−=
τ
1  

     or 

          
( )( )
τ

C
o

T
v

1
=Δ  and  

C
C f

T 1
=  

     So 

          
0 6 3

1
(60 10 )(100 10 )−Δ =

× ×
v

 
     or 

          0 0.167 VΔ =v
 

     c. Now 0 13 (0.167)v NΔ = =  
     or 

          78=N  clock pulses 
______________________________________________________________________________________ 
 
15.24 

(a) ( )( )63 10001.0102032
1

32
1

−××
==

ππ RC
f o  

       59.4=of kHz,  16082 == RR kΩ  

(b) ( )( )33 1025102032
1

32
1

××
==

ππ ofR
C  

       184=C pF,  1602 =R kΩ  
______________________________________________________________________________________ 
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15.25 
     a. 

          

1 0 0

2 1 1

3 2 2

2
0 3

(1/ ) 1

1 1

1 1

V

V V

sRCRv v v
R sC sRC

R sRCv v v
sRCR

sC
R sRCv v v

sRCR
sC

Rv v
R

⎛ ⎞
= ⋅ = ⋅⎜ ⎟+ +⎝ ⎠

⎛ ⎞= ⋅ = ⋅⎜ ⎟+⎝ ⎠+

⎛ ⎞= ⋅ = ⋅⎜ ⎟+⎝ ⎠+

= − ⋅
 

     Then 

          

2
2

0 01 1
V

V

sRCR sRCv v
R sRC sRC

⎛ ⎞⎛ ⎞= − ⎜ ⎟⎜ ⎟+ +⎝ ⎠ ⎝ ⎠  
     Set s jω=  

          

2 2 2
2

2 2 21
11 2

V

V

j RCR R C
R j RCj RC R C

ωω
ωω ω

⎛ ⎞⎛ ⎞−
= − ⎜ ⎟⎜ ⎟ ++ −⎝ ⎠⎝ ⎠  

     The real part of the denominator must be zero. 

          
2 2 2 2 21 2 0VR C R CCω ω− − =  

     so 

          
0

1
( 2 )VR C C C

ω =
+

 
     b. 

          

0,max 4 11 11 11

0,max

0,min 4 11 11 12

0,min

1

2 (10 ) (10 )(10 2[10 ])
919 kHz

1

2 (10 ) (10 )(10 2[50 10 ])
480 kHz

π

π

− − −

− − −

=
+

=

=
+ ×

=

f

f

f

f  
______________________________________________________________________________________ 
 
15.26 

(a) ( )( )123 10150101262
1

62
1

−××
==

ππ RC
f o  

       1.36=of kHz,  348292 == RR kΩ  

(b) ( )( )36 102210001.062
1

62
1

××
==

−ππ ofC
R  

       95.2=R kΩ ,  6.85292 == RR kΩ  
______________________________________________________________________________________ 
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15.27 

          

0 1 1 1 2

1
0 1 1 2

1 2 2 2

2 2
1 2

02

2

02

2

(1)
1 1

or ( ) ( )

(2)
1 1

( )or ( )
1

(3)
1

or
1

v v v v v
R

sC sC
vv v sC v v sC
R

v v v v
R R

sC sC
v v sCv v sC
R sRC

vv
RR

sC
vv sC

sRC R

− −
= +

− = + −

−
= +

+

− = +
+

= −
+

= −
+  

     so 

          
0

2
2

(1 )
v

v sRC
sR C
−

= +
 

     From (2) 

          
1 2

1( )
1

sCv sC v sC
R sRC

⎡ ⎤= + +⎢ ⎥+⎣ ⎦  
     or 

          
0

1
2

(1 ) 1 11
1

v sRC
v

sR C sRC sRC
+ ⎡ ⎤= − ⋅ + +⎢ ⎥+⎣ ⎦  

     From (1) 

          
0 1 2

1( ) ( )v sC v sC sC v sC
R

⎡ ⎤= + + −⎢ ⎥⎣ ⎦  
     Then 

          

0 0
0

2 2

2

2 2

2 2 2

2
2

(1 )1 1 12 (1 )
1

1 2 1 (1 ) 11
( )(1 )

(1 2 )(1 2 ) (1 )( )1
( ) ( )

v sRC vsRCv sRC
sRC sR C sRC sRC sR C

sRC sRC sRC sRC sRC
sRC sR C sRC sRC sR C

sRC sRC s R C sRC sRC sRC
sRC sR C

⎡ ⎤− + +⎡ ⎤ ⎡ ⎤= + × + + ⋅ +⎢ ⎥⎢ ⎥ ⎢ ⎥+⎣ ⎦ ⎣ ⎦⎣ ⎦
⎡ ⎤ ⎡ ⎤+ + + + +⎡ ⎤− = −⎢ ⎥ ⎢ ⎥⎢ ⎥ +⎣ ⎦ ⎣ ⎦⎣ ⎦

+ + + + +
− = −

2

2
2( ) ( )sRC sR C  

     Set ωjs = ,  then  ( )( )
( )( )

( )( )
( )( )CRjCR

CRRCj
CRjCR

CRRCjRCj

2
222

222

2
222

222 13121
1

ωω
ωω

ωω
ωωω

−
−+

−
−

+++
=−  

     The real part of the numerator must be zero. 

          

2 2 2 2 2 2 2 2 2

2 2 2

1 6 0
6 1

ω ω ω
ω
− − + =

=
R C R C R C

R C  
     so that 

          
0

1
6

ω =
RC  

     Condition for oscillation: 
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3 3 3 3 3 3

3 2 2
2

2 2 2

2

2 3 21
( )( )

51
( )( )

ω ω ω ω
ω ω

ω
ω ω

+ − +
− =

−

−
=

j RC j RC j R C j R C
R C j R C

R C
RC R C  

     But 

          
0

1
6RC

ω ω= =
 

     Then 

          

2 2

2
2 2

2 2

2

2

11 5 (6 )5 661
( )( )

6
29 (6 )
61 or 29

R C

RC R C RR C
R C

R
R

R R

⎛ ⎞−− ⎜ ⎟
⎝ ⎠= =

⎛ ⎞
⎜ ⎟
⎝ ⎠= =

 
______________________________________________________________________________________ 
 
15.28 
     Let  FFFF RRRR ≡== 321  

          o
F

o sRCR
R

υυ ⋅⎟
⎠
⎞

⎜
⎝
⎛
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+=

1
111  

          12 1
11 o

F
o sRCR

R
υυ ⋅⎟

⎠
⎞

⎜
⎝
⎛
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+=  

          0
1

3323 =++
−

RsCR
oooo υυυυ

 

          
R

sC
R

o
o

2
3

2 υ
υ =⎟

⎠
⎞

⎜
⎝
⎛ +  

          23 2
1

oo sRC
υυ ⋅⎟

⎠
⎞

⎜
⎝
⎛

+
=  

          3o
F

o R
R

υυ ⋅−=  

          o
FFF

o sRCR
R

sRCR
R

sRCR
R

υυ ⋅⎟
⎠
⎞

⎜
⎝
⎛
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+⎟

⎠
⎞

⎜
⎝
⎛
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+⎟

⎠
⎞

⎜
⎝
⎛

+
−=

1
11

1
11

2
1  

          ⎟
⎠
⎞

⎜
⎝
⎛
+

⎟
⎠
⎞

⎜
⎝
⎛
+

⎟
⎠
⎞

⎜
⎝
⎛

+⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+−=

sRCsRCsRCR
R

R
R FF

1
1

1
1

2
111

2

 

     Let ωjs =  

          ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+−=

RCjRCjRCjR
R

R
R FF

ωωω 1
1

1
1

2
111

2

 

            ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

−+⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+−= 222

2

21
1

2
11

CRRCjRCjR
R

R
R FF

ωωω
 

           ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

−−+−+⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+−= 333222222

2

2242
11

CRjCRRCjCRRCjR
R

R
R FF

ωωωωω
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2

2 2 2 3 3 3

11 1
2 4 5

F FR R
R R R C j RC j R Cω ω ω

⎡ ⎤⎛ ⎞= − + ⎢ ⎥⎜ ⎟ − + −⎝ ⎠ ⎣ ⎦  
     Imaginary Term must be zero 

          

3 3 3
0 0

2 2 2
0

0

5 0
5 0

5

ω ω
ω

ω

− =
− =

=

j RC j R C
j R C

RC  
     Then 

          

2

2 2

2 2

2 2

2

11 1
4 52

1 11 1 1
2 20 18

18 1 2

⎡ ⎤
⎢ ⎥⎛ ⎞ ⎢ ⎥= − +⎜ ⎟ −⎢ ⎥⎝ ⎠ −⎢ ⎥⎣ ⎦

⎛ ⎞ ⎛ ⎞⎡ ⎤= − + = ⋅ +⎜ ⎟ ⎜ ⎟⎢ ⎥−⎣ ⎦⎝ ⎠ ⎝ ⎠

⎛ ⎞= + ⇒ =⎜ ⎟
⎝ ⎠

F F

F F F F

F F F

R R
R R R C

R C
R R R R
R R R R

R R R
R R R

 
______________________________________________________________________________________ 
 
15.29 

(a) 1st stage: 

        O
F

V
O

F

V

O R
R

CRjR
R

R
Cj

Cj
υ

ω
υ

ω

ω
υ ⋅⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

=⋅⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+⋅

+
= 1

1
11

1

1

1  

        2nd stage: 

        12 1
1

1
O

F
O R

R
RCj

υ
ω

υ ⋅⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

=  

        At node of 3C : 

        ( )
RCjR

Cj
R

O
A

A
A

OA

ω
υ

υ
υ

ωυ
υυ

+
=⇒=++

−
2

0 22  

        3rd stage: 

       ( )RCjR
R

R
R OF

A
F

O ω
υ

υυ
+

⋅−=⋅−=
2

2  

    Now 

        ( ) O
F

V

FF
O R

R
CRjR

R
RCjRCjR

R
υ

ωωω
υ ⋅⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
++

⋅−= 1
1

11
1

1
2

1  

        ( ) ( ) ( )CRjRCjRCjR
R

R
R

V

FF

ωωω +
⋅

+
⋅

+
⋅⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+−=

1
1

1
1

2
111

2

 

   From the denominator, we have: 
                ( )( )( ) ( )( )CRjCRRCjCRjRCjRCj VV ωωωωωω +−+=+++ 132112 222  

                ( )[ ]( )CRjRCjCR Vωωω ++− 132 222  

                ( ) ( ) 22222222 3232 CRRCRCRjRCjCR VV ωωωωω −−++−=  
   For oscillation, imaginary part must be zero. 
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               ( ) 023 222 =−+ CRCRRC oVoo ωωω  

               023 322 =−+ CRRCRRC VoV ω  

   So that  
V

V
o R

RR
RC

231 +
=ω  

(b) ( )22222

2

32
111

CRRCRR
R

R
R

Voo

FF

ωω −−
⋅⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+−=  

   Consider the term: 

       ( ) ( )222
22

2222 3
231232 CRRCR

R
RR

CR
CRRCR V

V

V
Vo +⎟⎟

⎠

⎞
⎜⎜
⎝

⎛ +
−=+−ω  

      
( )( )

V

VVVV

V

V

RR
RRRRRR

R
R

R
RR 32323

1
23

2
++−

=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛ +
−=  

           
( ) ( )

V

VV

V

VVVV

RR
RRRR

RR
RRRRRRRR 2222 69362932 ++

−=
+++−

=  

        Then 

            ( )22

2

693
11

VV

VFF

RRRR
RR

R
R

R
R

++
⋅⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+=  

        For VRR =  

            
2

22

18
11

R
R

R
R

R
R FF ⋅⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+=  

        Or  2118
2

=⇒⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+=

R
R

R
R

R
R FFF  

(c) For 15=VR kΩ , 

          ( )( )
( ) ( ) 84.16

15
152253

10001.010252
1

63
=⇒

+
××

=
− oo ff

π
kHz 

       For 30=VR kΩ , 

          ( )( )
( ) ( ) 5.13

30
302253

10001.010252
1

63
=⇒

+
××

=
− oo ff

π
kHz 

      So  84.165.13 ≤≤ of kHz 
______________________________________________________________________________________ 
 
15.30 

(a) ( ) 021
1

1 =
−

++
−

R
Cj

R
OO

O
OO υυ

ωυ
υυ

 

        
RR

Cj
R

OO
O

2
1

2 υυ
ωυ +=⎟

⎠
⎞

⎜
⎝
⎛ +  

    Then (1) ( ) 21 2 OOO RCj υυωυ +=+  

        ( ) 032
2

12 =
−

++
−

R
Cj

R
OO

O
OO υυ

ωυ
υυ

 

    So  (2) ( ) 312 2 OOO RCj υυωυ +=+  

         ( ) 03
3

23 =++
−

R
Cj

R
O

O
OO υ

ωυ
υυ
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    And (3) ( ) 23 2 OO RCj υωυ =+  

    Also (4) 3O
F

O R
R

υυ ⋅−=  

    From (1) ( ) ( )RCjRCj OOO ωυυωυ ++=+ 22 31 ( ) 31 2 O
O

O RCj
υ

ω
υ

υ +
+

=⇒  

    From (2) ( ) 31
2

3 2 OOO RCj υυωυ +=+ ( ) ( )RCj
RCj O

OO ω
υ

υωυ
+

+=+⇒
2

22 3
2

3  

                    ( ) ( )RCj
CRRCj O

O ω
υ

ωωυ
+

=−−+
2

244 222
3  

                    
( )( )RCjCRRCj

O
O ωωω

υ
υ

422 2223 +−+
=  

    Using (4)  
( )( )RCjCRRCjR

R OF
O ωωω

υ
υ

422 222 +−+
⋅−=  

                      
( )( ) ( )[ ]222222222 42822

11
CRCRRCjRCjCRR

RF

ωωωωω −−++−
⋅−=  

    For oscillation, denominator must be real, so 

               ( )
RC

CRRCRC oooo
10028 222 =⇒=−+ ωωωω  

(b) 
( )( )[ ]222222 422

11
CRCRR

R

oo

F

ωω −−
⋅−=  

       [ ] ( )56
1

1064

1
424

11
22

22

222222 −
⋅−=

⎥
⎦

⎤
⎢
⎣

⎡
⎟
⎠
⎞

⎜
⎝
⎛−

⋅−=
−−

⋅−=
R

R

CR
CR

R
R

CRCRR
R FF

oo

F

ωω
 

  Or  56=
R

RF  

(c) ( )( ) μ
ππ

00114.0
102010222

10
2

10
33

=⇒
××

== C
Rf

C
o

F 

       ( ) 12.156 =⇒= FF RRR MΩ  
______________________________________________________________________________________ 
 
15.31 

(a) ( ) 021
1

1 =
−

++
−

R
Cj

R
OO

O
V

OO υυ
ωυ

υυ
 

        
RR

Cj
RR

O

V

O

V
O

2
1

11 υυ
ωυ +=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
++  

        
RR

Cj
RR

O

V

O

V
O

2
1

1 υυ
ωυ +=⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛
+  

     Then (1) ( )( ) ( ) ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+=+

RR
RRCRRj O

V

O
VVO

2
1 1

υυ
ωυ  

     From Problem 15.30, 
              (2) ( ) 312 2 OOO RCj υυωυ +=+  
              (3) ( ) 23 2 OO RCj υωυ =+  
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              (4) 3O
F

O R
R

υυ ⋅−=  

    From (2),  ( ) ( )[ ]122 2
3131

2
3 −+=⇒+=+ RCjRCj OOOOO ωυυυυωυ  

    Then (1) ( )[ ] ( )( ) ( ) ( )⎥
⎦

⎤
⎢
⎣

⎡
++=+−+ RCj

RR
RRCRRjRCj O

V

O
VVO ω

υυ
ωωυ 2112 32

3  

                   ( )[ ] ( )( ) ( ) ( )
V

O
V

V
VO R

RRRCj
R
RR

CRRjRCj
υ

ωωωυ ⋅=
⎪⎭

⎪
⎬
⎫

⎪⎩

⎪
⎨
⎧

+−+−+ 2112 2
3  

    Then,      
( )

( )[ ] ( )( ) ( )
⎪⎭

⎪
⎬
⎫

⎪⎩

⎪
⎨
⎧

+−+−+

⋅⋅⋅−=

RCj
R
RR

CRRjRCj
R
RR

R
R

V
V

O
V

VF
O

ωωω

υυ

2112

1

2

 

   Consider the denominator: 

           [ ] ( )( ) ( )RCj
R
RR

CRRjCRRCj V
V ωωωω +−+−−+ 21144 222  

           ( ) ( )( ) ( )RCj
R
RR

CRRjRCjCR V
V ωωωω +−++− 2143 222  

   For oscillation, the denominator must be real, so 

            ( ) [ ] 034 222 =⋅−−+ RCj
R
RR

CRCRRjRCj o
V

oVoo ωωωω  

            ( )[ ] 034 222 =−−+ VoV RRCRRRR ω  

            ( ) ( ) 22224 CRRRRRR VoV ω=+  

   So that  241
+⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛
=

V
o RR

R
RC

ω  

(b)  For 15=VR kΩ , 

         ( )( )
( ) 66.222

1525
254

10001.010252
1

63
=⇒+

××
=

− oo ff
π

kHz 

      For 30=VR kΩ , 

          ( )( )
( ) 45.192

3025
254

10001.010252
1

63
=⇒+

××
=

− oo ff
π

kHz 

     So  66.2245.19 ≤≤ of kHz 
______________________________________________________________________________________ 
 
15.32 
     a. We can write 

          
1

0
1 2

A
Rv v

R R
⎛ ⎞

= ⎜ ⎟+⎝ ⎠  and 
0

p
B

p s

Z
v v

Z Z
⎛ ⎞

= ⎜ ⎟⎜ ⎟+⎝ ⎠  

     where 

1
1

B
p B

B B B

RZ R
sC sR C

= =
+  

     and 

11 A A
s A

A A

sR C
Z R

sC sC
+

= + =
 

     Setting ,A Bv v=  we have 
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1

1 2

1

1 2

1
1

1

(1)
(1 )(1 )

+
=

++ +
+

=
+ + + +

B

B B

B A A

B B A

B A

B A A A B B

R
R sR C

R sR CR R
sR C sC

R sR C
R R sR C sR C sR C  

     To find the frequency of oscillation, set s jω=  and set the real part of the denominator on the right side  
         of Equation (1) equal to zero. 
     The denominator term is 

          
2

(1 )(1 )
or

1 (2)

ω ω ω

ω ω ω ω

+ + +

+ + + −

B A A A B B

B A A A B B A B A B

j R C j R C j R C

j R C j R C j R C R R C C  
     Then from (2), we must have 

          

2
0

0

1 0
or

1
2

ω

π

− =

=

A B A B

A B A B

R R C C

f
R R C C

 
     b. To find the condition for sustained oscillation, combine Equations (1) and (2). Then 

          

1

1 2

2

1

)
or

1 1

ω
ω ω ω

=
+ + +

+ = + +

B A

B A A A B B

A B

B A

R j R C
R R j R C j R C j R C

R R C
R R C  

     Then 

          

2

1

= +A B

B A

R R C
R R C

 
______________________________________________________________________________________ 
 
15.33 
     a. We can write 

          

1
0

1 2

0

and

||
||

⎛ ⎞
= ⎜ ⎟+⎝ ⎠

⎛ ⎞
= ⎜ ⎟+ +⎝ ⎠

A

B

Rv v
R R

R sLv v
R sL R sL  

     Setting ,A Bv v=  we have 

          

1
0

1 2

1
2

1 2

(1)
( )

⎡ ⎤
⎢ ⎥+= ⋅⎢ ⎥+ ⎢ ⎥+ +
⎢ ⎥+⎣ ⎦

=
+ + +

sRL
R R sL v

sRLR R R sL
R sL

R sRL
R R sRL R sL  

     To find the frequency of oscillation, set s jω=  and se the real part of the denominator on the right side  
          of Equation (1) equal to zero. 
     The denominator term is: 
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2

2 2 2

( )
or

2 (2)

ω ω

ω ω ω

+ +

+ + −

j RL R j L

j RL R j RL L  
     Then 

          
2 2 2

0 0R Lω− =  
     or 

          
0

1
2π

= ⋅
Rf
L  

     b. To find the condition for sustained oscillations, combine Equations (1) and (2). 

          
1

1 2

1
2 3

R j RL
R R j RL j RL

ω
ω ω

= =
+ +  

     Then 

          
2

1

1 3
R
R

+ =
 

     so that 

          

2

1

2=
R
R

 
______________________________________________________________________________________ 
 
15.34 

          
RC

f o π2
1

=  

         ( )
6

3
10547.4

10352
1

2
1 −×=

×
==

ππ of
RC  

              Let μ001.0=C F,  then 55.4=R kΩ  

              Set 2
1

2 =
R
R
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15.35 
          ( )( ) 497.18.07.022 === DQnm IKg mA/V 

         ( )( ) 993.22497.1
1

2 === Rg
C
C

m  

         ( ) μ06.002.032 =≅C F 

         

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

=

21

21

12

CC
CC

L

f oπ  

     Then  ( )( )
( ) μ

π
8.13

103502
1

06.002.0
1006.002.0

2

3

6

=⇒⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

×
=⎥

⎦

⎤
⎢
⎣

⎡
+

× −

LL H 
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15.36 

          

0

0 0 0 1
0

2 1

0 2 1 1 1

0 11

1

1 1 0 1

0 1
1

1

1 1

1 ( ) (1)

0 (2)
1

1 ( )

( )
1

m m
L

m
L

m

m

m

V V
V V V V g V g V

R
sC sC

V sC sC g V sC
R

V VV g V
sL

sC

V sC V sC g
sL
V sC gV

sC
sL

π

π

π

= −
−

+ + = = −
⎛ ⎞ ⎛ ⎞
⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠
⎡ ⎤

+ + + =⎢ ⎥
⎣ ⎦

−
+ + =
⎛ ⎞
⎜ ⎟
⎝ ⎠

⎛ ⎞+ = +⎜ ⎟
⎝ ⎠

+
=

⎛ ⎞+⎜ ⎟
⎝ ⎠  

     Then 

          

0 1 1
0 1 2

1

1 2 1 1 1

2 2 21 2 1
1 1 2 1 1 1

21 2 1
1 2

( )( )1( )
1

1 1( ) ( )

1( )

1 0

m
m

L

m m
L

m
m m

L L

m

L L

V sC sC g
V s C C g

R sC
sL

s C C g sC sC sC g
R sL

gC C sCs C C C sg C s C sg C
L sR L R sL

gC C sCs C C
L sR L R sL

⎡ ⎤ +
+ + + =⎢ ⎥ ⎛ ⎞⎣ ⎦ +⎜ ⎟

⎝ ⎠
⎡ ⎤ ⎛ ⎞+ + + + = +⎢ ⎥ ⎜ ⎟

⎝ ⎠⎣ ⎦
+

+ + + + + + = +

+
+ + + + =

 

          

21 2 1
1 2

Set
1 0

ω
ω

ω
ω ω

=
+

− + + + =m

L L

s j
gC C j C

C C
L j R L R j L  

     Then 

          

2 1 2 1 2
0

1 2 1 2

1

and
1m

L L

C C C C
C C L C C L

g C
L R L R

ω ω

ω
ω ω

+ +
= ⇒ =

+ =
 

     Then 

          

1 2 1

1 2

1 2

2

1 1

2 2

( )1

1

1 1 or

+
+ =

+
+ =

+ = + =

m

L L

m
L L

m L m L

g C C C
L R L C C LR

C C
g

R C R
C C

g R g R
C C

 
______________________________________________________________________________________ 
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15.37 
     a. 

          

0 0 0

1
2

2
0

2

0 (1)
1

(2)
1

π

π

+ + + =
+

⎛ ⎞
⎜ ⎟

= ⎜ ⎟
⎜ ⎟+⎜ ⎟
⎝ ⎠

m
V V V

g V
sL R sL

sC

sL
V V

sL
sC  

     Then 

          

2
2

0 2 2
1 2 2

2 22 2
1 1 22 1 2

2 2
1 2 1 2

( )1 1 0
1 1

( )( )(1 ) ( )(1 )
0

( )(1 ) ( )(1 )

⎧ ⎫⎪ ⎪+ + + =⎨ ⎬
+ +⎪ ⎪⎩ ⎭

⎧ ⎫++ + +⎪ ⎪+ =⎨ ⎬
+ +⎪ ⎪⎩ ⎭

m

m

g s L CsCV
sL R s L C s L C

s RL C g sRL s L CR s L C sL s L C
sRL s L C sRL s L C  

     Set .s jω=  Both real and imaginary parts of the numerator must be zero. 

          
2 2 2 2

2 1 2 1 1 2(1 ) (1 ) ( )( ) 0mR L C j L L C RL C j g RL L Cω ω ω ω ω ω− + − − + − =  
     Real part: 

          

2 2
2 1

2
1 2

(1 ) 0
( )

ω ω
ω
− − =

= +
R L C RL C
R RC L L  

     or 

          
0

1 2

1
( )

ω =
+C L L

 
     b. Imaginary part: 

          

( ) ( )
( )

2 2
1 2 1 2

2 2
1 1 2 1 2

1 0m

m

j L L C j g RL L C

L L L C g RL L C

ω ω ω ω

ω ω

− − =

= +
 

 

          

2

1 2

2 2
1 2

2 1

1 2 2

1

2

1Now
( )

11 [ ]
( )

1 (1 ) (1 )

or

m

m m

m

L L

L C g RL C
C L L

L Lg R g R
L L L

L g R
L

ω =
+

= +
+

= + ⇒ = +
+

=
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15.38 

(a) (1) ( )( ) 0
1

=−+++ CjVV
Lj

V
R

V
Vg C

CC
m ω

ω ππ  

(2) ( )( )( )2LjCjVVV C ωωππ −=  

      ( ) ( )2
2

2
21 CLVCLV C ωωπ −=−  
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( )

12
2

2
2

−
=

CL
CLV

V C

ω
ω

π  

        Then  (1) ( ) 011

1

=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+++− Cj

LjR
VCjgV Cm ω

ω
ωπ  

                  
( )( )

01
1 12

2
2

2

=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+−⋅+

−

−
⋅ Cj

L
j

R
V

CL
CjgCL

V C
m

C ω
ωω

ωω
 

                 
( )

0
1

11
1 2

2
2

2

12
2

2
2

=⎥
⎦

⎤
⎢
⎣

⎡

−
−−++

− CL
CLC

L
Cj

RCL
CLg m

ω
ωω

ω
ω

ω
ω

 

          Set the imaginary part  equal to zero. 

          
( )

1
1

2
2

2
2

1

1
2

−
=

−
CL

CLC
L
CL

ω
ωω

ω
ω

 

          ( )( ) ( )( )CLCLCLCL 2
2

1
2

2
2

1
2 11 ωωωω =−−  

          2
21

4
1

2
2

22
21

4 1 CLLCLCLCLL ωωωω =+−−  

          ( ) 121
2 =+ CLLoω  

       So  
( )CLL

o
21

1
+

=ω  

(b) Set the real part equal to zero, 

       01
12

2
2

2

=+
− RCL
CLg

o

om

ω
ω

 

       CLCLRg oom 2
2

2
2 1 ωω −=  

       ( ) 112
2 =+RgCL moω  

    Then  
( )

( )
( )

CL
CLL

Rg
CLL

RgCL
m

m

2

21

21

2 11
1 +

=+⇒=
+

+
 

    We find  
2

1

L
L

Rg m =  

(c) 
( ) ( ) ( )[ ] ( )

450
10100107502

1
2

1
623

21
2

=⇒
××

=
+

=
−

C
LLf

C
o ππ

pF 

        Ω=⇒==⇒== 3.33
30
111

2

1 R
g

R
L
L

Rg
m

m  
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15.39 

          

0 1 1 1

1

1
1

(1)
1

and

0 (2)
1

or
1 (1 )

B

B B

B B

v v v v v
R R

sC

v v v
R

sC

vv sC v v sRC
R R

− −
= +

⎛ ⎞
⎜ ⎟
⎝ ⎠

−
+ =

⎛ ⎞
⎜ ⎟
⎝ ⎠

⎛ ⎞+ = ⇒ = +⎜ ⎟
⎝ ⎠  

     From (1) 

          [ ]

0 1

0

2( )

or
( ) (1 )(2 ) (1 )(2 ) 1

⎛ ⎞= + −⎜ ⎟
⎝ ⎠

= + + − = + + −

B

B B B

vv sC v sC
R R

v sRC v sRC sRC v v sRC sRC  
     Now 

          

2 2
2 2 2

1 1

2
2 2 2

1

2
2 2 2

1

( ) 1 1
(1 )(2 ) 1 2 3 1

or

( ) 1
3 1

( ) 1
1 3

ωω
ω ω

⎛ ⎞ ⎛ ⎞⎡ ⎤ ⎡ ⎤= + = +⎜ ⎟ ⎜ ⎟⎢ ⎥ ⎢ ⎥+ + − + + −⎣ ⎦⎣ ⎦⎝ ⎠ ⎝ ⎠

⎛ ⎞ ⎡ ⎤= +⎜ ⎟ ⎢ ⎥+ +⎣ ⎦⎝ ⎠

⎛ ⎞ ⎡ ⎤
= +⎜ ⎟ ⎢ ⎥− +⎣ ⎦⎝ ⎠

R RsRC sRCT s
R sRC sRC R sRC s R C

R sRCT s
R s R C sRC

R j RCT j
R R C j RC  

     Frequency of oscillation: 

          
0

1
2π

=f
RC  

     Condition for oscillation: 

          

2

1

2

1

1 1
3

or

2

R j RC
R j RC

R
R

ω
ω

⎛ ⎞ ⎡ ⎤
= +⎜ ⎟ ⎢ ⎥

⎣ ⎦⎝ ⎠

=
 

______________________________________________________________________________________ 
 
15.40 
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0
1 1

b o b b av v v v v
R

sC sC

− −
+ + =

 

     (1) 
2 0b o

b a
v v v sC v sC

R
−

+ ⋅ − ⋅ =
 

     (2) 

0
1

1 1

a b a

a b b a

V V V
R

sC
sRCV sC v sC v v

R sRC

−
+ =

+⎛ ⎞ ⎛ ⎞+ = ⋅ ⇒ =⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠  

     From (1) 

          

1 2 o
b a

vv sC v sC
R R

⎛ ⎞+ = + ⋅⎜ ⎟
⎝ ⎠  

     Substitute (2) into (1) 

          

2 2 2

2 2 2 2

2

2

1

1 1 2

(1 )(1 2 )
( )

(1 )(1 2 )

(1 )(1 2 )

1 3 2( )

1 3 ( )

( ) 1

o
a a

o
a

a o

o

a

a

o

a

o

vsRC sRCv v sC
sRC R R

vsRC sRCv sC
sRC R R

sRC sRCv sRC v
sRC

v sRC sRC s R C
v sRC
v sRC
v sRC sRC s R C
v sRC
v sRC sRC

RT s
R

+ +⎛ ⎞⎛ ⎞ = + ⋅⎜ ⎟⎜ ⎟
⎝ ⎠⎝ ⎠
⎡ ⎤+ +

− =⎢ ⎥⋅⎣ ⎦
+ +⎡ ⎤− =⎢ ⎥⎣ ⎦
+ + −

=

=
+ + −

=
+ +

= + 2

2
2 2 2

1

1 3 ( )

( ) 1
1 3

sRC
sRC sRC

R j RCT j
R R C j RC

ωω
ω ω

⎛ ⎞
⋅⎜ ⎟ + +⎝ ⎠

⎛ ⎞ ⎡ ⎤
= +⎜ ⎟ ⎢ ⎥− +⎣ ⎦⎝ ⎠  

     So 
2 2 2
01 0R Cω− =  

     So 

1
2Of RCπ

=
 

     Also 
2

1

11 1
3

R
R

⎛ ⎞⎛ ⎞= +⎜ ⎟⎜ ⎟
⎝ ⎠⎝ ⎠  

     So 

2

1

2=
R
R
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15.41 

          

0 1 1 1

1

1

(1)

(2)

or

− −
= +

⎛ ⎞= ⎜ ⎟+⎝ ⎠

+⎛ ⎞= ⎜ ⎟
⎝ ⎠

B

B

B

v v v v v
sL R R

sLv v
R sL

R sLv v
sL  

     Then 

          
0

1
1 2 Bv v

v
sL sL R R

⎛ ⎞= + −⎜ ⎟
⎝ ⎠  

     or 

          

0 1 2

(1)
2 1

+⎛ ⎞⎛ ⎞= + −⎜ ⎟⎜ ⎟
⎝ ⎠⎝ ⎠
⎧ + + ⎫⎛ ⎞⎛ ⎞= −⎨ ⎬⎜ ⎟⎜ ⎟
⎝ ⎠⎝ ⎠⎩ ⎭

B
B

B

v vR sL v
sL sL sL R R

R sL R sLv
sL sRL R  

     Then 

          

0
2

1
( )( 2 ) ( )

( )( )

B
vv
sL R sL R sL sL

sL sRL

= ⋅
⎧ ⎫+ + −

⋅⎨ ⎬
⎩ ⎭  

     Now 

          

2
2 2 2 2 2

1

2
2 2 2

1

2
2 2 2

1

( ) 1
3 2

or

( ) 1
3

And

( ) 1
3

R sRLT s
R R sRL s L s L

R sRLT s
R s L sRL R

R j RLT j
R R L j RL

ωω
ω ω

⎛ ⎞⎛ ⎞= +⎜ ⎟⎜ ⎟+ + −⎝ ⎠⎝ ⎠

⎛ ⎞⎛ ⎞= +⎜ ⎟⎜ ⎟+ +⎝ ⎠⎝ ⎠

⎛ ⎞⎛ ⎞
= +⎜ ⎟⎜ ⎟− +⎝ ⎠⎝ ⎠  

     Frequency of oscillation: 
0 2π
=

Rf
L  

     Condition for oscillation: 

          

2

1

2

1

11 1
3

or

2

⎛ ⎞⎛ ⎞= +⎜ ⎟⎜ ⎟
⎝ ⎠⎝ ⎠

=

R
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R
R
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15.42 

          
( )

REF
vf

REFI V
R

RR
V

R
R

⋅
+

−=⋅−=
1

22

1

2υ  

       Set 202 =fR kΩ  
       For 2−=Iυ V,  set 02 =vR  

          ( ) 505202 1
1

=⇒−=− R
R

kΩ  

      Then 

           
( ) ( ) 205

50
20

4 2
2 =⇒

+
−=− v

v R
R

kΩ  

______________________________________________________________________________________ 
 
15.43 
     For 10=Oυ V,  5−=Iυ V 

           2.0=i mA ( ) 75510
21

21

=+⇒
+
−−

= RR
RR

kΩ  

           ( ) ( )LHTLTH VV
R
R

VV −=−
2

1  

           ( )[ ] 12
2

1 5010104.0 RR
R
R

=⇒−−=  

           47.17550 11121 =⇒=+=+ RRRRR kΩ ,  53.732 =R kΩ  
______________________________________________________________________________________ 
 
15.44 

(a) ( )LHTLTH VV
RR

R
VV −⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

=−
21

1  

        ( )[ ] ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

=−−⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

=
21

1

21

1 18992.0
RR

R
RR

R
 

     Set 21 =R kΩ  

     Then ( )( ) 178
2.0
2182 22 =⇒=+ RR kΩ  

(b) μ50
1782
99

21

=⇒
+

=
+

= i
RR

i A 
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15.45 

(a) ( ) 4.010
482

2

21

1 =⎟
⎠
⎞

⎜
⎝
⎛

+
=⋅⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

= HTH V
RR

R
V V 

        ( ) 4.010
482

2

21

1 −=−⎟
⎠
⎞

⎜
⎝
⎛

+
=⋅⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

= LTL V
RR

R
V V 

(b) For 67.4133.33 ≤≤ t ms,  ( )[ ]⇒t602sin π positive half cycle 
At 0=Iυ ,  10+=Oυ V 
At 4.0+=Iυ ( )[ ] 439.33333.33106.0602sin10 11 =++=⇒= ttπ ms 
So, for 439.33333.33 ≤≤ t ms, 10+=Oυ V 
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            77.41439.33 ≤≤ t ms, 10−=Oυ V 
            5077.41 ≤≤ t ms,  10+=Oυ V 
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15.46 

     a. Upper crossover voltage when 0 ,Pv V= +  
     Now 

          
1

1 2

( )B P
Rv V

R R
⎛ ⎞

= +⎜ ⎟+⎝ ⎠  
     and 

          

1

1 2

1

1 2

so that

or

⎛ ⎞ ⎛ ⎞
= +⎜ ⎟ ⎜ ⎟+ +⎝ ⎠ ⎝ ⎠
=

⎛ ⎞ ⎛ ⎞ ⎛ ⎞
= +⎜ ⎟ ⎜ ⎟ ⎜ ⎟+ + +⎝ ⎠ ⎝ ⎠ ⎝ ⎠

⎛ ⎞⎛ ⎞ ⎛ ⎞+
= −⎜ ⎟⎜ ⎟ ⎜ ⎟+⎝ ⎠⎝ ⎠ ⎝ ⎠

A B
A REF TH

A B A B

A B

A B
P REF TH

A B A B

A B A
TH P REF

B B

R Rv V V
R R R R

v v

R R RV V V
R R R R R R

R R R RV V V
R R R R  

     Lower crossover voltage when 0 Pv V= −  
     So 

          

1

1 2

A B A
TL P REF

B B

R R R RV V V
R R R R

⎛ ⎞⎛ ⎞ ⎛ ⎞+
= − −⎜ ⎟⎜ ⎟ ⎜ ⎟+⎝ ⎠⎝ ⎠ ⎝ ⎠  

     b. 

          

10 20 5 10(10) (2)
5 20 20 20

or
2 V

+⎛ ⎞⎛ ⎞ ⎛ ⎞= −⎜ ⎟⎜ ⎟ ⎜ ⎟+⎝ ⎠⎝ ⎠ ⎝ ⎠

=

TH

TH

V

V
 

     and 

          

10 20 5 (10) 1 4 V
5 20 20
+⎛ ⎞⎛ ⎞= − − ⇒ = −⎜ ⎟⎜ ⎟+⎝ ⎠⎝ ⎠

TL TLV V
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15.47 
     a. 

          

0

1 3 2

0

1 2 3 3 2

1 1 1

−−
= +

⎛ ⎞
+ + = +⎜ ⎟

⎝ ⎠

BB REF B

REF
B

v vv V v
R R R

vVv
R R R R R  

          TH BV v=  when 0 Pv V= +  and TL BV v=  when 0 Pv V= −  
     So 
 
 
 
 
 



Microelectronics: Circuit Analysis and Design, 4th edition                                                              Chapter 15 
By D. A. Neamen                                                                                                                  Problem Solutions 
______________________________________________________________________________________ 

          

3 2

1 2 3

3 2

1 2 3

1 1 1
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1 1 1
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     b.  

          

3
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1 2

1 2

2

1 2 3

2

1 1 1

105
1 1 110

10
1 1 1 1 0.10

5 10
2

1 1 1

2(12)0.2
(0.10 0.10)

REF
S

P

T TH TL

VV
R

R R R

R R

R R
V
RV V V

R R R

R

=
⎛ ⎞

+ +⎜ ⎟
⎝ ⎠

−
− =

⎛ ⎞
+ +⎜ ⎟

⎝ ⎠

+ = − =

Δ = − =
⎛ ⎞

+ +⎜ ⎟
⎝ ⎠

=
+  

     So 2 600 k= ΩR
 

     Then 

          

1 2

1
1

1 1 0.10

1 1 0.10 10.17 k
600

+ =

+ = ⇒ = Ω

R R

R
R  

     c. 

          

5 0.1 4.9
5 0.1 5.1

= − + = −
= − − = −

TH

TL

V
V  

______________________________________________________________________________________ 
 
15.48 

     a. If the saturated output voltage is 6.2 V,PV <  then the circuit behaves as a comparator 

              where 0 6.2 V.v <  

     If the saturated output voltage is 6.2 V,PV >  the output will flip to either PV+  or PV−  and the input has  
             no control. 
     b. Same as part (a) except the curve at 0Iv ≈  will have a finite slope. 

c. Circuit works as a comparator as long as 01 8.7 Vv <  and 02 3.7 V.v > −  Otherwise the input has no  
         control. 

______________________________________________________________________________________ 
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15.49 

(a) When 0=Oυ ,  REFS V
RR

R
V ⋅⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

==+
21

2υ  

When HO V=υ ,  THV=+υ  

   
21 R
VV

R
VV HTHTHREF −

=
−

 

   ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ +
=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+=+

21

21

2121

11
RR
RR

V
RR

V
R
V

R
V

THTH
HREF  

   ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

+=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

+⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

=
21

1

21

1

21

2

RR
R

VV
RR

R
V

RR
R

VV HSHREFTH  

   ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

+=
21

1

RR
R

VVV LSTL  

(b) 75.1−=SV V,  41 =R kΩ  

        ( ) 188
4

41275.15.1 2
2

=⇒⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

+−=−= R
R

VTH kΩ  

         787.1
4188

18875.1 −=⇒⋅⎟
⎠
⎞

⎜
⎝
⎛

+
=− REFREF VV V 

(c) (i) For 12=Oυ V,  ( ) μ8.71
1884
787.13787.112

21

=⇒
+

=
+
−−

= i
RR

i A 

           (ii) For 12−=Oυ V,  μ2.53
192

787.112
=⇒

−
= ii A 

______________________________________________________________________________________ 
 
15.50 
     a. Switching point when 0 0.v =  
     Now 

          
2

1 2
REF I

Rv V v
R R+

⎛ ⎞
= = ⎜ ⎟+⎝ ⎠  where .I Sv V=  

     Then 

          
1 2 1

2 2

1S REF REF
R R R

V V V
R R

⎛ ⎞ ⎛ ⎞+
= = +⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠  

     Now upper crossover voltage for 1v  occurs when 0 Lv V=  and .REFv V+ =  Then 

          

1 2

1 1

2 2

1

2

or 1

or

− −
=

⎛ ⎞
= − ⋅ + +⎜ ⎟

⎝ ⎠

= − ⋅

TH REF REF L

TH L REF

TH S L

V V V V
R R

R RV V V
R R

RV V V
R  

     Lower crossover voltage for Iv  occurs when 0 Hv V=  and .I REFv V=  Then 
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2 1

1 1

2 2

1

2

or 1

or

− −
=

⎛ ⎞
= − ⋅ + +⎜ ⎟

⎝ ⎠

= − ⋅

H REF REF TL

TL H REF

TL S H

V V V V
R R

R RV V V
R R

RV V V
R  

     b. For 1THV = −  and 2,TLV = −  1.5 V.SV = −  Then 

1 1

2

2 1.5 (12)
20TL S H

R RV V V
R

= − ⋅ ⇒ − = − −
 

     so that 1 0.833 k= ΩR
 

     Now 

          

1

2

1

0.8331.5 1
20

⎛ ⎞
= +⎜ ⎟
⎝ ⎠
⎛ ⎞− = +⎜ ⎟
⎝ ⎠

S REF

REF

RV V
R

V
 

     which gives 

          
1.44 V= −REFV

 
______________________________________________________________________________________ 
 
15.51 

(a) ( ) 175.07.0
7525

25

31

1 =⎟
⎠
⎞

⎜
⎝
⎛

+
=⋅⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

= γV
RR

R
VTH V 

        ( ) 175.0
31

1 −=−⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

= γV
RR

R
VTL V 

(c)  (i) 2=Iυ V,  7.0−=Oυ V 
           01 =DI  

           ( ) 465.0
20

107.0
2 −=⎟

⎠
⎞

⎜
⎝
⎛ −−−
−=RI mA 

           ( ) μ7
75

7.0175.0
33 =⇒⎟

⎠
⎞

⎜
⎝
⎛ −−−

+= RR II A 

           ( ) 458.0465.0007.00 232223 =−−−=−−=⇒=++ RRDDRR IIIIII mA 
      (ii) 2−=Iυ V,  7.0+=Oυ V 
            02 =DI  

            465.0
20

7.010
2 =⎟

⎠
⎞

⎜
⎝
⎛ −

=RI mA 

            ( ) μ7
75

7.0175.0
33 −=⇒⎟

⎠
⎞

⎜
⎝
⎛ −

= RR II A 

            458.0007.0465.0321 =−=+= RRD III mA 
______________________________________________________________________________________ 
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15.52 

(a) 3.66.57.0 =+=+ ZVVγ V 

        ( ) ( )3.63.60

2

1

21 R
R

V
RR

V
TH

TH =⇒
−−

=  

                                          ( )3.6
2

1

R
R

VTL −=  

         ( )[ ] ( )
2

1

2

1 6.123.63.66.0
R
R

R
R

VV TLTH =−−==−  

       Then 21
1

2 =
R
R

,  Set 41 =R kΩ ,  then 842 =R kΩ  

(b) Maximum current in 2R , 

        075.0
84

3.63.6

2
2 ===

R
iR mA 

         875.0075.08.03.610
=+=

−
=

R
iR mA 

         23.4
875.0

3.610
=

−
=R kΩ  

______________________________________________________________________________________ 
 
15.53 
     a. 

          

0 2
5 2(0.7)

REF

REF

v V V
V

γ= +
= +  

     or 

          
3.6 V=REFV

 
     b. 

          

1

1 2

1

1 2

2 2

1 1

( 2 )

0.5 (5)

or 1 10 9

TH REF
RV V V

R R

R
R R

R R
R R

γ

⎛ ⎞
= +⎜ ⎟+⎝ ⎠
⎛ ⎞

= ⎜ ⎟+⎝ ⎠

+ = ⇒ =
 

     For example, let 2 90 kR = Ω  and 1 10 kR = Ω  
     c. For 10 V,Iv =  and 0v  is in its low state. 1D  is on and 2D  is off. 

          
1 01 1 1( 0.7)

100 1 1
REF v vv v V v −− + −

+ =
 

     For 1 0.7,v = −  then 

          
00.710 0 3.6 ( 0.7)

100 1 1
v− −− − −

+ =
 

     or 

          0 5.1 V= −v
 

______________________________________________________________________________________ 
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15.54 

     For 0 High ( 2 ).REFv V Vγ= = +  Then switching point is when. 

          

1
0

1 2

1

1 2

or ( 2 )

I B

TH REF

Rv v v
R R

RV V V
R R γ

⎛ ⎞
= = ⎜ ⎟+⎝ ⎠

⎛ ⎞
= +⎜ ⎟+⎝ ⎠  

     Lower switching point is when 

          
1

1 0
1 2

B
Rv v v

R R
⎛ ⎞

= = ⎜ ⎟+⎝ ⎠  and 0 ( 2 )REFv V Vγ= − +  
     so 

          

1

1 2

( 2 )TL REF
RV V V

R R γ

⎛ ⎞
= − +⎜ ⎟+⎝ ⎠  

______________________________________________________________________________________ 
 
15.55 
     By symmetry, inverting terminal switches about zero. 
     Now, for 0v  low, upper diode is on. 
          1 1 0REFV v v v− = −  
          0 12 REFv v V= −  where 1v Vγ= −  
     so 

          0 ( 2 )REFv V Vγ= − +
 

     Similarly, in the high state 

          0 ( 2 )REFv V Vγ= +
 

     Switching occurs when non-inverting terminal is zero. 
     So for 0v  low. 

          

( )

( )
1 2

1

2

0 20

or 2

REFTH

TH REF

V VV
R R

RV V V
R

γ

γ

⎡ ⎤− − +− ⎣ ⎦=

= ⋅ +
 

     By symmetry 

          

1

2

( 2 )TL REF
RV V v
R γ= − ⋅ +

 
______________________________________________________________________________________ 
 
15.56 

(a) ( ) 667.15
2010

10

21

1 =⎟
⎠
⎞

⎜
⎝
⎛

+
=⋅⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

=+ ORR
R

υυ V 

 

        ( ) ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−−=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−−−+=

XX
X

tt
ττ

υ exp667.65exp5667.15 ,  for 10 tt <<  

         ( )( ) ( )
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −
−+−=⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −
−−−+−=

XX
X

tttt
ττ

υ 11 exp667.65exp5667.15 ,  for Ttt <<1  
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(b) ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−−=

X

t
τ

1exp667.65667.1  

       333.3exp667.6 1 =⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−

X

t
τ

 

       ( )2ln2exp 1
1

X
X

t
t

τ
τ

=⇒=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+  

    By symmetry,  ( )2ln1 XtT τ=−  
    Then  ( )2ln2 XT τ=  

        ( )2ln2
11

XT
f

τ
== ,   ( )( ) 463 1081002.01040 −− ×=××== XXX CRτ s 

       ( ) ( )
902

2ln1082
1

4
=

×
=

−
f Hz 

   Duty cycle = 50% 
______________________________________________________________________________________ 
 
15.57 

(a) ( ) ( ) ( ) 667.15
2010

105
21

1 =⎟
⎠
⎞

⎜
⎝
⎛

+
=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

=++ RR
R

υ V 

        ( ) ( ) ( ) 333.310
2010

1010
21

1 −=−⎟
⎠
⎞

⎜
⎝
⎛

+
=−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

=−+ RR
R

υ V 

        ( ) ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−−−+=

X
X

t
τ

υ exp5333.35 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−−=

X

t
τ

exp333.85  ,      for 10 tt <<  

        ( )( ) ( ) ( )
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −
−+−=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛ −
−−−+−=

XX
X

tttt
ττ

υ 11 exp667.1110exp10667.110 ,  for Ttt <<1  

(b) ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−−=

X

t
τ

1exp333.85667.1  

5.2exp333.3exp333.8 11 =⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+⇒=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛ −

XX

tt
ττ

 

( )5.2ln1 Xt τ=  

        Also  
( )

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −
−+−=−

X

tT
τ

1exp667.1110333.3  

            
( ) ( )

75.1exp667.6exp667.11 11 =⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −
+⇒=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛ −
−

XX

tTtT
ττ

 

            ( )75.1ln1 XtT τ=−  
        Now ( ) ( )[ ] ( )( )[ ]75.15.2ln75.1ln5.2ln XXT ττ =+=  

            
T

f 1
= ,  4108 −×== XXX CRτ s 

            ( ) ( )( )[ ] 847
75.15.2ln108

1
4

=
×

=
−

f Hz 

______________________________________________________________________________________ 
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15.58 

          

3

5

1
2.2

1 1
2.2 (2.2)(12 10 )
3,788 10−

=

= =
×

= ×

X X

X X

X X

f
R C

R C
f

R C  

     For example, Let 

56 K
680 pF

X

X

R
C

=
=  

     Within 
1
2  of 1% of design specification. 

______________________________________________________________________________________ 
 
15.59 
          ( )( )( ) 1.1101.0101.11.1 1

64
1 =⇒×== − tCRt XX ms 

           10 tt << ,  ( )Yt
Y e τυ /110 −−=  

          ( )( )63 1002.0102 −××== YYY CRτ  

                           5104 −×= s 

     Now 75.21 =
Y

t
τ

 

     YC⇒  completely charges during each cycle. 
______________________________________________________________________________________ 
 
15.60 
     a. Switching voltage 

          

1 3

1 3 2

10 10 ( 10)
10 10 10X P

R R
v V

R R R
⎛ ⎞+ +⎛ ⎞= ⋅ = ±⎜ ⎟ ⎜ ⎟+ + + +⎝ ⎠⎝ ⎠  

     So 6.667 VXv = ±  
     Using Equation (15.83(a)) 

          P
t

PPPX VeVVVv X

3
2

3
2 /1 =⎟

⎠
⎞

⎜
⎝
⎛ −−+= − τ  

     Then   
3
2

3
51 /1 =⋅− − Xte τ  

          Xte τ/1

3
5

3
1 −⋅=  or  ( )5ln1 Xt τ=  

          ( ) 001.0
5002
1

2
1

2 11 =⇒=== t
f

Tt s 

          ( ) ( )643 1001.01021.65ln10 −−− ×=×=⇒= XXX Rττ  

     So 
62.1 k= ΩXR

 
     b. Switching voltage 

          

1

1 3 2

( )

10 1( ) ( )
10 10 10 3

⎛ ⎞
= ±⎜ ⎟+ +⎝ ⎠
⎛ ⎞= ± = ⋅ ±⎜ ⎟+ +⎝ ⎠

X P

P P

Rv V
R R R

V V
 

     Using Equation (15.83(a)) 
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          P
t

PPPX VeVVVv X

3
1

3
1 /1 =⎟

⎠
⎞

⎜
⎝
⎛ −−+= − τ  

     Then 
3
1

3
41 /1 =− − Xte τ  

          Xte τ/1

3
4

3
2 −⋅=  

          ( ) ( ) ( ) 44
1 1030.42ln1021.62ln −− ×=×== Xt τ s 

          4
1 106.82 −×== tT s 

          16.11
=⇒= f

T
f kHz 

______________________________________________________________________________________ 
 
15.61 

(a) 625.0
1220

20

21

1 =
+

=
+

=
RR

R
β  

        ( )0485.1
625.01
10

7.01
ln10250 6

XXT ττ =

⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢

⎣

⎡

−

+
=×= −  

    So XXX CR=×= −410384.2τ  
        Set μ01.0=XC F,  then 84.23=XR kΩ  
(b) For 0<t ,  7.0=Xυ V 

So Yυ  must be 0<⇒< IX υυ  

(c) ( )[ ] ( )
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −′
−−−+==

X
X

TTV
τ

βυ γ exp101010  

       ( ) ( ) 3.9exp26.16exp25.16107.0 =⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −′
−⇒⎟⎟

⎠

⎞
⎜⎜
⎝

⎛ −′
−−=

XX

TTTT
ττ

 

       ( ) 747.1exp =⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −′
+

X

TT
τ

 

       ( ) ( )747.1ln10384.2747.1ln 4−×==−′ XTT τ  
       μ133=−′ TT s 

______________________________________________________________________________________ 
 
15.62 

(a) 

⎥
⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢
⎢

⎣

⎡

−

+
=

β
τ

γ

1

1
ln P

X
V
V

T ,  7.0=γV V,  5=PV V,  5.0=β  

       ( )( ) 263 104.2102.11020 −− ×=××== XXX CRτ s 

       ( ) 78.19
5.01

5
7.01

ln104.2 2 =⇒

⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢

⎣

⎡

−

+
×= − TT  ms 
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(b) 6.94.0 =≅−′ XTT τ ms 

______________________________________________________________________________________ 
 
15.63 
     a. From Equation (15.95) 
          1.1 T RC=  
     For 60 s 1.1 RCT = =  
     then 54.55 sRC =  
     For example, let 

          
50 Fμ=C

 and 1.09 M= ΩR  
     b. Recovery time: capacitor is discharged by current through the discharge transistor. 

     If 5 V,V + =  then 
5 0.7 0.043 mA

100BI −
≅ =

 
     If 100,β =  4.3 mACI =  

          

1
C C

IcV I dt t
C C

= = ⋅∫
 

     Capacitor has charged to 
2 3.33 V
3

V +⋅ =
 

     So that 

6

3

(3.33)(50 10 )
4.3 10

C

C

V Ct
I

−

−

⋅ ×
= =

⋅ ×  

     So recovery time 38.7 ms≈t  
______________________________________________________________________________________ 
 
15.64 
          1.1 T RC=  
          

65 10 1.1 RC−× =  
     so 

64.545 10  sRC −= ×  
     For example, let 

          
100 pFC =

 and 45.5 k= ΩR  
     From Problem (15.63), recovery time 

          

12

3

(3.33)(100 10 )
4.3 10

C

C

V C
t

I

−

−

⋅ ×
≅ =

×  
     or 

          77.4 ns=t  
______________________________________________________________________________________ 
 
15.65 

          Duty cycle %100
2

%60 ×
+
+

==
BA

BA

RR
RR

 

               50
225

25
60.0 =⇒

+
+

= B
B

B R
R

R
kΩ  

          
( ) ( )( )

3.144
1050225693.0

11080
3

3 =⇒
×+

=×= C
C

f pF 

______________________________________________________________________________________ 
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15.66 

          1 2 3

1
(0.693)( 2 )

10 k ,

=
+

= = Ω = +
A B

A B

f
R R C

R R R R xR  

          

min 3 6

max 3 6

So 10 k 110 k
1 627 kHz

(0.693)(10 2(110)) 10 (0.01 10 )
1 4.81 kHz

(0.693)(10 2(10)) 10 (0.01 10 )

BR

f

f

−

−

Ω ≤ ≤ Ω

= =
+ × × ×

= =
+ × × ×  

       So 627 Hz 4.81 kHzf≤ ≤  

     
Duty cycle 100%

2
+

= ×
+

A B

A B

R R
R R  

     Now 

          

10 10 100% 66.7%
10 2(10)
and

10 110 100% 52.2%
10 2(110)

+
× =

+

+
× =

+  
     So 52.2 Duty cycle 66.7%≤ ≤  
______________________________________________________________________________________ 
 
15.67 

          

min 3 6

max 3 6

1 k 51 k
1 k 51 k

1 1.40 Hz
(0.693)(1 2(51)) 10 (0.01 10 )

1 2.72 kHz
(0.693)(51 2(1)) 10 (0.01 10 )

or 1.40 kHz 2.72 kHz

−

−

Ω ≤ ≤ Ω
Ω ≤ ≤ Ω

= =
+ × × ×

= =
+ × × ×

≤ ≤

A

B

R
R

f

f

f  

     
Duty cycle 100%

2
+

= ×
+

A B

A B

R R
R R  

          

1 51 100% 50.5%
1 2(51)

+
× =

+  
     or 

          

51 1 100% 98.1%
51 2(1)
or
50.5% Duty cycle 98.1%

+
× =

+

≤ ≤  
______________________________________________________________________________________ 
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15.68 
     a. 

          
3 4

1 1

3 EB
E E

A B

V V
I I

R R

+ −
= =

+  
     Assume 0.7EBV =  

          
3 4

22 3(0.7) 0.398 mA
25 25E EI I −

= = =
+  

     Now 

          

3 4 5 6

3 4 5 6

1 2 1 2

20 (0.398)
21

0.379 mA

0.398 20 0.018 mA
21 21

⎛ ⎞= = = = ⎜ ⎟
⎝ ⎠

= = = =

⎛ ⎞= = ⇒ = =⎜ ⎟
⎝ ⎠

C C C C

C C C C

C C C C

I I I I

I I I I

I I I I
 

     b. 
0.398mA,DI =

 current in 1D  and 2D  

          

3

13

7 8

0.398 102 2  ln 2(0.026) ln 
10

or
1.149 V

−

−

⎛ ⎞ ⎛ ⎞×
= = =⎜ ⎟ ⎜ ⎟

⎝ ⎠⎝ ⎠

= = +

D
BB D T

S

BB BE EB

IV V V
I

V V V  
     Now 

          

7 4 9 8

4

9 8 8

0.379 mA
20
21

≈ + +
=

⎛ ⎞= = ⎜ ⎟
⎝ ⎠

C C C E

C

B C E

I I I I
I

I I I
 

     So 

          

9
8 9

7 4 8 8 4 8

1.05 1.05
100

100 21(96.24)
1.05 20

⎛ ⎞= = ⎜ ⎟
⎝ ⎠

⎛ ⎞ ⎛ ⎞= + + = +⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

C
E B

C C E E C C

II I

I I I I I I
 

     So 7 80.379 mA 101C CI I= +  
     and 

          

7 8
7 8 ln ;  ln 

⎛ ⎞ ⎛ ⎞
= =⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠
C C

BE T EB T
S S

I I
V V V V

I I  
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     Then 

          

7 8

3
8 8

13 2

13 2 2 4
8 8

7 2 4
8 8

4 24

8

1.149 0.026 ln  ln 

(0.379 10 ) 10144.19 ln 
(10 )

(10 )  exp (44.19) 101 3.79 10
1.554 10 101 3.79 10

(3.79 10 ) 4(3.79 10
2(101)

C C

S S

C C

C C

C C

C

I I
I I

I I

I I
I I

I

−

−

− −

− −

−−

⎡ ⎤⎛ ⎞ ⎛ ⎞
= +⎢ ⎥⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠⎣ ⎦
⎡ ⎤× +

= ⎢ ⎥
⎣ ⎦

= + ×
× = + ×

× +− ×
= ±

7

8

7 7

9

9

101)(1.554 10 )
2(101)

37.4 A

0.379 101(0.0374) 4.16 mA

214.16 0.379 0.0374
20

3.74 mA

C

C C

C

C

I

I I

I

I

μ

−×

=

= + ⇒ =

⎛ ⎞= − − ⎜ ⎟
⎝ ⎠

=
 

     c. (0.398 0.398 4.16)(22) 109 mW= + + ⇒ =P P  
______________________________________________________________________________________ 
 
15.69 
     a. From Figure 15.44, 3.7 W to the load  

     b. 19 VV + ≈  

     c. 

21
2

P

L

VP
R

=
 

     or 

          
2 2(10)(3.7) 8.6 V= = ⇒ =P L PV R P V

 
______________________________________________________________________________________ 
 
15.70 

(a) 11121
1

2

1

2 =⇒=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

R
R

R
R

,  and 12
3

4 =
R
R

 

(b) ( )( ) 97.18151222
2

2

===⇒= LLL
L

L
L PRV

R
V

P V 

        49.9
max2max1 == OO υυ V 

         58.1
12

97.18
===

L

L
L R

V
I A 

(c) (i)  6.9
2

24
2
8.0

22
=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= LL

L
VI

P W 

(ii) Ω=== 30
8.0

24

L

L
L I

V
R  

______________________________________________________________________________________ 
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15.71 

     a. 01 2 Iv iR v= +  where 1

Iv
i

R
=

 
     Then 

          
2

01
1

1I
Rv v
R

⎛ ⎞
= +⎜ ⎟

⎝ ⎠  
     Now 

          
3

02 3
1

I
R

v iR v
R

⎛ ⎞
= − = − ⎜ ⎟

⎝ ⎠  
     So 

          

32
01 02

1 1

32

1 1

1

1

⎡ ⎤⎛ ⎞ ⎛ ⎞
= − = + − −⎢ ⎥⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠⎣ ⎦

= = + +

L I I

L
v

I

RRv v v v v
R R

Rv RA
v R R

 

     b. Want 

32

1 1

10 9v
RRA

R R
= ⇒ + =

 

     Also want 
32

1 1

1
RR

R R
⎛ ⎞
+ =⎜ ⎟

⎝ ⎠  

     Then 
2 2

1 1

1 9R R
R R

⎛ ⎞
+ + =⎜ ⎟
⎝ ⎠  so 

2

1

4
R
R

=
 

     For 1 50 k ,R = Ω  2 200 k= ΩR
 

     and 

          
3

1

5
R
R

=
 so 3 250 k= ΩR

 

     c. 

21
2

P

L

VP
R

=
 

     or 

          2 2(20)(10) 20 VP LV R P= = =  
     So peak values of output voltages are 

          01 02 10 Vv v= =  

          

20Peak load current 1 A
20

= =
 

______________________________________________________________________________________ 
 
15.72 

(a) IO R
R

υυ ⋅⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+=

1

2
1 1  

       IOO R
R

R
R

R
R

υυυ ⋅⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+−=⋅−=

1

2

3

4
1

3

4
2 1  

       21 OOL υυυ −=  

       ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+==

3

4

1

2 11
R
R

R
R

A
I

L

υ
υ

υ  
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(b) 11121
1

2

1

2 =⇒=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

R
R

R
R

,  Set 1202 =R kΩ , then 9.101 =R kΩ  

        1
3

4 =
R
R

,  Set 12043 == RR kΩ  

(c) (i) ( )
( ) 12.5
252

16
2

22

===
L

L
L R

V
P W 

(ii) 64.0
25
16

===
L

L
L R

V
I A 

______________________________________________________________________________________ 
 
15.73 

(a) From Problem 15.72 

       1
3

4
2 OO R

R
υυ ⋅−= ,  Set 1

3

4 =
R
R

 

       ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+=

3

4

1

2 11
R
R

R
R

Aυ  

        ( ) 5.112125
1

2

1

2 =⇒⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+=

R
R

R
R

 

     Set 100432 === RRR kΩ ,  then 69.81 =R kΩ  

(b) (i) 4.14
2
2.1

2
24

22
=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= LL

L
IV

P W 

(ii) Ω=== 20
2.1

24

L

L
L I

V
R  

(c) ( )
( ) 2.7
402

24
2

22

==
′

=
L

L
L R

V
P W 

______________________________________________________________________________________ 
 
15.74 

     
0Line regulation +

Δ
=
Δ

V
V  

     Now 

          1

VI
R

+Δ
Δ =

 and Z ZV r IΔ = ⋅Δ  and 0 10 ZV VΔ = Δ  
     So 

          
0

1

10 Z
VV r
R

+Δ
Δ = ⋅ ⋅

 
     So 

   
0 10(15)Line regulation 1.61%

9300+

Δ
= = ⇒
Δ

V
V  

______________________________________________________________________________________ 
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15.75 

(a) 4
2
8

=⇒=
Δ

Δ
= of

O

O
of R

I
V

R mΩ  

(b) ( )( ) 122.110 =Δ⇒=Δ⋅=Δ OOofO VIRV mV 
______________________________________________________________________________________ 
 
15.76 
     For 0 8 VV =  

          0 0 11 11 10 5(min) (max) BE BE EBV V I R V V V+ = + + + +  
     This assumes 5 0.BCV =  
     Then 

          

(min) 8 (0.1)(1.9) 0.6 0.6 0.6
(min) 9.99 V

+

+

= + + + +
=

V
V

 
______________________________________________________________________________________ 
 
15.77 
     a. 

          

3 5
1 2 3

3 5

8

3 (npn)

6.3 3(0.6) 0.571 mA
0.576 3.4 3.9

1 0.6 0.106 mA
2 2.84

−
= =

+ +
−

= = =
+ +

⎛ ⎞= =⎜ ⎟
⎝ ⎠

Z BE
C C

C C

C

V VI I
R R R

I I

I
 

     Neglecting current in 9 ,Q  total collector current and emitter current in 5Q  is 
          0.571 0.106 0.677+ =  
     Now 

          

2 4 4 5

2
4

5

5
5

 ln 

 ln 
2

+ =

⎛ ⎞
= ⎜ ⎟

⎝ ⎠
⎛ ⎞

= ⎜ ⎟
⎝ ⎠

Z EB EB

Z
EB T

C
EB T

S

I R V V

IV V
I

IV V
I  

     Then 
5

2 4
2

 ln 
2

C
Z T

Z

I
I R V

I
⎛ ⎞

= ⎜ ⎟
⎝ ⎠  

          
4

0.026 0.677ln 
0.25 2(0.25)

R
⎛ ⎞

= ⋅ ⎜ ⎟
⎝ ⎠  

     or 

          4 31.5 = ΩR
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     b. From Example 15.16, 7 3.43 .BV V=  Then 

          

13
0 8 7

12 13

12

12

or

2.23 (12) 3.43
2.23

3.43(2.23 ) (2.23)(12)

⎛ ⎞
= =⎜ ⎟+⎝ ⎠

⎛ ⎞
=⎜ ⎟+⎝ ⎠

+ =

B B
R V V V

R R

R
R  

     which yields 

          12 5.57 k= ΩR
 

______________________________________________________________________________________ 
 
15.78 

     Line 
0regulation

V
V +

Δ
=
Δ  

     Now 
          7 3 1B CV I RΔ = Δ ⋅  

     and 

13
0 7 3 1

12 13

( ) B C
R

V V I R
R R

⎛ ⎞
Δ = Δ = Δ⎜ ⎟+⎝ ⎠  

     and 
3

1 2 3 1 2 3

Z Z Z
C

V I rI
R R R R R R

Δ Δ ⋅
Δ = =

+ + + +  

     and 0
Z

VI
r

+Δ
Δ =

 where 
0

A

Z

Vr
I

=
 

     Then 

          

0 3

0

0.015(0.4288)( ) (3.9) (3.9)
7.876

50 87.6 k
0.571

C ZV I I

r

⎛ ⎞Δ = Δ = Δ ⎜ ⎟
⎝ ⎠

= = Ω
 

     Then 

          

0

0

(0.4288)( ) (0.00743)
87.6

So

0.0198%

+

+

⎛ ⎞Δ
Δ = ⎜ ⎟

⎝ ⎠

Δ
=

Δ

VV

V
V  

______________________________________________________________________________________ 
 
15.79 

(a) 0833.2
12
25

1 ===+
+

Z
z I

VrR kΩ  

       0713.2012.00833.21 =−=R kΩ  

(b) ( )( ) 744.512012.06.5 =+=+V V 
For 0=x , 

     ( ) 659.7744.5
12

121744.5
432

43 =⎟
⎠
⎞

⎜
⎝
⎛

+
++

=⇒⋅⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
++

+
= OO VV

RRR
RR

V 
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For 1=x , 

      ( ) 976.22744.5
1

121744.5
432

4 =⎟
⎠
⎞

⎜
⎝
⎛ ++

=⇒⋅⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
++

= OO VV
RRR

R
V 

So  976.22659.7 ≤≤ OV V 

(c) For 1=x ,  OVV
4
1

1 =  

       OREFREFd VVVV
4
1

1 −=−=υ  

       ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−=−=

S

O
TdOLBEdOLO I

I
VAVAV lnυυ  

       ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−⎟

⎠
⎞

⎜
⎝
⎛ −=

S

O
TOREFOLO I

I
VVVAV ln

4
1  

       ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−=⎟

⎠
⎞

⎜
⎝
⎛ +

S

O
TREFOLOLO I

I
VVAAV ln

4
11  

       
OL

S

O
TREFOL

O

A

I
I

VVA
V

4
11

ln

+

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−

=  

    Load regulation 
( ) ( )

( )NLV
FLVNLV

O

OO −
=  

              

( )[ ]
( )

( )[ ]
( )

( )[ ]
( ) OL

SOTREFOL

OL

SOTREFOL

OL

SOTREFOL

A
INLIVVA

A
IFLIVVA

A
INLIVVA

411
ln

411
ln

411
ln

+
−

⎥
⎦

⎤
⎢
⎣

⎡
+
−

−
+
−

=  

              

( ) ( )

( )
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛

=

S

O
TREFOL

S

O

S

O
T

I
NLI

VVA

I
NLI

I
FLI

V

ln

lnln ( )
( )

( )
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

=

S

O
TREFOL

O

O
T

I
NLI

VVA

NLI
FLI

V

ln

ln
 

    Let ( ) 5=FLI O A,  ( ) 05.0%1 ==NLI O A 

    Let 
( )

7.0ln ≅⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

S

O
T I

NLI
V V 

    Load regulation 
( )

( )( ) 43 108719.2
11973.0

7.0744.5105
05.0
5ln026.0

×
=

−×

⎟
⎠
⎞

⎜
⎝
⎛

=  

   Load regulation %10169.4 4−×=  
______________________________________________________________________________________ 
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15.80 

(a) 36.1
5
8.6

2

===
R
V

I Z
E mA 

       ( ) 343.136.1
81
80

1
=⎟

⎠
⎞

⎜
⎝
⎛=⋅⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

= EO II
β

β mA 

   For 0=BCV ,  6.126.08.62020 =−−=−−= EBZO VVV V 

        ( ) 38.9
343.1

6.12max ===
O

O
L I

V
R kΩ  

  So  38.90 ≤≤ LR kΩ  

(b) ( ) ( )8.6
2010

10
4

4

1

1 −⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

+
=−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

= ++
+ VVV

rR
R

V ZO
Z

 

For 20=+V V,  ( ) 17365.132.13
2010

10
4

4

=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

+
=+V V 

                           3484.1
5

17365.1320
81
80

=⎟
⎠
⎞

⎜
⎝
⎛ −
⎟
⎠
⎞

⎜
⎝
⎛=OI mA 

For 16=+V V,  ( ) 181637.98.616
2010

10
4

4

=−⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

+
=+V V 

                           3468.1
5
181637.916

81
80

=⎟
⎠
⎞

⎜
⎝
⎛ −
⎟
⎠
⎞

⎜
⎝
⎛=OI mA 

So  3484.13468.1 ≤≤ OI mA 
______________________________________________________________________________________ 
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Chapter 16 
 
16.1 

(a) ( )[ ]22
2 OOTNID
n

DDO VR
L

Wk
V υυυυ −−⎟

⎠
⎞

⎜
⎝
⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ′
−=  

       ( ) ( )( ) ( )[ ]21.01.05.03.3240
2
1.03.31.0 −−⎟

⎠
⎞

⎜
⎝
⎛
⎟
⎠
⎞

⎜
⎝
⎛−=

L
W  

       ( ) 91.21.13.31.0 =⎟
⎠
⎞

⎜
⎝
⎛⇒⎟

⎠
⎞

⎜
⎝
⎛−=

L
W

L
W  

(b) 0
2

2 =−+⎟
⎠
⎞

⎜
⎝
⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ′
DDtOtOD

n VVVR
L

Wk
 

       ( )( ) 03.34091.2
2
1.0 2 =−+⎟
⎠
⎞

⎜
⎝
⎛

tOtO VV  

       672.003.382.5 2 =⇒=−+ tOtOtO VVV V 
       172.1=⇒−= tITNtItO VVVV V 

(c) μ80
40

1.03.3
max,max, =⇒

−
= DD ii A 

       ( )( ) μ2643.380max, ==DP W 
______________________________________________________________________________________ 
 
16.2 

(a) (i) 02 =−+ DDtOtODn VVVRK  

            ( )( ) 7185.003.310005.0 2 =⇒=−+ tOtOtO VVV V 
                                                            219.1=⇒ tIV V 

      (ii) ( )( ) ( )[ ]25.03.3210005.03.3 OOO υυυ −−−=  

         We find  116.003.3295 2 =⇒=+− OOO υυυ  V 

(b) (i) ( )( ) 187.103.33005.0 2 =⇒=−+ tOtOtO VVV V 
                                                          687.1=⇒ tIV V 

      (ii) ( )( ) ( )[ ]25.03.323005.03.3 OOO υυυ −−−=  

        Or  373.003.34.95.1 2 =⇒=+− OOO υυυ  V 

(c) (i) ( )( ) 147.203.3505.0 2 =⇒=−+ tOtOtO VVV V 
                                                        647.2=⇒ tIV V 

      (ii) ( )( ) ( )[ ]25.03.32505.03.3 OOO υυυ −−−=  

        Or  663.103.34.225.0 2 =⇒=+− OOO υυυ  V 
______________________________________________________________________________________ 
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16.3 

(a) IVP =  
        ( ) μ76.753.325.0 =⇒= II A 

       6.41
07576.0

15.03.3
=

−
=R kΩ  

       ( )[ ]22
2 DSDSTNGS
n VVVV

L
Wk

I −−⎟
⎠
⎞

⎜
⎝
⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ′
=  

       ( )( ) ( )[ ] 85.115.015.05.03.32
2

10076.75 2 =⎟
⎠
⎞

⎜
⎝
⎛⇒−−⎟

⎠
⎞

⎜
⎝
⎛
⎟
⎠
⎞

⎜
⎝
⎛=

L
W

L
W  

(b) ( ) ( )
R

satVV
VV

L
Wk

I DSDD
TNGS

n
D

−
=−⎟

⎠
⎞

⎜
⎝
⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ′
= 2

2
 

               ( ) ( ) ( )
6.41

3.3
85.1

2
1.0 2 satV

satV DS
DS

−
=⎟

⎠
⎞

⎜
⎝
⎛  

    Or  ( ) ( ) ( ) 805.003.3848.3 2 =⇒=−+ satVsatVsatV DSDSDS  V 
               ( ) TNGSDS VVsatV −=  
               305.15.0805.0 =⇒−= GSGS VV V 
   Then  305.15.0 ≤≤ GSV V 

______________________________________________________________________________________ 
 
16.4 

(a) From Equation (16.21) 

         
( )
( )

( )
( ) 2

2

2 OOTNDI

TNLODD

L

D

L

D

V
VV

LW
LW

K
K

υυυ
υ

−−

−−
==  

                                   ( )
( )( ) ( ) 1536.0

7424.1
08.008.04.04.12

4.008.08.1
2

2

=
−−

−−
=  

         
( )
( ) 34.11=

L

D

LW
LW

 

         DDDD ViP ⋅= max,max,  
          ( ) 1667.08.13.0 max,max, =⇒= DD ii mA 

         ( )( ) ( )[ ]2
max, 08.008.04.04.12

2
1.01667.0 −−⎟

⎠
⎞

⎜
⎝
⎛
⎟
⎠
⎞

⎜
⎝
⎛==

D
D L

Wi  

       Which yields  7.21=⎟
⎠
⎞

⎜
⎝
⎛

DL
W   and  91.1=⎟

⎠
⎞

⎜
⎝
⎛

LL
W  

(b) ( )( ) 7206.0
34.111

34.1114.04.08.1
=

+

++−
=tIV V 

        7206.04.0 ≤≤ IV V 
______________________________________________________________________________________ 
 
16.5 

(a) ( )( ) ( )[ ] [ ]22 5.025.0325.025.05.032 −−=−−
L

D

K
K

 

       ( ) ( ) 26.40625.51875.1 =⇒=
L

D

L

D

K
K

K
K
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(b) ( )( ) ( )[ ] [ ]22 5.025.0325.025.05.05.22 −−=−−
L

D

K
K

 

       ( ) ( ) 4.50625.59375.0 =⇒=
L

D

L

D

K
K

K
K

 

(c) ( ) ( )( ) 253.05.025.031
2
1.0 22 =−−⎟
⎠
⎞

⎜
⎝
⎛=−= TNGSLLD VVKi mA 

        ( )( ) 759.03253.0 ==⋅= DDD ViP mW 
______________________________________________________________________________________ 
 
16.6 

(a) 
( )
( ) 2

2

2 OOTNDI

TNLODD

L

D

V
VV

K
K

υυυ
υ

−−

−−
=  

        =Iυ Logic 1 5.25.03 =−=−= TNLDD VV V 

       
( )
( )

( )
( )( ) ( ) 39.0

76.5
1.01.05.05.22

5.01.03
2

2

=
−−

−−
==

L

D

L

D

LW
LW

K
K

 

       
( )
( ) 77.14=

L

D

LW
LW

 

       DDDD ViP ⋅= max,max,  
       ( ) 1333.034.0 max,max, =⇒= DD ii mA 

       ( )( ) ( )[ ]2
max, 1.01.05.05.22

2
1.01333.0 −−⎟

⎠
⎞

⎜
⎝
⎛
⎟
⎠
⎞

⎜
⎝
⎛==

D
D L

Wi  

    Which yields  84.6=⎟
⎠
⎞

⎜
⎝
⎛

DL
W   and  463.0=⎟

⎠
⎞

⎜
⎝
⎛

LL
W  

(b) ( )( ) 016.1
77.141

77.1415.05.03
=

+

++−
=tIV V 

       516.05.0016.1 =−=tOV V 
______________________________________________________________________________________ 
 
16.7 
     We have 

          

( ) ( )

( )
( ) ( )( ) ( ) ( )

( )
( ) ( )( )( ) ( )

( )
( ) [ ] ( )

( )

22

2 2

22 2

2

/
2 0.08 0.08 0.08

/

/
2 2 0.2 0.08 0.0064 0.92 0.2 0.5184

/

/ /
0.096 0.5184 5.4

/ /

D
I TND O O DD O TNL

L

D
DD TN TN DD DD DD DD TN

L

D
DD DD DD DD DD DD

L

D D

L L

K v V v v V v V
K
W L

V V V V V V V V
W L

W L
V V V V V V

W L

W L W L
W L W L

⎡ ⎤− − = − −⎣ ⎦

⎡ ⎤− − − = − −⎣ ⎦

⎡ ⎤− − = − =⎡ ⎤⎣ ⎦⎣ ⎦

= ⇒ =

 
______________________________________________________________________________________ 
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16.8 
          Logic 1OH B TNV V V= − =  
     So 
     (a) 4 3B OHV V V V= ⇒ =  
     (b) 5 4B OHV V V V= ⇒ =  
     (c) 6 5B OHV V V V= ⇒ =  
     (d) 7 5 ,since 0B OH DSV V V V V= ⇒ = =  
     For I OHv V=  

          ( ) [ ]222D I T O O L B O TK v V v v K V v V⎡ ⎤− − = − −⎣ ⎦  
     Then 

     (a) ( ) ( ) ( )[ ]221 2 3 1 0.4 4 1 0.657OL OL OL OLV V V V V⎡ ⎤− − = − − ⇒ =⎣ ⎦  

     (b) ( ) ( ) ( )[ ]221 2 4 1 0.4 5 1 0.791OL OL OL OLV V V V V⎡ ⎤− − = − − ⇒ =⎣ ⎦  

     (c) ( ) ( ) ( )[ ]221 2 5 1 0.4 6 1 0.935OL OL OL OLV V V V V⎡ ⎤− − = − − ⇒ =⎣ ⎦  
     (d) Load in non-sat region 

          
( ) ( ) ( )( ) ( )22(1) 2 5 1 0.4 2 7 1 5 5

DD OL

OL OL OL OL OL

i i

V V V V V

=

⎡ ⎤⎡ ⎤− − = − − − − −⎣ ⎦ ⎣ ⎦  

          

( ) ( )( ) ( )
( ) ( )
( )

2 2

2 2

2 2

8 0.4 2 6 5 25 10

0.4 2 30 11 25 10

0.4 60 22 2 25 10

OL OL OL OL OL OL

OL OL OL OL

OL OL OL OL

V V V V V V

V V V V

V V V V

⎡ ⎤− = − − − − +⎣ ⎦
⎡ ⎤= − + − + −⎣ ⎦
⎡ ⎤= − + − + −⎣ ⎦  

          

( )( )
( )

2 2

2

8 14 4.8 0.4

1.4 12.8 14 0

12.8 163.84 4 1.4 14
2 1.4

1.27

OL OL OL OL

OL OL

OL

OL

V V V V

V V

V

V V

− = − +

− + =

± −
=

=  
     For load 

          

( )sat 7 1.27 1 4.73
5 1.27 3.73 non-sat

DS

DS

V V
V

= − − =
= − =  

______________________________________________________________________________________ 
 
16.9 

(a) ( ) TNLTNDtI
L

D VVV
K
K

−=−  

       ( ) ( ) 8578.08.05.0
100
500

=⇒−−=− tItI VV V 

    For Driver:  3578.05.08578.0 =−=−= TNDtItO VVV V 
    For Load:    ( ) 5.28.03.3 =−+=+= TNLDDtO VVV V 

(b) ( )[ ] ( )222 TNLOOTNDI
L

D VV
K
K

−=−− υυυ  

       ( )[ ] ( )[ ]22 8.05.03.32
100
500

−−=−−⎟
⎠
⎞

⎜
⎝
⎛

OO υυ  

   We find  0230.0064.0285 2 =⇒=+− OOO υυυ  V 
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(c) ( ) ( )[ ] μ648.0100 22

max, =−−=−= TNLLD VKi A 
       ( )( ) μ2113.364max,max, ==⋅= DDDD ViP W 

______________________________________________________________________________________ 
 
16.10 

          
( )( ) ( ) ( )2 2500 2 3 0.5 0.1 0.1

50 TNLV⎛ ⎞ ⎡ ⎤− − = −⎜ ⎟ ⎣ ⎦⎝ ⎠  
     So 

          ( )2 4.9 2.21TNL TNLV V V− = ⇒ = −  
______________________________________________________________________________________ 
 
16.11 

(a) DDDD ViP ⋅= max,max,  
        ( ) μ44.448.180 max,max, =⇒= DD ii A 

        ( )[ ] 47.26.0
2

10044.44 2
max, =⎟

⎠
⎞

⎜
⎝
⎛⇒−−⎟

⎠
⎞

⎜
⎝
⎛
⎟
⎠
⎞

⎜
⎝
⎛==

LL
D L

W
L

Wi  

       ( )( ) ( )[ ] ( )[ ]22 6.006.006.03.08.12 −−=−−
L

D

K
K

 

       ( ) ( ) ( )
( )L

D

L

D

L

D

LW
LW

K
K

K
K

==⇒= 04.236.01764.0  

    Then  04.5=⎟
⎠
⎞

⎜
⎝
⎛

DL
W  

(b) ( ) TNLTNDtI
L

D VVV
K
K

−=−  

       ( ) ( )[ ] 720.06.03.0
47.2
04.5

=⇒−−=− tItI VV V 

   For Driver:  420.03.0720.0 =−=tOV V 
   For Load:    2.16.08.1 =−=tOV V 
(c) μ80max, =DP W 

        ( )[ ] ( )[ ]22 6.03.08.12
47.2
04.52 −−=−−⎟

⎠
⎞

⎜
⎝
⎛

OO υυ  

  We find  0297.0036.024.1208.4 2 =⇒=+− OOO υυυ  V 
______________________________________________________________________________________ 
 
16.12 
     a. From Equation (16.27(b)): 

          

( )( ) ( ) ( )2 22 2.5 0.5 0.05 0.05 [ 1 ]

1

D L

L

W W
L L

W
L

⎛ ⎞ ⎛ ⎞⎡ ⎤− − = − −⎜ ⎟ ⎜ ⎟⎣ ⎦⎝ ⎠ ⎝ ⎠

⎛ ⎞ =⎜ ⎟
⎝ ⎠  

     Then 
5.06

D

W
L

⎛ ⎞ =⎜ ⎟
⎝ ⎠  
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     b. 
( ) ( ) 280 1 1

2Di
⎛ ⎞= − −⎡ ⎤⎜ ⎟ ⎣ ⎦⎝ ⎠  

     or 40 ADi μ=  

          ( )( )40 2.5 100 WD DDP i V P μ= ⋅ = ⇒ =  
______________________________________________________________________________________ 
 
16.13 
     a. i. 0.5 V 0 0I Dv i P= ⇒ = ⇒ =  
 ii. 5 V,Iv =  From Equation (16.11), 

          

( )( ) ( )

( ) ( )( )
( )

( )( )

2
0 0 0

2
0 0

2

0 0

5 0.1 20 2 5 1.5

2 15 5 0

15 15 4 2 5
0.35 V

2 2
5 0.35 0.2325 mA

20
0.2325 5 1.16 mW

D

D DD

v v v

v v

v v

i

P i V P

⎡ ⎤= − − −⎣ ⎦
− + =

± −
= ⇒ =

−
= =

= ⋅ = ⇒ =
 

     b. i. 0.25 V 0 0I Dv i P= ⇒ = ⇒ =  
     ii. 4.3 V,Iv =  From Equation (16.21), 

          

( ) [ ]22
0 0 0

2 2
0 0 0 0

100 2 4.3 0.7 10 5 0.7

10 7.2 18.49 8.6

v v v

v v v v

⎡ ⎤− − = − −⎣ ⎦
⎡ ⎤− = − +⎣ ⎦  

     Then 

          

( ) ( )( )
( )

2
0 0

2

0 0

11 80.6 18.49 0

80.6 80.6 4 11 18.49
0.237 V

2 11

v v

v v

− + =

± −
= ⇒ =

 
     Then 

          

[ ]
( )( )

210 5 0.237 0.7 165 A

165 5 825 W
D

D DD

i

P i V P

μ

μ

= − − =

= ⋅ = ⇒ =  
     c. i. 0.03 V 0 0I Dv i P= ⇒ = ⇒ =  

 ii. 

( ) ( ) ( )
( )( )

22

5 V

10 2 40

40 5 200 W

I

D L TNL

D DD

v

i K V A

P i V P

μ

μ

=

= − = − − =⎡ ⎤⎣ ⎦
= ⋅ = ⇒ =  

______________________________________________________________________________________ 
 
16.14 

(a) 5.45.05 =−=−= TNLDDI VVυ V 

       ( )[ ] [ ]21
2

112 TNLODDLOOTNDID VVKVK −−=−− υυυυ  

       ( )[ ] ( )[ ]21
2

11 5.0515.05.4210 −−=−− OOO υυυ  

   We find  234.0025.208911 11
2

1 =⇒=+− OOO υυυ  V 
       5.42 =−= TNLDDO VVυ  V 
(b) 234.0=Iυ V,  5.41 =⇒ Oυ V 

From part (a), 234.02 =Oυ V 
______________________________________________________________________________________ 
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16.15 

(a) ( )[ ] ( )222 TNLOOTNDI
L

D VV
K
K

−=−− υυυ  

       ( )[ ] ( )[ ]22
11 2.18.052

1
4

−−=−−⎟
⎠
⎞

⎜
⎝
⎛

OO υυ  

   We find  0431.0044.16.334 11
2

1 =⇒=+− OOO υυυ  V 
                                                           52 =⇒ Oυ V 
(b) For 0431.0=Iυ V,  51 =Oυ V 

From part (a), 0431.02 =Oυ V 
______________________________________________________________________________________ 
 
16.16 

(a) 0.25.05.2 =−=−= TNLODDO VVυ V 

(b) ( )[ ]fpOfpTNLODDO VV φυφγυ 22 −++−=  

       ( )[ ]7.07.025.05.05.2 −++−= OO υυ  

       OO υυ +−=− 7.025.0209.2  

       ( )OOO υυυ +=+− 7.00625.088.4418.42  

       81.10836.44805.42 =⇒=+− OOO υυυ  V 
______________________________________________________________________________________ 
 
16.17 

(a) ( ) ( )TNLTNDI
L

D VV
K
K

−=−υ  

    Or  ( )[ ] ( )[ ] 6683.04.0
100
206.0 =+−−=+−= TND

D

L
TNLI V

K
K

Vυ V 

(b) ( )fpOfpTNLOTNL VV φυφγ 22 −++=  

               ( ) 460.07.025.17.025.06.0 −=−++−= V 

       ( )[ ] 6057.04.0
100
20460.0 =+−−=Iυ V 

______________________________________________________________________________________ 
 
6.18 

(a) ( )[ ] ( )222 TNLOOTNDI
L

D VV
K
K

−=−− υυυ  

       ( )( ) ( )[ ] ( )[ ]22 6.01.01.04.08.12 −−=−−
L

D

K
K

 

        ( ) 33.136.027.0 =⇒=
L

D

L

D

K
K

K
K
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(b) ( )[ ] [ ]2222 TNLOOTNDI
L

D VV
K
K

−=−−⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
υυυ  

       ( ) ( )[ ] ( )[ ]22 6.04.08.12333.12 −−=−− OO υυ  

   We find  1.49036.0467.7667.2 2 =⇒=+− OOO υυυ  mV 

(c) ( ) ( ) ( )[ ] μ186.01
2
1.0

2 max,
22

max, =⇒−−⎟
⎠
⎞

⎜
⎝
⎛=−⎟

⎠
⎞

⎜
⎝
⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ′
= DTNL

L

n
D iV

L
Wk

i A 

       ( )( ) μ4.328.118max, ==⋅= DDD ViP W 
______________________________________________________________________________________ 
 
6.19 

(a) One input high, 

       ( )( ) ( )[ ] ( )[ ] 04.211.01.05.032 22 =⇒−−=−−
L

D

L

D

K
K

K
K

 

(b) DDD ViP ⋅=  
( ) μ33.3331.0 =⇒= DD ii A 

[ ]2
2 TNL

L

n
D V

L
Wk

i −⎟
⎠
⎞

⎜
⎝
⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ′
=  

( ) 667.01
2

10033.33 =⎟
⎠
⎞

⎜
⎝
⎛⇒⎟

⎠
⎞

⎜
⎝
⎛
⎟
⎠
⎞

⎜
⎝
⎛=

LL L
W

L
W  

         Then ( )( ) 36.1667.004.2 ==⎟
⎠
⎞

⎜
⎝
⎛

DL
W  

(c) ( ) ( )[ ] ( )[ ]22 15.03204.23 −−=−− OO υυ  

        0329.0016.3012.6 2 =⇒=+− OOO υυυ  V 
______________________________________________________________________________________ 
 
16.20 

(a) ( )( ) ( )[ ] ( )[ ]22 6.005.005.04.05.22 −−=−−
L

D

K
K

 

       ( ) 735.136.02075.0 =⇒=
L

D

L

D

K
K

K
K

 

(b) DDD ViP ⋅= max,  
       ( ) μ205.250 max,max, =⇒= DD ii A 

       ( )[ ]2max, 6.0
2

10020 −−⎟
⎠
⎞

⎜
⎝
⎛
⎟
⎠
⎞

⎜
⎝
⎛==

L
D L

Wi  

    We find  11.1=⎟
⎠
⎞

⎜
⎝
⎛

LL
W   and  93.1=⎟

⎠
⎞

⎜
⎝
⎛

DL
W  

(c) (i) ( ) ( )[ ] 36.04.05.22735.12 2 =−− OO υυ  

            9.24036.0574.1447.3 2 =⇒=+− OOO υυυ mV 

      (ii) ( ) ( )[ ] 36.04.05.22735.13 2 =−− OO υυ  

             5.16036.0861.21205.5 2 =⇒=+− OOO υυυ  mV 
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     (iii) ( ) ( )[ ] 36.04.05.22735.14 2 =−− OO υυ  

            4.12036.0148.2994.6 2 =⇒=+− OOO υυυ  mV 
______________________________________________________________________________________ 
 
16.21 
     a. 

          

( )

[ ]

( )

'
2

1
1

2

1

250 5 50

2

6050 2
2

D DD

D D

n
D TNL

ML

ML

P i V
i i

k Wi V
L

W
L

μ
= ⋅

= ⇒ = Α

⎛ ⎞⎛ ⎞= −⎜ ⎟⎜ ⎟
⎝ ⎠⎝ ⎠

⎛ ⎞⎛ ⎞= − −⎡ ⎤⎜ ⎟⎜ ⎟ ⎣ ⎦⎝ ⎠⎝ ⎠  

     So that 1

0.417
ML

W
L

⎛ ⎞ =⎜ ⎟
⎝ ⎠  

          

( ) [ ]

( )( ) ( ) ( )

22

22

2

2 5 0.8 0.15 0.15 2

D
I TND O O TNL

L

D

L

K v V v v V
K
K
K

⎡ ⎤− − = −⎣ ⎦

⎡ ⎤− − = − −⎡ ⎤⎣ ⎦⎣ ⎦
 

     or 1

3.23 1.35D

MDL

K W
K L

⎛ ⎞= ⇒ =⎜ ⎟
⎝ ⎠  

     b. For 010 5X Yv v v= = ⇒ =  and 03 4.2v =  
     Then 

          

( ) ( ) [ ]

( ) ( ) ( ) ( )

22 2
2 1 2 2 3 3 2 2 2 2

2 3 2
22 2

02 02 02 02

2 2
02 02 02 02

2 2

8, 8, 1

8 2 5 0.8 8 2 4.2 0.8 1 2

67.2 8 54.4 8 4

D O TND O O D O TND O O L TNL

D D L

K v V v v K v V v v K V

K K K

v v v v

v v v v

⎡ ⎤ ⎡ ⎤− − + − − = −⎣ ⎦ ⎣ ⎦
∝ ∝ ∝

⎡ ⎤ ⎡ ⎤− − + − − = − −⎡ ⎤⎣ ⎦⎣ ⎦ ⎣ ⎦
− + − =  

     Then 

          

( ) ( )( )
( )

2
0 0

2

02

16 121.6 4 0

121.6 121.6 4 16 4
2 16

v v

v

− + =

± −
=

 
     So 02 0.0330 Vv =  
______________________________________________________________________________________ 
 
16.22 

(a) ( )[ ] [ ] [ ]222
max, 9.2504.03.3501

2
100

OOTNODDD VVi υυυ −=−−=−−⎟
⎠
⎞

⎜
⎝
⎛=  

The output is small, so neglect 2
Oυ . 

Then  [ ]ODi υ8.541.850max, −≅      (Eq. 1) 
Also, 

    ( ) ( )[ ]2
max, 212

2
100

DSXDSXTNGSXD Vi υυυ −−⎟
⎠
⎞

⎜
⎝
⎛=  

              ( )[ ] DSXDSXDSX υυυ 30004.09.22600 2 ≅−−=     (Eq. 2) 
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And 

    ( ) ( )[ ]2
max, 212

2
100

DSYDSYTNGSYD Vi υυυ −−⎟
⎠
⎞

⎜
⎝
⎛=  

We have  DSXYGSY υυυ −= ;  DSXODSY υυυ −=  

    ( )( ) ( )[ ]2
max, 4.09.22600 DSXODSXODSXDi υυυυυ −−−−−=  

              ( )( )[ ]DSXODSX υυυ −−≅ 5.22600         (Eq.3) 
Now  [ ]ODSX υυ 8.541.8503000 −=  
           [ ]ODSX υυ 8.541.8016667.0 −=          (Eq. 4) 
Also  ( )( )[ ] [ ]DSXODSXODSXDSX υυυυυυ 5.25.212005.226003000 −≅−−=  
           DSXODSX υυυ 5.25.25.2 −=  
Or  ODSX υυ 5.0≅  
Then from Eq. 4, 
       2346.009667.0140.05.0 ≅⇒−= OOO υυυ V 

(b) 1173.05.0 ≅≅ ODSX υυ V 
       9.2=GSXυ V 
       783.21173.09.2 ≅−≅GSYυ V 
       1173.0≅−= DSXODSY υυυ V 

______________________________________________________________________________________ 
 
16.23 
     a. We can write 

          ( ) ( ) [ ]22 22 2x X TNX DSX DSX y Y DSX TNY DSY DSY L TNLK v V v v K v v V v v K V⎡ ⎤ ⎡ ⎤− − = − − − = −⎣ ⎦ ⎣ ⎦  
     From the first and third terms, (neglect 

2
DSXv ), 

          ( ) ( ) ( ) 2
4 2 5 0.8 1 1.5DSXv− = − −⎡ ⎤ ⎡ ⎤⎣ ⎦ ⎣ ⎦  

     or 0.067 VDSXv =  

     From the second and third terms, (neglect 
2 ),DSYv  

          ( ) ( ) ( ) 2
4 2 5 0.067 0.8 1 1.5DSYv− − = − −⎡ ⎤ ⎡ ⎤⎣ ⎦ ⎣ ⎦  

     or 0.068 VDSYv =  
     Now 
          5, 5 0.067 4.933 VGSX GSY GSYv v v= = − ⇒ =  
     and 0 0 0.135 VDSX DSYv v v v= + ⇒ =  
     Since 0v  is close to ground potential, the body-effect has little effect on the results. 
______________________________________________________________________________________ 
 
16.24 

(a) ( )[ ] ( )222
4
1

TNLOOTNDI
L

D VV
K
K

−=−−⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
υυυ  

       ( )( ) ( )[ ] ( )[ ]22 6.01.01.04.03.32
4
1

−−=−−⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

L

D

K
K

 

       ( ) 53.236.01425.0 =⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⇒=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛

L

D

L

D

K
K

K
K
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(b) DDD ViP ⋅= max,  
       ( ) μ3.303.3100 max,max, =⇒= DD ii A 

        ( )[ ]2max, 6.0
2

1003.30 −−⎟
⎠
⎞

⎜
⎝
⎛
⎟
⎠
⎞

⎜
⎝
⎛==

L
D L

Wi  

   Which yields  68.1=⎟
⎠
⎞

⎜
⎝
⎛

LL
W   and  26.4=⎟

⎠
⎞

⎜
⎝
⎛

DL
W  

______________________________________________________________________________________ 
 
16.25 
          =Y [A OR (B AND C)] AND D 
______________________________________________________________________________________ 
 
16.26 
     Considering a truth table, we find 

A B Y 
0 0 0 
0 1 1 
1 0 1 
1 1 0 

     which shows that the circuit performs the exclusive-OR function. 
______________________________________________________________________________________ 
 
16.27 

          ( )( )A B C D+ +  
______________________________________________________________________________________ 
 
16.28 
     (a) Carry-out ( )A B C B C= • + + •  

           
 
     (b) For 1 0.2Ov Low V= =  

          
( )( ) ( ) ( ) 222 5 0.8 0.2 0.2 1.5D

L

K
K

⎡ ⎤− − = − − ⇒⎡ ⎤⎣ ⎦⎣ ⎦
 

     For 
1,

L

W
L

⎛ ⎞ =⎜ ⎟
⎝ ⎠  then 

1.37
D

W
L

⎛ ⎞ =⎜ ⎟
⎝ ⎠  

     So, for 
6

6

: 1.37WM
L

⎛ ⎞ =⎜ ⎟
⎝ ⎠  
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     To achieve the required composite conduction parameter, 

     For 
1 5

1 5

: 2.74WM M
L −

⎛ ⎞− =⎜ ⎟
⎝ ⎠  

______________________________________________________________________________________ 
 
16.29 
       (a) 

                  
 

       (b)   
( ) ( )( ) ( )[ ] ( )[ ]22 6.005.005.04.05.22

1
−−=−−ALW

 

              ( ) 735.136.02075.0 =⎟
⎠
⎞

⎜
⎝
⎛⇒=⎟

⎠
⎞

⎜
⎝
⎛

AA L
W

L
W  

                                         47.32
,,

=⎟
⎠
⎞

⎜
⎝
⎛=⎟

⎠
⎞

⎜
⎝
⎛⇒

ADCB L
W

L
W  

______________________________________________________________________________________ 
 
16.30   Design Problem 
______________________________________________________________________________________ 
 
16.31 

(a) By symmetry, 25.1
2
5.2

2
=== DD

tI
V

V  V 

              ( ) 65.14.025.1 =−−=tOPV V 
              85.04.025.1 =−=tONV V 
(c) For 1.1=Iυ V, NMOS in saturation, PMOS in nonsaturation 

          [ ] ( )( ) ( )[ ]22 2 ODDODDTPIDDpTNIn VVVVKVK υυυυ −−−+−=−  

          ( ) ( )( ) ( )22 4.01.15.224.01.1 ODDODD VV υυ −−−−−=−  

          ( ) ( ) ( ) 2859.0049.022 =−⇒=+−−− ODDODDODD VVV υυυ  V 
   Or  214.22859.05.2 =−=Oυ V 
       For 4.1=Iυ V, NMOS in nonsaturation, PMOS in saturation 

           ( )[ ] ( )222 TPIDDpOOTNIn VVKVK +−=−− υυυυ  

           ( ) ( )22 4.04.15.24.04.12 −−=−− OO υυ  

           286.0049.022 =⇒=+− OOO υυυ  V 
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16.32 

(a) ( ) μ1002
2

100
=⎟

⎠
⎞

⎜
⎝
⎛=nK A/V 2  ;  ( ) μ1005

2
40

=⎟
⎠
⎞

⎜
⎝
⎛=pK A/V 2  

(i) By symmetry 

        65.1
2
3.3

2
=== DD

tI
V

V V 

         ( ) 05.24.065.1 =−−=⇒ tOPV V 
 
 
         25.14.065.1 =−=⇒ tONV V 

      (iii) For 25.0=Oυ V; NMOS in nonsaturation, PMOS in saturation 

                ( ) ( )222 TPIDDOOTNI VVV +−=−− υυυυ  

                ( )( ) ( ) ( )22 4.03.325.025.04.02 −−=−− II υυ  

                28.541.80625.02.05.0 III υυυ +−=−−  

                03.206725.83.62 =⇒=+− III υυυ  V 
           For 05.3=Oυ V; NMOS in saturation, PMOS in nonsaturation 

              ( ) ( )( ) ( )22 2 ODDODDTPIDDTNI VVVVV υυυυ −−−+−=−  

              ( ) ( )( ) ( )22 05.33.305.33.34.03.324.0 −−−−−=− II υυ  

              ( ) 0625.09.25.016.08.02 −−=+− III υυυ  

              27.102275.13.02 =⇒=−− III υυυ  V 

(b) ( ) μ2004
2

100
=⎟

⎠
⎞

⎜
⎝
⎛=nK A/V 2  ;  ( ) μ1005

2
40

=⎟
⎠
⎞

⎜
⎝
⎛=pK A/V 2  

(i) 
( )

436.1

100
2001

4.0
100
2004.03.3

=

+

+−
=tIV V 

            836.14.0436.1 =+=⇒ tOPV V 
            036.14.0436.1 =−=⇒ tONV V 

       (iii) For 25.0=Oυ V; NMOS in nonsaturation, PMOS in saturation 

                 ( )( ) ( )[ ] ( )22 4.03.310025.025.04.02200 −−=−− II υυ  

                 ( ) 28.541.80625.02.05.02 III υυυ +−=−−  

                  78.10935.88.62 =⇒=+− III υυυ  V 
             For 05.3=Oυ V ; NMOS in saturation, PMOS in nonsaturation 

                  ( ) ( )( ) ( )[ ]22 05.33.305.33.34.03.321004.0200 −−−−−=− II υυ  

                  ( ) ( ) 0625.09.25.016.08.02 2 −−=+− III υυυ  

                  06.100675.11.12 2 =⇒=−− III υυυ  V 
______________________________________________________________________________________ 
 
16.33 

(a) ( ) μ2004
2

100
=⎟

⎠
⎞

⎜
⎝
⎛=nK A/V 2  ; ( ) μ24012

2
40

=⎟
⎠
⎞

⎜
⎝
⎛=pK A/V 2  
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(i) 
( )

707.1

240
2001

4.0
240
2004.03.3

=

+

+−
=tIV V 

              107.24.0707.1 =+=⇒ tOPV V 
              307.14.0707.1 =−=⇒ tONV V 

        (ii) For 1.3=Oυ V ; NMOS in saturation, PMOS in nonsaturation 

                  ( ) ( )( ) ( )[ ]22 1.33.31.33.34.03.322404.0200 −−−−−=− II υυ  
 
 
                   ( )[ ]04.09.24.02.116.08.02 −−=+− III υυυ  

                   26.10184.132.02 =⇒=−− III υυυ V 
       (iii) For 2.0=Oυ  V ; NMOS in nonsaturaton, PMOS in saturation 

                   ( )( ) ( )[ ] ( )22 4.03.32402.02.04.02200 −−=−− II υυ  

                    ( )28.541.82.12.04.0 III υυυ +−=−  

                    157.20292.1036.72.1 2 =⇒=+− III υυυ  V 

(b) ( ) μ3006
2

100
=⎟

⎠
⎞

⎜
⎝
⎛=nK A/V 2  ; ( ) μ804

2
40

=⎟
⎠
⎞

⎜
⎝
⎛=pK A/V 2  

(i) 
( )

25.1

80
3001

4.0
80
3004.03.3

=

+

+−
=tIV V 

(ii) For 1.3=Oυ V; NMOS in saturation, PMOS in nonsaturation 

          ( ) ( )( ) ( )[ ]22 1.33.31.33.34.03.32804.0300 −−−−−=− II υυ  

          ( ) ( ) 04.09.24.016.08.075.3 2 −−=+− III υυυ  

          855.0052.06.275.3 2 =⇒=−− III υυυ V 
(iii) For 2.0=Oυ V; NMOS in nonsaturation, PMOS in saturation 

           ( )( ) ( )[ ] ( )22 4.03.3802.02.04.02300 −−=−− II υυ  

           ( ) 28.541.82.04.075.3 III υυυ +−=−  

            61.1016.93.72 =⇒=+− III υυυ V 
______________________________________________________________________________________ 
 
16.34 

     a. For 1 20.6 5O TN Ov V v V= < ⇒ =  
          1N  in nonsaturation and 1P  in saturation. From Equation (16.43), 

          

( )( ) ( ) [ ]22

2

2 0.8 0.6 0.6 5 0.8

1.2 1.32 17.64 8.4

I I

I I I

v v

v v v

⎡ ⎤− − = − −⎣ ⎦
− = − +  

     or 

          
( ) ( )( )

2

2

9.6 18.96 0

9.6 9.6 4 1 18.96
2

I I

I

v v

v

− + =

± −
=

 
     or 
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          2.78 VIv =  
     b. 0 02 0Nt PtV v V≤ ≤  
     From symmetry, 2.5 VItV =  
          0 2.5 0.8 3.3 VPtV = + =  
     and 0 2.5 0.8 1.7 VNtV = − =  

     So 021.7 3.3 Vv≤ ≤  
______________________________________________________________________________________ 
 
 
 
 
16.35 
     a. 0 01 0Nt PtV v V≤ ≤  
     By symmetry, 2.5 VItV =  
          0 2.5 0.8 3.3 VPtV = + =  
     and 0 2.5 0.8 1.7 VNtV = − =  

     So 011.7 3.3 Vv≤ ≤  

     b. For 2 30.6 5O TN Ov V v V= < ⇒ =  
          2N  in nonsaturation and 2P  in saturation. From Equation (16.43), 

          

( )( ) ( ) [ ]22
2 2

2
2 2 2

2 0.8 0.6 0.6 5 0.8

1.2 1.32 17.64 8.4

I I

I I I

v v

v v v

⎡ ⎤− − = − −⎣ ⎦
− = − +  

      or 

          
2
2 29.6 18.96 0I Iv v− + =  

     So 2 01 2.78 VIv v= =  
     For 01 1 12.78, both andv N P= in saturation. Then 

          2.5 VIv =  
______________________________________________________________________________________ 
 
16.36 

(a) 25.1
2
5.2
==tIV V 

For 25.14.0 ≤≤ Iυ V; ( )24.0120 −= IDi υ  μ A 

                                     ( ) μ7.864.025.1120 2
, =−=peakDi A 

For 1.225.1 ≤≤ Iυ V;  ( ) μυ 24.05.2120 −−= IDi A 

(b) 9.0
2
8.1

=⎟
⎠
⎞

⎜
⎝
⎛=tIV V 

For 9.04.0 ≤≤ Iυ V;  ( ) μυ 24.0120 −= IDi A 

                                     ( ) μ304.09.0120 2
, =−=peakDi A 

For 4.19.0 ≤≤ Iυ V; ( ) μυ 24.08.1120 −−= IDi A 
______________________________________________________________________________________ 
 
16.37 

(a) ( ) μ802
2

80
=⎟

⎠
⎞

⎜
⎝
⎛=nK A/V 2 ,  ( ) μ804

2
40

=⎟
⎠
⎞

⎜
⎝
⎛=pK A/V 2  
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        9.0
2
8.1
==tIV V 

        ( ) μ2.2435.09.080 2
, =−=peakDi A 

(b) ( ) μ802
2

80
=⎟

⎠
⎞

⎜
⎝
⎛=nK A/V 2 , ( ) μ1206

2
40

=⎟
⎠
⎞

⎜
⎝
⎛=pK A/V 2  

        
( )

9556.0

120
801

35.0
120
8035.08.1

=

+

+−
=tIV V 

 
        ( ) μ34.2935.09556.080 2

, =−=peakDi A 

(c) ( ) μ1604
2

80
=⎟

⎠
⎞

⎜
⎝
⎛=nK A/V 2 ,  ( ) μ804

2
40

=⎟
⎠
⎞

⎜
⎝
⎛=pK A/V 2  

        
( )

8057.0

80
1601

35.0
80

16035.08.1
=

+

+−
=tIV V 

        ( ) μ23.3335.08057.0160 2
, =−=peakDi A 

______________________________________________________________________________________ 
 
16.38 

(a) ( ) μ1503
2

100
=⎟

⎠
⎞

⎜
⎝
⎛=nK A/V 2 ,  ( ) μ1505.7

2
40

=⎟
⎠
⎞

⎜
⎝
⎛=pK A/V 2  

        65.1
2
3.3
==tIV V 

        ( ) μ2344.065.1150 2
, =−=peakDi A 

(b) ( ) μ2004
2

100
=⎟

⎠
⎞

⎜
⎝
⎛=nK A/V 2 ,  ( ) μ804

2
40

=⎟
⎠
⎞

⎜
⎝
⎛=pK A/V 2  

        
( )

369.1

80
2001

4.0
80
2004.03.3

=

+

+−
=tIV V 

        ( ) μ1884.0369.1200 2
, =−=peakDi A 

(c) ( ) μ1503
2

100
=⎟

⎠
⎞

⎜
⎝
⎛=nK A/V 2 ,  ( ) μ24012

2
40

=⎟
⎠
⎞

⎜
⎝
⎛=pK A/V 2  

        
( )

796.1

240
1501

4.0
240
1504.03.3

=

+

+−
=tIV V 

        ( ) μ2924.0796.1150 2
, =−=peakDi A 

______________________________________________________________________________________ 
 
16.39 
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(a) ( )( )( ) μ5.125.2102.010 21272 =⇒×== − PVfCP DDL W 

(b) ( )( )( ) μ48.68.1102.010 21272 =⇒×== − PVfCP DDL W 
______________________________________________________________________________________ 
 
16.40 

(a) ( )( )( )( ) 2338.11012.010150104 21266 =⇒×××= − PP  W 

(b) ( )( )( ) 27.11012.01030010428.233 21266 =⇒×××== −
DDDD VVP  V 

______________________________________________________________________________________ 
 
 
 
 
16.41 

     (a) 
7

7

3 3 10 W
10

P −= = ×
 

     (b) 
2

2L DD L
DD

PP fC V C
fV

= ⇒ =
 

     (i) ( )( )

7

26

3 10 0.0024 pF
5 10 5

L LC C
−×

= ⇒ =
×

 

     (ii) ( )( )

7

26

3 10 0.00551pF
5 10 3.3

L LC C
−×

= ⇒ =
×

 

     (iii) ( )( )

7

26

3 10 0.0267 pF
5 10 1.5

L LC C
−×

= ⇒ =
×

 
______________________________________________________________________________________ 
 
16.42 

     (a) 
6

6

10 2 10 W
5 10

P −= = ×
×  

     (b) 
2L

DD

PC
fV

=
 

     (i) ( )( )

6

26

2 10 0.01 pF
8 10 5

L LC C
−×

= ⇒ =
×

 

     (ii) ( )( )

6

26

2 10 0.023 pF
8 10 3.3

L LC C
−×

= ⇒ =
×

 

     (iii)   ( )( )

6

26

2 10 0.111 pF
8 10 1.5

L LC C
−×

= ⇒ =
×

 
_____________________________________________________________________________ 
 
16.43 

(a) For DDI V≅υ , NMOS in nonsaturation 

          ( )[ ]22 DSDSTNInD VKi υυυ −−=   and  DSυ  very small 

       So ( )[ ]TNIn
DS

D

ds

VK
d
di

r
−≅= υ

υ
21  
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      Or  
( )[ ] ( )TNDD

n
nTNDD

n

n
ds

VV
L

WkVV
L

Wk
r

−⎟
⎠
⎞

⎜
⎝
⎛′

=
−⎟

⎠
⎞

⎜
⎝
⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ′
≅

1

2
2

1  

      For 0≅Iυ , PMOS in nonsaturation 

         ( )[ ]22 SDSDTPIDDpD VVKi υυυ −+−=   and SDυ  very small 

      So  ( )[ ] ( )TPDD
p

pTPIDD
p

p

SD

D

sd

VV
L

WkVV
L

Wk
d
di

r
+⎟

⎠
⎞

⎜
⎝
⎛′≅+−⎟

⎠
⎞

⎜
⎝
⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ′
== υ

υ
2

2
1  

     Or   
( )TPDD

p
p

sd

VV
L

Wk
r

+⎟
⎠
⎞

⎜
⎝
⎛′

=
1  

 
 

(b)  Let 2=⎟
⎠
⎞

⎜
⎝
⎛

nL
W ,  4=⎟

⎠
⎞

⎜
⎝
⎛

pL
W ,  and 5=DDV V 

       For NMOS: 

           ( )( )( ) 11.1
5.0521.0

1
=⇒

−
= dsds rr kΩ  

           45.0
11.1
5.0
===

ds

ds
d r

i
υ

mA 

       For PMOS: 

            ( )( )( ) 39.1
5.05404.0

1
=⇒

−
= sdsd rr kΩ  

            36.0
39.1
5.0
===

sd

sd
d r

i
υ

mA 

______________________________________________________________________________________ 
 
16.44 

(a) ( ) ( )5.05.03.3
8
35.0

8
3

−−+=−++= TNTPDDTNIL VVVVV  

              3625.1=⇒ ILV V 

       ( ) ( )5.05.03.3
8
55.0

8
5

−−+=−++= TNTPDDTNIH VVVVV  

               9375.1=⇒ IHV V 

(b) ( )[ ] 0125.35.05.03.33625.12
2
1

=+−+=OHUV V 

        ( )[ ] 2875.05.05.03.39375.12
2
1

=+−−=OLUV V 

    Then  075.12875.03625.1 =−=LNM V 
              075.19375.10125.3 =−=HNM V 

______________________________________________________________________________________ 
 
16.45 

(a) 2
50

100
==

p

n

K
K
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        ( )
( ) ⎥

⎥
⎦

⎤

⎢
⎢
⎣

⎡
−

+−
−−

+= 1
32

22
12

35.035.05.235.0ILV  

             ⇒ 8268.0=ILV V 

        ( )
( )

( )
( ) ⎥

⎥
⎦

⎤

⎢
⎢
⎣

⎡
−

+−
−−

+= 1
123

22
12

35.035.05.235.0IHV  

             2713.1=⇒ IHV V 

(b) ( )( ) ( )( )[ ]35.035.025.28268.021
2
1

+−++=OHUV  

              3152.2=⇒ OHUV V 

        ( )( ) ( )( )
( )22

35.035.025.2212713.1 +−−+
=OLUV  

 
 
              2410.0=⇒ OLUV V 
     Then  5858.02410.08268.0 =−=LNM V 
               0439.12713.13152.2 =−=HNM V 

______________________________________________________________________________________ 
 
16.46 

(a) ( ) μ1002
2

100
=⎟

⎠
⎞

⎜
⎝
⎛=nK A/V 2 ,  ( ) μ1005

2
40

=⎟
⎠
⎞

⎜
⎝
⎛=pK A/V 2  

       ( ) 3375.14.04.03.3
8
34.0 =−−+=ILV V 

       ( ) 9625.14.04.03.3
8
54.0 =−−+=IHV V 

      ( )[ ] 9875.24.04.03.33375.12
2
1

=+−+=OHUV V 

      ( )[ ] 3125.04.04.03.39625.12
2
1

=+−−=OLUV V 

   Then  025.13125.03375.1 =−=LNM V 
             025.19625.19875.2 =−=HNM V 

(b) ( ) μ2004
2

100
=⎟

⎠
⎞

⎜
⎝
⎛=nK A/V 2 ,  ( ) μ24012

2
40

=⎟
⎠
⎞

⎜
⎝
⎛=pK A/V 2  

       8333.0
240
200

==
p

n

K
K

 

       ( )
( ) 4127.11

8333.3
8333.02

18333.0
4.04.03.34.0 =

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
−

−
−−

+=ILV V 

       ( )
( )

( )
( )

0370.21
18333.03

8333.02
18333.0

4.04.03.34.0 =
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
−

+−
−−

+=IHV V 

  Now  ( )( ) ( )( )[ ]4.04.08333.03.34127.18333.01
2
1

+−++=OHUV  

                 9783.2=⇒ OHUV V 
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            ( ) ( )( )
( )8333.02

4.04.08333.03.38333.010370.2 +−−+
=OLUV  

                 3007.0=⇒ OLUV V 
  Then  1112.13007.04127.1 =−=LNM V 
            9413.00370.29783.2 =−=HNM V 

______________________________________________________________________________________ 
 
16.47 
     a. 5 VA Bv v= =  
          1N  and 2N  on, so 1 2 0 VDS DSv v≈ ≈  
          1P  and 2P  off 
     So we have a 3 3P N−  CMOS inverter. By symmetry, 2.5 VCv =  (Transition Point). 
 
 
 
 
     b. For A B C Iv v v v= = ≡  

     Want , ,n eff p effK K=  

          

3
2 3 2
n P

n P

k kW W
L L

′ ′⎛ ⎞ ⎛ ⎞⋅ = ⋅⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠  

     With 2 ,n Pk k′ ′=  then 

          

2 1 1 3
2 3 2n P

W W
L L

⎛ ⎞ ⎛ ⎞⋅ ⋅ = ⋅ ⋅⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠  

     Or 

9
2n P

W W
L L

⎛ ⎞ ⎛ ⎞= ⋅⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠  

     c. We have 

          

2 9
2 2 2

2

pn
n

n p

p
p

p

kk W WK
L L

k WK
L

′′ ⎛ ⎞⎛ ⎞⎛ ⎞ ⎛ ⎞⎛ ⎞= = ⎜ ⎟⎜ ⎟ ⎜ ⎟⎜ ⎟⎜ ⎟⎝ ⎠ ⎝ ⎠⎝ ⎠⎝ ⎠ ⎝ ⎠
′⎛ ⎞⎛ ⎞= ⎜ ⎟⎜ ⎟
⎝ ⎠⎝ ⎠  

     Then from Equation (16.41) 

          

( ) ( )5 0.8 0.8

1

n

p
It

n

p

K
K

V
K
K

+ − + ⋅

=
+

 
     Now 

          
( ) 92 9

2
n

p

K
K

⎛ ⎞= =⎜ ⎟
⎝ ⎠  

     Then 

          
( ) ( )5 0.8 3 0.8

1.65
1 3It ItV V V

+ − +
= ⇒ =

+  
______________________________________________________________________________________ 
 
16.48 
     By definition, NMOS is on if gate voltage is 5 V and is off if gate voltage is 0 V. 
State 1N  2N  3N  4N  5N  0v  
1 off on off on on 0 
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2 off off on on off 0 
3 on on off off on 5 
4 on on off on on 0 
 

     Logic function ( ) ( )OR ANDX Y X Zv v v v⊗  

     Exclusive OR of ( )ORX Yv v  with ( )ANDX Zv v  
______________________________________________________________________________________ 
 
16.49 

     NMOS in Parallel 
2

n

W
L

⎛ ⎞⇒ =⎜ ⎟
⎝ ⎠  

     4-PMOS in series 
( )4 4 16

p

W
L

⎛ ⎞⇒ = =⎜ ⎟
⎝ ⎠  

 
 
 
     (b) LC  doubles⇒ current must double to maintain switching speed. 

          

4

32

n

p

W
L

W
L

⎛ ⎞⇒ =⎜ ⎟
⎝ ⎠

⎛ ⎞ =⎜ ⎟
⎝ ⎠  

______________________________________________________________________________________ 
 
16.50 

     4-NMOS in series 
( )4 2 8

n

W
L

⎛ ⎞ = =⎜ ⎟
⎝ ⎠  

     4-PMOS in parallel 
4

p

W
L

⎛ ⎞ =⎜ ⎟
⎝ ⎠  

     (b) 

16

8

n

p

W
L

W
L

⎛ ⎞ =⎜ ⎟
⎝ ⎠

⎛ ⎞ =⎜ ⎟
⎝ ⎠  

______________________________________________________________________________________ 
 
16.51 

     (a) NMOS in parallel 
2

n

W
L

⎛ ⎞⇒ =⎜ ⎟
⎝ ⎠  

          3-PMOS in series 
( )3 4 12

P

W
L

⎛ ⎞⇒ = =⎜ ⎟
⎝ ⎠  

     (b) 

4

24

n

p

W
L

W
L

⎛ ⎞ =⎜ ⎟
⎝ ⎠

⎛ ⎞ =⎜ ⎟
⎝ ⎠  

______________________________________________________________________________________ 
 
16.52 
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     (a) 3-NMOS in series 
( )3 2 6

n

W
L

⎛ ⎞ = =⎜ ⎟
⎝ ⎠  

          3-PMOS in parallel
4

p

W
L

⎛ ⎞ =⎜ ⎟
⎝ ⎠  

     (b) 

12

8

n

p

W
L

W
L

⎛ ⎞ =⎜ ⎟
⎝ ⎠

⎛ ⎞ =⎜ ⎟
⎝ ⎠  

______________________________________________________________________________________ 
 
 
16.53 

(a) DEABCY +=  
 
 

(b)  

 
(c) ( ) 6,, =CnBnAnLW ,  ( ) 4, =EnDnLW  

All ( ) 8=pLW  
______________________________________________________________________________________ 
 
16.54 

     (a) ( )Y A BD CE= +  
     (b) 
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     (c) NMOS: 3 transistors in series for pull down mode. 

     For twice the speed:
( )( )2 3 2 12

n

W
L

⎛ ⎞ = =⎜ ⎟
⎝ ⎠  

      PMOS:
( )

,

2 4 8
P A

W
L

⎛ ⎞ = =⎜ ⎟
⎝ ⎠  

                
( )( )

, , , ,

2 2 4 16
P B C D E

W
L

⎛ ⎞ = =⎜ ⎟
⎝ ⎠  

______________________________________________________________________________________ 
 
16.55 
     (a) Y A BC DE= + +  
     (b)  

           
 

     (c) NMOS: ,

2
n A

W
L

⎛ ⎞ =⎜ ⎟
⎝ ⎠  , , , ,

4
n B C D E

W
L

⎛ ⎞ =⎜ ⎟
⎝ ⎠  

              PMOS: 3 transistors in series for the pull-up mode 

           
( )3 4 12

p

W
L

⎛ ⎞ = =⎜ ⎟
⎝ ⎠  

______________________________________________________________________________________ 
 
16.56 

(a) [ ]CDBAY +=  
 

(b)  
 
     (c) ( ) 4, =BnAnLW ,  ( ) 8, =DnCnLW  
          ( ) 4=ApLW ,  ( ) 8,, =DpCpBpLW  
______________________________________________________________________________________ 
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16.57 

(a) For CBACBACBAY ++=  

We have  ( )( )( )CBACBACBACBACBACBAY ++++++=++=  

 
(b) All ( ) 3=nLW  

All ( ) 6=pLW  
______________________________________________________________________________________ 
 
16.58 

(a)  

 
(b) ( ) 2,, =CnBnAnLW ,  ( ) 1, =EnDnLW  
       ( ) 6,, =EpDpApLW ,  ( ) 12, =CpBpLW  

______________________________________________________________________________________ 
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16.59 

(a) ( )BACY +=  
(b) All ( ) 4=nLW  
      ( ) 4=CpLW , ( ) 8, =BpApLW  

______________________________________________________________________________________ 
 
16.60 

(a) All ( ) 2=nLW  
All ( ) 20=pLW  

(b) All ( ) 10=nLW  
All ( ) 4=pLW  

______________________________________________________________________________________ 
 
16.61 
     By definition: 
         NMOS off if gate voltage 0=  
         NMOS on if gate voltage 5 V=  
         PMOS off if gate voltage 5 V=  
         PMOS on if gate voltage 0=  
 
State 1N  1P  AN  BN  CN  01v  2N  2P  02v  
1 off on off off off 5 on off 0 
2 on off on off off 5 on off 0 
3 off on off off off 5 on off 0 
4 on off off off on 5 on off 0 
5 off on off off off 5 on off 0 
6 on off off on on 0 off on 5 
 
     Logic function is 

          ( )02 OR ANDA B Cv v v v=  
______________________________________________________________________________________ 
 
16.62 
State 01v  02v  03v  
1 5 5 0 
2 0 0 5 
3 5 5 0 
4 5 0 5 
5 5 5 0 
6 0 5 0 
     Logic function: 

          ( )03 OR ANDX Z Yv v v v=  
______________________________________________________________________________________ 
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16.63 
 

      
 
______________________________________________________________________________________ 
 
16.64 
 

       
 
______________________________________________________________________________________ 
 
16.65 
 

      
 
______________________________________________________________________________________ 



Microelectronics: Circuit Analysis and Design, 4th edition                                                              Chapter 16 
By D. A. Neamen                                                                                                                  Problem Solutions 
______________________________________________________________________________________ 
 
16.66 

           
 

          
2 CdV

I C
dt

= −
 

     So 

          
( )1 2CV I t

C
Δ = − ⋅

 
     For 0.5CV VΔ = −  

          

( )12

15

2 2 10
0.5 3.125

25 10

x t
t ms

x

−

−

⋅
− = − ⇒ =

 
______________________________________________________________________________________ 
 
16.67 

(a) (i) 0=Oυ  
           (ii) 9.24.03.3 =−=−= TNO Vφυ V 
          (iii) 5.2=Oυ V 

(b) (i) 0=Oυ  
           (ii) 4.14.08.1 =−=−= TNO Vφυ V 
          (iii) 4.14.08.1 =−=−= TNO Vφυ V 
______________________________________________________________________________________ 
 
 
 
 
 
 
16.68 

(a) (i) 0=Oυ  
           (ii) 25.05.2 =−=−= TNO Vφυ V 
          (iii) 8.1=Oυ V 

(b) (i) 0=Oυ  
           (ii) 5.15.02 =−=−= TNO Vφυ V 
          (iii) 5.15.02 =−=−= TNO Vφυ V 
______________________________________________________________________________________ 
 
16.69 

(a) 1.24.05.21 =−=Oυ V 
       5.22 =Oυ V 
(b) 1.24.05.21 =−=′Iυ V 
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( )
( ) ( )( ) ( )[ ] ( )22

2

1 4.01.05.21.01.04.01.22 −−=−−
LW
LW

 

           ( ) [ ] 433.01 =LW   1.12
1

=⎟
⎠
⎞

⎜
⎝
⎛⇒

L
W  

       1.23 =′Iυ V 

           
( )
( ) ( )( ) ( )[ ] ( )[ ]22

4

3 6.01.01.04.01.22 −−=−−
LW
LW

 

            ( ) [ ] 36.033.03 =LW   09.1
3

=⎟
⎠
⎞

⎜
⎝
⎛⇒

L
W  

______________________________________________________________________________________ 
 
16.70 

A B Y 
0 0    1 
0 1    0 
1 0    0 
1 1 0.1 ⇒ indeterminate 

     Without the top transistor, the circuit performs the exclusive-NOR function. 
______________________________________________________________________________________ 
 
16.71 

A A  B B  Y Z 
0 1 0 1 0 1 
0 1 1 0 1 0 
1 0 0 1 1 0 
1 0 1 0 1 0 

     Y A AB A B= + = +  
     Z Y=  or Z AB=  
______________________________________________________________________________________ 
 
16.72 
     (a) 

 
 
 
   
 
 
 
 



Microelectronics: Circuit Analysis and Design, 4th edition                                                              Chapter 16 
By D. A. Neamen                                                                                                                  Problem Solutions 
______________________________________________________________________________________ 
   (b) 

                
 
______________________________________________________________________________________ 
 
16.73 

(a) (i) 0=Y  
           (ii) 5.2=Y V 
          (iii) 0=Y  
          (iv) 5.2=Y V 

(b) (i) 0=Y  
      (ii) 0=Y  
     (iii) 5.2=Y  V 
     (iv) 5.2=Y V 
(c) For 1=φ , 0=φ ; then BY =  

For 0=φ , 1=φ ; then AY =  
   A multiplexer 

______________________________________________________________________________________ 
 
16.74 
          Y AC BC= +  
______________________________________________________________________________________ 
 
16.75 

(a) (i) 0=Y  
           (ii) 5.2=Y V 
          (iii) 5.2=Y V 
           (iv) 0=Y  

(b) BABABAY ⊗=+=  
______________________________________________________________________________________ 
 
16.76 
A B Y 
0 0 0 
1 0 1 
0 1 1 
1 1 0 
 
     Exclusive-OR function. 
______________________________________________________________________________________ 
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16.77 
This circuit is referred to as a two-phase ratioed circuit. The same width-to-length ratios between the driver 
and load transistors must be maintained as discussed previously with the enhancement load inverter. 
When 1φ  is high, 01v  becomes the complement of Iv . When 2φ  goes high, then 0v  becomes the complement 
of 01v  or is the same as Iv . The circuit is a shift register. 
______________________________________________________________________________________ 
 
 
 
 
16.78 
          Want Q  to be the transition point of 65 MM − . 
          From Equation (16.26(b)), 

              ( ) 65
6

5
TNTNtI VVV

K
K

−=−  

              ( ) ( )[ ]⇒−−=− 6.04.0
40

100
tIV 7795.0== QV tI V 

          This is region where 1M  and 3M  are biased in 
             the saturation region. 

              ( ) 31
3

1
TNTNtI VVV

K
K

−=−  

              ( ) ( )[ ] 7098.06.04.0
40

150
==⇒−−=− SVV tItI V 

         This analysis neglected the effect of 2M  starting to conduct. 
______________________________________________________________________________________ 
 
16.79 

          
( )3.3 0.4 0.5

1.7 V
1 1Itv

+ − +
= =

+  
     1.5 VIv =  NMOS Sat; PMOS Non Sat 

          

( ) ( )( ) ( )2 2
1 1 1

1

0.5 2 3.3 0.4 3.3 3.3 2.88 V

1.6 V 2.693 V
I I o o o

I o

v v v v v

v v

⎡ ⎤− = − − − − − ⇒ =⎣ ⎦
= =  

     11.7 V variable (switching region)I ov v= =   
     1.8 V NMOS Non Sat; PMOS SatIv =  

          ( ) ( )2 2
1 1 13.3 0.4 2 0.5 0.607 VI I o o oV v v v v⎡ ⎤− − = − − ⇒ =⎣ ⎦  

     Now 

     
1

1

1.5 V, 2.88 V 0V
1.6 V, 2.693 V

I o o

I o

v v v
v v
= = ⇒ ≈
= =  

     NMOS Non Sat; PMOS Sat 

          

( ) ( )2 2
1 13.3 0.4 2 0.5

0.00979 V
o o o o

o

v v v v

v

⎡ ⎤− − = − −⎣ ⎦
=  

     11.7 V, vI ov = =Switching Mode 0v⇒ =  Switching Mode. 
     11.8 V, 0.607 VI ov v= =  NMOS Sat; PMOS Non Sat 

          
( ) ( )( ) ( )2 2

01 01 0 0 00.5 2 3.3 0.4 3.3 3.3 3.298 Vv v v v v⎡ ⎤− = − − − − − ⇒ =⎣ ⎦  
______________________________________________________________________________________ 
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16.80 

     For DDR Vφ= =  and 0 0, 1S Q Q= ⇒ = =  

     For DDS Vφ= =  and 0 1, 1R Q Q= ⇒ = =  
     The signal φ  is a clock signal. 
     For 0,φ =  The output signals will remain in their previous state. 
______________________________________________________________________________________ 
 
 
16.81 

     a. Positive edge triggered flip-flop when CLK 1,=  output of first inverter is D  and then Q D D= = . 
b. For example, put a CMOS transmission gate between the output and the gate of 1M  driven by a  
          CLK  pulse. 

______________________________________________________________________________________ 
 
16.82 

For 1,J =  0,K =  and CLK 1;=  this makes 1Q =  and 0Q = . 

For 0,J =  1,K =  and CLK 1= , and if 1,Q =  then the circuit is driven so that 0Q =  and 1.Q =  

If initially, 0,Q =  then the circuit is driven so that there is no change and 0Q =  and 1.Q =  
1,J =  1,K = and CLK 1,=  and if 1,Q =  then the circuit is driven so that 0.Q =  

If initially, 0Q = , then the circuit is driven so that 1.Q =  
So if 1,J K= =  the output changes state. 
______________________________________________________________________________________ 
 
16.83 
For 1,  0,X YJ v K v= = = =  and CLK 1,Zv= =  then 0 0.v =  
For 0,  1,X YJ v K v= = = =  and CLK 1,Zv= =  then 0 1.v =  
Now consider CLK 1.J K= = =  With 1,X Zv v= =  the output is always 0 0,v =  So the output does not change 
state when CLK 1.J K= = =  This is not actually a J K−  flip-flop. 
______________________________________________________________________________________ 
 
16.84 

(a) 256K ⇒ 262,144 cells  ⇒ 512512×  
           Each decoder ⇒ 9 inputs 
(b) (i) Row 52,   address = 000110011 

           (ii) Row 129, address = 010000000 
          (iii) Row 241, address = 011110000 

(c) (i) Column 24,   address = 000010111 
           (ii) Column 165, address = 010100100 
          (iii) Column 203, address = 011001010 
______________________________________________________________________________________ 
 
16.85 

     (a) 

1-Megabit memory
1,048,576 1024 1024

⇒
= ⇒ ×  

     Number of input row and column decodes lines necessary 10=  
     (b) 250K 4×  bits 262,144 4⇒ ×  bits 512 512⇒ ×  
     For 512 lines ⇒  9 row and column decoder lines necessary. 
______________________________________________________________________________________ 
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16.86 
          32 rows ×  16 columns 
          Each column contains 8 bits 
______________________________________________________________________________________ 
 
16.87 
     Assume the address line is initially uncharged, then 

          
CdVI C

dt
=

 or 
1

C
IV Idt t

C C
= = ⋅∫

 

     Then 

( )( )12

6

2.7 5.8 10

250 10
CV C

t
I

−

−

×⋅
= = ⇒

×  

          
86.26 10 62.6t s ns−= × ⇒  

______________________________________________________________________________________ 
 
16.88 

(a) ( )[ ]22
2

QQVV
L

Wk
R

QV
TNGSD

D

nDD −−⎟
⎠
⎞

⎜
⎝
⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ′
=

−
 

       ( )( ) ( )[ ]202.002.04.05.22
2

80
1

02.05.2
−−⎟

⎠
⎞

⎜
⎝
⎛
⎟
⎠
⎞

⎜
⎝
⎛=

−

DL
W  

       ( ) 74.00836.0062.0 =⎟
⎠
⎞

⎜
⎝
⎛⇒⎟

⎠
⎞

⎜
⎝
⎛=

DD L
W

L
W  

(b) 16K ⇒  16,384 cells 

        μ2.1
1
2.1

2
==≅ DD

D
V

i A 

         ( )( )( ) 6.23384,162.12.1 =⇒= PP mW 
______________________________________________________________________________________ 
 
16.89 

          

16 16,384 cells
200200 Power per cell 12.2

16,384
12.2 2.54.88 0.512
2.5

T

DD
D

DD

K

P mW W

VPi A R M
V R R

μ

μ

⇒

= ⇒ = ⇒

= = = ≅ = ⇒ = Ω
 

     If we want 0.1Ov V=  for a logic 0, then 

          

( )

( )( ) ( )

2

2

2
2

354.88 2 2.5 0.7 0.1 0.1
2

n
D DD TN O O

k Wi V V v v
L

W
L

′⎛ ⎞⎛ ⎞ ⎡ ⎤= − −⎜ ⎟⎜ ⎟ ⎣ ⎦⎝ ⎠⎝ ⎠
⎛ ⎞⎛ ⎞ ⎡ ⎤= − −⎜ ⎟⎜ ⎟ ⎣ ⎦⎝ ⎠⎝ ⎠  

     So 
0.797W

L
⎛ ⎞ =⎜ ⎟
⎝ ⎠  

______________________________________________________________________________________ 
 
16.90 
          5.2== DDVD V 
           Assume 3PM  in saturation;  NAM , 1NM  in nonsaturation  
          13 DNDNADP III ==  
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          ( ) ( )( ) μ175.774.05.21
2

35
2

22
3

3
3 =−⎟

⎠
⎞

⎜
⎝
⎛=+⎟

⎠
⎞

⎜
⎝
⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ′
= TPSG

p
DP VV

L
Wk

I A 

          13 DNDP II =  
 

          ( ) ( )[ ]24.05.222
2

80175.77 QQ −−⎟
⎠
⎞

⎜
⎝
⎛=  

    We find  244.009647.02.42 =⇒=+− QQQ V 
          DNADP II =3  

          ( ) ( )( ) ( )[ ]2244.0244.04.0244.05.221
2

80175.77 −−−−−⎟
⎠
⎞

⎜
⎝
⎛= DD  

          ( ) ( )[ ]2244.0244.0712.39294.1 −−−= DD  

                      05954.0488.09057.0712.3 2 −+−−= DDD  
   We find  869.00895.22.42 =⇒=+− DDD V 
   2nd approximation, 3PM  in nonsaturation 
   Assume 631.1869.05.2 =−≅−= DVV DDDS V 

         ( ) ( )( ) ( )[ ] μ33.73631.1631.14.05.221
2

35 2
3 =−−⎟

⎠
⎞

⎜
⎝
⎛=DPI A 

         13 DNDP II =  

         ( ) ( )[ ]24.05.222
2

8033.73 QQ −−⎟
⎠
⎞

⎜
⎝
⎛=  

        231.009166.02.42 =⇒=+− QQQ V 
        DNADP II =3  

        ( ) ( )( ) ( )[ ]2231.0231.04.0231.05.221
2

8033.73 −−−−−⎟
⎠
⎞

⎜
⎝
⎛= DD  

        ( ) ( )[ ]05336.0462.0231.0738.3833.1 2 +−−−= DDD  

   We find 812.0075.22.42 =⇒=+− DDD V 
______________________________________________________________________________________ 
 
16.91 
          Approximation, 2NM  cutoff 
         DBDP II =2 ,  assume 0=D  
          Both 2PM  and BM  in nonsaturation 

         ( ) ( )( ) ( )[ ]2
5.25.24.05.224

2
35 QQ −−−−⎟

⎠
⎞

⎜
⎝
⎛  

                                   ( ) ( )[ ]24.05.221
2

80 QQ −−⎟
⎠
⎞

⎜
⎝
⎛=  

        ( ) ( )[ ] [ ]22 2.440525.65.22.470 QQQQQ −=+−−−  

       We find  794.104375.78.275.0 2 =⇒=−+ QQQ  V 
       Approximation, 1PM  cutoff;  assume 5.2=D V 
          1DNDNA II =  
       Both AM  and 1NM  in nonsaturation 
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          ( ) ( )( ) ( )[ ]25.25.24.05.221
2

80 QQQ −−−−−⎟
⎠
⎞

⎜
⎝
⎛  

                                         ( ) ( )[ ]24.05.222
2

80 QQ −−⎟
⎠
⎞

⎜
⎝
⎛=  

 
          ( )( ) ( ) ( )22 2.425.25.21.22 QQQQQ −=−−−−  

          ( ) ( ) 222 24.8525.65.21.225.52 QQQQQQQ −=+−−+−−  

      We find  370.0025.46.123 2 =⇒=+− QQQ V 
______________________________________________________________________________________ 
 
16.92 
     For Logic 1, 1:v  

          

( )( ) ( )( ) ( ) 1 1

2

2 2

5 0.05 4 1 1 0.05 4.0476

:
(5)(0.025) (4)(1) (1 1.025) 4.0244

v v V

v
v v V

+ = + ⇒ =

+ = + ⇒ =  
     For Logic 0, 1:v  

          

1 1

2

2 2

(0)(0.05) (4)(1) (1 0.05) 3.8095

:
(0)(0.025) (4)(1) (1 0.025) 3.9024

v v V

v
v v V

+ = + ⇒ =

+ = + ⇒ =  
______________________________________________________________________________________ 
 
16.93 
           Design Problem 
______________________________________________________________________________________ 
 
16.94 
           Design Problem 
______________________________________________________________________________________ 
16.95 
           Design Problem 
______________________________________________________________________________________ 
 
16.96 

     (a) Quantization error
1 1% 0.05 V
2

LSB= ≤ ≤
 

     Or 0.10 VLSB ≤  

     For a 
56- , 0.078125 V

64
bit word LSB = =

 

     (b) 
51 0.078125 V

64
LSB− = =

 

     (c) 
3.5424 64 45.34 45

5
n× = ⇒ =

 
          Digital Output 101101=  

          

45 5 3.515625
64

13.5424 3.515625 0.026775 .
2

LSB

×
=

Δ = − = <
. 

______________________________________________________________________________________ 
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16.97 

(a) Quantization error 
2
1

= LSB 0165.0%5.0 ≤≤ V 

       −1 LSB = 0.033 V 

       For a 7-bit word, LSB 0258.0
128

3.3
== V 

(b) 1-LSB = 0.02578125 V 

(c) 982.98128
3.3

5321.2
=⇒=× n  

Digital output = 1100010 

Now ( )( ) 5265625.2
128

3.398
= V 

0055375.05265625.25321.2 =−=Δ V 
2
1

< LSB 

______________________________________________________________________________________ 
 
16.98 

(a) ( ) 875.15
16
0

8
1

4
1

2
0

=⎟
⎠
⎞

⎜
⎝
⎛ +++=Oυ V 

(b) ( ) 8125.25
16
1

8
0

4
0

2
1

=⎟
⎠
⎞

⎜
⎝
⎛ +++=Oυ V 

______________________________________________________________________________________ 
 
16.99 

     (a) 

( )1 5 0.3125 V
16

1 0.15625 V
2

LSB

LSB

⎛ ⎞= =⎜ ⎟
⎝ ⎠

=
 

     Now 1

10 (5)
20ov

R
⎛ ⎞

= ⎜ ⎟+ Δ⎝ ⎠  
     For 2.5 0.15625 2.65625 Vov = + =  

          
( )( )

1 1

10 5
20 1.176 K

2.65625
R R+ Δ = ⇒ Δ = −

 
     For 2.5 0.15625 2.34375 Vov = − =  

          

( )( )
1

1

10 5
20

2.34375 V
1.333 K

R

R

+ Δ =

Δ = +  
     For 1 11.176 K 5.88%R RΔ = ⇒ Δ =  

     (b) For 
( )4

4

10: 5
160oR v

R
⎛ ⎞

= ⎜ ⎟+ Δ⎝ ⎠  
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( )( )

( )( )

4 4

4 4

0.3125 0.15625 0.46875 V
10 5

160 53.33K
0.46875

Or 0.3125 0.15625 0.15625 V
10 5

160 160 K
0.15625

o

o

v

R R

v

R R

= + =

+ Δ = ⇒ Δ = −

= − =

+ Δ = ⇒ Δ =
 

 

     For 4 453.33K 33.33%R RΔ = ⇒ Δ =  
______________________________________________________________________________________ 
 
16.100 

     (a) 

5

6

7

8

320 k
640 k
1280 k
2560 k

R
R
R
R

= Ω
= Ω
= Ω
= Ω  

     (b) 
( )10 5 0.01953125 V

2560ov ⎛ ⎞= =⎜ ⎟
⎝ ⎠  

______________________________________________________________________________________ 
 
16.101 
     (a) 

          

1 1

1
2

2
3

3
4

4
5

5
6

5 0.50 mA
2 10

0.25 mA
2

0.125 mA
2

0.0625 mA
2

0.03125 mA
2

0.015625 mA
2

REFVI I
R

II

II

II

II

II

−
= = ⇒ = −

= = −

= = −

= = −

= = −

= = −
 

     (b) 

( )( )6 0.015625 5
0.078125 V

o F

o

v I R
v

Δ = =

Δ =  

     (c) 

[ ] [ ]( )2 5 6 0.25 0.03125 0.015625 5
1.484375 V

o F

o

v I I I R
v
= − + + = + +

=  

     (d) For 101010; ( )( )0.50 0.125 0.03125 5 3.28125 Vov = + + =  

      For 010101; ( )( )0.25 0.0625 0.015625 5 1.640625 Vov = + + =  

          1.640625 VovΔ =  
______________________________________________________________________________________ 
 
16.102 

            
2
1 LSB 20625.0

16
3.3

28
==⎟

⎠
⎞

⎜
⎝
⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

R
R

VREF V 

       Ideal 

             Aυ  for 101  ( ) ( ) 0625.23.3
8
5

8
5

==⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⇒ R

R
VREF V 
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             Range of Aυ  
2
10625.2 ±= LSB 

             26875.285625.1 ≤≤ Aυ V 
______________________________________________________________________________________ 
 
 
 
16.103 
          6-bits 

62 64⇒ =  resistors 
          

62 1 63− =  comparators 
______________________________________________________________________________________ 
 
16.104 
     (a) 10- bit output 1024⇒ clock periods 

          1 clock period 
6

1 1 1 μS
10f

= = =
 

          Maximum conversion time 1024 μS 1.024 mS= =  
     (b) 

          
( )

1 1 5 0.002441406 V
2 2 1024

5128 16 2 0.712890625 V
1024A

LSB

v

⎛ ⎞= =⎜ ⎟
⎝ ⎠

⎛ ⎞′ = + + =⎜ ⎟
⎝ ⎠  

     So range of 
1
2A Av v LSB′= ±

 
          0.710449219 0.715332031 VAv≤ ≤  

     (c) 0100100100 256 32 4 292 clock pulses⇒ + + =   
______________________________________________________________________________________ 
 
16.105 

     (a) 
53.125 640 512 128

1024
N N×

= ⇒ = ⇒ +
 

          Output 1010000000=  
     (b) 

          
51.8613 381.19 381 256 64 32 16 8 4 1

1024
N N N×

= ⇒ = ⇒ = ⇒ + + + + + +
 

          Output 0101111101=  
______________________________________________________________________________________ 
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Chapter 17 
 
17.1 

(a) ( ) 2
1.0

2.00
=

−−
=CR kΩ  

(b) (i) 11 −=υ V,   off,   on 1Q 2Q
            ( )( ) 4.022.002 −=−=Oυ V 
            01 =Oυ  
     (ii) 4.01 −=υ V,  on,  off 1Q 2Q
           ( )( ) 4.022.001 −=−=Oυ V 
           02 =Oυ  
(c) For (i) and (ii) 
            mW ( )( ) ( )( ) 36.08.12.00 ==−= −VIP Q

______________________________________________________________________________________ 
 
17.2 

(a) ( ) 08.05.27.01
=

−−−−
=

E
E R
i mA,  10=⇒ ER kΩ  

       ( ) 25.6
04.0

25.00
=

−−
=CR kΩ  

(b) (i) 3.11 −=υ V,  off,  on 1Q 2Q

             ( ) 08.0
10

5.27.01
=

−−−−
=Ei mA 

             ( )( ) 50.025.608.002 −=−=Oυ V 
             01 =Oυ  
       (ii) 7.01 −=υ V,  on,  off 1Q 2Q

             ( ) 11.0
10

5.27.07.0
=

−−−−
=Ei mA 

             ( )( ) 6875.025.611.001 −=−=Oυ V 
             02 =Oυ  
(c) (i) mA,  08.0=Ei ( )( ) 2.05.208.0 ==P mW 

(ii) mA,  11.0=Ei ( )( ) 275.05.211.0 ==P mW 
______________________________________________________________________________________ 
 
17.3 

     (a) 
2 2

2

3 00.5 6 KC Q C
C

i I R
R
−

= = = ⇒ =
 

     (b)    
1 1

1

3 10.5 4 KC Q C
C

i I R
R
−

= = = ⇒ =
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     (c) 

1

1

1 2

2 1

1 2

exp

exp exp

1

1 exp

BE
S

TC

Q BE BE
S

T T

BE BE

T

I BE BE

VI
Vi

I V VI
V V

V V
V

v V V

⎛ ⎞
⎜ ⎟
⎝ ⎠=

⎡ ⎤⎛ ⎞ ⎛ ⎞
+⎢ ⎥⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠⎣ ⎦

=
⎛ ⎞−

+ ⎜ ⎟
⎝ ⎠

= −  
     So 

          

1 1

1 exp

0.1 1 0.2
0.5

1 exp

C

Q I

T

I

T

i
I v

V

v
V

=
⎛ ⎞−

+ ⎜ ⎟
⎝ ⎠

= =
⎛ ⎞−

+ ⎜ ⎟
⎝ ⎠  

          

( ) ( )

1exp 1 4
0.2

0.026 ln (4)
0.0360 V

I

T

I

I

v
V

v
v

⎛ ⎞−
= − =⎜ ⎟

⎝ ⎠
− =
= −  

______________________________________________________________________________________ 
 
17.4 
     (a)   on,  off  0.5 V,Iv = 1Q 2Q 02 3 Vv= =

           01 3 (1)(0.5) 2.5 Vv = − =

     (b)  off,  on  0.5 VIv = − 1Q 2Q 01 3 Vv⇒ =

           02 3 (1)(0.5) 2.5 Vv = − =
______________________________________________________________________________________ 
 
17.5 
     (a)  2 on, 1.2 0.7 1.9EQ v = − − = − V

          

( )

( )( )
2

2 2 2

2

1.9 5.2
1.32

2.5
1 1.32
0.758

E C

C C C

C

i i mA

v V i R R
R k

− − −
= = =

= − = − = −
= Ω

2

 
     (b)  1 on, 0.7 0.7 1.40EQ v V= − − = −

          

( )

( )( )
1

1 1 1

1

1.4 5.2
1.52 

2.5
1 1.52
0.658

E C

C C C

C

i i mA

v V i R R
R k

− − −
= = =

= − = − = −
= Ω

1

 
     (c)  1 2For 0.7 , on, offinv V Q Q= −

          1 0.70Ov V⇒ = −  
          2 21 0.7 1.7O Ov v= − − ⇒ = − V  
     For  1 21.7 , off , oninv V Q Q= −

           2 0.7Ov V⇒ = −

          1 11 0.7 1.7O Ov v= − − ⇒ = − V  
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mA
 
     (d) (i) For  0.7 ,  1.52 in Ev V i= − =

          

( )

( )

( )( ) ( )( )

4

3

4 3

1.7 5.2
1.17

3
0.7 5.2

1.5
3

5.2 1.52 1.17 1.5 5.2

C

C

E C C

i mA

i mA

P i i i

− − −
= =

− − −
= =

= + + = + +  
     or 21.8P mW=  
     (ii) For  1.7 , 1.32in Ev V i= − = mA

          

( )

( )

( )(

4

3

0.7 5.2
1.5

3
1.7 5.2

1.17
3

1.32 1.5 1.17 5.2

C

C

i m

i m

P

− − −
= =

− − −
= =

= + + )

A

A

 
     or 20.7P mW=  
______________________________________________________________________________________ 
 
17.6 

     a. 
3

3.7 0.7 1.5 mA
0.67 1.33

I −
= =

+  

           ( )( )3 4 1.5 1.33 0.7RV I R Vγ= + = +

     or 

          2.70 VRV =  
     b. logic 1 level 3.7 0.7 3.0 V= − ⇒  
     For  logic 1.X Yv v= =

          

( )( )
( )

1

3

01

3 0.7 2.875 mA
0.8

3.7 2.875 0.21 3.10 V
logic 0 2.4 V

E R

B

i i

v
v

−
= = =

= − =
⇒ =

C

 
     For  logic 0, onX Y Rv v Q= =

          

( )( )
( )

2

4

02

2.7 0.7 2.5 mA
0.8

3.7 2.5 0.24 3.1 V
logic 0 2.4 V

E R

B

i i

v
v

−
= = =

= − =
⇒ =

C

 
______________________________________________________________________________________ 
 
17.7 

(a) ( ) 5.10
20.0

1.27.07.0
1 =

−−−
=R kΩ  

(b) ( ) 5.17
12.0

1.20
65 =

−−
== RR kΩ  

(c) mA 20.0== REFQ II
       7.01 −=Oυ V,  02 =Cυ  

       5.3
2.0

07.0
1 =

−
=CR k  Ω
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(d) mA 20.0== REFQ II
       7.02 −=Oυ V,  0=CRυ  

       5.3
20.0

07.0
2 =

−
=CR k  Ω

______________________________________________________________________________________ 
 
17.8 
          V 5.0−=RV

          ( ) 4.037.05.0
=

−−−−
=

E
E R
i mA,  5.4=ER kΩ  

         ( ) 25.6
4.0

35.0
5 =

−−−
=R k  Ω

         V,  2.07.05.02 =+−=BV 25.1
4.0

2.07.0
1 =

−
=R kΩ  

         ( ) 5.4
4.0

37.07.02.0
2 =

−−−−
=R kΩ  

         ( ) 75.3
8.0

30
43 =

−−
== RR k  Ω

        1−=ORυ V,  3.0−=⇒ CRυ V 

        ( ) 5.2
4.0

3.07.0
2 =

−−
=CR kΩ  

         0=Iυ ,  ( ) 511.0
5.4

37.0
=

−−−
=Ei mA 

         3.07.011 −=+−=Cυ V 

         ( ) 957.1
511.0

3.07.0
1 =

−−
=CR k  Ω

______________________________________________________________________________________ 
 
17.9 
          =Oυ logic 1 V,  logic 0 = 1.2 V 8.1=
        For =Iυ logic 1 = 1.8 V 

           375.17.08.18.0 =⇒
−

== E
E

E R
R

i kΩ  

          9.17.02.11 =+=Cυ V,  75.0
8.0

9.15.2
1 =

−
=⇒ CR kΩ  

       For =Iυ logic 0,   on;  RQ 5818.0
375.1

8.07.05.1
==

−
=

E
E R
i mA 

          9.17.02.1 =+=CRυ V 

          031.1
5818.0

9.15.2
2 =

−
=CR kΩ  

          25.2
8.0
8.1

32 === RR kΩ  

______________________________________________________________________________________ 
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17.10 
     Neglecting base currents: 

     (a) 1 30, 0E EI I= =  

          

5 5
5 0.7 1.72

2.5
0.7

E EI I

Y V

−
= ⇒ =

=

mA

 

     (b) 

1 1

3

5 5

5 0.7 0.239
18

0

5 0.7 1.72
2.5

0.7

E E

E

E E

I I

I

I I

Y V

−
= ⇒ =

=

−
= ⇒ =

=

mA

mA

 

     (c) 
1 3 1 3

5 0.7 0.239
18E E E EI I I I m−

= = ⇒ = = A
 

          5 0, 5EI Y V= =  
     (d) Same as (c). 
______________________________________________________________________________________ 
 
17.11 
     (a)  (1)(1) 0.7 1.7R RV V= − − ⇒ = − V

V     (b)  1off , then 1 0.7R OQ v Logic= = −

          

1

1

on, then (1)(2) 0.7
 0 2.7 

R O

O

Q v
v Logic V

= − − ⇒
= = −

 

          

2

2

2

/ off ,  then Logic 1 0.7 

/ on, then (1)(2) 0.7
0 2.7

A B O

A B O

O

Q Q v V

Q Q v
v Logic V

−

−

= = −

= − − ⇒
= = −  

     (c) 

0 2.7 , on
1.7 0.7 2.4

R

E E

A B Logic V Q
V V
= = = −
= − − ⇒ = −

,
V  

          

1 0.7 , / on
0.7 0.7 1.4

A B

E E

A B Logic V Q Q
V V V
= = = −
= − − ⇒ = −

,

A BA B Logic V Q Q= = = −
 

     (d) ,  1 0.7 , / on

          

3

2

3 2

2.7 ( 5.2) 1.67
1.5

0.7 ( 5.2) 3
1.5

(1.67 1 1 1 3)(5.2) 39.9

0 2.7 
3 ,  1.67 

39.9

C

C

C C

i mA

i mA

P P

A B Logic V
i mA i mA
P mW

− − −
= =

− − −
= =

= + + + + ⇒ =

= = = −
= =
=

mW

 
______________________________________________________________________________________ 
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17.12 
     a. AND logic function 

     b. logic 0 0 V=  

          

3

2

5 (1.6 0.7)on, 2.25 mA
1.2

(2.25)(0.8) logic 1 1.8 V

Q i

V

− +
= =

= ⇒ =
 

     c. 

1 1

2 2

3 2 2

2

5 0.7 1.65 mA
2.6

5 (0.7 0.7) 3 mA
1.2

0, 3 mA

0

E E

E E

C C E

i i

i i

i i i

V

−
= ⇒ =

− +
= ⇒ =

= = =

=  

     d. 

1 1

2 2

2 3 2

2

5 (1.8 0.7) 0.962 mA
2.6

5 (1.6 0.7) 2.25 mA
1.2

0, 2.25 mA

1.8 V

E E

E E

C C E

i i

i i

i i i

V

− +
= ⇒ =

− +
= ⇒ =

= = =

=  
______________________________________________________________________________________ 
 
17.13 

(a) =Rυ (logic 0 + logic 1)/2 6.27.0
2

1.35.37.0 =−
+

=− V 

(b) For == YX υυ logic 1 = 3.5 V 
          1.27.07.05.31 =−−=Eυ V 

           175.0
12

01.2
1 =

−
=Ei mA 

           05833.0
3
1

11 =⋅= ERC ii mA 86.64.0
1

1

=⇒= C
C

R
R

kΩ  

(c) For == YX υυ logic 0 = 3.1 V 
            9.17.06.27.01 =−=−= RE Vυ V 

            1583.0
12

9.1
2 ==Ei mA 

            05277.0
3
1

22 =⋅= ERC ii mA 58.74.0
2

2

=⇒= C
C

R
R

kΩ  

(d) For == YX υυ logic 0 = 3.1 V 
            mA 1583.0=Ei

            3.0
8

7.01.3
1 =

−
=Ri mA 

            mW ( )( ) 60.15.33.01583.0 =+=P
______________________________________________________________________________________ 
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17.14 
     Assume V 4.0=γV

(a) Logic 1 V,  Logic 0 V 2.0= 2.0−=

(b) ( ) 6.925.010.37.00
=⇒=

−−−
= E

E
E R

R
i kΩ  

(c)  ERD iii =+ 11

       mA 08333.025.032
1111 =⇒==+ RRRR iiii

       8.4
08333.0

4.0
1 ==R k  Ω

(d) ( ) 2708.0
6.9

10.37.02.0
=

−−−
=Ei mA 

       0833.0
8.4
4.04.0

2
2

===
R

iR mA 

       1875.00833.02708.022 =−=−= RED iii mA 
(e) mA 2708.0=Ei

       ( ) 8788.0
3.3

10.32.0
4 =

−−−
=Ri mA 

       ( ) 0.1
3.3

10.32.0
3 =

−−
=Ri mA 

      ( ) ( )[ ] ( )( ) 6.848788.00.12708.010.39.043 =++=−−++= RRE iiiP mW 
______________________________________________________________________________________ 
 
17.15 
     a. 

          

( ) ( )

( ) ( )

( ) ( )

1 1

3 3

4 4

2 1 3

0.9 0.7 3
1.4 mA

1
0.2 0.7 3

0.14 mA
15

0.2 0.7 3
0.14 mA

15
1.4 0.14 1.54 mAD

i i

i i

i i

i i i i

− − − −
= ⇒ =

− − − −
= ⇒ =

− − − −
= ⇒ =

+ = + = + =  

          

2 2

0

0.4 0.8 mA
0.5

0.74 mA

0.4 V
D

i i

i

v

= ⇒ =

=

= −  
     b. 1 1.4 mAi =  

          

3 3

4 3 4

(0 0.7) ( 3) 0.153 mA
15

0.153 mA

i i

i i i

− − −
= ⇒ =

= ⇒ =
 

          

2 4 2 0.153 mA

0
D

D

i i i i

i

+ = ⇒ =

=
 

          0 0(0.153)(0.5) 0.0765 Vv v= − ⇒ = −  
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     c. 
( ) ( )

1 1

0 0.7 0.7 3
1.6 mA

1
i i

− − − −
= ⇒ =

 

          

3 3

4 3 4

( 0.2 0.7) ( 3) 0.14 mA
15

0.14 mA

i i

i i i

− − − −
= ⇒ =

= ⇒ =
 

          

2 3 2 0.14 mA

0.0
D

D

i i i i

i

+ = ⇒ =

=
 

          0 0(0.14)(0.5) 0.07 Vv v= − ⇒ = −  

     d. 
1 1

(0 0.7 0.7) ( 3) 1.6 mA
1

i i− − − −
= ⇒ =

 

          

3 3

4 3 4

2 1 4

(0 0.7) ( 3) 0.153 mA
15

0.153 mA

1.6 0.153 1.753 mAD

i i

i i i

i i i i

− − −
= ⇒ =

= ⇒ =

+ = + = + =  

          

2 2

0

0.4 0.8 mA
0.5

0.953 mA

0.40 V
D

i i

i

v

= ⇒ =

=

= −  
______________________________________________________________________________________ 
 
17.16 

(a) (i) V,   off;   on 0==== DCBA 4321 ,,, QQQQ 65 ,QQ

             ( ) ( )15
912

17.025.2 1
1 ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
++= R

R
i

i  

             mA ( ) 8644.00824.028.1 11 =⇒+= RR ii
             V ( ) 771.025.2 1 =⇒−= YiY R

       (ii) V,  V;   off;   on 0== BA 5.2== DC 621 ,, QQQ 543 ,, QQQ

              ( ) ( )15
91

7.025.2 1
1 ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
++= R

R
i

i  

              ( ) 8315.01648.028.1 11 =⇒+= RR ii mA 
              V ( ) 837.025.2 1 =⇒−= YiY R

      (iii) V, V;   on,   off 5.2== CA 0== DB 31 ,QQ 65 ,QQ
              V 5.201 =⇒= YiR
(b) Y=(A OR B) AND (C OR D) 
(c) (i) mW ( ) ( )( ) 16.25.28644.05.21 === RiP

(ii) 12.0
15

7.05.2
3 =

−
=Ri mA 

      ( )( ) ( )( ) 38.25.212.08315.05.231 =+=+= RR iiP mW 

(iii) 12.0
15

7.05.2
32 =

−
== RR ii mA 

       ( )( ) ( )( ) 60.05.224.05.232 ==+= RR iiP mW 
______________________________________________________________________________________ 
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17.17 
     a. logic 1 0  V=

               logic  0 0.4 V= −

     b. 01 ORv A B=  

          

02

03 01 02

OR

OR

v C D

v v v

=

=  
     or 
           03 ( OR ) AND ( OR )v A B C D=
______________________________________________________________________________________ 
 
17.18 
     a. For CLOCK = high, DCI  flows through the left side of the circuit.. If D is high, DCI  flows through 
the left R resistor pulling Q  low. If D is low. DCI  flows through the right R resistor pulling Q low. 

For CLOCK = low, DCI  flows through the right side of the circuit maintaining Q and Q  in their previous 
state. 

     b. ( )( )0.5 0.1 0.1 3DC DC DC DCP I I I I= + + +  

          ( ) ( )( )( )1.7 3 1.7 50 3 255 WDCP I P μ= = ⇒ =  
______________________________________________________________________________________ 
 
17.19 

(a) (i) For 1.0=Iυ V 
              8.01 =υ V 

               1417.0
12

8.05.2
1 =

−
=i mA 

               ,  032 == ii 5.2=Oυ V 
     (ii) For 5.2=Iυ V 
              5.18.07.01 =+=υ V 

               0833.0
12

5.15.2
21 =

−
== ii mA 

               1.0=Oυ V 

               20.0
12

1.05.2
3 =

−
=i mA 

(b) (i) 4.17.07.01 =+=υ V 
            7.07.01 =−=υυ I V 
      (ii) 5.18.07.01 =+=υ V 
            8.07.01 =−=υυ I V 

______________________________________________________________________________________ 
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17.20 
     (a) 

          

1

1

0 0.7 V

3.3 0.7 0.433 mA
6

0
3.3 V

I

B C

o

v V

i

i i
v

= ⇒ =

−
= =

= =
=  

     (b) 

          

1

1

3.3 V 0.7 0.8 1.5 V
3.3 1.5 0.3 mA

6
0.8 0.04 mA
20
0.3 0.04 0.26 mA
3.3 0.1 0.8 mA

4
0.1 V

I

R

B

C

o

v v

i

i

i

i

v

= = + =
−

= =

= =

= − =
−

= =

=  
______________________________________________________________________________________ 
 
17.21 

     i. For 0.1 V 0.8 VX Yv v v′= = ⇒ =  

          

1 1

3 4

5 0.8 0.525 mA
8

0

i i

i i

−
= ⇒ =

= =
 

     ii. For  5 V,X Yv v= =

          

1 1

4 1 4

3 3

0.8 0.7 0.7 2.2 V

5 2.2 0.35 mA
8
0.8 0.297 mA
15

5 0.1 2.04 mA
2.4

v v

i i

i i i

i i

′ ′= + + ⇒⇒ =

−
= ⇒ =

= − ⇒ =

−
= ⇒ =

 
______________________________________________________________________________________ 
 
17.22 

(i) 1.0== YX υυ V 
           8.0=′υ V 

           3125.0
8

8.03.3
1 =

−
=i mA 

             043 == ii
(ii) 3.3== YX υυ V 
            2.27.07.08.0 =++=′υ V 

            1375.0
8

2.23.3
1 =

−
=i mA 

            08417.0
15

8.01375.04 =−=i mA 

            333.1
4.2

1.03.3
3 =

−
=i mA 
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17.23 
     a. For , both  and  driven into saturation. 5 VX Yv v= = 1Q 2Q

          

1 1

1 1 1

2 2

4 1 2 4

5 5

2 4 5 2

3 3

0

0.8 0.7 0.8 2.3 V

5 2.3 0.675 mA
4

5 (0.8 0.7 0.1) 1.7 mA
2

2.375 mA

0.8 0.08 mA
10

2.295 mA

5 0.1 1.225 mA
4

0.1V

B

B

B B

v v

i i i

i i

i i i i

i i

i i i i

i i

v

= + + ⇒ =

−
= ⇒ = =

− + +
= ⇒

= + ⇒ =

= ⇒ =

= − ⇒ =

−
= ⇒ =

=

=

 

     b. 2 3

5 (0.1 0.7) 1.05 mA
4

(max)

L

C B L

i

i i Niβ

− +′ = =

′= = + i  
           (20)(2.295) (1.05) 1.225N= +
     So 
          42N =  
______________________________________________________________________________________ 
 
17.24 

(a) 3.28.07.08.01 =++=υ V 

        25.0
4

3.23.3
1 =

−
=i mA  1Bi=

        6.11.07.08.01 =++=Cυ V 

        85.0
2

6.13.3
2 =

−
=i mA 

        mA 10.185.025.0214 =+=+= iii B

        08.0
10

8.0
5 ==i mA 

        mA 02.108.010.1542 =−=−= iiiB

        80.0
4

1.03.3
3 =

−
=i mA 

(b) ( ) LBCo iNiii ′+== 32max β  

                 ( ) 625.0
4

7.01.03.3
=

+−
=′Li mA 

        ( )( ) ( )625.08.002.120 N+= 3136.31 =⇒=⇒ NN  
______________________________________________________________________________________ 
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1

 
 
17.25 
      and  off,  forward active mode  XD YD 1Q

          
1

1 1 2 2 1 1

0.8 0.7 0.7 2.2
5 and (
v V
i R i R v i iβ 2

= + + =
= + + = + )  

     So [ ]2 15 2.2 (1i Rβ− = + ) + 2R  
     Assume β = 25  

          

2 2

1 2 1

3 3

2 3

5 2.2 0.0589
(26)(1.75) 2
(1 (26)(0.05895) 1.53

1.47

0.8 0.0589 1.47 0.16
5

1.37
 in saturation

5 0.1 0.817
6

Bo

Bo

o

Co Co

i i m

i i i

i i i mA

i i i

i mA
Q

i i mA

β

β 2

−
= ⇒ =

+
= + ) = ⇒ =

= ⇒ =

= + − = + − ⇒

=

−
= ⇒ =

A

mA

 
______________________________________________________________________________________ 
 
17.26 
     (a)   forward active 0 V,Iv = 1Q

          

5 0.7 0.717 mA
6

(25)(0.71667) 17.9 mA
(26)(0.71667) 18.6 mA

B

C

E

i

i
i

−
= =

= =
= =  

 
     (b)  0.8 VIV =

          
5 (0.8 0.7) 0.583 mA

6Bi
− +

= =
 

     Because of the relative doping levels of the Emitter and collector, and because of the difference in B-C  
          and B-E areas, we have  and 0.583 mAC Bi i− ≈ = smallEi =  value. 
     (c)   inverse active. 3.6Iv = 1Q

          

5 (0.8 0.7) 0.583 mA
6

(0.5)(0.583) 0.292 mA
0.583 0.292 0.875 mA

B

E R E

C B E C

i

i i
i i i i

β

− +
= =

= − = − = −
= − − = − − ⇒ = −  

______________________________________________________________________________________ 
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17.27 

(a) (i) For 1.0=Iυ V,  9.08.01.01 =+=υ V, and 5.2=Oυ V 

                1333.0
12

9.05.2
1 =

−
=i mA 

                 032 == ii
      (ii) For 5.2=Iυ V,  5.17.08.01 =+=υ V, and 1.0=Oυ V 

                0833.0
12

5.15.2
1 =

−
=i mA 

                ( ) ( )( ) 09167.01.10833.01.0112 ==+= ii mA 

                20.0
12

1.05.2
3 =

−
=i mA 

(b) (i) 4.17.07.01 =+=υ V 
            6.08.04.1 =−=Iυ V 
      (ii) 5.17.08.01 =+=υ V 
            7.08.05.1 =−=Iυ V 

______________________________________________________________________________________ 
 
17.28 
     a. i.  in saturation. 10.1 V, soX Yv v Q= =

          

1 1

2 2 4 3 3

5 (0.1 0.8) 0.683 mA
6

0B B

i i

i i i i i

− +
= ⇒ =

⇒ = = = = =
 

 
     ii.  in inverse active mode. 15 V, soX Yv v Q= =

Assume  and  in saturation. 2Q 3Q

          

1 1 2

2 2

4 4

5 (0.8 0.8 0.7) 0.45 mA
6

5 (0.8 0.1) 2.05 mA
2

0.8 0.533 mA
1.5

Bi i i

i i

i i

− + +
= ⇒ = =

− +
= ⇒ =

= ⇒ =
 

 

           ( )3 2 2 4 0.45 2.05 0.533B Bi i i i= + − = + −

     or 

          

3

3 3

1.97 mA

5 0.1 2.23 mA
2.2

Bi

i i

=

−
= ⇒ =

 
     b. For : 3Q

          
3

3

2.23 1.13
1.97B

i
i

β= = <
 

     For : 2Q

          
2

2

2.05 4.56
0.45B

i
i

β= = <
 

     Since ( )/C BI I β< , then each transistor is in saturation. 
______________________________________________________________________________________ 
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17.29 

(a) (i) 1.0=Xυ V, 3.3=Yυ V 
                8.07.01.0 =+=′υ V 

                156.0
16

8.03.3
=

−
=ii mA 

                 043 == ii
      (ii) 3.3== YX υυ V 
                 2.27.07.08.0 =++=′υ V 

                 06875.0
16

2.23.3
1 =

−
=i mA 

                 02875.0
20

8.006875.04 =−=i mA 

                 5333.0
6

1.03.3
3 =

−
=i mA 

(b) ( ) LC iNiii ′+== 341 max β  

                 ( ) 15625.0
16

7.01.03.3
=

+−
=′Li mA 

       ( )( ) ( ) 58.515625.05333.002875.050 =⇒=⇒+= NNN  
(c) ( ) ( )( ) 44.102875.050max 41 === iiC β mA 5< mA,  5=⇒ N  

______________________________________________________________________________________ 
 
17.30 
     a. For  in inverse active mode. 5 V, ,X Yv v Q= =

          

( )

[ ]
( )

( )

1

2 1 1

2

3 2 2

5 0.8 0.8 0.7
0.45 mA

6
2 0.45(1 2 0.1 ) 0.54 mA

5 0.8 0.1
2.05 mA

2
0.8 0.54 2.05 0.533
1.5

B

B B R B

C

B B C

i

i i i

i

i i i

β

− + +
= =

= + = + =

− +
= =

= + − = + −
 

     or 

          3 2.06 mABi =  
     Now 

          
5 (0.1 0.8) 0.683 mA

6Li
− +′ = =

 
     Then 
          3 3(max)C F Bi i LNiβ ′= =  

     

or (20)(2.06) (0.683)
60
N

N
=

⇒ =  
     b. From above, for  high,  mA. Now 0v (0.1)(0.45) 0.045LI ′ = =

          
2

5 4.9 (21)(0.1)(max) (1 )
2

1.05 mA

L FI
R

β
⎛ ⎞−′ = + =⎜ ⎟
⎝ ⎠

=  
     So 
          (max)L LI N ′= I  

     

or 1.05 (0.045)
23

N
N

=
⇒ =  
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17.31 

(a) (i) V 1.0=inV

             ( ) 025.1
4

8.01.05
=

+−
=RBi mA 

             ,  V 0== BoRCP ii 5=outV
     (ii) V 5=inV

           ( ) 70.0
4

7.08.07.05
=

++−
=RBi mA 

           V 8.01.07.0 =+=outV

           2.4
1

8.05
=

−
=RCPi mA 

           mA ( )( ) 77.07.01.1 ==BSi
           BoCo ii β= ,  BoCS ii β−= 2.4 ,  ( )BoES ii β−+= 2.477.0  

           
1
7.0

−= ESBo ii  

           7.02.477.0 −−+= BoBo ii β  

           ( ) 0837.0
51
27.427.41 ==⇒=+ BoBo iiβ mA 

(b) (i) V, High,   1.0=inV =outV
                  ( )( ) 35.07.01.055 ===′ RBRL ii β mA 
                  V ( )( ) 65.4135.05 =−=outV
             ( )( ) ( )( ) 145.565.4535.0025.11.05 =−+−=P mW 
       (ii) mA ( ) 125.5025.15 ==Li
             ( )( ) ( )( ) 4.251.0125.552.477.0 =++=P mW 

______________________________________________________________________________________ 
 
17.32 
     a.  0.1 VX Y Zv v v= = =

          
1 1

5 (0.1 0.8) 1.05 mA
3.9B Bi i− +

= ⇒ =
 

     Then 

          1 2 2 3 3 0C B C B Ci i i i i= = = = =  
     b.  5 VX Y Zv v v= = =

          
1 1

5 (0.8 0.8 0.7) 0.692 mA
3.9B Bi i− + +

= ⇒ =
 

     Then 

          

1 2 1

1 2

2 2

3 2 2

3

(1 3 ) (0.692)(1 3[0.5])
1.73 mA

5 (0.1 0.8) 2.05 mA
2

0.8 1.73 2.05 1.0
0.8
2.78 mA

C B B R

C B

C C

B B C

B

i i i
i i

i i

i i i

i

β= = + = +
⇒ = =

− +
= ⇒ =

= + − = + −

⇒ =  
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3

3 3

3

5 0.1 2.04 mA
2.4

5 (0.1 0.8) 1.05 mA
3.9
5 2.04 (5)(1.05)

7.29 mA

R

L

C R L

C

i

i

i i i
i

−
= =

− +′ = =

′= + = +
⇒ =

 
______________________________________________________________________________________ 
 
17.33 

(a) (i) μ5=′LI A,  μ098.0
51
5

4 ==Bi A 

             V ( )( ) 52000098.055 ≅−=BV
             6.3=Oυ V 

       (ii) mA, 5=′LI 098.0
51
5

4 ==Bi mA 

             V ( )( ) 804.42098.055 =−=BV
             404.34.1804.4 =−=Oυ V 
(iii)  in saturation 4Q

             
( )

2
8.05

2
5 +−

=
−

= EB
B

VV
I  

             
( )

13.0
1.05

13.0
5 +−

=
−

= EC
C

VV
I  

             
( ) ( )

13.0
1.05

2
7.05

25
+−

+
+−

====+ EE
LECB

VV
IIII  

             ( ) ( ) 81.1692.769.375.010.225 =⇒−+−= EEE VVV V 
             11.17.081.1 =−=Oυ V 
(b) V 5.18.07.04 =+=BV

       75.1
2

5.15
4 =

−
=BI mA 

       V,  8.01.07.04 =+=CV 31.32
13.0

8.05
4 =

−
=CI mA 

      mA 06.3431.3275.1 =+=LI
______________________________________________________________________________________ 
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17.34 
     a.  biased in the inverse active mode. 12.8 V,  X Y Zv v v Q= = =

          

1 1

2 1

2

2

2.8 (0.8 0.8 0.7) 0.25 mA
2

(1 3 ) 0.25(1 3 [0.3])
0.475 mA

0.8 0.1 0.9 V

B B

B B R

B

C

i i

i i
i

v

β

− + +
= ⇒ =

= + = +
⇒ =

= + =  

          

4

2

2

0.9 (0.7 0.1) 0.1
(1 )(0.5) (101)(0.5)

0.00198 mA (Negligible)
5 0.9 4.56 mA

0.9
4.56 mA

B
F

R

C

i

i

i

β
− +

= =
+

=
−

= =

⇒ =  

          

3 2 2

3

0.8 0.475 4.56 0.8
1

4.235 mA

B B C

B

i i i

i

= + − = + −

⇒ =
 

 
     b.  0.1 VX Y Zv v v= = =

          
1 1

5 (0.1 0.8) 2.05 mA
2B Bi i− +

= ⇒ =
 

     From part (a), 
          1 (0.3)(0.25) 0.075 mAL R Bi iβ′ = ⋅ = =  
     Then 

          
4 4

5 5(0.075) 0.00371 mA
1 101

L
B B

F

ii i
β
′

= = ⇒ =
+  

______________________________________________________________________________________ 
 
17.35 
     a.  0.1 VX Y Zv v v= = =

          
1 3

1

2 (0.1 0.8)
B B

B

i i
R

− +
= +

 
     where 

          

3
2

3

(2 0.7) (0.9) 0.4
1

0.4 mA

B
B

B

i
R
i

− −
= =

⇒ =
 

     Then 

          

1 1

2 2

1.1 0.4 1.5 mA
1

0

B B

B C

i i

i i

= + ⇒ =

= =
 

      in saturation 3Q 3 5Ci ′Li=  For  high, 0v

          

1 3

1

1

0.8 0.7 1.5 V off
2 1.5 0.5 mA

1
(0.2)(0.5) 0.1 mA

B

B

L R B

v Q

i

i iβ

′ ′= + = ⇒
−′ = =

′ ′= = =  
     Then 

          3 0.5 mACi =  
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     b.  2 VX Y Zv v v= = =

     From part (a), 

          

1

3 3

0.5 mA

0
B

B C

i

i i

⇒ =

= =
 

          

2 1

2

(1 3 ) (0.5)(1 3 [0.2])
0.8 mA

B B R

B

i i
i

β= + = +
=

 
           and from part (a),  2 5Ci i′= ,L 1.5 mALi′ =

     So 

          2 7.5 mACi =  
______________________________________________________________________________________ 
 
17.36 

     (a) 
5.8 0.7 0.51 

10B DI I mA−
+ = =

 

          
5 (0.7 0.3) 4.6 

1C DI I mA− −
− = =

 
     Now 

          
0.51 0.51 0.51

50
C C

D B
I II I
β

= − = − = −
 

     Then 

          
10.51 1 0.51 4.6

50 50
C

C D C C
II I I I⎛ ⎞ ⎛ ⎞− = − − = + − =⎜ ⎟⎜ ⎟ ⎝ ⎠⎝ ⎠  

     So 5.01CI mA=  

          

5.01 0.1002 
50

0.51 0.1002 0.4098 

0.4

C
B B

D D

CE

II I

I I

V V

β
= = ⇒ =

= − ⇒ =

=

mA

mA

 
 

     (b) 0, ( ) 0.1D CE CEI V V sat V= = =  

          

5.8 0.8 0.5
10

5 0.1 4.9
1

B B

C C

I I

I I

−
= ⇒ =

−
= ⇒ =

mA

mA
 

______________________________________________________________________________________ 
 
17.37 

(a) (i) 0=Iυ ,  3.01 =υ V 

             2.1
1

3.05.1
1 =

−
=i mA 

             ,  0== CB ii 5.1=Oυ V 
       (ii) 5.1=Iυ V, 0.13.07.01 =+=υ V 

             5.0
1

0.15.1
1 =

−
=i mA 

             465.0
20

7.05.0 =−=Bi mA 
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             9167.0
2.1

4.05.1
=

−
=Ci mA,  4.0=Oυ V 

(b) (i) 0.13.07.01 =+=υ V,  7.0=Iυ V 
              0== CB ii
       (ii) 0.11 =υ V, 7.0=Iυ V 

             9167.0
2.1

4.05.1
=

−
=Ci mA 

             03667.0
25
9167.0

===
β
C

B
i

i mA 

(c) ( ) LCBCo iNiii ′+== βmax  

              ( ) 78.0
20

4.0
1

3.04.05.1
=−

+−
=′Li mA 

       ( )( ) ( ) ( ) 137.1378.09167.0465.025 =⇒=⇒+= NNN  
______________________________________________________________________________________ 
 
17.38 
     a.  0.4 VX Yv v= =

          ( )

1 1

1 1

2 2

2 2 0 0 5

3 3

0.4 0.7 1.1 V

5 1.1 1.39 mA
2.8

0.4 0.4 0.8 V

0 No load

B B

B B

B B

5B C B C B C

B C

v v

i i

v v

i i i i i i
i i

= + ⇒ =

−
= ⇒ =

= + ⇒ =

= = = = =
= = =  

          

4 2 4 4

4 4

4 4 4

4 4

5 (1 )
5 0.7 0.0394 mA

0.76 (31)(3.5)
1.18 mA

5 (0.0394)(0.76) 4.97 V

B BE B

B B

C F B C

B B

i R V i R

i i

i i i

v v

β

β

= + + +
−

= ⇒ =
+

= ⇒ =

= − ⇒ =
 

     b.  3.6 VX Yv v= =

          

1 1

2

0

2

0.7 0.7 0.3 1.7 V

1.4 V

0.7 V

1.1 V

B B

B

B

C

v v

v

v

v

= + + ⇒ =

=

=

=  

          

1 1

2 1

2

4 4

2 2

0 2 2

0

5 1.7 1.1786 mA
2.8
(1 2 ) 1.18(1 2 [0.1])

1.41 mA

1.1 0.7 0.00369 mA
(31)(3.5)
5 1.1 5.13 mA 5.13 mA
0.76

6.54 mA

B B

B B R

B

B B

R C

B B C

B

i i

i i
i

i i

i i

i i i
i

β

−
= ⇒ =

= + = +
=

−
= ⇒ =

−
= = ⇒ ≈

≈ +
=  

______________________________________________________________________________________ 
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17.39 

(a) For the load,  ( ) ( ) 182.0
2
13.04.05.2

1
1

1 =⇒=
+−

= B
B

RB R
R

i kΩ  

For === ZYX υυυ logic 1 
( ) 05556.0
18

8.07.05.2
1 =

+−
=RBi mA 

( )
1

1
1.07.05.2

C
RC R
i +−

=  

63.1
7.0
7.07.105556.01.0 1

1
2 =⇒−+== C

C
B R

R
i kΩ  

(b) 4.0=Xυ V,  7.01 =Bυ V,  02 =Bυ  
       8.17.05.2 =−≅Oυ V 
        All ,  All  0=Bi 0=Ci
(c) 5.11 =Bυ V,  7.02 =Bυ V 

        0556.0
18

5.15.2
1 =

−
=Bi mA 

             ( ) 043.1
63.1

1.07.05.2
1 =

+−
=Ci mA 

             mA 10.02 =Bi

             ( )[ ] 40.0
18

3.04.05.24
2 =

+−
=Ci mA 

             4.0=Oυ V 
(d) ( ) LBC iNii ′== 22 max β  
                mA 1.0=′Li
        ( )( ) ( ) 201.01.020 =⇒= NN

______________________________________________________________________________________ 
 
17.40 
     a. For  3.6 VX Yv v= =

          

1 1

1 1

5 2.13(0.7) 2.1 0.29 mA
10

5 1.80.7 0.7 0.4 1.8 V 0.32 mA
10

B B

C C

v i

v i

−
= = ⇒ = =

−
= + + = ⇒ = =

 

          
2 1 1

1.4 0.29 0.32 0.0933
15B B Ci i i= + − = + −

 
     So 

          

2

2

2

0.517 mA
0.7 0.4 1.1 V
5 1.1 0.951 mA

4.1

B

C

C

i
v

i

=
= + =

−
= =

 
 

          
5 2 2

0.7 0.517 0.951 0.175
4B B Ci i i= + − = + −

 
     or  5 1.293 mABi =

     For  0 10.4 V, 0.4 0.7 1.1 VBv v′= = + =
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     Then 

          

1
1.1 0.7 0.00086 mA
(31)(15)

5 1.1 0.00086 or 0.39 mA
10

B

L L

i

i i

−′ = =

−′ ′= − ≈
 

     So 5 5(max)C Β Li i Niβ ′= =  
          (30)(1.293) (0.39) 99N N= ⇒ =  
 
     b.  (0.29 0.32 0.951)(5) (99)(0.39)(0.4)P = + + +

          7.805 15.444 or 23.2 mWP P= + =  
          (Assumming 99 load circuits which is unreasonably large.) 
______________________________________________________________________________________ 
 
17.41 
     a. Assume no load. For  logic 0 0.4 VXv = =

          
1

5 (0.4 0.7) 0.0975 mA
40Ei

− +
= =

 
     Essentially all of this current goes to ground from  .CCV

          1 (0.0975)(5) 0.4875 mWE CCP i V P= ⋅ = ⇒ =  
 

     b. 
1

5 (3)(0.7) 0.0725 mA
40Ri

−
= =

 

          

2

3

5 (0.7 0.7 0.4) 0.064 mA
50

5 (0.7 0.4) 0.26 mA
15

(0.0725 0.064 0.26)(5)
1.98 mW

R

R

i

i

P
P

− + +
= =

− +
= =

= + +
=

 
 
     c. For  0 70, 0.7 0.4 1.1 VCv v= = + =

          
7 7

5 1.1 78
0.050R R Si i m−

= ⇒ = ≈ CA i
 

______________________________________________________________________________________ 
 
17.42 

(a) ( ) 0.1
2

3.07.03
=

+−
=Ei mA 

(b) 85.0
2

7.04.2
=

−
=Ei mA 

       706.0
85.0

4.23
=

−
=CR k  Ω

(c) (i) mW ( )( ) 0.330.1 ==P
           (ii) mW ( )( ) 55.2385.0 ==P
______________________________________________________________________________________ 
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17.43 
     (a) V;  A transient situation 5.2== OI vv

          

2 2

2 2

( ) 2.5 0.7 1.8
( ) 2.5 0.7 1.8  in saturation
( ) 5 (2.5 0.7) 1.8
( )5 2.5 2.5  in saturation

( ) (0.1)(1.8 0.8) 0.1

( ) (0.1)(2.5 0.8) 0.28

DS N

GS N N

SD P

SG P P

DN n GSN TN DN

DP P SGP TP DP

v M V
v M V M
v M V
v M V M
i K v V i mA

i K v V i

= − =
= − = ⇒
= − + =
− = ⇒

= − = − ⇒ =

= + = − ⇒ =

1 1

2 2

9

(50)(0.289) 14.45

(50)(0.1) 5 
C DP C

C DN C

mA

i i i mA

i i i mA

β

β

= = ⇒ =

= = ⇒ =  
     Difference between 1Ei  and 2DN Ci i+  is a load current. 
     (b) Assume  is a constant 1 14.45 Ci = mA

          

1
1

1
12

3

( )( )1

(5)(15 10 ) 5.19
14.45 10

C C
C C

C

i t V C
V i dt t

C C i

t t
−

−

⋅
= = ⇒ =

×
= ⇒ =

×

∫

ns
 

     (c) 

12

3

(5)(15 10 ) 260
0.289 10

t t
−

−

×
= ⇒ =

×
ns

 
______________________________________________________________________________________ 
 
17.44 
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     (a)   Assume  1 2 10 k ;R R= = Ω 50β =  

     Then 
1 2

0.7 0.07 mA
10R Ri i= = =

 
     NMOS in saturation region;  2.5 0.7 1.8 VGSNv = − =

           

( ) ( )(2 20.1 1.8 0.8
0.10 mA

DN n GSN TN

DN

i K v V
i

= − = −
=

)

     Then  2 20.03 (50)(0.03) 1.5 mAB Ci i= ⇒ = =

           1 1 11.53 mA 0.03 mA 1.5 mAE B Ci i i= ⇒ = ⇒ =

     So  0.10 mADPi =

     Now, PM  biased in non-saturation region 
           2.5 VSGPv =

           
20.10 0.10 2(2.5 0.8)DP SD SDi v⎡ ⎤= = − −⎣ ⎦v

=           
20.10 0.34 0.10 0SD SDv v− +

          

20.34 (0.34) 4(0.10)(0.10)
2(0.10)SDv

± −
=

 
     Or 
           0.325 VSDv =

     Then  5 0.325 0.7ov = − −

           3.975 Vov =

     (b) 
1 i tv idt
C C

⋅
= =∫

 

          

12

3

(15 10 )(5)
1.53 10

49 ns

Cvt
i

t

−

−

×
= =

×
=  

     (c) 

          

12

3

(15 10 )(5)
0.1 10

0.75 s

Cvt
i

t μ

−

−

×
= =

×
=  

______________________________________________________________________________________ 
 
 
 
 
 


