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Microelectronic Circuit Design 
Sixth Edition - Part III 
Solutions to Exercises 

         
 

CHAPTER  10 
         

 
Page 651 

 
Page 653 

 

         
Page 655 
VI is a dc value 

 
         

Page 657 

 
         

(")	%!" =
10)
100 = 0.100) = 100+) 

(,)	%!" =
10)
5000 = 0.002) = 2.00	+) 

(/)	%!" =
10)
10# = 1.00010$%) = 1.00	1) 

 

    

€ 

Av = −
360kΩ
68kΩ

= −5.29   |    vo = −5.29 0.5V( ) = −2.65 V

ii =
0.5V
68kΩ

= 7.35 µA   |    io = −i2 = −ii = −7.35 µA

!! =
2$

3.9() = 0.513	./			|			!" = !! = 0.513	./			|			!# = −!" = −0.513	./ 

/$ = − 22()
3.9() = −5.64			|			$# = −5.64(2$) = −11.3	$ 

!!" = −$# =
5&
25µ! = 200	*W			|			!!" = −,$$# = −2-10%!(4-10&%1,2200034) = −8	1,2200034	& 
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Page 659  

  

         
Page 662 
First exercise:  all answers are incorrect! Correct answers appear below. 

 
Add resistor R3 = 2 kW in parallel with the opamp input as in the schematic on page 659. 

         
Page 663 

 
         

    

€ 

Av =1+
36kΩ
2kΩ

= +19.0   |    vo =19.0 −0.2V( ) = − 3.80 V   |    io =
−3.80V

36kΩ+ 2kΩ
= −100 µA

−−−

Av =1+
39kΩ
1kΩ

= +40.0  |   AvdB = 20 log 40.0( ) = 32.0 dB  |   Rin =100kΩ ∞ =100kΩ

vo = 40.0 0.25V( ) =10.0 V   |   io =
10.0V

39kΩ+1kΩ
= 0.250 mA

−−−

Av =10
54
20 = 501     1+

R2

R1

= 501     
R2

R1

= 500     io =
vo

R2 + R1

     
10

R2 + R1

≤ 0.1 mA

R1 + R2 ≥100kΩ     501R1 ≥100kΩ→ R1 ≥ 200 Ω        There are many possibilities.
(R1 = 200 Ω,  R2 =100 kΩ),  but (R1 = 220 Ω,  R2 =110 kΩ) is a better solution since
resistor tolerances could cause io to exceed 0.1 mA in the first case.

 

    

€ 

Inverting Amplifier :  Av = −
30kΩ
1.5kΩ

= −20.0   |    Rin = R1 =1.5 kΩ   

vo = −20.0 0.15V( ) = −3.00 V   |    io =
vo

R2

=
−3.00V
30kΩ

= −100 µA

Non - Inverting Amplifier :  Av =1+
30kΩ
1.5kΩ

= +21.0   |    Rin =
vi

ii

=
0.15V

0 A
=∞

vo = 21.0 0.15V( ) = 3.15 V   |    io =
vo

R2 + R1

=
3.15V

30kΩ+1.5kΩ
=100 µA

−−−

Add resistor R3 in parallel with the op amp input as in the schemeatic on page 560 with R3 = 2 kΩ.

!!" = 3! $3%&1%&( = −9!			|			!!# = 4! $3%&2%&( = −6!			|			0! =	(−9234100067	 − 	6234200067)	! 

		  The summing junction is a virtual ground: 9$%" = &!
$!
= 9" = 1	%&			|				9$%# = &!"

$"
= 9# = 2	%&		 

:!" =
!!"
9'

= $−9!3%&( = −3	;<			|			:!# =
!!#
9'

= $−6!3%&( = −2	;<			|			0! =	(−3234100067	 − 	2234200067)	;< 
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Page 666   

 

          
Page 670 

 

         
Page 671 

 
         

Since i+ = 0,  I2 =
3V

10kΩ+100kΩ
= 27.3 µA

−−−

Av = −
100kΩ
10kΩ

= −10.0   |   VO = −10 3V − 5V( ) = +20.0 V    |   IO =
VO −V−
100kΩ

=
VO −V+
100kΩ

V+ =V2
R4

R3 + R4

= 5 100kΩ
10kΩ+100kΩ

= 4.545V

IO =
20.0− 4.545

100kΩ
= +155 µA   |   I2 =

5V
10kΩ+100kΩ

= 45.5 µA

−−−

Av = −
36kΩ
2kΩ

= −18.0   |   VO = −18 8V −8.25V( ) = 4.50 V    |   IO =
VO −V−
36kΩ

=
VO −V+
36kΩ

V+ =V2
R2

R1 + R2

= 8.25 36kΩ
2kΩ+36kΩ

= 7.816 V    |   IO =
4.50− 7.816

36kΩ
= −92.1 µA

    

€ 

Av = −
R2

R1

= −10
26
20 = −20.0   |    R1 = Rin =10 kΩ

R2 = 20R1 = 200 kΩ   |    C =
1

2π 3kHz( ) 200kΩ( )
= 265 pF

Closest values :  R1 =10 kΩ   |    R2 = 200 kΩ   |    C = 270 pF

 

Av = −
R2

R1

= −10
20
20 = −10.0   |   R1 = Rin =18 kΩ

R2 =10R1 =180 kΩ   |   C = 1
ωLR1

=
1

2π 5kHz( ) 18kΩ( )
=1.77 nF =1770 pF

Closest values: R1 =10 kΩ  |  R2 =180 kΩ  |  C =1800 pF
−−−

Rin = R1 =10 kΩ   |   ΔV = −
I
C
ΔT    |   C =

10V 2( )
10kΩ

1
10V
$

%
&

'

(
) 1ms( ) = 0.05 µF
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Page 672 

 

 
         

Page 675 

 

         
 

 

Av = −
R2

R1

= −10
20
20 = −10.0   |   R1 = Rin =18 kΩ

R2 =10R1 =180 kΩ   |   C = 1
ωLR1

=
1

2π 5kHz( ) 18kΩ( )
=1.77 nF =1770 pF

Closest values: R1 =10 kΩ  |  R2 =180 kΩ  |  C =1800 pF
−−−

Rin = R1 =10 kΩ   |   ΔV = −
I
C
ΔT    |   C =

10V 2( )
10kΩ

1
10V
$

%
&

'

(
) 1ms( ) = 0.05 µF

t (msec)
vO 2 4 6 8

-10V

    

€ 

vO = −RC dvI

dt
= − 20kΩ( ) 0.02µF( ) 2.50V( ) 2000π( ) cos2000πt( ) = −6.28cos2000πt  V
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CHAPTER  11 
         

Page 688 

 

 
Note that as Specification Sheets are updated over time, the various values may change.  

         
Page 689 

 
         

 

    

€ 

Av
Ideal =

1
β

=100   |    T = Aβ =
105

100
=1000   |    Av = Av

Ideal T
1+ T

=1001000
1001

= 99.90     

vo = Avvi = 99.9 0.1V( ) = 9.99 V   |    vid =
vo

A
=

9.99V
105 = 99.9 µV

−−−

Av
Ideal = −

R2

R1

   |    1
β

=1+
R2

R1

→
R2

R1

= 99   |    Av
Ideal = −99   |    T = Aβ =

105

100
=1000

Av = Av
Ideal T

1+ T
= −991000

1001
= −98.90     

vo = Avvi = −98.9 0.1V( ) = −9.89 V   |    vid =
vo

A
=
−9.89V

105 = −98.9 µV

−−−

Values taken from OP - 27 specification sheet
(www.jaegerblalock.com  or  www.analog.com)
−−−

Values taken from OP - 27 specification sheet 
(www.jaegerblalock.com  or  www.analog.com)

    

€ 

Av
Ideal =

1
β

=1+
R2
R1

=1+
39kΩ
1kΩ

= +40.0   |    T = Aβ =
104

40
= 250   |    Av = Av

Ideal T
1+ T

= 40 250
251

= 39.8

FGE =
1

1+ T
= 0.00398  or   0.398 %   |    FGE ≅

1
T

= 0.40 %

−−−

Av
Ideal = −

R2
R1

= −
39kΩ
1kΩ

= −39.0   |    β =
1

1+
R2
R1

=
1
40

   |     T = Aβ =
104

40
= 250   |    

Av = Av
Ideal T
1+ T

= −39 250
251

= −38.8   |    FGE =
1

1+ T
= 0.00398  or   0.398 %   |    FGE ≅

1
T

= 0.40 %
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Page 691 
 

Note that as Specification Sheets are updated over time, the various values may change.  
         

Page 692 

 

         
Page 693 

 

         
Page 695 

 
Note that as Specification Sheets are updated over time, the various values may change.  

         

  

€ 

Values taken from OP - 77 specification sheet  (www.jaegerblalock.com  or  www.analog.com) 

    

€ 

1+ T =
Ro

Rout

→ T =
50Ω
0.1Ω

−1= 499   |    A = T 1
β

& 

' 
( 
) 

* 
+ = 499 40( ) = 2.00x104

−−−

Av = Av
Ideal T
1+ T

   |    Av
Ideal =1+

R2
R1

=1+
39kΩ
1kΩ

= +40.0

T = Aβ =104 1kΩ
0.05kΩ+ 39kΩ+1kΩ

= 249.7   |    Av = Av
Ideal T
1+ T

= 40 249.7
250.7

= 39.8

- - -   

Av
max =1+

39kΩ 1.05( )
1kΩ 0.95( )

= 44.1   |    GE = 44.2 − 40.0 = 4.20  |   FGE =
4.20
40

=10.5 %

Av
min =1+

39kΩ 0.95( )
1kΩ 1.05( )

= 36.3   |   GE = 36.3− 40.0 = −3.70    FGE =
−3.70
40

= −9.3 %

    

€ 

1+ T =
Ro

Rout

→ T =
200Ω
0.1Ω

−1=1999   |    A = T
1
β

& 

' 
( 
) 

* 
+ =1999 100( ) = 2.00x105   or  106 dB

  

€ 

Values taken from op - amp specification sheets  (www.jaegerblalock.com  or  www.analog.com) 
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Page 697 

 

         

Rin = Rid 1+T( )  | T = Aβ =104 10kΩ 1MΩ

10kΩ 1MΩ+390kΩ

"

#
$$

%

&
''=

104

40.39
= 248

Rin =1MΩ 1+ 248[ ] = 249 MΩ

i− = −
vi
Rin

= −
1V

249MΩ
= −4.02 nA  |  i1 =

βvo
R1

  |  vo = Av
Ideal T

1+T
vi = 40 248

249
vi = 39.8vi

i1 =
βvo
R1

=
39.8
40.4

1V
10kΩ
"

#
$

%

&
'= 98.5 µA  | Yes,  i1 >> i−

If we assume 1MΩ >>10kΩ, T = Aβ =104 10kΩ
10kΩ+390kΩ
"

#
$

%

&
'=

104

40
= 250

Rin =1MΩ 1+ 250[ ] = 251 MΩ

i− = −
vi
Rin

= −
1V

251MΩ
= −3.98 nA  |  i1 =

βvo
R1

  |  vo = Av
Ideal T

1+T
vi = 40 250

251
vi = 39.8vi

i1 =
βvo
R1

=
39.8
40

1V
10kΩ
"

#
$

%

&
'= 99.5 µA  | Yes,  i1 >> i−

    

€ 

Rin ≅ R1 + Rid
R2
1+ A

=1kΩ+1MΩ
100kΩ
1+105

=1001 Ω   |    Rin
ideal = R1 =1000 Ω   |    1 Ω  or  0.1 %
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Page 705 

 

Av
Ideal =1+ R2

R1

=1+ 91kΩ
10kΩ

=10.1

Rin
D = Rid + R1 R2 + Ro( ) = 25kΩ+10kΩ 91kΩ+1kΩ( ) = 34.0 kΩ

Rout
D = Ro R2 + R1 Rid"# $%=1kΩ 91kΩ+10kΩ 25kΩ"# $%= 990 Ω

T = Ao
R1 Rid

Ro + R2 + R1 Rid
=104 10kΩ 25kΩ

1kΩ+ 91kΩ+10kΩ 25kΩ
= 720

Av = Av
Ideal T

1+T
=10.1 720

1+ 720
=10.1

Rin = Rin
D 1+T( ) = 34.0kΩ 1+ 720( ) = 24.5 MΩ

Rout =
Rout
D

1+T
=

990Ω
1+ 720

=1.37 Ω

−−−

Av
Ideal =1+ R2

R1

=1+ 91kΩ
10kΩ

=10.1

Rin
D = RI + Rid + R1 R2 + Ro RL( ) = 2kΩ+ 25kΩ+10kΩ 91kΩ+1kΩ 5kΩ( ) = 36.0 kΩ

Rout
D = RL Ro R2 + R1 Rid + RI( )"# $%= 5kΩ 1kΩ 91kΩ+10kΩ 25kΩ+ 2kΩ( )"# $%= 826 Ω

vth = Ao
RL

Ro + RL
vid

'

(
)

*

+
,

R1

RL Ro + R2 + R1

=104 5kΩ
1kΩ+ 5kΩ

vid
10kΩ

1kΩ 5kΩ+ 91kΩ+10kΩ
= 818vid    

Rth = R1 R2 + RL Ro( ) =10kΩ 91kΩ+1kΩ 5kΩ( ) = 9.02 kΩ

T = vth
vid

'

(
)

*

+
,

Rid
Rth + Rid + RI

= 818 25kΩ
9.02kΩ+ 25kΩ+ 2kΩ

= 568

Av = Av
Ideal T

1+T
=10.1 568

1+ 568
=10.1

Rin = Rin
D 1+T( ) = 36.0kΩ 1+ 568( ) = 20.5 MΩ

Rout =
Rout
D

1+T
=

826Ω
1+ 568

=1.45 Ω

−−−

Continued on next page.
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Page 705 cont. 

 

         
    

€ 

Av
Ideal =1+

R2
R1

=1+
91kΩ
10kΩ

=10.1

Rin
D = Rid = 25kΩ   |    Rout

D = Ro =1 kΩ

T = Ao
R1

R1 + R2
=104 10kΩ

10kΩ+ 91kΩ
= 990

Av = Av
Ideal T
1+ T

=10.1 990
1+ 990

=10.1

Rin = Rin
D 1+ T( ) = 25.0kΩ 1+ 990( ) = 24.8 MΩ

Rout =
Rout

D

1+ T
=
1kΩ
1+ 990

=1.01 Ω

−−−

Av
Ideal =1+

R2
R1

=1+
91kΩ
10kΩ

=10.1

Rin
D = RI + Rid + R1 R2 + Ro( ) = 5kΩ+ 25kΩ+10kΩ 91kΩ+1kΩ( ) = 39.0 kΩ

Rout
D = Ro R2 + R1 Rid + RI( )[ ] =1kΩ 91kΩ+10kΩ 25kΩ+ 5kΩ( )[ ] = 990 Ω

vth = Aovid
R1

Ro + R2 + R1
=104vid

10kΩ
1kΩ+ 91kΩ+10kΩ

= 980vid    

Rth = R1 R2 + Ro( ) =10kΩ 91kΩ+1kΩ( ) = 9.02 kΩ

T =
vth

vid

Rid

Rth + Rid + RI

= 980 25kΩ
9.02kΩ+ 25kΩ+ 5kΩ

= 628

Av = Av
Ideal T
1+ T

=10.1 628
1+ 628

=10.1

Rin = Rin
D 1+ T( ) = 39.0kΩ 1+ 628( ) = 24.5 MΩ

Rout =
Rout

D

1+ T
=
990Ω
1+ 628

=1.57 Ω
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Page 709 

 

 

         
Page 711 

 

         

    

€ 

Rin
D =

vi

ii

= RI Rid RF + Ro( )     |      Rout
D =

vo

io

= Ro RF + Rid RI( )

Atr
Ideal = −RF = −91kΩ

Rin
D = RI RF + Ro( ) =10kΩ 91kΩ+1kΩ( ) = 9.02 kΩ

Rout
D = Ro RF + RI( ) =1kΩ 91kΩ+10kΩ( ) = 990 Ω

T = Ao
RI

Ro + RF + RI
=104 10kΩ

1kΩ+ 91kΩ+10kΩ
= 980

Atr = Atr
Ideal T

1+T
= −91kΩ 980

1+ 980
= −90.9 kΩ

Rin =
Rin
D

1+T
=

9.02kΩ
1+ 980

= 9.19 Ω     Rout =
Rout
D

1+T
=

990Ω
1+ 980

=1.01 Ω

−−−

Atr
Ideal = −RF = −91kΩ

Rin
D = Rid RF + Ro( ) = 25kΩ 91kΩ+1kΩ( ) =19.7 kΩ

Rout
D = Ro RF + Rid( ) =1kΩ 91kΩ+ 25kΩ( ) = 991 Ω

T = Ao
Rid

Ro + RF + Rid
=104 25kΩ

1kΩ+ 91kΩ+ 25kΩ
= 2137

Atr = Atr
Ideal T

1+T
= −91kΩ 2137

1+ 2137
= −91.0 kΩ

Rin =
Rin
D

1+T
=

19.7kΩ
1+ 2137

= 9.21 Ω     Rout =
Rout
D

1+T
=

991Ω
1+ 2137

= 0.464 Ω
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Page 716 

 

         
Page 718     

LTSpice Drawing 

 
Rin = Rid||(R2 + R1||Ro)     |     Rin = Ro + R1||(R2 + Rid) 

         
Page 720 

 

         

    

€ 

Atc
Ideal = −

1
R

= −
1

10kΩ
= −10−4 S

Rin
D = Rid + R Ro = 25kΩ+10kΩ 1kΩ = 25.9 kΩ

Rout
D = Ro + R Rid =1kΩ+10kΩ 25kΩ = 8.14  kΩ

T = −
vth

vid

$ 

% 
& 

' 

( 
) 

Rid

Rth + Rid

= 9090 25kΩ
0.909kΩ+ 25kΩ

= 8770

Atc = −
1
R

T
1+ T

$ 

% 
& 

' 

( 
) = −

1
10kΩ

8770
1+ 8770
$ 

% 
& 

' 

( 
) = −0.100 mS

Rin = Rin
D 1+ T( ) = 25.9kΩ 1+ 8770( ) = 227 MΩ

Rout = Rout
D 1+ T( ) = 8.14kΩ 1+ 8770( ) = 71.4 MΩ

    

€ 

Ai
Ideal =1+

R2
R1

=1+
27kΩ
3kΩ

= +10

Rin
D = Rid R2 + R1 Ro( ) = 25kΩ 27kΩ+ 3kΩ 1kΩ( ) =13.2 kΩ

Rout
D = Ro + R1 R2 + Rid( ) =1kΩ+ 3kΩ 27kΩ+ 25kΩ( ) = 3.84  kΩ

T = Ao

R1 R2 + Rid( )[ ]
R1 R2 + Rid( ) + Ro

Rid

R2 + Rid

# 

$ 
% 

& 

' 
( 

T =104
3kΩ 27kΩ+ 25kΩ( )

1kΩ+ 3kΩ 27kΩ+ 25kΩ( )
25kΩ

27kΩ+ 25kΩ

# 

$ 
% 

& 

' 
( = 3555

Ai = +10 T
1+ T

# 

$ 
% 

& 

' 
( = +10 3555

1+ 3555
# 

$ 
% 

& 

' 
( = +10.0

Rin =
Rin

D

1+ T( )
=
13.2kΩ
1+ 3555

= 3.71 Ω

Rout = Rout
D 1+ T( ) = 3.84kΩ 1+ 3555( ) =13.7 MΩ
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Page 721 

 

         
Page 726 

 

         
Page 727 

 

Note that as Specification Sheets are updated over time, the various values may change.  
         

Page 730 

 

            
 

    

€ 

Rid
' = RI Rid =10kΩ 25kΩ = 7.14  kΩ

Ai
Ideal =1+

R2
R1

=1+
270kΩ
30kΩ

= +10

Rin
D = Rid

' R2 + R1 Ro( ) = 7.14kΩ 270kΩ+ 30kΩ 1kΩ( ) = 6.96 kΩ

Rout
D = Ro + R1 R2 + Rid

'( ) =1kΩ+ 30kΩ 270kΩ+ 7.14kΩ( ) = 28.1 kΩ

T = Ao

R1 R2 + Rid
'( )[ ]

R1 R2 + Rid
'( ) + Ro

Rid
'

R2 + Rid
'

# 

$ 
% 

& 

' 
( 

T =104
30kΩ 270kΩ+ 7.14kΩ( )

30kΩ 270kΩ+ 7.14kΩ( ) +1kΩ
7.14  kΩ

270kΩ+ 7.14kΩ

# 

$ 
% 

& 

' 
( = 248.5

Ai = +10 T
1+ T

# 

$ 
% 

& 

' 
( = +10 248.5

1+ 248.5
# 

$ 
% 

& 

' 
( = +9.96

Rin =
Rin

D

1+ T( )
=
6.96kΩ
1+ 248.5

= 27.9 Ω

Rout = Rout
D 1+ T( ) = 28.1kΩ 1+ 248.5( ) = 7.01 MΩ

VO =VOS
A

1+ A
= 0.001V 1000

1001
!

"
#

$

%
&= .999 mV    |   VO = AVOS =100 0.001V( ) =1.00V

    

€ 

Values taken from op - amp specification sheets  (www.jaegerblalock.com  or  www.analog.com) 
−−−

VO ≤ 50 0.002V( )→−0.100 V ≤VO ≤ +0.100 V

    

€ 

Values taken from op - amp specification sheets  (via www.jaegerblalock.com  or  www.analog.com) 
−−−

R = 39kΩ 1kΩ = 975 Ω

R =1 kΩ is the closest 5% value,  or one could use 39 kΩ and 1 kΩ resistors in parallel.
−−−

vO t( ) = VOS +
VOS

RC
t +

IB 2

C
t   |    1.5mV +

1.5mV
10kΩ 100 pF( )

t +
100nA
100 pF

t =15V → t = 6.00 ms
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Note that as Specification Sheets are updated over time, the various values may change. 
 
Page 731 

 
         

Page 733 

 

         
Page 735 

 
         

Page 737 

 

         
Page 739 

 

         

  

€ 

Values taken from op - amp specification sheets  (via www.jaegerblalock.com  or  www.analog.com) 

Values taken from op-amp specification sheets (via www.jaegerblalock.com  or  www.analog.com)
−−−

REQ = RL R2 + R1( ) ≥ 20V
5mA

= 4kΩ     R1 + R2 ≥
1

4kΩ
−

1
5kΩ

$

%
&

'

(
)
−1

= 20kΩ

Including 5% tolerances, R1 + R2 ≥ 21kΩ     Av =10→ R2 = 9R1

A few possibilities: 27 kΩ and 3 kΩ,  270 kΩ and 30 kΩ,  180 kΩ and 20 kΩ,  etc.
−−−

IO
Max =

10V
0.9 100kΩ( )+, -. 0.9 5kΩ( )+, -.

= 2.33 mA

  

€ 

Values taken from op - amp specification sheets  (via www.jaegerblalock.com  or  www.analog.com) 

    

€ 

vo = A vid +
vic

CMRR

" 

# 
$ 

% 

& 
'      

vo
min = A vid +

vic

CMRR

" 

# 
$ 

% 

& 
' = 2500 0.002 − 5.000

104
" 

# 
$ 

% 

& 
' = 3.750 V

vo
max = A vid +

vic

CMRR

" 

# 
$ 

% 

& 
' = 2500 0.002 +

5.000
104

" 

# 
$ 

% 

& 
' = 6.250 V   |    3.750 V ≤ vO ≤ 6.250 V

    

€ 

Av =

A 1+
1

2CMRR

" 

# 
$ 

% 

& 
' 

1+ A 1− 1
2CMRR

" 

# 
$ 

% 

& 
' 

=

104 1+
1

2x104

" 

# 
$ 

% 

& 
' 

1+104 1− 1
2x104

" 

# 
$ 

% 

& 
' 

=1.000        Av =

103 1+
1

2x103

" 

# 
$ 

% 

& 
' 

1+103 1− 1
2x103

" 

# 
$ 

% 

& 
' 

=1.000
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Note that as Specification Sheets are updated over time, the various values may change. 
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Page 748 

 

         

    

€ 

GE = FGE Av( ) ≤ 5x10−5 1( ) = 5x10−5      Worst case occurs for negative CMRR :  GE ≅
1
A

+
1

CMRR
    

If both terms make equal contributions :   A = CMRR =
1

2.5x10−5
= 4x104   or  92 dB

For other cases :   CMRR = 5x10−5 − 1
A

% 

& 
' 

( 

) 
* 

−1

    or     A = 5x10−5 − 1
CMRR

% 

& 
' 

( 

) 
* 

−1

A =100 dB     CMRR = 5x10−5 − 1
105

% 

& 
' 

( 

) 
* 

−1

= 2.5x104   or  88 dB

CMRR =100 dB     A = 5x10−5 − 1
105

% 

& 
' 

( 

) 
* 

−1

= 2.5x104   or  88 dB

  

€ 

Values taken from op - amp specification sheets (via www.jaegerblalock.com  or  www.analog.com)

    

€ 

Ao =10
100
20 =105   |    ωB =

ωT

Ao

=
2π 5x106( )
105

=
107π
105

=100π   |    fB =
100π
2π

= 50 Hz

A s( ) =
ωT

s +ωB

=
107π

s +100π
−−−

Av s( ) =
ωT

s +
ωT

Ao

=
2π x 106

s +
2π x 106

2x105

=
2π x 106

s +10π

    

€ 

Ao =10
90
20 = 31600   |    fB =

fT

Ao

=
5x106

31600
=158 Hz   |    fH ≅ βfT = 0.01 5MHz( ) = 50 kHz

A s( ) =
ωT

s +ωB

=
2π 5x106( )
s + 2π 158( )

=
107π

s + 316π
    |     Av s( ) =

2π 5x106( )
s + 2π 5x104( )

=
107π

s +105π

−−−

Aβ =
ωT

s +ωB

β   |    For ωH >>ωB :   Aβ ≅ βωT

jωH

=
1
j

= − j1   since  ωH = βωT
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Page 754 

 

Note that as Specification Sheets are updated over time, the various values may change. 
         

Page 761 

 

         

Ao =10
90
20 = 31600   |   fB =

fT
Ao

=
5x106

31600
=158 Hz   |   fH ≅ β fT =

5MHz

1+10
50
20

=15.8 kHz

A s( ) =
2π 5x106( )
s+ 2π 158( )

=
107π
s+316π

    |    Av s( ) =
2π 5x106( )

s+ 2π 16.0x103( )
=

107π
s+3.20x104π

−−−

fH ≅ β fT =1 10MHz( ) =10 MHz   |   fH ≅ β fT =
1
2

10MHz( ) = 5 MHz

Ao =10
100
20 =105    |   fB =

fT
Ao

=
10x106

105 =100 Hz   |   fH ≅ β fT =
10MHz

10
60
20

=
10MHz
1000

=10 kHz

A s( ) = ωT

s+ωB

=
2π 107( )

s+ 2π 100( )
=

2x107π
s+ 200π

    |    Av s( ) =
2x107π

s+ 2.02x104π
≅

2x107π
s+ 2x104π

    

€ 

VM ≤
SR
ω

=
5x105V / s
2π 20kHz( )

= 3.98 V   |    f M =
SR
2πVFS

=
5x105V / s
2π 10V( )

= 7.96 kHz

    

€ 

Values taken from op - amp specification sheets (via www.jaegerblalock.com  or  www.analog.com)

Ao =1.8x106    |    fT = 8 MHz   |    ωB =
ωT

Ao

=
2π 8MHz( )
1.8x106

= 8.89π   |    RC =
1
ωB

=
8.89π

 s

    

€ 

0.01= exp −
πζ

1−ζ 2

% 

& 
' 
' 

( 

) 
* 
*    |    Let κ =

ln100
π

% 

& 
' 

( 

) 
* 

2

   |    ζ =
κ
1+κ

= 0.826

φM = tan−1 2ζ

4ζ 4 +1 − 2ζ 2( )
0.5 = 70.9o

cos 45o( ) = 4ζ 4 +1 − 2ζ 2 →ζ = 0.420   |    Overshoot =100% exp −
πζ

1−ζ 2

% 

& 
' 
' 

( 

) 
* 
* = 23.4  %

−−−

Settling within the 10% error bars requires ωnt ≥13.  ∴ωn ≥
13
10−5 s

=1.3x106rad / s

ωn = ωBω2 1+ Aoβ( ) ≅ ωBω2Aoβ = βωTω2    |    f2 =
fn
2

βfT

≥
1.3x106 /2π( )

2

0.1 106( )
= 428 kHz

1 
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Page 762 

 

         
Page 766 

 

         

    

€ 

∠T jω1( ) = −180o → 3tan−1ω1
1

=180→ω1 = 3

T jω180( ) =
5

ω1
2 +1( )

3 =
5

3+1( )
3 =

5
8

   |    GM =
8
5

=1.60  or  4.08 dB

    

€ 

From the upper graph,  the final value of the first step is 5 mV, and the peak of the response is 

approximately 4mV + 2mV 9.5mm
11mm

" 

# 
$ 

% 

& 
' = 5.7 mV . Overshoot =100% 5.7mV − 5mV

5mV
=14 %

0.14 = exp −
πζ

1−ζ 2

" 

# 
$ 
$ 

% 

& 
' 
'    |    Let κ =

− ln0.14
π

" 

# 
$ 

% 

& 
' 

2

= 0.3917   |    ζ =
κ
1+κ

= 0.5305

φM = tan−1 2ζ

4ζ 4 +1 − 2ζ 2( )
0.5 = 54.2o

−−−

From the lower graph,  the final value of the first step is 5 mV, and the peak of the response is 

approximately 5mV + 5mV 10mm
12mm

" 

# 
$ 

% 

& 
' = 9.2 mV . Overshoot =100% 9.2mV − 5mV

5mV
= 84 %

0.84 = exp −
πζ

1−ζ 2

" 

# 
$ 
$ 

% 

& 
' 
'    |    Let κ =

− ln0.84
π

" 

# 
$ 

% 

& 
' 

2

= 0.3080   |    ζ =
κ
1+κ

= 0.05541

φM = tan−1 2ζ

4ζ 4 +1 − 2ζ 2( )
0.5 = 6.34o

−−−

The µA741 curves will be distorted by slew rate limiting.
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CHAPTER  12 
         

Page 784 

 

         
Page 789 

 

         

    

€ 

AvA = AvB = AvC = −
R2
R1

= −
68kΩ
2.7kΩ

= −25.2   |    RinA = RinB = RinC = R1 = 2.7 kΩ

The op - amps are ideal :  RoutA = RoutB = RoutC = 0
−−−

Av = AvA AvB AvC = −25.2( )
3

= −16,000   |    Rin = RinA = 2.7 kΩ   |    Rout = RoutC = 0

−−−

Av = −25.2( )
3 2.7kΩ

Rout + 2.7kΩ

$ 

% 
& 

' 

( 
) 

2

≥ 0.99 25.2( )
3
   |    2.7kΩ

Rout + 2.7kΩ

$ 

% 
& 

' 

( 
) 

2

≥ 0.99

2.7kΩ
Rout + 2.7kΩ

≥ 0.9950   →    Rout ≥13.6 Ω

    

€ 

Av 0( ) = 50 25( ) =1250   |    Av ωH( ) =
1250
2

= 884

1+
ωH
2

10000π( )
2

$ 

% 

& 
& 

' 

( 

) 
) 
 1+

ωH
2

20000π( )
2

$ 

% 

& 
& 

' 

( 

) 
) 

= 2→ ωH
2( )

2
+ 4.935x109ωH

2 − 3.896x1018 = 0

ωH
2 = 6.925x108 →ωH = 26.3x103 → fH =

26.3x103

2π
= 4190 Hz

−−−

Av 0( ) = −100 66.7( ) 50( ) = −3.33x105      Av ωH( ) =
−3.34x105

2
= −2.36x105

1+
ωH
2

10000π( )
2

$ 

% 

& 
& 

' 

( 

) 
) 
 1+

ωH
2

15000π( )
2

$ 

% 

& 
& 

' 

( 

) 
) 
 1+

ωH
2

20000π( )
2

$ 

% 

& 
& 

' 

( 

) 
) 

= 2

ωH
6 + 7.156x109ωH

4 +1.486x1010ωH
2 − 8.562x1027 = 0

Using MATLAB,  ωH = 21.7x103 → fH =
21.7x103

2π
= 3450 Hz

−−−

Av 0( ) = −30( )
3

= −2.70x104     |     fH = 33.3kHz( ) 2
1
3 −1 =17.0 kHz
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Page 795 

 
         

Page 798 

  

         
Page 801 

 

         

    

€ 

Av1 =1+
130kΩ
22kΩ

= 6.909   |    vO1 = 0.001 6.909( ) = 6.91 mV   |    vO2 = 0.001V 6.909( )
2

= 47.7 mV

vO3 = 0.001 6.909( )
3

= 330 mV   |    vO4 = 0.001V 6.909( )
4

= 2.28 V

vO5 = 0.001V 6.909( )
5

=15.7 V >15 V .   ∴vO5 = VO
max =15 V

vO6 =15V 6.909( ) =104  V >15 V .   ∴vO6 = VO
max =15 V

    

€ 

VA = V1 + IR2   |    VB = V2 − IR2   |    I =
VA −VB

2R1
=
5.001V − 4.999V

2kΩ
=1.00 µA

VA = V1 + IR2 = 5.001V +1.00µA 49kΩ( ) = 5.05 V

VB = V2 − IR2 = 4.999V −1.00µA 49kΩ( ) = 4.95 V 

VO = −
R4
R3

$ 

% 
& 

' 

( 
) VA −VB( ) = −

10kΩ
10kΩ

$ 

% 
& 

' 

( 
) 5.05 − 4.95( ) = −0.100 V

    

€ 

ALP s( ) =
ωo
2

s2 + sωo

Q
+ωo

2
   |    ALP 0( ) =

ωo
2

ωo
2 =1  or  0 dB

For Q =
1
2

:  ALP jω( ) =
ωo
2

−ω 2 + jω 2ωo +ωo
2

   |    ALP jωH( )
2

=
ωo
4

ωo
2 −ωH

2( )
2

+ 2ωo
2ωH

2
=

1
2

$ 

% 
& 

' 

( 
) 

2

2ωo
4 =ωo

4 +ωH
4 →ωH =ωo

−−−

To increase the cutoff frequency from 5 kHz to 10 kHz while maintaining the resistances

the same,  we must decrease the capacitances by a factor of 10kHz
5kHz

= 2

∴   C1 =
0.02µF
2

= 0.01 µF   |    C2 =
0.01µF
2

= 0.005 µF

−−−

ALP jω( ) =
ωo
2

−ω 2 + jωωo

Q
+ωo

2
   |    ALP jωo( ) =

ωo
2

−ωo
2 + jωo

2

Q
+ωo

2

= − jQ   |    ALP jωo( ) = Q
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Page 802 

 

         
Page 803 

 

         
Page 804 

 

         
Page 805 

 
         

 

    

€ 

To decrease the cutoff frequency from 5 kHz to 2 kHz, we must increase the

resistances by a factor of 5kHz
2kHz

= 2.50→ R1 = R2 = 2.50 2.26kΩ( ) = 5.65 kΩ

Q =
2C
C

R2

2R
=

2
2

=
1
2

   |    Q is unchanged.

−−−

1
2

=
C
C

R1R2
R1 + R2

→ R1
2 + 2R1R2 + R2

2 = 2R1R2 → R1
2 = −R2

2  - -  can' t be done!

Q =
R1R2

R1 + R2
    dQ

dR2
=

1

R1 + R2( )
2

R1 R1 + R2( )
2 R1R2

− R1R2
% 

& 
' 
' 

( 

) 
* 
* 

= 0→ R2 = R1→Qmax =
1
2

AHP jωo( ) = K −ωo
2

−ωo
2 + j 3−K( )ωo

2 +ωo
2 =

K
3−K

   |   AHP jωo( ) = K
3−K

∠90o

−−−

 fo =
1

2π 10kΩ 20kΩ( ) 0.0047µF( ) 0.001µF( )
= 5.19 kHz

Q =
10kΩ
20kΩ

4.7nF +1.0nF
4.7nF 1.0nF( )

+ 1− 2( )
20kΩ 1.0nF( )
10kΩ 4.7nF( )

$

%

&
&

'

(

)
)

−1

= 0.829

    

€ 

SK
Q =

K
Q

dQ
dK

   |    Q =
1

3− K
   |    dQ

dK
=

−1

3− K( )
2 −1( ) = Q2   |    SK

Q =
K
Q

dQ
dK

= KQ

Q =
1

3− K
→ KQ = 3Q −1    SK

Q = 3Q −1=
3
2
−1=1.12

    

€ 

Rth = 2kΩ 2kΩ =1kΩ  |   fo =
1

2π 1kΩ 82kΩ( ) 0.02µF( ) 0.02µF( )
= 879 Hz  |   Q =

1
2
82kΩ
1kΩ

= 4.53
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Page 807 

 

         
    

€ 

SC1
Q =

C1
Q

dQ
dC1

=
C1
Q

1
2 C1C2

R1R2
R1 + R2

" 

# 
$ 
$ 

% 

& 
' 
' 

=
C1
Q

Q
2C1

= 0.5

SR2
Q =

R2
Q

dQ
dR2

   |    R1 = R2 →Q =
1
2

C1
C2

→ SR2
Q = 0

−−−

SR
ωo =

R
ωo

dωo

dR
=

R
ωo

−1
R2C

+ 

, 
- 

. 

/ 
0 = −

ωo

ωo

= −1   |    SC
ωo =

C
ωo

dωo

dR
=

C
ωo

−1
RC2

+ 

, 
- 

. 

/ 
0 = −

ωo

ωo

= −1

SK
Q =

K
Q

dQ
dK

=
K
Q

−1( ) −1( )
3− K( )

2 =
K
Q

Q2 = KQ =
K

3− K

−−−

SR1

ωo =
R1
ωo

dωo

dR1
=

R1
ωo

−
ωo

2Rth

+ 

, 
- 

. 

/ 
0 

dRth

dR1
= −

R1
2Rth

Rth
2

R1
2

+ 

, 
- 

. 

/ 
0 = −

1
2

R3
R1 + R3

SR2

ωo =
R2
ωo

dωo

dR2
=

R2
ωo

−
ωo

2R2

+ 

, 
- 

. 

/ 
0 = −

1
2

SR3

ωo =
R3
ωo

dωo

dR1
=

R3
ωo

−
ωo

2Rth

+ 

, 
- 

. 

/ 
0 

dRth

dR3
= −

R3
2Rth

Rth
2

R3
2

+ 

, 
- 

. 

/ 
0 = −

1
2

R1
R1 + R3

SC
ωo =

C
ωo

dωo

dC
=

C
ωo

−
ωo

C

+ 

, 
- 

. 

/ 
0 = −1

SR1
Q =

R1
Q

dQ
dR1

=
R1
Q

−
Q
2Rth

+ 

, 
- 

. 

/ 
0 

dRth

dR1
= −

R1
2Rth

Rth
2

R1
2

+ 

, 
- 

. 

/ 
0 = −

1
2

R3
R1 + R3

SR2
Q =

R2
Q

dQ
dR2

=
R2
Q

Q
2R2

+ 

, 
- 

. 

/ 
0 = +

1
2

SR1
Q =

R3
Q

dQ
dR3

=
R3
Q

−
Q
2Rth

+ 

, 
- 

. 

/ 
0 

dRth

dR3
= −

R3
2Rth

Rth
2

R3
2

+ 

, 
- 

. 

/ 
0 = −

1
2

R1
R1 + R3

SC
Q =

C
Q

dQ
dC

=
C
Q
0( ) = 0   |    SC

BW =
C

BW
dBW
dC

=
C

BW
−

BW
C

+ 

, 
- 

. 

/ 
0 = −1   
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€ 

a( )  R1 = R2 = 5 2.26kΩ( ) =11.3 kΩ  |   C1 =
0.02µF
5

= 0.004 µF  |   C2 =
0.01µF
5

= 0.002 µF

fo =
1

2π 11.3kΩ( ) 11.3kΩ( ) 0.004µF( ) 0.002µF( )
= 4980 Hz

Q =
11.3kΩ
11.3kΩ

0.004µF( ) 0.002µF( )
0.004µF + 0.002µF

=
2
3

= 0.471

b( )  R1 = R2 = 0.885 2.26kΩ( ) = 2.00 kΩ  |   C1 =
0.02µF
0.885

= 0.0226 µF  |   C2 =
0.01µF
0.885

= 0.0113 µF

fo =
1

2π 2.00kΩ( ) 2.00kΩ( ) 0.0226µF( ) 0.0113µF( )
= 4980 Hz

Q =
2.00kΩ
2.00kΩ

0.0226µF( ) 0.0113µF( )
0.0226µF + 0.0113µF

=
2
3

= 0.471

−−−

fo =
1

2π 2kΩ 2kΩ( ) 82kΩ( ) 0.02µF( ) 0.02µF( )
= 879 Hz  |   Q =

82kΩ
1kΩ

0.02µF( ) 0.02µF( )
0.02µF + 0.02µF

= 4.53

The values of the resistors are unchanged.  C1 = C2 =
0.02µF
4

= 0.005 µF

fo =
1

2π 1kΩ( ) 82kΩ( ) 0.005µF( ) 0.005µF( )
= 3520 Hz  |   Q =

82kΩ
1kΩ

0.005µF( ) 0.005µF( )
0.005µF + 0.005µF

= 4.53

    

€ 

ΔvO = −
C1
C2

VI = −
2 pF
0.5 pF

0.1V = −0.4  V

vO T( ) = 0 + ΔvO = −0.4  V   |    vO 5T( ) = 0 + 5ΔvO = −2.0 V   |    vO 9T( ) = 0 + 9ΔvO = −3.6 V

    

€ 

fo =
1
2π

fC
C3C4

C1C2

=
200kHz
2π

4 pF 0.25 pF( )
3pF 3pF( )

=10.6 kHz

Q =
C3

C4

C1C2

C1 + C2

=
4 pF
0.25 pF

3pF 3pF( )
3pF + 3pF

= 2   |    BW =
fo

Q
=
10.6 kHz

2
= 5.30 kHz

ABP jωo( ) = −
R2
2R1

= −
C3

2C4

= −
4 pF
0.5 pF

= −8.00
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Answers are correct 
---- 
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0.011000012 = 2−2 + 2−3 + 2−8( )10
= 0.3789062510    |   0.100010002 = 2−1 + 2−5( )10

= 0.5312510

VO =
5.12V

212 211 + 29 + 27 + 25 + 23 + 21( ) = 3.41250 V

VLSB =
5.12V

212 =1.25 mV   |  VMSB =
5.12V

2
= 2.56 V

VOS =VO 000( ) = 0.100 VFS    |   VLSB =
0.8VFS − 0.1VFS

7
= 0.1 VFS

2R =1 kΩ  |  4R = 2 kΩ  |  8R = 4 kΩ  |  16R = 8 kΩ  |  32R =16 kΩ  |  64R = 32 kΩ
128R = 64 kΩ  |  256R =128 kΩ  |  R = 500 Ω

RTotal = R+ 2R+ 2R+ n−1( ) 2R+ R( ) = 3n+ 2( )R  |   RTotal = 3x8+ 2( ) 1kΩ( ) = 26 kΩ
−−−

R =1 kΩ   |   2R = 2 kΩ   |   4R = 4 kΩ   |   8R = 8 kΩ   |   16R =16 kΩ   |   32R = 32 kΩ
64R = 64 kΩ   |   128R =128 kΩ   |   256R = 256 kΩ   |   RTotal = 511 kΩ

In general: RTotal = R 20 + 21 +...+ 2n−1 + 2n( ) = 2n+1 −1( )R   |   RTotal = 28+1 −1( )1kΩ = 511 kΩ

The general case requires 2n  resistors, and the number of switches is

21 + 22 +...+ 2n( ) = 2 20 + 22 +...+ 2n−1( ) = 2 2n −1( ) = 2n+1 − 2

210 =1024 resistors   |   210+1 − 2 = 2046 switches.

a( )  In general: CTotal =C 20 + 21 +...+ 2n( ) = 2n+1 −1( )C    |    CTotal = 28+1 −1( )1pF = 511 pF

b( )  In general: CTotal = 2C + 2C + n−1( ) 2C +C( ) = 3n+1( )C    |    CTotal = 25 1pF( ) = 25 pF

c( )  A = 25pF
5 fF µm2 =

25x10−12

5x10−15 µm2 = 5000 µm2
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VLSB =
5V
28 =19.53 mV   |  1.2V 28LSB

5V
= 61.44 LSB   |   The closest code is 6110 = 001111012

    

€ 

2n ≥106    |    n ≥ 6 log10
log2

=19.93→ n ≥ 20 bits

−−−

The minimum width is 0 corresponding to the missing code 110.
The maximum code width is 2.5 LSB corresponding to output code 101.
DNL = 2.5 −1=1.5 LSB
At code 110,  the ADC transfer characteristic is 1 LSB off of the fitted line.  
∴ INL =1 LSB

    

€ 

TT
max =

2n

fC

=
212

2x106
= 2.048 ms   |    N max =

1
TT

max =
1

2.048ms
= 488 

conversions
second

    

€ 

TT =
n
fC

=
12
2x106

= 6.00 µs   |    N max =
1
TT

=
1
6µs

=167,000 conversions
second

    

€ 

VFS =
1

RC
VR t( )dt =

VRT
RC0

T

∫    |    RC =
VR

VFS

T =
VR

VFS

2n

fC

=
2.00V
5.12V

28

1MHz

# 

$ 
% 

& 

' 
( = 0.100 ms

    

€ 

TT
max =

2n+1

fC

=
217

106Hz
= 0.131 s   |    N max =

1
TT

max =
1

0.131s
= 7.63 

conversions
second

    

€ 

In general,  2n  resistors and 2n −1( ) comparators :  

210 =1024 resistors and 210 −1( ) =1023 comparators
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€ 

fo =
1

2π 10kΩ( ) 1nF( )
=15.9kHz    |     vo =

3 0.6V( )
2 − 10kΩ
10kΩ

% 

& 
' 

( 

) 
* 1+

24kΩ
12kΩ

% 

& 
' 

( 

) 
* −
24kΩ
10kΩ

= 3.00 V

−−−

SPICE Results :15.90 kHz,   3.33 V

    

€ 

For vI > 0,  the diode will conduct and pull the output up to vO = vI =1.0 V .
v1 = vO + vD =1.0 + 0.6 =1.6 V
For a negative input,  there is no path for current through R, so vO = 0 V .  The op - amp
sees a -1V input so the output will limit at the negative power supply :  vO = −10 V .
(Note that the output voltage will actually be determined by the reverse saturation  current
of the diode :  vO = −IS R ≅ 0.)
The diode has a 10 - V reverse bias across it,  so VZ >10 V .

    

€ 

vS = +2 V :  Diode D2 conducts,  and D1 is off.  The negative input is a virtual ground.
v1 = −vD2 = −0.6 V .     The current in R is 0,  so vO = 0 V .  
vI = −2 V :  Diode D1 conducts,  and D2 is off.  The negative input is a virtual ground.  

vO = −
R2
R1

vI = −
68kΩ
22kΩ

−2V( ) = +6.18 V   |    v1 = vO + vD1 = 6.78 V .

The maximum output voltage is vO
max =15V − 0.6V =14.4  V .

Av = −
68kΩ
22kΩ

= −3.09   |    vI =
14.4V
−3.09

= −4.66 V

When vO =15 V ,  vD2 = −15 V ,  so VZ =15 V .

    

€ 

vO =
20kΩ
20kΩ

10.2kΩ
3.24kΩ
# 

$ 
% 

& 

' 
( 
2V
π

= 2.00 V

VI− = −
R1

R1 + R2

VEE = −
1kΩ

1kΩ+ 9.1kΩ
10V = −0.990 V

VI+ = +
R1

R1 + R2

VCC =
1kΩ

1kΩ+ 9.1kΩ
10V = +0.990 V

Vn = 0.990V − −0.990V( ) =1.98 V
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€ 

T = 2RC ln1+ β
1−β

   |    β =
R1

R1 + R2
=

6.8kΩ
6.8kΩ+ 6.8kΩ

=
1
2

T = 2 10kΩ( ) 0.001µF( ) ln 1+ 0.5
1− 0.5
% 

& 
' 

( 

) 
* = 21.97µs   |    f =

1
T

= 45.5 kHz

    

€ 

β =
R1

R1 + R2
=

22kΩ
22kΩ+18kΩ

= 0.550   |    T = 11kΩ( ) 0.002µF( ) ln
1+
0.7
5

1− 0.550

% 

& 

' 
' 
' 

( 

) 

* 
* 
* 

= 20.4  µs

Tr = 11kΩ( ) 0.002µF( ) ln
1+ 0.55 5V

5V
+ 

, 
- 

. 

/ 
0 

1− 0.7
5

% 

& 

' 
' 
' 
' 

( 

) 

* 
* 
* 
* 

=13.0 µs   |    Tmin = 20.4µs +13.0µs = 33.4  µs
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       |        

 
         

Page 877 

 

         
 
 

IC =αFIE =
60
61

15− 0.7
2 75kΩ( )

#

$
%
%

&

'
(
(
= 93.8 µA   |    VCE =15− 93.8µA 75kΩ( )− −0.7V( ) = 8.67 V

−−−

IC =αFIE =
60
61

15−VBE

2 75kΩ( )

#

$
%
%

&

'
(
(
    and   VBE = 0.025V ln IC

0.5x10-15 A
)

*
+

,

-
. → IC = 94.7 µA,  VBE = 0.649 V

IS =
IC

exp VBE

VT

)

*
+

,

-
.

=
94.7µA

exp 0.700V
25.9mV
)

*
+

,

-
.
= 0.173 fA

 

vid = v1 − v2 =1.01− 0.990 = 0.020 V    |   vic =
v1 + v2

2
=

1.01+ 0.99
2

=1.00 V

vid = v1 − v2 = 4.995− 5.005= −0.010 V    |   vic =
v1 + v2

2
=

4.995+ 5.005
2

= 5.00 V

vod = Addvid + Acdvic    |   voc = Adcvid + Accvic

2.20
0

"

#
$

%

&
'= Add Acd"

#
%
& 

0.02 1.00
−0.01 5.00

"

#
$

%

&
'→ Add Acd"

#
%
&= 100 0.20"

#
%
&

1.002
5.001

"

#
$

%

&
'= Adc Acc"

#
%
& 

0.02 1.00
−0.01 5.00

"

#
$

%

&
'→ Adc Acc"

#
%
&= 0.100 1.00"

#
%
&

Differential output: Adm = Add = −20VCC = −300   |   Acm = 0   |   CMRR =∞

Single-ended output: Adm =
Add
2
= +10VCC =150   |   Acm = −

150
300

= −0.5

CMRR = 20VEE = 300   |   CMRRdB = 20 log 300( ) = 49.5 dB
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Page 885  The problem should refer to Fig. 13.6.   
The MOS schematic will be identical except resistors rp are removed.   
The analyses are identical to Section 13.1.5 except gp = 0 and Rid = . 
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(74.3 µA, 15 V), (74.3 µA, 15 V), (750 µA, 15 V) 
         

    

€ 

VIC =15V 
1− 100
101

RC

2RC

# 

$ 
% 

& 

' 
( 
15 − 0.7
15

1+
100
101

RC

2RC

# 

$ 
% 

& 

' 
( 

) 

* 

+ 
+ 
+ 
+ 

, 

- 

. 

. 

. 

. 

= 5.30 V

  

€ 

IDC = ISS −
VO

RSS

=100µA− 15V
750kΩ

= 80 µA

    

€ 

ID =
ISS

2
=100 µA   |    VDS =12 − ID RD + VGS =12 −100µA 62kΩ( ) + VGS = 5.8V + VGS

VGS = VTN +
2ID

Kn

= VTN + 0.2V   |    VTN =1+ 0.75 VSB + 0.6 − 0.6( )   |    VSB = −VGS − −12V( )

VSB =11.8 −VTN    |    VTN =1+ 0.75 12.4 −VTN − 0.6( )→VTN = 2.75V   |    VDS = 8.75 V

Q− point :  100 µA,  8.75 V( )

    

€ 

Rod = 2ro ≅ 2
VA

IC

= 2 60V
37.5µA

= 3.20 MΩ   |    Roc ≅ 2µ f REE = 2 40( ) 60( ) 1MΩ( ) = 4.80 GΩ

idm = gmvdm = 40 37.5µA( )vdm =1.5x10−3vdm   |    icm ≅
vcm

2REE

=
vcm

2MΩ
= 5.00x10−7vcm

    

€ 

IC1 = IC 2 =
100
101

150µA
2

" 

# 
$ 

% 

& 
' = 74.3 µA   |    IC 3 =

15V
20kΩ

= 750 µA   |    VCE 3 =15 − 0 =15.0 V

VCE1 =15 − 74.3µA 10kΩ( ) − −0.7( ) =15.0 V   |    VCE 2 =15 − 74.3µA− 7.5µA( ) 10kΩ( ) − −0.7( ) =15.0 V

VEB 3 = 74.3µA− 7.5µA( ) 10kΩ( ) = 0.668 V   |    IS 3 =
750µA

exp 0.668V
0.025

" 

# 
$ 

% 

& 
' 

=1.87x10−15 A
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€ 

Adm
max = 560 15( ) = 8400   |    IC1 ≤ 50 1µA( ) = 50 µA   |    Adm =

8400

1+
28
100

500µA
50µA

# 

$ 
% 

& 

' 
( 

= 2210

IC1 ≤ 50 1µA( ) = 50 µA   |    Adm =
8400

1+
28
100

5mA
50µA

# 

$ 
% 

& 

' 
( 

= 290

−−−

Rin = 2rπ = 2 50
40 50µA( )

= 50 kΩ   |    Rout ≅
15V
0.5mA

= 30 kΩ

Rin = 2rπ = 2 50
40 50µA( )

= 50 kΩ   |    Rout ≅
15V
5mA

= 3.0 kΩ

−−−

Adm
max = 560 1.5( ) = 840

CMRR ≅ gm2R1 = 40 50µA( ) 750kΩ( ) =1500   |   CMRRdB = 20 log 1500( ) = 63.5 dB

    

€ 

Adm =
gm2

2
RCrπ 3

RC + rπ 3

# 

$ 
% 

& 

' 
( gm3ro3( ) =

40
2

IC 2RCrπ 3
RC + rπ 3

# 

$ 
% 

& 

' 
( 40IC 3ro3( ) ≅ 800 0.7rπ 3

RC + rπ 3

# 

$ 
% 

& 

' 
( VA3( ) =

560VA3

1+
RC

rπ 3

Adm =
560VA3

1+
40IC 3RC

βo3

=
560VA3

1+
40IC 2RC

βo3

IC 3

IC 2

# 

$ 
% 

& 

' 
( 

=
560VA3

1+
40 0.7( )
βo3

IC 3

IC 2

# 

$ 
% 

& 

' 
( 

=
560VA3

1+
28
βo3

IC 3

IC 2

# 

$ 
% 

& 

' 
( 

−−−

Adm
max = 560 75( ) = 42000   |    IC1 ≤ 50 1µA( ) = 50 µA

Adm =
42000

1+
28
100

500µA
50µA

# 

$ 
% 

& 

' 
( 

=11000   |    Adm =
42000

1+
28
100

5mA
50µA

# 

$ 
% 

& 

' 
( 

=1450

−−−

Rin = 2rπ = 2 50
40 50µA( )

= 50 kΩ   |    Rout ≅ ro3 =
75V +15V
0.5mA

=180 kΩ

Rin = 2rπ = 2 50
40 50µA( )

= 50 kΩ   |    Rout ≅
90V
5mA

=18.0 kΩ
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€ 

Avt1 = −3.50   |    Avt2 = −22mS 150kΩ 162kΩ 203kΩ( ) = −1238

Avt3 =
0.198S 2kΩ 18kΩ( )
1+ 0.198S 2kΩ 18kΩ( )

= 0.9971   |    Adm = −3.50 −1238( ) 0.9971( ) = 4320

Rin = 2rπ = 2 100
40 49.5µA( )

=101 kΩ   |    Rout ≅
1

gm4

+
ro3 R2
βo4 +1

=
1

40 4.95mA( )
+
162kΩ 150kΩ

101
= 776 Ω

P ≅ I1 + I2 + I3( ) VCC + VEE( ) = 100 + 500 + 5000( )µA 30V( ) =168 mW

−−−

IC = 50µA 150
151
' 

( 
) 

* 

+ 
, = 49.7 µA  |   IC 3 = 500µA +

5mA
151

= 533 µA  |   RC =
0.7V

49.7 − 533
150

' 

( 
) 

* 

+ 
, µA

=15.2 kΩ

rπ 3 =
150

40 533µA( )
= 7.04 kΩ   |    Avt2 = −20 49.7µA( ) 15.2kΩ 7.04kΩ( ) = −4.68

IC 4 =
150
151

5mA = 4.97 mA   |    rπ 4 =
150

40 4.97mA( )
= 755 Ω   |    ro3 =

75 +14.3
533µA

=168 kΩ

Avt2 = −40 533µA( ) 168kΩ 755 +151 2kΩ( )[ ] = −2304

gm4 = 40 4.97mA( ) = 0.199 S   |    Avt3 =
0.199S 2kΩ( )
1+ 0.199S 2kΩ( )

= 0.998    

Adm = −4.78 −2304( ) 0.998( ) =11000

Rid = 2rπ1 = 2 150
40 49.7µA( )

=151 kΩ   |    Rout ≅
1

gm4

+
ro3 R2
βo4 +1

=
1

40 4.95mA( )
+
168kΩ
151

=1.12 kΩ

CMRR is set by the input stage and doesn't change since the bias current is the same.
−−−

ro3 =
50 +14.3
550µA

=117 kΩ  |   Avt2 = −22mS 117kΩ 203kΩ( ) = −1630  |   Adm = −3.50 −1630( ) 0.998( ) = 5700

2 100
40 49.5µA( )

=101 kΩ   |    Rout ≅
1

gm4

+
ro3 R2
βo4 +1

=
1

40 4.95mA( )
+
117kΩ
101

=1.16 kΩ

CMRR and input resistance are set by the input stage and don't change.
−−−

Av =
T
1+ T

=
6920
6921

= 0.99986   |    TOC = T   |    TSC = 0   |    Rout =
Ro

1+ T
=
1.62kΩ
1+ 6920

= 0.234  Ω

Rin ≅ Rid 1+ TSC( ) =101kΩ 6921( ) = Rid 1+ T( ) = 699 MΩ    (Assuming TOC <<1)
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VGS3 =1+
2 500µA( )

2.5mA
=1.63 V    |   RD =

1.63V
100µA

=16.3 kΩ

Avt1 = −
1
2

2 0.005( ) 100µA( ) 16.3kΩ( ) = −8.16

Avt2 = −gm3ro3 = − 2 0.0025( ) 0.0005( ) 1
0.01 0.5mA( )

#

$
%%

&

'
((= −316

gm4 = 2 0.005mA( ) 0.005mA( ) = 7.07 mS    |   Avt3 =
7.07mS 2kΩ( )

1+ 7.07mS 2kΩ( )
= 0.934

Adm = −8.16 −316( ) 0.934( ) = 2410   |   Rid =∞   |   Ro =
1
gm4

=
1

7.07mS
=141 Ω

CMRR = gm1R1 =1.00mS 375kΩ( ) = 375   or   51.5 dB
−−−

P ≅ I1 + I2 + I3( ) VDD +VSS( ) = 5.7mA( ) 24V( ) =137 mW

    

€ 

Add1 = −
# K n
# K P

W L( )2
W L( )L2

   |    10 = 2.5
W L( )2
4

 → W L( )2 =
160
1

    

€ 

VGS1 + VSG2 = 0.5mA 4.4kΩ( ) = 2.2 V   |    Since the device parameters are the same,

VGS1 = VSG2 =1.1 V   |    ID =
0.025
2

1.1−1( )
2

=125 µA

−−−

Since the device parameters are the same,  VBE1 = VEB 2 =
0.5mA 2.4kΩ( )

2
= 0.6 V   

IC = 10−14 A( ) exp 0.6
0.025
$ 

% 
& 

' 

( 
) = 265 µA

    

€ 

Av1 =
vd

vg

= −gmn2RL = − 50mA /V 2( ) 2V −1V( ) 10( )
2
8Ω( ) = −40.0

Avo = Av1
1
n

= −
40.0
10

= −4.00   |    vg ≤ 0.2 2 −1( )V = 0.200 V   |    vd ≤ 0.2V 40( ) = 8.00 V

vo ≤
8V
10

= 0.800 V
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Bipolar Schematic.  The MOS schematic is the same except Rpi is not included.  Rout = Ro in both cases. 

         
Page 922 

 
         

    

€ 

RB → 0   |    Rout = 432kΩ 1+
150 18.4kΩ( )

18.8kΩ+18.4kΩ

$ 

% 
& 
& 

' 

( 
) 
) 

= 32.5 MΩ

−−−

VEQ = −15V 270kΩ
110kΩ+ 270kΩ

= −10.66 V   |    REQ =110kΩ 270kΩ = 78.2 kΩ

IC =150
−10.66 − 0.7 − −15( )
78.2kΩ+151 18kΩ( )

=195 µA   |    VB = VEQ − IB REQ = −10.66 − 195 µA
150

78.2 kΩ( ) = −10.8 V

PR1
=
−10.8 +15( )

2

110kΩ
= 0.160 mW   |    PR2

=
−10.8( )

2

270kΩ
= 0.432 mW

PRE
=
−10.8 − 0.7 +15( )

2

18kΩ
=1.33 mW   |    ro =

75 +11.5( )V
195µA

= 446 kΩ   |    rπ =
150

40 195µA( )
=19.3 kΩ

Rout = 446kΩ 1+
150 18kΩ( )

78.2kΩ+19.3kΩ+18kΩ

$ 

% 
& 
& 

' 

( 
) 
) 

=10.9 MΩ

−−−

R1 + R2 ≅
15V
20µA

= 750kΩ   |    Using a spreadsheet with Io = 200 µA  yields  VBB = 9V .

R1 = 750kΩ 9V
15V
- 

. 
/ 

0 

1 
2 = 450 kΩ   |    R1 = 300 kΩ   |    RE =

150
151

9 − 0.7 −1.33µA 180kΩ( )
200µA

$ 

% 
& 
& 

' 

( 
) 
) 

= 40.0 kΩ

Rout =
75 +15 − 8.3
2x10−4

- 

. 
/ 

0 

1 
2 1+

150 40.0kΩ( )
180kΩ+18.75kΩ+ 40.0kΩ

$ 

% 
& 
& 

' 

( 
) 
) 

=10.7 MΩ
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VDS ≥VGS −VTN =1+
2 0.2mA( )

2.49mA /V 2 =1.40 V

VD =VS +1.40 = −15+ 0.2mA 18.2kΩ( )+1.40 = −9.96 V
−−−

W
L
=
Kn

Kn
’ =

2.49mA /V 2

25µA /V 2 =
99.6

1
−−−

VC ≥ −15+ IO
αF

RE + 0.7 ≥ −15+ 151
150

200µA( ) 18.4kΩ( )+ 0.7 = −10.6 V

−−−

PRS = 0.2mA( )2 18.2kΩ = 0.728 mW    |   IBIAS =
15V

499kΩ+ 249kΩ
= 20.1 µA

PR4
= 20.1µA( )2 499kΩ = 0.202 mW    |   PR3

= 20.1µA( )2 249kΩ = 0.101 mW

VGG = −15V 510kΩ
510kΩ+ 240kΩ

= −10.2 V    |   −10.2−VGS −18000ID = −15 V

4.8−VGS −18000 2.49mA
2

VGS −1( )2
= 0   |   VGS =1.390 V    |   ID =189 µA

Rout ≅ µ f RS ≅
1

0.01
2 2.49x10−3( )

189x10−6 1+ 0.01 11.6( )%& '( 18kΩ( ) =10.3 MΩ
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CHAPTER  14 
         

Page 948 

 
         

Page 951 
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€ 

Ravg =10kΩ 1+ 0.2( ) =12 kΩ   |    12kΩ 1− 0.01( ) ≤ R ≤12kΩ 1+ 0.01( )   |    11.88 kΩ≤ R ≤12.12 kΩ

    

€ 

VDS1 = VTN +
2IREF

Kn 1+ λVDS1( )
   |    VDS1 =1+

2 150µA( )
250µA /V 2 1+ 0.0133VDS1[ ]

→VDS1 = 2.08 V

IO =150µA
1+ 0.0133 10( )
1+ 0.0133 2.08( )

=165 µA

−−−

VDS ≥VGS −VTN    |    VD − −10V( ) ≥ 2ID

Kn

   |    VD ≥ −10V +
2 150µA( )
250µA /V 2 = −8.91 V

MR1 =
25 /1
3 /1

= 8.33   |   MR2 =
2 /1
5 /1

= 0.400   |    MR3 =
7.5 /1
3 /1

= 2.5

−−−

VDS1 =1V +
2 50µA( )

3 25µA /V 2( )
= 2.16 V    |   MR1 = 8.33

1+ 0.02 15( )
1+ 0.02 2.16( )

=10.4

VDS2 =1V +
2 50µA( )

5 25µA /V 2( )
=1.89 V    |   MR2 = 0.400

1+ 0.02 10( )
1+ 0.02 1.89( )

= 0.462

VDS3 =1V +
2 50µA( )

3 25µA /V 2( )
= 2.16 V    |   MR3 = 2.5

1+ 0.02 12( )
1+ 0.02 2.16( )

= 2.97

IREF = IS exp VBE1

VT

!

"
#

$

%
& 1+VBE1

VA1

+
2
βFO

!

"
#

$

%
&

100µA = 0.1 fA( )exp 40VBE1( ) 1+ VBE1

50V
+

2
100

!

"
#

$

%
&→VBE1 = 0.690

VCE ≥VBE →VC ≥ −VEE + 0.690 V
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a( )  MR1 =
0.5A
A

= 0.5   |   MR2 =
5A
2A

= 2.50   |   MR3 =
4.3A
A

= 4.30

b( )  MR1 =
0.5

1+1.5
75

= 0.490   |   MR2 =
2.50

1+ 3.5
75

= 2.39   |   MR3 =
4.3

1+ 5.3
75

= 4.02

c( )  MR1 = 0.5
1+ 15

60
1+ 0.7

60
+

1.5
75

= 0.606  |  MR2 = 2.5
1+ 15

60
1+ 0.7

60
+

3.5
75

= 2.95  |  MR3 = 4.30
1+ 5

60
1+ 0.7

60
+

5.3
75

= 4.30

IO2 =100µA 10 /1
5 /1

!

"
#

$

%
&= 200 µA   |   IO3 =100µA 20 /1

5 /1
!

"
#

$

%
&= 400 µA  

IO4 =100µA 40 /1
5 /1

!

"
#

$

%
&= 800 µA   |   IO5 =100µA 2.5 /1

5 /1
!

"
#

$

%
&= 50 µA

−−−

IO2 = 200µA
1+ 0.02 10( )
1+ 0.02 2( )

= 231 µA   |   IO3 = 400µA
1+ 0.02 5( )
1+ 0.02 2( )

= 423 µA

IO4 = 800µA
1+ 0.02 12( )
1+ 0.02 2( )

= 954 µA   |   IO5 = 50µA
1+ 0.02 8( )
1+ 0.02 2( )

= 55.8 µA

−−−

IO2 =10µA 1

1+ 17
50

= 7.46 µA   |   IO3 = 5 7.46µA( ) = 37.3 µA   |   IO4 =10 7.46µA( ) = 74.6 µA

IO2 =10µA
1+ 10

50
1+ 0.7

50
+

17
50

= 8.86 µA   |   IO3 = 50µA
1+ 10

50
1+ 0.7

50
+

17
50

= 44.3 µA

IO4 =100µA
1+ 10

50
1+ 0.7

50
+

17
50

= 88.6 µA

    

€ 

MR =
10

1+
11

50 51( )

= 9.957   |    FE =
10 − 9.957

10
= 4.3x10−3    |    VCE 2 = VBE1 + VBE 3 =1.4 V
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Page 960 

 

         

    

€ 

MOS

IO2 = 200µA
1+ 0.02 10( )
1+ 0.02 2( )

= 231 µA   |    Rout2 =
50V +10V
231µA

= 260 kΩ

IO3 = 400µA
1+ 0.02 5( )
1+ 0.02 2( )

= 423 µA   |    Rout3 =
50V + 5V
423µA

=130 kΩ

BJT

IO2 =10µA
1+
10
50

1+
0.7
50

+
17
100

=10.1 µA   |    Rout 2 =
50V +10V
10.1µA

= 5.94 MΩ

IO3 = 50µA
1+
10
50

1+
0.7
50

+
17
100

= 50.7 µA   |    Rout 3 =
50V +10V
50.7µA

=1.19 MΩ

IC1 =100µA
1+ 0.7V

50V
1+ 0.7V

50V
+

6
50V

= 89.4µA   |    IC2 = 500µA
1+ 10V

50V
1+ 0.7V

50V
+

6
50V

529µA

Rin ≅
1
gm1

=
1

40 89.4µA( )
= 280 Ω   |    n = 529µA

89.4µA
= 5.92   |    Rout =

50V +10V
529µA

=113 kΩ

VDS1 =VGS1 = 0.75V +
2 100µA( )
1mA /V 2 =1.20 V    |    ID2 =100µA

1+ 10V
50V

1+ 1.2
50V

=117 µA

Rin ≅
1
gm1

=
1

2 10−3( ) 10−4( )
= 2.24 kΩ   |    n = 117µA

100µA
=1.17   |    Rout =

50V +10V
117µA

= 513 kΩ
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€ 

R =
VT

IO

ln IREF

IO

AE 2

AE1

" 

# 
$ 

% 

& 
' =
0.025V
25µA

ln 100µA
25µA

5
" 

# 
$ 

% 

& 
' = 3000 Ω

K =1+ ln 100µA
25µA

5
" 

# 
$ 

% 

& 
' = 4.00   |    Rout = 4 75V

25µA
" 

# 
$ 

% 

& 
' =12.0 MΩ

    

€ 

IO =
VT

R
ln IREF

IO

AE 2

AE1

" 

# 
$ 

% 

& 
'    |    IO =

0.025V
100Ω

ln 1000µA
IO

" 

# 
$ 

% 

& 
' → IO = 300.54 µA

K =1+ ln 100µA
300.54µA

10
" 

# 
$ 

% 

& 
' = 2.202   |    Rout = 2.202 75V

300.54µA
" 

# 
$ 

% 

& 
' = 550 kΩ

    

€ 

IO =
1
R

2IREF

Kn1

1− IO

IREF

W/L( )1
W/L( )2

# 

$ 

% 
% 

& 

' 

( 
( 
   |    IO =

1
2kΩ

2 200µA( )
25µA /V 2 1−

IO

200µA
1
10

# 

$ 
% % 

& 

' 
( ( 

IO = 2.00mA 1− IO

2.00mA

# 

$ 
% % 

& 

' 
( ( → IO = 764 µA

Rout =
50V +10V
764µA

1+ 2000 2 2.5x10−4( ) 7.64x10−4( )# 
$ 
% & 

' 
( =176 kΩ

!!" = !#$% = !!&#$% &'!"('#$)'#
'   |   !!* = 55!!&#$% &'!"('#$(+%&#)'#

'   |     !!* = !!" 

!!*
!!"

=
55!!&#$%&),- − )./ − !!*+,). '

!!&#$% &),- − )./,). '
			| 				

55!!&#$% &),- − )./ − !!*+,). '

!!&#$% &),- − )./,). '
= 1 

 

		55 =
$%& '(!" − (#$*(# +

$%& '(!" − (#$ − ,%&-*(# +			
= $%& .,%&-*(#

/ 

,%& =
*(#
- 0*(55) = 1.4(#

10' 0*(55) = 5.610%10('(#				 

(# =
89
: = 1.381%10(&)(300)

1.602%10(*+ = 25.86	>(		 → 		 ,%& = 14.5	*@ 

(# =
89
: = 1.381%10(&)(350)

1.602%10(*+ = 30.17	>(		 → 		 ,%& = 16.9	*@ 

(# =
89
: = 1.381%10(&)(400)

1.602%10(*+ = 34.48	>(		 → 		 ,%& = 19.3	*@ 
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Page 973 

 

         

Rout ≅
βoro

2
=

150
2

50V +15V
50µA

"

#
$

%

&
'= 97.5 MΩ   |   Rout = ro =

50V +15V
50µA

=1.30 MΩ

−−−

SPICE:  ro =1.27 MΩ   |   Rout =115.8 MΩ

β =150 1+VCB
50

"

#
$

%

&
'=150 1+14.3

50
"

#
$

%

&
'=193→ Rout ≅1.27MΩ

193
2

"

#
$

%

&
'=123 MΩ

VDS2 =VGS2 = 0.8V +
2 5x10−5( )
2.5x10−4 =1.43 V    |   VDS4 =15−1.43=13.6 V

Rout ≅ µ f 4ro2 = 2 2.5x10−4( ) 5x10−5( ) 1+ 0.015 13.6( )#$ %&

1
0.015

V +13.6V

50µA

'

(

)
)
)

*

+

,
,
,

1
0.015

V +1.43V

50µA

'

(

)
)
)

*

+

,
,
,
= 379 MΩ

Rout = ro =
66.7V +15V

50µA
=1.63 MΩ

−−−

Rout ≅
βoro

2
=

100
2

67V +14.3V
50µA

'

(
)

*

+
,= 81.3 MΩ   |   Rout = ro =

67V +15V
50µA

=1.64 MΩ

    

€ 

IO = 25.014µA +
10V − 20V
1.66GΩ

= 25.008 µA

−−−

VDS 4 ≥VGS 4 −VTN = 0.2 V   |    VD4 ≥VS 4 + 0.2V   |    VD4 ≥ 0.95 + 0.2 =1.15 V
−−−

IO = 50µA ± 0.1%   |    ΔIO ≤ 50 nA   |    Rout ≥
20V
50nA

= 400 MΩ   |    Choose Rout =1 GΩ.

ro ≅
50V
50µA

=1 MΩ→ µ f =1000   |    µ f ≅
1
λ

2Kn

ID

   |    Kn =
0.01
V

1000( )
* 

+ 
, 

- 

. 
/ 

2
50µA
2

= 2.5mA
V 2

W / L( )2 = W / L( )4 =
2.5x10−3

5x10−5
=
50
1

   |    W / L( )3 = W / L( )1 =
1
2
50
1

0 

1 
2 

3 

4 
5 =
25
1
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Page 975 

 
Assume that the collector-base junctions of Q2 and Q3 can never be forward biased 
VCC + VEE > VEB3 + VBC3 + VBE1 = 0.6V + 0 + 0.6V = 1.2 V  
Similarly:  VCC + VEE > VEB4 + VCB2 + VBE1 = 0.6V + 0 + 0.6V = 1.2 V  
However, we know that we can actually forward-bias those junctions by 0.3 V or so and not effect the 
transistor behavior by much.   In that case, the minimum bias would drop to 0.9 V. 

 
         

Page 977 

 

         

    

€ 

IREF =
5V − 0.7V
43kΩ

=100 µA   |    IREF =
7.5V − 0.7V
43kΩ

=158 µA

−−−

Since the transistors have the same parameters, VGS1 =
VDD − −VSS( )

3

ID2 = ID1 =
4x10−4

2
1.667 −1( )

2
= 89.0 µA   |    ID2 = ID1 =

4x10−4

2
2.5 −1( )

2
= 450 µA

−−−

IO ≅
0.025V
6.8kΩ

ln 5 −1.4
10−16 39kΩ( )

=101 µA   |    IO ≅
0.025V
6.8kΩ

ln 7.5 −1.4
10−16 39kΩ( )

=103 µA

!!!!
"" = ###

$$
%$$
%### =

5#
101)*

2)*
2.5# = 0.040 

 

 

IO =
VT
R

ln IC1

IC2

AE2

AE1

!

"
#

$

%
&    |   IO =

0.025V
1000Ω

ln 10 10( )() *+=115 µA

−−−

VCC +VEE ≥VBE1 +VBE 4 ≅1.4 V
−−−

T = 300 K   &  TCR = -2000 ppm/oC

TC = 1
I
∂I
∂T

=
1
T
−

1
R
∂R
∂T

a( )  TC = 1
T
=

1
300K

= 3300 ppm/oK = 3300 ppm/oC

b( )  TC = 3300 ppm/oC - -2000 ppm/oC( ) = 5300 ppm/oC
 

IO =
VT
R

ln IC1

IC2

AE2

AE1

!

"
#

$

%
&    |   IO =

0.025V
1000Ω

ln 10 10( )() *+=115 µA

−−−

VCC +VEE ≥VBE1 +VBE 4 ≅1.4 V
−−−

T = 300 K   &  TCR = -2000 ppm/oC

TC = 1
I
∂I
∂T

=
1
T
−

1
R
∂R
∂T

a( )  TC = 1
T
=

1
300K

= 3300 ppm/oK = 3300 ppm/oC

b( )  TC = 3300 ppm/oC - -2000 ppm/oC( ) = 5300 ppm/oC

R = 2
5 25x10−6( ) 10−4( )

1− 5
50

"

#
$

%

&
'= 8.65 kΩ
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€ 

R =
VT

IO

ln IC1

IC 2

AE 2

AE1

" 

# 
$ 

% 

& 
' =
0.025875V
45µA

ln 25
5

" 

# 
$ 

% 

& 
' = 925 Ω

AE1 = A   |    AE 2 = 25AE1 = 25 A   |    AE 3 = A   |    AE 4 = 5.58AE 3 = 5.58 A

    

€ 

VPTAT = VT ln AE 2

AE1

" 

# 
$ 

% 

& 
' = 27.57mV( ) ln 20( ) = 82.59 mV   |    R1 =

VPTAT

IE

=
82.59mV
25µA

= 3.30 kΩ

VBE1 = VT ln
IC1

IS1

" 

# 
$ 

% 

& 
' = 27.57mV( ) ln

25µA
0.5 fA
" 

# 
$ 

% 

& 
' = 0.6792 V

R2
R1

=
VGO + 3VT −VBE1

2VPTAT

=
1.12 + 3 0.02757( ) − 0.6792

2 0.08259( )
= 3.169   |    R2 = 3.169R1 =10.5 kΩ

VBG = VBE1 + 2 R2
R1

VPTAT = 0.6792 + 2 3.169( ) 0.08259( ) =1.203 V

The other resistors remain the same.

ID3 = ID4 = ID1 = ID2 =
250µA

2
=125 µA   |   VGS1 = 0.75V +

2 125µA( )
250µA /V 2 =1.75 V

VGS3 = −0.75V −
2 125µA( )

200µA /V 2 = −1.87 V

VDS1 =VD1 −VS1 = 5−1.87( )− −1.75( ) = 4.88 V    |   VSD3 =VSG3 =1.87 V

M1  and M2 : 125 µA,  4.88 V( )    |   M3  and M4 : 125 µA,  1.87 V( )

Gm = gm1 = 2 2.5x10−4( ) 1.25x10−4( ) = 250 µS

Ro = ro2 ro4 =
75.2V + 4.88V

125µA
75.2V +1.87V

125µA
= 314 kΩ   |   Av =GmRo = 78.5

    

€ 

CMRR ≅ µ f 3gm2RSS =
1
λ

2Kn3

ID3

$ 

% 
& & 

' 

( 
) ) 2Kn2ID2( )RSS =

1
λ

2Kn3

ID3

$ 

% 
& & 

' 

( 
) ) 2Kn2ID2( )RSS

Kn3 = Kn2   |    ID2 = ID3   |    CMRR =
1

0.0167
2 0.005( )107 = 5.99x106    or    136 dB
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Page 997  Note Twice:  14.7 V should be 14.3 V 

 
         

VOS =
Δi
gm

 where Δi is the difference in current on the two sides of the current mirror.

For the buffered current mirror, the error current is  Δi = 2 IC
βFO4 βFO11 +1( )

VOS =
Δi
gm

=
2IC

βFO4 βFO11 +1( )
VT
IC

"

#
$

%

&
'=

2VT
βFO4 βFO11 +1( )

=
2 0.025V( )

80 81( )
= 7.72 µV

Av1 ≅ βo5
IC2

IC5

"

#
$

%

&
'=

150
3

= 50

−−−

For the whole amplifier:  Adm ≅ Av1Av2Av3    |   Av2 ≅ µ f 5 ≅ 40 75( ) = 3000   |   Av3 ≅1

Adm ≅ 50 3000( )(1) =150000   |   Note that this assumes RL =∞.

    

€ 

CMRR =
2
βo3

1
βo2µ f 2

−
1

2gm2REE

$ 

% 
& & 

' 

( 
) ) 

* 

+ 
, 
, 

- 

. 
/ 
/ 

−1

=
2
100

1
100 40( ) 75( )

−
1

2 40( ) 10−4( ) 107( )
$ 

% 

& 
& 

' 

( 

) 
) 

* 

+ 

, 
, 

- 

. 

/ 
/ 

−1

= 5.45x106 →135 dB

!!" ≅
##"
2 = 40(60 + 14.3)

2 ≅ 1490	|	!$% = 5(1490)(1) = 7450		|	4&' =
(60 + 14.3)

2 ≅ 149	5Ω 

    

€ 

Adm ≅ Av1Av2Av3  |   Av1 ≅
IC 2

IC 5

βo5 =
IREF

2
βo5

5IREF

=
50
10

= 5  |   Av2 ≅
µ f 5

2
≅

40 60 +14.7( )
2

≅1500  |   Av3 ≅1

Adm ≅ 5 1500( )(1) = 7500  assuming the input resistance of the emitter followers is much greater than

ro5 and VA8 = VA5.  Checking :   ro5 ≅
60V +14.7V
500µA

=149 kΩ   |    RiB 6 ≅ βo6RL = 300 MΩ

IC 5 =10IC 4 =10IC 3 → AE 5 =10A    |    Rid = 2rπ1 = 2 150
40 50µA( )

=150 kΩ
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€ 

IREF =
22 + 22 −1.4
39kΩ

=1.09 mA   |    I1 =
0.025V
5kΩ

ln 1.09mA
I1

$ 

% 
& 

' 

( 
) → I1 = 20.0 µA

I2 = 0.75 1.09mA( )
1+
23.4V
60V

1+
0.7V
60V

+
2
50

=1.08 mA   |    I2 = 0.25 1.09mA( )
1+
21.3V
60V

1+
0.7V
60V

+
2
50

= 351 µA

−−−

Ro = ro21 1+ ln IC 20

IC 21

AE 20

AE 21

+ 

, 
- 

. 

/ 
0 =
60V +13.5V
18.4µA

1+ ln 733µA
18.4µA

1
$ 

% 
& 

' 

( 
) 

+ 

, 
- 

. 

/ 
0 =18.7 MΩ

    

€ 

VCE 6 = VCE 5 +
2VA6

βFO6

= 0.7 +
2 60V( )
100

=1.90 V

    

€ 

Rth = Rout 4 Rout6 = 2ro4 1.3ro6 = 2 60 +13
7.25µA

" 

# 
$ 

% 

& 
' 1.3 60 +1.3

7.16µA

" 

# 
$ 

% 

& 
' = 20.1MΩ 11.1MΩ = 7.15 MΩ

    

€ 

Av1 = −1.46x10−4 6.54MΩ Rin11( ) = −1.46x10−4 6.54MΩ 20.7kΩ( ) = −3.01

    

€ 

Req2 = rπ15 + βo15 +1( )RL =
50 0.025( )
2mA

+ 51 2kΩ( ) =103 kΩ

Req1 = rd14 + rd13 + R3( ) Req2 =
0.025V
0.216mA

+
0.025V
0.216mA

+ 344kΩ
% 

& 
' 

( 

) 
* 103kΩ = 79.4  kΩ    

Rin12 =
50 0.025V( )
0.216mA

+ 51 79.4kΩ( ) = 4.06 MΩ

Req3 = rd13 + R3( ) rd14 +
rπ12 + y22

−1

βo12 +1

, 

- 
. 

/ 

0 
1 =

0.025V
0.216mA

+ 344kΩ
, 

- 
. 

/ 

0 
1 
0.025V
0.216mA

+
5.79kΩ+ 89.1kΩ

51
, 

- 
. 

/ 

0 
1 =1.97 kΩ

rπ16 = 50 0.025
2mA

= 625 Ω   |    Rout =
625 +1970

51
+ 27 = 78 Ω

−−−

ISC + ≅
0.7V
27Ω

= 25.9 mA   |    ISC− ≅ −
0.7V
22Ω

= −31.8 mA

    

€ 

vo =
R

IEE R1R3

" 

# 
$ 

% 

& 
' v1v2 = KMv1v2   |    KM =

vo

v1v2
=
5
52

= 0.2   |    KM =
vo

v1v2
=
1
12

=1
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€ 

IC 4 = IC3 = IC2 = IC1 =
I1

2
=1 mA   |    VCE2 = 0.7 V   |    VEC3 = 0.7 V   |    VO = 0 V

VEC 4 = 5V −VO = 5− 0 = 5.0 V   |    VEC1 = 5−VC1 −VE1 = 5− 0.7 − −0.7( ) = 5.0 V

1 mA,  5.0 V( ),  1 mA,  0.7 V( ),  1 mA,  0.7 V( ),  1 mA,  5.0 V( )

With the output shorted, current cannot make it around the loop, so TSC = 0.
−−−

TOC = 0 is zero only if ro1  is neglected since the voltage across rπ  must be zero for ib = 0.

If we include ro1, and start at the base of Q2  assuming ro1 >>
1
gm3

 and a current mirror gain of 1:

vc4 ≅
ve1
ro1

1( ) ro4 RiB2 RL ro4 1+ gm2ro1( )#$ %&= vb2
gm2ro1

1+ gm2ro1

'

(
)

*

+
,

1
ro1

'

(
)

*

+
, ro4 RiB2 RL#$ %&

TOC ≅
ro4 RiB2 RL

ro1

=
55kΩ 5.1kΩ 10kΩ

55kΩ
= 0.0579  -  non-zero but small compared to 1.

−−−

Evaluating Eq. 18.7 without RL,  TOC = gm2 ro1 ro1 RiB2( ) = 0.04 55kΩ 55kΩ 5.1kΩ( ) =172

    

€ 

Tnew = gm1 R3 rπ2( )[ ] −gm2 R2 + R1 RiE1[ ] R5 RL( )[ ] R1 RiE1

R1 RiE1 + R2

$ 

% 
& 
& 

' 

( 
) 
) 

Tnew = Told

R3 rπ 2

R3 RiB2

1+ gm2R4( ) = −2.01
1kΩ 2.5kΩ

970Ω
1+ 0.04S 300Ω( )[ ] = −19.2

Av =10 19.2
1+19.2

= 9.50  |    Now RiC2 = ro2 =∞   |    Rin
D ≅ 31.7 kΩ   |    Rout

D ≅1.74 kΩ

Scaling using the previous result : TSC = −19.2 1.86
2.01

$ 

% 
& 

' 

( 
) =17.8   |    Rin = 31.7kΩ1+17.8

1+ 0
= 596kΩ

Rout =1.74kΩ 1+ 0
1+19.2

= 86.1 Ω   |    Removing RL :  - R out =
1

86.1
−

1
104

. 

/ 
0 

1 

2 
3 

−1

= 86.8 Ω
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€ 

Rx = Rx
D 1+ TSC

1+ TOC

   |    Rx
D = R3 RiD1 RiG3 = R3 2ro1 RiG3 = 3kΩ ∞ ∞ = 3kΩ

TSC = 0   |    TOC = T = 61.1   |    Rx = 3kΩ 1+ 0
1+ 61.1
$ 

% 
& 

' 

( 
) = 48.3 Ω

−−−

ID2 = ID1 =
I1

2
= 0.500 mA   |    ID4 = I2 = 2.00 mA   |    ID3 =

1.63V − −5V( )
13kΩ

= 0.510 mA

VDS1 = 3.5+ VGS1   |    VGS1 =1+
2 0.5mA( )

10mA
=1.32 V   |    VDS1 = 3.5+1.32 = 4.82 V

VDS2 = 5+1.32 = 6.32 V   |   VDS 3 = 5−1.63 = 3.37 V   |   VDS 4 = 5−VO = 5.00 V 
0.5 mA,  4.82 V( ),  0.5 mA,  6.32 V( ),  0.51 mA,  3.37 V( ),  2 mA,  5.0 V( )

Ri  appears in parallel with rπ : !rπ = rπ Ri = 4.69kΩ 10kΩ = 3.19 kΩ

T = gm RC RF + !rπ( ) ro( ) !rπ
!rπ + RF

#

$
%

&

'
(= 0.032S 5kΩ 50kΩ+3.19kΩ( ) 62.4kΩ( ) 3.19kΩ

3.19kΩ+ 50kΩ
#

$
%

&

'
(

T = 8.17    |    Atr = Atr
Ideal T

1+T
= −50kΩ 8.17

1+8.17
= −44.5 kΩ

Rin
D = !rπ RF + RC ro( ) = 3.19kΩ 50kΩ+ 5kΩ 62.4kΩ( ) = 3.01 kΩ     |     TSC = 0     |     TOC = T

Rin = 3.01kΩ 1+ 0
1+8.17

= 328 Ω

Rout
D = RC ro RF + !rπ( ) = 5kΩ 62.4kΩ 50kΩ+3.19kΩ( ) = 4.26 kΩ     |     TSC = 0     |     TOC = T

Rout = 4.26kΩ 1+ 0
1+8.17

= 463 Ω
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€ 

Av = −
RF

Ri + Rin

# 

$ 
% 

& 

' 
( 

RL

Rout + RL

# 

$ 
% 

& 

' 
( = −

45.1kΩ
2kΩ+ 340Ω
# 

$ 
% 

& 

' 
( 

10kΩ
336Ω+10kΩ

# 

$ 
% 

& 

' 
( = −18.6

Av = −
RF

Ri + Rin

# 

$ 
% 

& 

' 
( 

RL

Rout + RL

# 

$ 
% 

& 

' 
( = −

45.1kΩ
10kΩ+ 340Ω
# 

$ 
% 

& 

' 
( 

2kΩ
336Ω+ 2kΩ

# 

$ 
% 

& 

' 
( = −3.73

−−−

T =
−Atr

RF + Atr

=
48.5kΩ

50kΩ− 48.5kΩ
= 32.3   |    gm3 =

1
Rout

1
1+ T

# 

$ 
% 

& 

' 
( =

1
12Ω

1
1+ 32.3
# 

$ 
% 

& 

' 
( = 2.50 mS

Rin = RF +
1

gm3

# 

$ 
% 

& 

' 
( 

1
1+ T

# 

$ 
% 

& 

' 
( = 50kΩ+

1
2.5mS

# 

$ 
% 

& 

' 
( 

1
1+ 32.3
# 

$ 
% 

& 

' 
( =1.51 kΩ

T  is the same: T = 306     |    Av
Ideal =1    |    Av = Atr

Ideal T
1+T

=1 306
1+306
!

"
#

$

%
&= 0.997

Rout
D = RF

1
gm5

=10kΩ 1
3.16mS

= 307 Ω     |     TSC = 0     |     TOC = T

Rout = 307Ω 1+ 0
1+306

=1.00 Ω

T  is the same: T = 306     |     Av
Ideal =1    |    Av = Atr

Ideal T
1+T

=1 306
1+306
!

"
#

$

%
&= 0.997

Rin
D = ro1 1+ gm1

2
gm2

!

"
#

$

%
&

1
gm3

= 600kΩ 1
2.00mS

= 500 Ω     |     TOC = 306

Note: The impedance looking in the source of a transistor with a high resistance load of ro  is
2/gm  rather than 1/gm.

TSC = −
gm2

2
2ro2 ro4( ) gm5RF

1+gm5RF
= −

3.16mS
2

400kΩ 200kΩ( )
3.16mS 10kΩ( )

1+3.16mS 10kΩ( )
= −204

Rout = 500Ω1+ 204
1+306

= 334 Ω
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T  is the same: T =152     |     Av
Ideal = −

R2

RI
= −1    |    Av = Atr

Ideal T
1+T

= −1 152
1+152
"

#
$

%

&
'= −0.993

Rout
D = R2 + RI( ) R1

1
gm5

= 40kΩ 10kΩ 1
3.16mS

= 304 Ω     |     TSC = 0     |     TOC = T =152

Rout = 304Ω 1+ 0
1+152

=1.99 Ω

    

€ 

There are approximately 15 cycles in 0.8 µsec :   f ≅ 15cycles
0.8us

=18.8 MHz

    

€ 

fT =
1

2π
gm

CGS + CGD

   |    gm = 2KnID    |    fT 2 = fT1 =
1

2π

2 0.01( ) 0.0005( ) 
5pf +1pF

= 83.9 MHz

 fT 3 =
1

2π

2 0.004( ) 0.0005( ) 
5pf +1pF

= 53.1 MHz   |     fT 4 =
1

2π

2 0.01( ) 0.002( ) 

5pf +1pF
=168 MHz

    

€ 

Gm = gm2 = 2 10−3( ) 5x10−5( ) = 0.316 mS   |    Ro = ro4 ro2 ≅
1

2λID

=
1

2 0.02( )5x10−5 = 500 kΩ

fT =
1

2π
Gm

CC

' 

( 
) 

* 

+ 
, =

1
2π

0.316mS
20pF

' 

( 
) 

* 

+ 
, = 2.51 MHz     

fB =
1

2π
1

RoCC 1+ Av2( )
- 

. 
/ 
/ 

0 

1 
2 
2 

=
1

2π
1

RoCC 1+ µ f 2( )
- 

. 
/ 
/ 

0 

1 
2 
2 
≅

1
2π

1

500kΩ 20pF( ) 1+
1

0.02
2 0.001( )
5x10−4

- 

. 

/ 
/ 

0 

1 

2 
2 

- 

. 

/ 
/ 
/ 
/ 
/ 
/ 

0 

1 

2 
2 
2 
2 
2 
2 

=158 Hz
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€ 

f z ≅
1

2π
gm5

CC

=
1

2π

2 0.001( )5x10−4

20x10−12 = 7.96 MHz   |    R =
1

gm5

=
1

2 0.001( )5x10−4
=1.00 kΩ

−−−

Gm = gm2 = 40 5x10−5( ) = 2.00 mS   |    Ro = rπ 5 ≅
100V

40 5.5x10−4 A( )
= 4.54 kΩ

fT =
1

2π
Gm

CC

& 

' 
( 

) 

* 
+ =

1
2π

2.00mS
30pF

& 

' 
( 

) 

* 
+ =10.6 MHz   |    fZ =

1
2π

gm5

CC

& 

' 
( 

) 

* 
+ =

1
2π

40 5x10−4( )
3x10−11

, 

- 

. 

. 

/ 

0 

1 
1 

=106 MHz

fB =
1

2π
1

rπ 5CC 1+ µ f 2( )
, 

- 
. 
. 

/ 

0 
1 
1 
≅

1
2π

1
4.54kΩ 30pF( ) 1+ 40 50( )[ ]
, 

- 

. 

. 

/ 

0 

1 
1 

= 584 Hz

    

€ 

SR =
100µA
20 pF

= 5.00x106 V
s

= 5.00 V
µs

−−−

SR =
100µA
20 pF

= 5.00x106 V
s

= 5.00 V
µs

    

€ 

Gm = gm2 = 40 2.5x10−4( ) =10.0 mS   |    fT =
1

2π
Gm / 2

CC + Cµ3

$ 

% 
& & 

' 

( 
) ) =

1
4π

10.0mS
50.8pF
$ 

% 
& 

' 

( 
) =15.7 MHz    

φM = 90 − tan−1 15.7MHz
142MHz

$ 

% 
& 

' 

( 
) + tan−1 15.7MHz

173MHz

$ 

% 
& 

' 

( 
) + tan−1 15.7MHz

192 MHz

$ 

% 
& 

' 

( 
) + tan−1 15.7MHz

206MHz

$ 

% 
& 

' 

( 
) = 69.5o
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When the circuit is drawn symmetrically, capacitor 2CGD is replaced with 2 capacitors of value 4CGD 
in series.  The circuit can then be cut vertically down the middle to form a differential mode half-
circuit.  The total capacitance at the drain end of inductor L is CEQ = C + CGS + 4CGD. 
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Three cascaded inverting amplifiers assuming a normal rolloff:  3f = -360o   |   f = -120o  

         
 
 

SR ≅ I1
CC +CGD5

=
1mA
65pF

=15.4x106 V
s
=15.4 V

µs
−−−

30o = tan−1 fT
49.2MHz
#

$
%

&

'
(+ tan−1 fT

82.1MHz
#

$
%

&

'
(+ tan−1 fT

100MHz
#

$
%

&

'
(→ fT =16.6 MHz

CC = 65pF 8.5MHz
16.6MHz
#

$
%

&

'
(− 2pF = 31.3 pF

−−−

a( )   ID5 = ID4 = 500 µA  |  ID6 =1 mA  |  Current error   ΔI = 500µA  |   gm ∝ W L

VOS =
ΔI
Gm12

=
ΔI

Av1gm5

=
500µA

−192 −4.33mS
2

#

$
%

&

'
(

= +0.85 mV

b( )   ID5 = 3ID4 =1.500 µA  |  ID6 =1 mA  |  Current error   ΔI = −500µA  |   gm ∝ W L

VOS =
ΔI
Gm12

=
ΔI

Av1gm5

=
−500µA

−192 −4.33mS 1.5( )
= −0.49 mV

For the Hartley circuit in Fig. 18.34(a),  Zgs = jωL2   and  Zs = jωL1

Zin = jωL2 1+ gm jωL1( )!" #$+ jωL1 = jω L1 + L2( )−ω 2gmL1L2

Re Zin( ) = −ω 2gmL1L2

    

€ 

fP =
1

2π 31.8mH
31.8 fF 7 pF( )

7.0318 pF

# 

$ 
% 
% 

& 

' 
( 
( 

= 5.016 MHz   |    fP =
1

2π 31.8mH
31.8 fF 25pF( )

25.0318 pF

# 

$ 
% 
% 

& 

' 
( 
( 

= 5.008 MHz


