
模拟集成电路设计原理 
(Principle of Analog Integrated Circuit 

Design, INF0130025.02) 
2014年10月23日 
唐长文 教授 

zwtang@fudan.edu.cn 
http://rfic.fudan.edu.cn/Courses.htm 

复旦大学/微电子学院/射频集成电路设计研究小组 
 

版权©2014，版权保留，侵犯必究 

演示者
演示文稿备注
Title



复旦大学  射频集成电路设计研究小组                              唐长文 

版权©2014，版权保留，侵犯必究 

-022- 

共源放大器， 
源极跟随器和共栅放大器 

演示者
演示文稿备注
0201



复旦大学  射频集成电路设计研究小组                              唐长文 

版权©2014，版权保留，侵犯必究 

-023- 

运算放大器(Opamp) 

电流镜 

电流镜 

差分对 

单管放大器 
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vOUT
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共源放大器 
源极跟随器 
共栅放大器 

 
 

Ref.: W. Sansen : Analog Design Essentials, Springer 2006 
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如果                               、                ，则               。 

vgs gmvgs rdsvin voutvOUTvIN
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D E
V m ds
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共源放大器  2 

高增益？   

小(VGS-VTH,GS) , 大L!!! 
   0.15~0.2 V   4~5Lmin 
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0205 Single-transistor amplifier - 2
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如果                 、                             ，则                 。 

如果                              、                ，则              。 

MOST或BJT晶体管放大器？ 

=
−

E
V

GS TH,GS( )/2
V LA

V V

= A
V

T

VA
V

V 100A ≈E 10 VV L ≈− =GS TH,GS 0.2 VV V

V 1000A ≈E 26 VV ≈ = ≈T k /q 26 mVV T

放大106倍， MOST需要3级，双极型晶体管只需要2级 

MOST: 

Bipolar: 
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vOUTvIN

IL

CL

增益带宽乘积：输出负载电容CL 

m

L2π
gGBW

C
=

适用于所有的单级运算放大器 

=

=

V0 m ds

ds L

1
2π

A g r

BW
r C
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增益AV0、BW和GBW 

VA
BW 

20dB/decade−V0A

GBW 

V( )φ A

90− °

0°
V0A

=V0 m dsA g r

f 

m

L2π
gGBW

C
=

1 

V( ) 45φ A = − °在BW处 

V0
V

1+j

AA f
BW

=
log 

log 
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练习 

⋅ L

D

GBW C
I

2
n

min

' 50 μA/V
0.5 μm

K
L

≈

=

已知：GBW=100 MHz，CL=3 pF 

求： ID 、 L 、 W 、 

⋅
= L

D

GBW CFOM
I
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vOUTvIN

IL

RS

Cgs

增益带宽乘积：输入电容Cgs 

W ?  L ?  VGS-V TH,GS? 

= =
−

ds dsm
T

gs S S ox GS TH,GS

1 1
2π

r rgGBW f
C R R WC V V



=

=

V0 m ds

S gs

1
2π

A g r

BW
R C
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0210 Gain, Bandwidth and Gain-bandwidth
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vOUT
vIN

RS

IL
Cf

增益带宽乘积：密勒电容Cm 

=

=
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V0 m ds

S v0 f

S f

1
2π

1
2π

A g r

BW
R A C

GBW
R C
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Cfm

vOUT

IL

vIN

RS

vOUT
vIN

RS

IL
Cf

密勒效应 

=V0 m dsA g r =fm V0 f(1+ )C A C

Ref.: Miller, Dependence of the input impedance of a three-electrode vacuum tube 
   upon the load in the plate circuit, Scient. Papers Bur. Standards, 1920, 367-385. 
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vIN

RS

IL
Cf

vOUT

密勒电容的反馈效应 

= m
z

f2π
gf

C

z
V V0

p

1 j /
1 j /

f fA A
f f

−
= −

+

m S

1
1 g R+

VA
BW 

V0A

GBW 
1 

V( )φ A

90− °

0°

180− °

f fz 

fp 

就相位而言，一个正零点相当于一个负极点!!! 

=p
S V0 f

1
2π

f
R A C
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0213 Miller capacitance feedback effects
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CfRS
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S f S f ds
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v v v v vg R v
R sC R sC r

− −
+ + + =

+ +

m S out outm f
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S f S f ds

( 1)1
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g R v vg sC v
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+−
= − −

+ +整理得 
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−
= = −

+ + +

−
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+ + +

f

out m
V

in ds S f

f

m ds
m ds

V
m

  
d f

0
Vs 0 S

1
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1
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g r
g r

A
A

C s
v gA
v r R sC

C s
g

r R sC

=

= −

m
z

f

V fS 0
p

2π
1

2π A

gf

f
R C

C

密勒效应 

sds Sm d(1 )g rr R+ +Cf的并联等效电阻 
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vin

iout

CinR

RoutR

RS

源极接电阻的退化共源放大器 
m

mR
m S S

outR ds m ds S

m ds S

gs
inR

m S

1
1

(1 )
       ( )

1

gg
g R R

R r g r R
g r R

C
C

g R

= ≈
+

= + +

≈

=
+

但是，RS引入额外的噪声! 
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0214 Amplifier with local R- (series) feedback
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iLG

RSvinLG

voutLG

iLG

LG m inLG

outLG LG S

outLG
LG m S

inLG

i g v
v i R

vA g R
v

= −

=

= = −

串联-串联反馈(电压-电流反馈) 

电压 

电流 
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vin

iout

CinL

RoutL

LS

源极接电感的退化共源放大器 

=
+

= + +

+
= +

= + +

m
mL

m S

outL m S ds S

2
S gsS

inL m
gs gs

inL S T S
gs

1
(1 )

1
Z

1Z

gg
g L s

R g L s r L s

L C sLg
C C s

L ω L s
C s

没有额外的噪声! 
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0215 Amplifier with local L- feedback
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源极接线性MOST的退化共源放大器 

vin

iout

M1

M2

= − ≈

=
⋅ ⋅ −

= + +

= +
+

DS2 GS2 GS1

ds2
2 2 GS2 TH,GS2

outM ds1 m1 ds2 ds2

gs1
inM gs2

m1 ds2

0.2 V
1

/ ( )
(1 )

1

V V V

r
KP W L V V

R r g r r
C

C C
g r
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0216 Amplifier with local MOST-R- Feedback
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0 VDS

IDS

VT

VGS

ID

VDS=VGS

G=D

二极管连接MOST ：并联反馈 

= − 2
D n DS TH,GS

' ( )WI K V V
L

饱和区 

VDS =VGS – VTH,GS VDS =VGS 
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0217 Diode-connected MOST : parallel Feedback
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gmvgs rdsvgs

idsIDS

VDS=VGS

G=D

二极管连接MOST ：小信号模型 

out m ds m(1/ ) 1/r g r g= ≈
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0218 Diode-connected MOST: small-signal
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gmvgs rdsvgs

id

Cgs Cds

二极管连接MOST ：高频特性 

≈

= ≈
+

gs ds
m T

gs ds2π( ) 2

C Cg fBW
C C

ID

VDS=VGS

G=D
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0219 Diode-connected MOST at high frequencies
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vOUT

vIN

M1

M2

VDD

宽带放大器 

= −

−
= = =

−

=

OUT DD GS2 OUT

GS2 TH,GS2m1 1
V0

m2 2 GS1 TH,GS1

out m2

( )

( / )
( / )

1/

V V V V

V Vg W LA
g W L V V

R g
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0220 Wideband amplifier
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vOUT

vIN

2IB

M1 M2

VDD

线性宽带放大器 

OUT GS2

out m21/
V V
R g

=

=

−
= = =

−
GS2 TH,GS2m1 1

V0
m2 2 GS1 TH,GS1

( / )
( / )

V Vg W LA
g W L V V

•只有NMOS管+电流镜 
•输入/输出直流电平相同 
•无衬偏效应 
•高电源抑制比(PSRR) 
•双倍功耗！ 
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0221 Linear wideband amplifier
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vIN

2IB

M1

vOUT

M2

VDD

宽带放大器 

−
= = = =

−

=

GS2 TH,GS2m1 1
V0 V0 m out

m2 2 GS1 TH,GS1

out m2

( / )     
( / )

1/

V Vg W LA A g R
g W L V V

R g =out ds1 ds2R r r

vOUT

vIN

2IB

M1 M2

VDD
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0222 Wideband amplifiers
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vOUT

vIN

M1

M2

iout

CL

A类和AB类放大器 

out V inv A v= out V inv A v=

A类 AB类 

vOUT

M1

M2

CL

VDD

vIN
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0223 Class A versus class AB amplifier
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vOUT

M1

M2

CL

VDD

vIN

vOUT

M1

M2

CL

VDD

vIN

0

1

0

1

CMOS反相放大器 

数字反相器 模拟放大器 
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0224 CMOS inverter-amplifier
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vOUT

M1

M2

ID

CLvIN

VDD

0

ID

VOUT

1
2

7
6

4

35

nMOST和pMOST的工作点 

DD DSn DSp

    GSn GSp   

V V V

V V

= +

= +
DSn OUT

GSn IN

V V
V V

=

=
DSp DD OUT

GSp DD IN

V V V

V V V

= −

= −

M1 
nMOST 

M2 
pMOST 
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0225 Operating points nMOST & pMOST
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vOUT

M1

M2

iD

CLvIN

VDD

vIN

vIN

vOUT

iD
VDDVDD/2

VDD/2

IDA

VDD

0

0

0

1 2

76

4

3

5

传输特性 
IN

OUT

0
1

v
v

=

=

IN

OUT

1
0

v
v

=

=

模拟放大器 
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0226 Transfer characteristic
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vOUT

M1

M2

iDA

CLvIN

VDD

模拟放大器：直流工作点 

= −

= − −

2n
Dn n IN THn

n

p 2
Dp p DD IN THp

p

' ( )

' ( )

WI K V V
L
W

I K V V V
L

= − 2n DD
D n THn

n

' ( )
2

W VI K V
L

= DD
IN 2

VV = DD
OUT 2

VV

pn
n p

n p

' ' WWK K
L L

=
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0227 Analog amplifier : DC
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gmnvin

rdsn

vin

vout

gmpvin

rdsp

CL

vOUT

M1

M2

iDA

CLvIN

VDD

模拟放大器：交流小信号模型 

mn mp mg g g= =两个MOST的VGS –VTH,GS和ID相等，则： 

演示者
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0228 Analog amplifier : AC model
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vOUT

M1

M2

iDA

CLvIN

VDD

模拟放大器：增益AV 

En n Ep p EV L V L V= =如果 

= =dsn dsp dsg g g

=ds ds( 1/ )g r

= − = −
−

m E
V0

DDds
TH

2 2
2

2

g VA Vg V

演示者
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0229 Analog amplifier: AC gain Av
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模拟放大器：BW & GBW 

V0 m ds

ds dsn dsp

ds L

1
2π

A g r
r r r

BW
r C

=

=

=



m

L2π
gGBW

C
=

vOUT

M1

M2

iDA

CLvIN

VDD

m mn mp

ds ds1 ds2

g g g

r r r

= +

= 
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0230 Analog amplifier : BW & GBW
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vOUT

M1

M2

iD

CLvIN

VDD

Cgs

RS

模拟放大器：Cgs产生的极点 

V0 m ds

S gs

gs gsn gsp

1
2π

A g r

BW
R C

C C C

=

=

= +

如果                         ： S gs ds LR C r C> = dsT

S2
rfGBW
R

m mn mp

ds ds1 ds2

g g g

r r r

= +

= 
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0231 Analog amplifier: poles due to CGS
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M1

M2

iD

vIN

VDD

Cgd

RS

CL

vOUT

模拟放大器：Cgd产生的极点 

Cgd 

f 

fz 

fnd fd 

L

m S

C
g R

ds L

1
2πr C

m

L2π
g

C
gd gdn gdpC C C= + S v0 gd

1
2πR A C

S gd

1
2πR C

ds L

m ds gd mout
V

d
2

in S dm ds S g s g Ls dd

(1 /
( (1+

)
1 )[ ) ]

sC gvA
v s s R r C Cr gr r R C

r
C

g −
= = −

+ + ++

m

gd2π
g
C
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0232 Analog amplifier: poles due to CDG
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21 sas b+ + 0= 1 2 0as bs+ + =

0 2

1
1

csA A
as bs
−

=
+ +

1z
c

=

1
1s
a

= − 2
as
b

= −

s很小 s很大 

零点 

1
1s
a

= − 2
as
b

= −极点 

如果               ： 2 1s s
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m mn mp

ds ds1 ds2

gd gdn gdp

g g g

r r r
C C C

= +

=

= +

vin

RS

CLvgs gmvgs rds

vout
Cgd

out in out in out out
m S in

S gd S gd ds L

( )
1 1 1

v v v v v vg R v
R sC R sC r sC

− −
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弥天大谎: Cascode管减小密勒效应?! 
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Cascode放大器: gm2≠0, rds2≠0  
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CS放大器: gm2=0, rds2=0  
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当Cgd大, CL小时: 所有gm, rds相等  
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S gd ds L

1 1 1 3   
2π 3 2π 2
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R C r C

= − × = − ×Cascode放大器： 

CS放大器： m
d nd

S V1 gd L

1 2   
2π 2π

gf f
R A C C

= − × = −

 CL很大时， Cascode管不能减小密勒效应！ 
 rds4→∞时，Cascode管不能减小密勒效应！ 
 rds4很小(=rds)，Cascode管能够减小密勒效应！ 
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MOST共源放大器和源极跟随器 
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双极型共射放大器和射极跟随器 
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MOST共栅放大器的跨阻AR 
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