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基本晶体管级的噪声性能 
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信号噪声比和信号噪声失真比 

信号噪声比：Signal-to-Noise Ratio 

信号噪声失真比：Signal-to-Noise-and-Distortion Ratio 

Vin

Vout

0
0

SNR

0.1% SNDR 0.1% 失真

1% 失真
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Ref.: W. Sansen : Analog Design Essentials, Springer 2006 
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噪声和时间的关系 

Ref.: Van der Ziel (Prentice Hall 1954, Wiley 1986), Ott (Wiley 1988) 

vN

t

t

2
Nv

2
Nv 为平均噪声功率
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噪声和频率的关系 

f1 f2
f

df

1/f 噪声

白噪声
2
Ndv

2
Nv

积分噪声 

2V /Hz
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2 2 22
12 N N 2 1 N

1
d d ( )dfv v v f f f vf= = = −∫RMSV
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R 2
Rdi

R

2
Rdv

2
R RMSd 4 n(V/ Hz)v =

电阻的噪声为热噪声 
2
Rd 4k dv TR f=

2
2 R
R 2

d 4kd dv Ti f
R R

= =

为白噪声，值由T决定，与IR无关 

当R=1 kΩ，T=300 K(27 C˚) 时 

为白噪声 
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例如：20个方块，每个            ，构成R=1 kΩ，宽为1 μm ， 
 VR=0.1 V，在1 Hz时 

RVR

f

2d Rv

电阻也有1/f 噪声 

-21 2
RSi

Rpoly RSi

2 10  Scm
10

KF
KF KF

≈ ×

≈

50 /Ω 

f

2
RMSd 16 n(V/ Hz)Rv =

f

2 2 R
R

R

dd R
KF R fv v

A f
=  1/f 噪声 

Ref.: Vandamme, ESSDERC ‘04 
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ID
2
Ddi

二极管的噪声为散射噪声 

为白噪声，值由ID决定，与T无关 

2
D Dd 2q di I f= -19q 1.6 10  C= ×

D 50 μAI = 2
D RMSd 4 p(A/ Hz)i =时 
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ID
2
Dfdi

例如：二极管                                             ， 
          在1 kHz时 

二极管也有1/f 噪声 

-21 2
D 10  AcmKF ≈

2
D 5 μm 2 μm 10 μmA = × = D 0.1 mAI =

2
Df RMSd 1 n(A/ Hz)i =

2 D
Df D

D

dd KF fi I
A f

=

为1/f 噪声 
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MOST的噪声 

Ref.: Van der Ziel, Prentice Hall 1954, Wiley 1986. 

rDS
gmvgs

vgsvin vout
2
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MOST：等效输入噪声—白噪声 

2
ieq eff eff G

m

2 3d 4k ( )d    v T R f R R
g

= = +

2 2 2
ieq GS ieqd ( ) di C ω v=高频时： 

RG

rDS
gmvgs

vgsvin vout

2
ieqdv

与        相关 2
ieqdv
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MOST的栅极串联电阻RG 

sq
G 2

1
3

R W
R

n L
=

sq
G 2

1
12

R W
R

n L
=

双端连接的多插指结构减小串联电阻 

单端连接 

两端连接 
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n+

b

p+

Wi

VGVB VS VD

Rbl

Rbv

h

n+

p-substrate

MOST的衬底电阻RB 

Ref.: Chang, Kluwer 1991 
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2
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rBdv

衬底电阻产生的噪声 
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rDS
gmvgs

vgsvin

2
ieqdv

2
ieq eff

2
eff G B

m

D ox mb m

d 4k ( )d

2 3 ( 1)

1 / /

v T R f

R R R n
g

n C C g g

=

= + + −

− = =
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2
ieqdv
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源极电阻产生的噪声 

RS的噪声<=> RG的噪声 

2
ieq effd 4k ( )dv T R f=

2
eff S G B

m

2 3 ( 1)R R R R n
g

= + + + −
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源极电阻RS产生的噪声 
m

m
m S1

gG
g R

=
+

2
M m

2d 4k d
3

i T g f=
2

2 M
outM 2

m S

dd
(1 )

ii
g R

=
+

2
R

4kd dTi f
R

=

2
2 2m S
outR R

m S

d d
1

g Ri i
g R

 
=  + 

2 2
out m S

m S

2 3d 4k ( 1)di G TR f
g R

= +

2
ieq S

m S

2 3d 4k ( 1)dv TR f
g R

= + eff S
m

2 3R R
g

= +

vIN
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2
Mdi

2
Rdi

2
outdi
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当 VGS-VT=0.2 V，IDS=65  μA时，求 

RG

rDS
gmvgs

vgsvin vout

2
ieqdv

MOST：等效输入噪声—练习 

2
ieq

m

2/3d 4k ( )dv T f
g

≈

2
ieqdv
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MOST：等效输入噪声—1/f 噪声 

-32 2 2
F

-31 2 2
F

-33 2 2
F

pMOST  10  C /cm

nMOST  4 10  C /cm

pJFET  10  C /cm

KF

KF

KF

≈

≈ ×

≈

2 F
ieqf 2

ox

dd KF fv
WLC f

=

W和L的单位为cm ， 

Cox的单位为F/cm2 

RG

rDS
gmvgs

vgsvin vout

2
ieqfdv
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fclo f

2
ieqdv

fchi

IDSlo

IDShi

电流与噪声：拐角频率 

1/f 噪声 

白噪声 

1
WL



m

1   L
g W

 

mg拐角频率 
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电流与噪声：练习，求fc  

fclo f

2
ieqdv

fchi

IDSlo

IDShi

1/f 噪声 

练习：当                   、                      、 
  (0.35 μm工艺)时，求fc ? 

DS 65 μAI = 1 μmL =2
n
' 60 μA/VK =

m

1
g

白噪声 
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从衬底看到的噪声 
2
ieqdv 2

ieqbdv

D ox mb m1 / /n C C g g− = =

2 2 m
ieq ieqb 2

m mb
2

2 2F F m
ieqf ieqfb2 2 2

ox ox mb

22 3d 4k d      d 4k d
3

d dd        d

gv T f v T f
g g

KF KF gf fv v
WLC f WLC g f

= =

= =
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三极管的噪声 

2
B B

2
B B

2
C C

d 4k d

d 2q d

d 2q d

v Tr f

i I f

i I f

=

=

=

2 B B
Bf

EB

dd KF I fv
A f

=
-21 2

B 10  AcmKF ≈

Ref.: Van der Ziel (Prentice Hall 1954) 

ro
gmvbe

vbevin vout

rB

rπ

2
Bdv

2
Bdi 2

Cdi
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0425 Noise of a Bipolar transistor
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2
ieqdv

ro
gmvbe

vbevin vout

rB

rπ2
ieqdi

rE

三极管：等效输入噪声 

2
ieq eff eff B E

m

2 2
ieq B B

1 2d 4k ( )d      

d d 2q d

v T R f R r r
g

i i I f

= = + +

= =
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0426 Bipolar trans.: equivalent input noise
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目录 
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共源放大器的噪声 
源极跟随器的噪声 
共栅放大器的噪声 
电流镜的噪声 
差分对的噪声 
密勒CMOS OTA的噪声 
容性噪声匹配 
电压/电流检测器的噪声对比 

Ref.: W. Sansen : Analog Design Essentials, Springer 2006 
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vIN

M1

M2

CL

2
1dv

2
2dv2

Bdv

2
ieqdv

vOUT

VB

接有源负载的放大器的噪声 

小gm2：    (W/L)2 
            (VGS-VT)2 

2
Bdv如果忽略 

2 2 2 2 2
out m1 1 m2 2

2 2 2 2m2
ieq 1 2

m1

2 2 m2
ieq 1

m1

d d d

d d d ( )

d d (1 )

i g v g v
gv v v
g

gv v
g

= +

= +

= +
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0428 Noise of an amplifier with active load
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vIN

M1

M2

2
1fdv

2
2fdv2

Bdv
VB

CL

vOUT

接有源负载的放大器的1/f 噪声 
2
Bdv

1 1
1opt 2 2

2 2

'
10'

KF KL L L
KF K

= ≈ 2 2
if 1fd 2dv v=

如果忽略 

那么 2
ifdv 最小： 

2 2 2 2m2
if 1f 2f

m1

2 2 2 2m2 2f
if 1f

m1 1f

2 2 22 2 1
if 1f

1 21

d d d ( )

dd d [1 ( ) ( ) ]
d

'
d d [1 ( ) ]'

gv v v
g

g vv v
g v

KF K Lv v
KF LK

= +

= +

= +
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0429 1/f Noise of amplifier with active load
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放大器的噪声系数 
2
Sdv

vin vout

RS

2
ieqdi

2
ieqdv

A
inR = ∞

S A A

S S

2 2 2
ieq S ieq

S

1

d d
1

4k d

N N NNF
N N

v R i
NF

TR f

+
= = +

+
= + S

1NF
R



SNF R

电压驱动 

电流驱动 
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B100   100 Ωβ r= =

电阻噪声匹配 
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1

0.1
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20 dB

10 dB

3 dB

0.4 dB

0.04 dB

NF
A

S

N
N

10010 1 k 10 k 1 MΩ100 k
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2
ieqdv 2

ieqdi

SoptR m2 3.8 mSg =

2
ieq

Sopt 2
ieq

d

d

v
R

i
=

1 μA

10 μA

0.1 mA

MOST 
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0431 Resistive noise matching
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目录 
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Ref.: W. Sansen : Analog Design Essentials, Springer 2006 
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源极跟随器的噪声 

2
Sdv

RS

A

2
ieqdv

RT

2
iedv

IT2
Tdi CL

2
Adi

2
Adv

vIN

ICE

( )
2

2 2 2 2 2 T
ieq ie A T A

m T

d d d d d
1

Rv v v i i
g R

 
= + + +  + 
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0433 Noise of an emitter follower
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2
Sdv
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A

2
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2
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RT

2
iedv

IT2
Tdi CL

2
Adi

2
Adv

vIN

ICE

射极跟随器的噪声 

( )
2

2 2 2 2 2 2 2 T
ieq ie A S ie T A

m m T

1d d d ( ) d d d
1

Rv v v R i i i
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目录 
噪声定义 
共源放大器的噪声 
源极跟随器的噪声 
共栅放大器的噪声 
电流镜的噪声 
差分对的噪声 
密勒CMOS OTA的噪声 
容性噪声匹配 
电压/电流检测器的噪声对比 

Ref.: W. Sansen : Analog Design Essentials, Springer 2006 
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iIN vOUT

电压检测放大器的噪声源 

2
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Rdi
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1446Noise sources of detector voltage amplifier
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电压检测放大器的噪声密度 
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1447Noise density of detector voltage amplifier
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电流检测放大器的噪声源 

CL

i
i

RF

iIN vOUT
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Ddi
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电流检测放大器的噪声密度 

2 2
ieq D m

2d d 4k d
3

i i T g f= +

为晶体管噪声！ 
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i
i

RF

iIN vOUT
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ieqdi
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1449Noise density of detector current amplifier
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噪声密度的比较 

F
m

3 2R
g

>当                时，电压放大器较好，噪声密度较小 

电压放大器： 

电流放大器： 
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积分噪声的比较 

电压放大器： 

电流放大器： 

2 2
IN D

2 2 2L m
IN R

L F P

2 2 m
IN A

F L

πd ( )
2

π kd ( ) ( )
2

π 2 kd ( )
2 3

i i BW

R gTi i BW
R R C

gTi i BW
R C

=

= =

= =

大ID： 

F L
3
4

R R>当                时，电压放大器较好，积分噪声较小 
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