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Input- & output impedances

RIN = RINOL(1+LG)

Shunt

Input

SeriesOutput Shunt

Series

ROUT =
ROUTOL

1+LG
ROUT = ROUTOL(1+LG)

RIN =
RINOL

1+LG

1
H

=

= AR 
vOUT

iIN
= AI 

iOUT

iIN

= AG 
iOUT

vIN
= AV 

vOUT

vIN
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Shunt-shunt FB configuration

AR =        = RF

vOUT

iIN

RF

RIN

+

-

vIN

A0vIN A0 ≈ 104 … 106

RNP >> RF

vOUT

iIN

ROUT

RO << RF

RIN ≈ 0      ROUT ≈ 0

+
-
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Shunt-shunt FB : loop gain

LG =

vOUTLG

iIN = 0

RF

+

-

vIN

A0vIN

RNP >> RF

vOUTLG

vINLG

RO << RF

vINLG

≈ AvOL ≈ A0 ≈ 104 … 106

+
-
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Shunt-shunt FB : input resistance

vOUT

iIN

RF

RIN

+

-

vIN

A0vIN A0 ≈ 104 … 106

RIN =      
vIN

iIN
≈ 0

ROUT

=      
RINOL

LG
RINOL = RIN (Av = 0) = RNP//(RF+RO)

≈ RF

Open Loop
RNP >> RF

RO << RF
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Shunt-shunt FB : output resistance

vOUT

iIN = 0

RF

+

-

vIN

A0vIN A0 ≈ 104 … 106

ROUT

RNP >> RF

RO << RF

ROUT = ≈ 0
ROUTOL

LG
ROUTOL = ROUT (Av = 0) 
= RO//(RF+RNP) ≈ RO

Open Loop



Willy Sansen 10-05  149

+
vOUTiIN
-

RF
LG = gm1ro1

RIN =      ≈ 0 ?
RF

LG
ROUT = ≈ 0

1/gm2

LG

AR =         = RF
vOUT

iIN
M1

M2

VDD

Shunt-shunt FB pair
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+
vOUT

iIN

-
RF

AR =         = RF
vOUT

iIN

M1

M2

VDD

Shunt-shunt FB pair with resistors

Ref.Cherry, Proc. IEE, Feb.63, 375-389; Holdenried, JSSC Nov.04, 1959-1967

vIN

R1

+
vOUT2

-

RF
M1

M2

VDD

R1 vOUT1

+

-

R2

AR1 = RF AR2 = RF
R1+R2

R2

vIN

iIN

M3 M3
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Current detector with voltage amp.

iIN

RF = 360 Ω

vOUT =  RF iIN

RL

CL

+

fT =  40 GHz rB = 20 Ω BW = 10 GHz    ITOT= 10 mA    
Ref.Baureis, JSSC  
June 1993, 701-706

REQ1

Q2

Q3
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Shunt-shunt FB triple

+

vOUT
iIN

-
RF

LG = Av1Av2Av3

RIN =      ≈ 0
RF

LG
ROUT = ≈ 0

1/gm4

LG

AR = RF

M1

M4

VDD

M2
M3

Avi = gmiroi
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Shunt-shunt FB triple: easier biasing

+

vOUT
iIN

-
RF

LG = Av1Av2Av3

RIN =      ≈ 0
RF

LG
ROUT = ≈ 0

1/gm4

LG

AR = RF

M1

M4

VDD

M2
M3

Avi = gmiroi
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CMOS preamplifier for optical communications

Ref.Phang, Johns, 
CAS-II  July 1999

Two stages
possible

if fully differential !

20 kΩ … 500 Ω
tracking
of R1 & Rf
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Differential shunt-shunt FB pair

LG = Av1Av2

AR = RF

Av1 = gm1ro1

RIN =      ≈ 0
2RF

LG
ROUT = ≈ 0

2/gm3

LG

Av2 = gm2ro2



Willy Sansen 10-05  1416

Current detector with voltage amplifier

iIN

RF

vOUT

+
-

RL

A1= gmRL

A2

A2

=
iIN

vIN RF

=
iIN

vOUT RF

A1A2

LG = A1A2
Cp

RIN = 

AR = 

f-3dB =      1

2π RIN Cp
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Single MOST with shunt-shunt FB

+

vOUT
iIN

-

RF

LG = gmro

RIN =      ≈ 0 ?
RF + ro

LG

ROUT = ≈ 0 ?
ro

LG

AR = RF   (if  >> 1/ gm)
VDD

Ref.Cherry, Proc. IEE, Feb.63, 375-389
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Single bipolar transistor with shunt-shunt FB

+

vOUT
iIN

-

RF

LG =

RIN =      ≈ 0  ?
(RF + ro ) // rπ

LG

ROUT = ≈ 0  ?
ro // (RF + rπ ) 

LG

AR = RF   (if  >> 1/ gm)
VDD

Far from ideal !!
Output loading : RF + rπ ≈ ro
reduces the LG !!

gm ro rπ

ro + RF + rπ
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Cascode with shunt-shunt FB

+

vOUT

iIN

-

RF
LG = gm1ro1 gm2ro2

RIN =      ≈RF + rOUT

LG

ROUT = ≈ 0
rOUT

LG

AR = RF
VDD

+

rOUT = ro1gm2ro2M1

M2 ≈ 0
gm1

1

gm1

1≈
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MOST Shunt-shunt FB triple

+

vOUTiIN

-
RF

LG = Av1Av2Av3

RIN =      ≈ 0
RF + ro3

LG

ROUT = ≈ 0
ro3

LG

AR = RF

M1

VDD

M2
M3

Avi = gmiroi
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Bipolar Transistor Shunt-shunt FB triple

+

vOUTiIN

-
RF

LG = Av1Av2Av3

RIN =     ≈ 0
(RF + ro3) //rπ1

LG

AR = RF

Q1

VDD

Q2
Q3

Av1 = gm1(ro1//rπ2)

Output loading : RF + rπ3 ≈ ro3
reduces the LG !!

Av2 = gm2(ro2//rπ3)
Av3 = gm3 ROUTOL

ROUTOL= ro3//(RF+rπ1)

ROUT = LG
ROUTOL ≈ 0
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Shunt-shunt FB with non-ideal current source

+
- vOUT

RF

iIN

AR = RF

RIN  =

+
- vOUT

RFRG

A0 A0
iIN RS

RIN = RG RIN

LG = A0

A0

RF

AR = RF

LG = A0

if RS  > A0

RF

RG = A0

RF RIN = RG // RS
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Shunt-shunt FB with voltage source

+
- vOUT

RFRG

A0
iIN RS

RIN

AR = RF

LG = A0

if RS  > A0

RF

RG = A0

RF RIN = RG//RS

+
- vOUT

RF

RS

vIN iIN A0

RGRIN

AR = RF

LG = A0

if RS  > A0

RF

RG = A0

RF RIN = RG+RS
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Shunt-shunt feedback : Gain and ROUT

Av  = -AR     R1

A0 ≈ 104 … 106LG = A0

+
- vOUT

R2

R1vIN

A0
if R1  > A0

R2
iIN

1

vOUT
vIN

=
vOUT

iIN

iIN
vIN

AR = R2

Av  =  - R1

R2ROUT  =
ROUTOL

LG
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Shunt-shunt FB pair with with voltage source

+
vOUT

vIN

-
RF

M1

M2

VDD

LG = gm1ro1

RIN = RS + RG

AR = RF

RS

iIN

Av = -
RF

RS

ROUT = ≈ 0
1/gm2

LG

RG = LG

RF ≈ 0
gm1ro1

RF=

if RS  > A0

RF

RG
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Shunt-shunt FB pair with input loading

+
vOUTiIN

-
RF

LG = gm1ro1

RIN =      ≈ 0
RF // rπ1

LG

ROUT = ≈ 0
ROUTOL

LG

AR = RF

Q1

Q2

VDD

Input loading : RF ≈ rπ1

RF + rπ1

rπ1

ROUTOL = +gm2

1
β

ro1

=
gm1ro1

RF
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Shunt-shunt FB pair with voltage source

+
vOUT
-

RF

LG = gm1RL

RB =      ≈ 0
RF //rπ1

LG

ROUT = ≈ 0
ROUTOL

LG

AR = - RF

Q1

Q2

VDD

Input loading : 
RF ≈ rπ1

RF + rπ1

ROUTOL = +gm2

1
β

RL

vIN
RS

iIN

RL

RE

Av = -
RF

RS
rπ1

RIN = RS + RB

RB
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Non-ideal single-transistor shunt-shunt FB

+

vOUT
vIN

-

RF LG ≈ gmroLF

RB ≈      ≈ 0
rπ//(RF+roL)

LG

ROUT ≈ ≈ 0  ??
roLF

LG

AR ≈ RFVDD

Output loading : RF ≈ roL roL = ro//RL roLF = ro//RL//RF
Input loading :  RF ≈ rπ

RL

RS

Av ≈ -
RF

RS

RIN = RS + RB

RB
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Non-ideal single-transistor Feedback

+

vOUT
vIN

-

RF
LG = ?

RIN = ?      

ROUT = ? 

AR = RFVDD

Output loading : RF ≈ roL roL = ro//RL
Input loading :  RF ≈ rπ

RL

RS

Av = -
RF

RS

RE
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Shunt-shunt feedback in Right-leg drive

+
-

iB

RP

RB

RA

+

-

vB

=
iB

A0

vB RP + RB
A0 + 1

+
-

iB

RP

+
vB

A0

-

vOUTd

iB ≈ 10 µARMS
for 220 VRMS (50 Hz) through 150 pF
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Shunt-series feedback : Gain, RIN & ROUT

+
-

R2
iIN

RE

VDD

A0
iOUT

ROUT

VDD

RIN  =

ROUT = ROUTOL LG ≈ ∞

ROUTOL = ro (1 + gmRE) 

LG = A0

R2
*

LG

RE > 1/gm R2 > 1/gm

RIN

≈ 0

R2
*= R2 + RE/(1+gmRE) ≈ R2

AI = 1 + 
R2

RE

≈ R2//RE iOUT
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Shunt-series feedback with load RL

+
-

vOUT
R2

iIN

RE

VDDRL

+

-

A0

RE > 1/gm R2 > 1/gm

ROUTT AR = AI RL

RIN =           ≈ 0

ROUTT = ROUTTOL LG ≈ ∞

R2

LG

ROUT

ROUT = ROUTT//RL ≈ RL

RIN

LG = A0

AI = 1 + 
R2

RE

ROUTTOL = ro (1 + gmRE)
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Ideal current buffer

+
-

iOUT

RE

iIN

A0

RE > 1/gm

AI = 1

RIN =            ≈ 0

ROUT = ROUTOL LG ≈ ∞

ROUTOL = ro (1 + gmRE) 

LG = A0

1/gm

LG

ROUT

≈ 0

RIN
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Ideal current mirror

+
-

iOUT = B iIN
iIN

A0

AI = B

RIN  =           =           ≈ 0

ROUT = ro2

LG = gm1ro1 A0

RINOL

LG

ROUTVref ≈ 0.2 V 

M1 M2

RIN

1    :     B
RINOL  = ro1

1
gm1A0
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Gain boosting

RE2 =            ≈ 0

ROUT = ROUTOL LG ≈ ∞

ROUTOL = ro2 (1 + gm2ro1) 

LG = Agb

1/gm2

LG

IB
vout

vin M1

M2

Av = Agb(gmrDS)1(gmrDS)2

CL

Agb+VB

Hosticka, JSSC Dec.79, pp. 1111-1114; Sackinger, JSSC Febr.90, pp. 289-298; 
Bult JSSC Dec.90, pp. 1379-1384
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Differential current amplifier

Ref. Umminger, 
JSSC Dec.95, 1382-1390
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Linear laser diode driver

iOUT    = k iIN = k +
-

iOUTR1vIN

A0

Opt. fiber

iIN

iD

R1

vIN

iD =
k

iOUT

gm

LG =
gmA0

k
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Optical receiver : Current or voltage amplifier

IIN

RF

Av AR

IIN

vOUT = RFIIN

vOUT vOUT

vOUT = ARIIN
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Current detector with voltage amplifier

iIN

RF

vOUT

RL

CP = CD + CGS A1= gmRL

A2

A = A1A 2

=
iIN

vIN RF

1 + RF             s
CP

A1A2

1

=
iIN

vOUT RF

1 + RF             s
CP

A1A2

1

A1A2

T =
1 + RF CP s

A1A2

Noise matching : CD = CGS

+
-

AR BW  (THzΩ) = 
2π CP

A1A2
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Current detector with voltage amplifier

iIN

RF

vOUT

RL

CL

CP = CD + CGS

A2

A = A1A 2

A1= gmRL

=
iIN

vIN RF

1 + as + bs2

1 + RLCLs

A1A2

=
iIN

vOUT RF
1

a =
RFCP

A1A2

1 + as + bs2

b =
RFCP RLCL

A1A2

+
-

No peaking if  RL <
CP

CL

RF

4gmA2
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BW in voltage/current amplifier

iIN
RF

+

RS

BW =
1

2π RF(CGD2+CDB1)

M2
M1

RE

vOUT

iIN

RF

RL

vOUT

REM1

M2

BW =
Av1

2π RF(CGS1+CD)

RS >> 1/gm1
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Current detector with input cascode

vOUT = RF iIN

iIN

RS >> 1/gm1

RL1

CL

vOUT

RE

+

RS

RF

BW =
Av2

2π RF//RL1CT

M2
M3

M1

RL2

CT = CGS2 + Av2CGD2

Av2 = gm2RL2

Vanisri, etal, JSSC June 95, pp. 677-685

ZIN independent of f ! 
ROUT =

Av2

1/gm3
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Current detector with regulated cascode

5 V   17 mA

gmB = 3 gm1

RF = 800 Ω
BW = 1 GHz 

BW independent of CD ! Current noise : RS & RF // R1

Park, JSSC Jan. 04, 112-120

CD = 0.5 pF
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Noise sources of detector voltage amplifier

iIN

RF

vOUT
+

dvA
2

diR2

diD2

-

diD2 = 2qID df diR2 =         df
4kT
RF

dvA
2 = 4kT (      ) df

gm

2/3

ii

RL CL
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iIN

RF

vOUT
+

diieq
2

-

diieq
2 = diD2 + diR2 +           ≈ diD2 + diR2

ii

RL CL

dvA
2

RF
2

Noise density of detector voltage amplifier

2/3
gm

if  RF >
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iIN
vOUT

+

diA2
diD2

-

diD2 = 2q ID df diA2 = 4kT     gm df
3
2

ii

CLRF

Noise sources of detector current amplifier
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iIN
vOUT

+

diA2
diieq

2

-

diieq
2 = diD2 + 4kT     gm df     is transistor noise !3

2

ii

CLRF

Noise density of detector current amplifier
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Comparison of noise densities

Voltage amp.:   iIN2 = diR2 =         df
RF

4kT

Current amp.:   iIN2 = diA2 =  4kT     gm df

gm

1

3
2

Voltage amplifier better when RF > 2
3
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Comparison of integrated noise

Large ID :    iIN2 = diD2 (BW     ) 2
π

Small ID :

Voltage amp.:   iIN2 = diR2 (BW     ) = 2
π

RL

kT
CP

gm

Current amp.:   iIN2 = diA2 (BW     ) = 2
π

RF

kT
CL

gm
3
2

Voltage amplifier better when RF > RL

RF
(     )2RL

4
3
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CMOS photodiode amplifier

Ref.Ingels, JSSC  Dec 1994, 1552-1559     

150 kΩ x 120 MHz = 18 THzΩ 0.5 pA/√Hz
450 MHz per cell

iIN

RF

vOUT

M1 M3

M2
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CMOS wideband amplifier cell

iIN

RF

M1 M3

M2

gm3

gm1+ gm2Av =

M1 & M3 : same VGS & VDS
K’n ≈ 2K’p
All L are Lmin

gm = 2 K’n IDS W/L

IDS1 = λ IDS2
IDS3 = (1 - λ) IDS2

IDS2

VGS1 = VGS3 :  W3 = W1
1 - λ

λ
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0

2

4

6

8

10

0 0.2 0.4 0.6 0.8 1

CMOS wideband amplifier : gain and bandwidth

Av

BW
BW =

gm3

2π Cn

Cn = CDB1 + CGS3 + CDB3 + CDB2

CDB ≈ CGS ≈ kW   k ≈ 2 fF/µm

λ

W1 = 2 
W2 = 4

1 - λ

λ
( )1 +

W2

2λW1

W1(2 - λ) + λW2

(1 - λ) λW1~
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Integrated resistor

iIN

RF

M1 M3

M2
RF ? Poly R : large size : large L

distributed C :
45o phase shift at 100 MHz 

MOST : W = 1.3 µm & L = 1 µm 
allows dynamic compression

f-3dB =
2.43

Glaser; IC Engineering
Add.Wesley, p.132

RS = sheet res. (Ω / ��)
C0 =  unit cap. (F/cm2)

RS C0 L2
1

2π
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Gain compression

F
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1 Gb/s 1 kΩ transimpedance stage

Ref.Ingels, JSSC  July 1999, 971-977 

Cd = 0.8 pF  ≈ CGS
Capacitive noise matching !

pMost vs nMOST :

nMOST R increases for
larger diode currents !

pMOST gives compression !

BW = 500 MHz
5 mA (5V)
0.7 µm CMOS
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High-frequency Resistance RF

Seidl, ISSCC 04, 470-471 

Cd = 0.1 pF

180 kΩ 380 MHz
68 THzΩ

14 mA (5 V)
0.6 µm BiCMOS

0.5 pF

R4

R3 R1

R2=
R1 + R2 = 200 kΩ

R3 + R4 = 4 kΩ
=  2

sees 1/gm1
Poly RF = 200 kΩ
would cut off
around 67 MHz !
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BICMOS transimpedance amplifier

Ref.Meyer, JSSC  June 1994, 701-706

28 kΩ 178 MHz   1 pA/√Hz

178 MHz
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BICMOS transimpedance amplifier

Ref.Meyer, JSSC  June 1994, 701-706

28 kΩ 178 MHz  1 pARMS/√Hz

Av =                     =                = 125
R1 // ..   

12 + 1/gm4

5 kΩ
12 + 28

Ri =              = 240 Ω
RF1

1 + Av

Ci =  (1 + Av) C2 = 4 pF

dii2 =  2qIB1df +         df

= (0.4 + 0.6)10-24 ≈ 10-24 A2/Hz

4kT
RF1

178 MHz
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Low-voltage transimpedance amplifier

If RF > 1/gm1 : vOUT = - RF iIN

iIN

Ref.Phang, Johns, ISSCC 2001, 218-219

IB2IB1

vOUT
iIN

IB2IB1

vOUT

RF

M1 M1 M1 M1
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75 Mb/s optical receiver in CMOS

Ref. Phang, ISSCC 2001 218-219

Cd = 1 pF

(40 µA)
2.4 kΩ
45 MHz

75 Mb/s
11 pARMS/√Hz

0.35 µm CMOS
1 V  (1 mA)
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GaAs 10 Gb/s receiver

HP - GaAs MODIC :
depletion nMOST’s

560 V/W

flip-chip PD :
-3 dB at 7.2 GHz
10 pA/√Hz

wire bond :
-3 dB at 4.2 GHz
20 pA/√Hz
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