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Single-transistor amplifier - 1

VGS-VT

2 IDS 

vin
vout

+

-

Av = gmrDS = 

rDSgmvGS

vGS

+

-

IL +
vin vout

-

Av ≈ 100   if  VEL ≈ 10 V and  VGS-VT ≈ 0.2 V

IDS 

VE L
VGS-VT

2 VE L=
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Single-transistor amplifier - 2

High gain  ?

Low  VGS-VT and  large  L  !!!
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MOST or bipolar amplifier ?

Av = 

Av ≈ 100   if  VEL ≈ 10 V and  VGS-VT ≈ 0.2 V

(VGS-VT)/2
VE L

Av = 

Av ≈ 1000   if  VE ≈ 26 V since  kT/q = 26 mV

kT/q
VE 

MOST

Bipolar 3 vs 2 stages for 106
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Gain, Bandwidth and Gain-bandwidth

vin

vout
+

-

IL

CL

Av0 = gmrDS

BW = 
2π rDSCL

1

GBW = 
2π CL

gm

For all single-stage 
Operational amplifiers
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Gain Av , BW and GBW

|Av |
BW  

GBW = 
2π CL

gmAv0 = gmrDS
GBW

f

Av0

1

Av0φ (Av )

- 90o

0o
φ (Av ) = - 45o

at BW

-20 dB/decade
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Single-transistor amplifier : Exercise

Techno.: K’n ≈ 50 µA/V2

Lmin = 0.5 µm

GBW = 100 MHz  for CL = 3 pF

IDS ?   L ?   W ?       
IDS

GBW.CL ?
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Gain, Bandwidth and Gain-bandwidth

vin
vout

+

-

IL Av0 = gmrDS

BW = 
2π RSCGS

1

GBW = 
2π CGS

gm

RS 

CGS

RS

rDS

RS

rDS= fT

W ?   L ?   VGS-VT?
WCox

1
VGS-VT

1~
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Gain, Bandwidth and Gain-bandwidth

vin
vout

+

-

IL Av0 = gmrDS

BW = 
2π RS Av0 CF

1

GBW = 
2π RS CF

1

RS 

CF
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Miller effect

vin
vout

+

-

IL

Av0 = gmrDS CFM = (1+Av0) CF

RS 

CF

CFM

vin
vout

+

-

IL

RS 

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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Miller capacitance feedback effects

vin
vout

+

-

IL

RS 

CF

|Av |
BW  

GBW

f

Av0

1

φ (Av )

- 90o

0o

fz

- 180o

fz =  
2π CF

gm

1 + gmRS

1

For phase, a positive zero
is like a negative pole !!!

fp

1 + j f/fp

1 - j f/fzAv = Av0
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Amplifier with local R- (series) feedback

vin

gmR =

RoutR = rDS (1+ gmRS)
≈  (gmrDS) RSRS 

1 + gmRS

gm

RoutR

CinR =
1 + gmRS

CGS

But RS gives extra noise !

CinR

iout
~

RS

1
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Amplifier with local L- feedback

vin

gmL =

RoutL = rDS (1+ gmLSs)

LS 

1 + gmLSs
gm

RoutL

ZinL = gm CGS

LS

No extra noise !

ZinL

iout

s CGS

1 + LSCGS s2
+

ZinL =  LS ωT + LSs + s CGS

1 
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Amplifier with local MOST-R- Feedback

vin

VDS2 = VGS2 - VGS1  ≈ 0.2 Viout

M1

M2

CinR =
1 + gm1rDS2

CGS1+CGS2

rDS2 =

RoutR = rDS1 (1+ gm1 rDS2)

KP W2/L2 (VGS2-VT)
1
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Diode-connected MOST : parallel Feedback

VDS0

IDS

G = D

IDS

+

-
VDS = VGS VGS

VDS = VGS

saturation

IDS = K’
n (VDS-VT) 2W

L

VDS = VGS-VT 

VT
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Diode-connected MOST: small-signal

rDS
gmvGS

vGS

+

-

rds =  1/gm // rDS ≈  1/gm

IDS

G = D

+

-
VDS = VGS

iDS
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Diode-connected MOST at high frequencies

rDSgmvGS

vGS

+

-

IDS

G = D

+

-
VDS = VGS

CGS

BW  =
gm

2π (CGS+CDS)

iDS

CDS

≈
fT
2
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Wideband amplifier

vin

vout

M1

M2

Av0 =

ROUT = 1/gm2

gm1 (W/L)1
(W/L)2gm2

=

VDD
VOUT = VDD - VGS2(VOUT)

=
VGS1 - VT

VGS2 - VT
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Linear wideband amplifier

2IB

vin

vout

Current mirror with only nMOSTs
Same VOUTDC as VINDC
No body bias effect
Good PSRR
Double power consumption

M1 M2
Av0 =

ROUT = 1/gm2

gm1 (W/L)1
(W/L)2gm2

=

VDD VOUT = VGS2

=
VGS1 - VT

VGS2 - VT
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Wideband amplifiers

Av0 =

Rout = 1/gm2

gm1 (W/L)1
(W/L)2gm2

=

2IB

vin

vout

M1 M2

2IB

vin

vout

M1
M2

Av0 = gm Rout

Rout = rDS1//rDS2

=
VGS1 - VT

VGS2 - VT
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Class A versus class AB amplifier

vout = Av vin

Class A stage

vout

iout

M1

vout = Av vin

Class AB stage

vout

iout

M1

M2 M2

vin
vin

+

CL CL
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CMOS inverter-amplifier

vout

M1

M2vin

CL

VDD

vout

M1

M2vin

CL

VDD

Digital invertor Analog amplifier

0

1

0

1
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Operating points nMOST & pMOST

VOUT
0

IDS

vout

M1

M2vin

CL

VDD

M2
pMOST

nMOST
M1

5

1
2

3

4

6
7

IDS

VDD = VDSn + VDSp VDSn = VOUT VDSp = VDD - VOUT 
= VGSn + VGSp VGSn = VIN VGSp = VDD - VIN 
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Transfer characteristic

vout

M1

M2vin

CL

VDD

vin
2

VDD0
iDS

VDD

vout
VDD

2

VDD

0

iDS

0
vin

IDSA

vin = 0         vout = 1
2

3

5

6 7

vin = 1
vout = 0

Analog
amplifier

1

4
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Analog amplifier : DC

vout

iDSA

M1

M2

vin
CL

Ln

WnIDSn = K’n (Vin-VT)2

VDD

Lp

WpIDSp = K’p (VDD-Vin-VT)2

Ln

WnIDS = K’n (       -VT)2

Ln

Wn
Lp

WpK’n = K’p 2
VDD

Vin =
2

VDD

2
VDD Vout =
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Analog amplifier : AC model

vout

iDSA

M1

M2

vin

CL

VDD

rDSn

gmnviv

+

-

vin

rDSp

gmpviv

CL

vout

For the same  IDS en VGS-VT :  gmn = gmp = gm
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vout

iDSA

M1

M2

vin
CL

VDD

2
VDD

If   VEnLn = VEpLp = VE

gDSn = gDSp = gDS

(gDS = 1/rDS )

Av0 = - = -
2gDS

2gm 2VE

-VT

Analog amplifier: AC gain Av
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vout

iDSA

M1

M2

vin
CL

VDD

GBW =
2π CL

2gm

Rout =

BW =
2π RoutCL

1

Av0 = 2gmRout

2
rDS

Analog amplifier : BW & GBW
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Analog amplifier: poles due to CGS

vout

M1

M2

vin
CL

VDD

GBW = fT RS

rDS

Av0 = 2gmRout

RS

CGS

GBW =
2π CL

2gm

But if  RSCGSt >  rDSCL :

CGSt = CGS1+ CGS2
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Analog amplifier: poles due to CDG

vout

M1

M2

vin
CL

VDD

RS

CDG

vout =
vin

Av0 (1 - sCDGt /gm)

1 + s (RoutCL + Av0RSCDGt) + s2 RSRoutCDGtCL

CDG

f

CL
gmRS

1
2π RoutCL

fd fnd

fz
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Analog amplifier: other poles

vout

M1

M2

vin
CL

VDD

GBW =
2π RS CDGt

1

Av0 = 2gmRout

RS

CDG

GBW =
2π CL

2gm

But if  RSCDGt > 
2π GBW

1

CDGt = CDG1+ CDG2

:
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Class AB operation

vout

iC2

M1

M2

vin

CL

VDD

vin
2

VDD VDD0

iC

IC2

iC1

IC1

iL

iL = iC2 - iC1

iLIDSA
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Single-transistor stages

vin

iout

vin
vout

IB

iout

+

IB
iin

iout = gmvin vout = vin iout = iin

Amplifier          Source follower      Cascode

VBVB

RinRout

Rout ≈ 1/gm Rin ≈ 1/gm 

Voltage buffer                   Current buffer

Common source Common drain Common gate
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Source follower with VBS = 0  (p-well)

vin
vout

IBVB RB CL

RS

VOUT = VIN - VGS

K’W/L

IBVGS = VT0 +

VGS = ct  if IB = ct

∆VOUT = ∆VIN

Av = 1

ZOUT = gm

1
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Source follower with VBS ≠ 0  (n-well)

vin
vout

IBVB RB CL

RS

VOUT = VIN - VGS

K’W/L

IBVGS = VT +

VGS ≠ ct

Av = 

ZOUT <gm

1

VT = VT0 + γ [  |2ΦF| +VOUT - |2ΦF| ] n
1
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Source follower non-linearity

vin
vout

IBVB
CL

RS VOUT

VIN

γ = 0
slope 1

γ = 0.8 V 1/2

slope 1/n

0 VT
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Emitter follower

vin
vout

IBVB
CL

RS
ROUT 

Av = 1 ROUT =       +gm

1 RS+rB
β+1

vin
vout

VB
RE

RS

RIN 

RIN = rπ+ rB+ (β+1)RE

Limited isolation !
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Source follower with CL load

1M 1G Hz

1M 1G

10mS

1mS

gm

|Av|
0.1mS

0.001

0.01

0.1

1

f

ffd

fnd
fz

Hz

fd

gmr

gmr

Av =
(1 +  s CGS /gm)

1 + s B + s2 C2RS/gm

B = RSCDG +
C’DS

gm

CGS
gm

+ (1+       )RS
rDS

C2 = C’DSCDG + 
C’DSCGS + CDGCGS

C’DS = CL + CDS
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Source follower with CL load

1M 1G Hz

1M 1G

10mS

1mS

gm

|Av|
0.1mS

0.001

0.01

0.1

1

f

ffd

fnd
fz

RS
gmr =

Hz

fd

gmr
1

CDG

gmr

CL + CDS + CGS

gmu

RS
gmu = 1

∆gmr

CDGt =
C’DS CGS

C’DS + CGS

∆gmr =
CDGt

CDG
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Source follower : Output impedance

1M 1G Hz

1M 1G

10mS

1mS

gm

|Zout|
0.1mS

10

100

1k

10kΩ

f

ffd

fnd
fz

RS
gmu ≈

Hz

fd

gmr

1 CGS + CDS

CGS + CDG

1

fnd

Inductive

fz =
2π RSCGS

1

fd,higm =
2π RSCDG

1

RS
gmr =

1 CGS + CDS

CDG
gmu

gmr

gmu
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Emitter follower : Output impedance

1M 1G Hz

1M 1G

10mS

1mS

gm

|Zout|
0.1mS

10

100

1k

10kΩ

f

ffd

fnd
fz

RS
gmr =

Hz

fd
gmr

1 Cπ + CCE

Cπ + Cµ

1

fnd

L =
RS

ωT

Inductive

fz =
1

2π RS//rπ (Cπ+Cµ)gmr

gmu

gmu

RS
gmu ≈

1 CjE + CCE

CjE + Cµ
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Source follower as active L

IBVB
CL

RS
ZOUT ≈

gm

1

CGS

ZOUT  ≈      (1 + RSCGSs) up to fT = 2π CGS

gm

gm

1

L

ZOUT

fgm

1

RS

L ≈
RS

2π fT

fT
fT

gmRS
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Source follower as active L

IB

RS

L ≈
RS

2π fT

IB2

L

IB1

L

IB2

L

IB1

L ≈
1/gmp

2π fTn
L ≈

1/gmp

2π fTn

VDSn = VGSn VDSn = VGSn + VGSp VDSn = VGSp
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Floating inductor with parallel C

Vout-

Rtune

IB

C
Vout+ Vout-Vout+

Rtune

C

L = 
Rtune
ωT2

T1

T2

Av =
gm1
gm2

with HF peaking !

Vin- Vin+
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Single-transistor stages

vin

iout

vin
vout

IB

iout

+

IB
iin

iout = gmvin vout = vin iout = iin

Amplifier          Source follower      Cascode

VBVB

RinRout

Rout ≈ 1/gm Rin ≈ 1/gm 

Voltage buffer                   Current buffer

Common source Common drain Common gate
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Cascode with resistive load

RL

+

IB

iin

vout

iDS

AR =

RL
RLc

AR

rDS
gm

1
vin

iin

vout Rin = iin

vin

AR = RL

Rin

?

?
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Cascode with resistive load

iL

+

IB

iin

vout
RL

rDS

RB

ids

RL

iin

ids

iin

iL

RLc

gmRB

RLc = gmrDSRB
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Cascode with active load

iB

+

IB

iin

vout

rDS

RB

iDS

RL
RLc

RLc = gmrDSRB ≈ 100 RB

AR
RLc

rDS

RB

gm

1

AR = iin

vout Rin = iin

vin

AR

Rin
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Cascode versus single-transistor

IB

+
vout

vin vin

IB

vout

Av = (gmrDS)1
Rout =  rDS1

M1 M1

M2

Av = (gmrDS)1(gmrDS)2
Rout =  rDS1 (gmrDS)2
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Cascode versus single-transistor

IB

+

vout

vin vin

IB

vout
M1 M1

M2

CL

CL

GBW =               for both !
2π CL

gm1BW =                
2π RoutCL

1
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Cascode versus single-transistor

IB

+

vout

vin M1

M2

CL

vin

IB

vout
M1 CL

GBW =
2π CL

gm1

Av

Av2
= gm2rDS2

Av1 = gm1rDS1
GBW

f

Single 
transistor

Cascode :
High gain
At low freq.
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Miller effect in cascode ?

IB

+

vout

vin M1

M2
CL

GBW =
2π CL

gm1

CM
RS

vm

No Miller  if RS < RSt = ro2 CM

CL

RS

f

fd

fnd
ro2CL

RSCM

RSt

Av1 RSCM

Av2 ro1CL

Av2 = gm2ro2
Av1 = gm1ro1

gm2

gm1
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Cascode with capacitance Cm at middle point

IB

+

vout

vin M1

M2
CL

GBW =
2π CL

gm1

Cm

RS
vm

Cmt = gm2ro2 CL = Av2 CL

Cm

f

fd

fnd
ro2CL

Cm/gm2

Cmt

ro1Cm

Av2 ro1CL

Av2 = gm2ro2
Av1 = gm1ro2
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Telescopic Cascode

IB

+1

Rout

vin M1

M2

CL

+2

+3

GBW =
2π CL

gm1

vout

Av = gm1 Rout

1
2

Rout =      rDS1 gm2 rDS2

BW =
2π RoutCL

1

M3

M4
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Folded Cascode

IB1

vout

vin

M1

M2

CL

+

IB2

IDS1 = IB1 - IB2  ≈  IB1 / 2

GBW =
2π CL

gm1

Av = gm1 Rout

Rout =  rDS1 gm2 rDS2

BW =
2π RoutCL

1ids1
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Cascode versus cascade

IB

+
vout

vin M1

M2

Av = (gmrDS)1(gmrDS)2 Av = (gmrDS)1(gmrDS)2

vin

IB1

vout

M1

IB2

M2
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Cascode versus cascade

IB

+
vout

vinvin

IB1

vout

M1M1

M2

IB2

M2

CL

CL

GBW =
2π CL

gm1 GBW =
2π Cc

gm1

Cc

Two-stage Miller amplifier
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Regulated cascode or gain boosting

vout

vin
M1

M2

Av = (gmrDS)1(gmrDS)2 (gmrDS)3

IB

Av = (gmrDS)1(gmrDS)2

IB2

vout

vin
M1

M2

IB1

M3

+

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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Regulated cascode, Cascode & single-transistor

GBW =
2π CL

gm1

Av

Av2

Av1
GBW

f

Av1 = gm1rDS1
Av2 = gm2rDS2
Av3 = gm3rDS3

IB2
vout

vin
M1

M2

IB1

M3

Av3

Single trans.

Reg.cascode

CascodeCL
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Gain boosting

gm1

2π CL

IB
vout

vin M1

M2

Av = Agb(gmrDS)1(gmrDS)2

CL

Agb

Acasc

|A|

Agb

GBWGBWgb

BWgb

fz f

=

+VB
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Pole-zero doublet and settling time

BW  fpz GBW   f

Av

Av0

1
∆fpz

VOUT

0
t

VOUT = VIN [1 - exp (- )  - exp (- )]τGBW

t
τpz

t
GBW

∆fpz

τpz

τGBW
VIN

fpz =
1

2π τpz

GBW =
1

2π τGBWKamath, etal, JSSC Dec.74, pp. 347-352
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Single-transistor stages

vin

iout

vin
vout

IB

iout

+

IB

iin

iout = gmvin vout = vin iout = iin

Amplifier          Source follower      Cascode

VBVB

Zout ≈ 1/gm             Zin ≈ 1/gm  
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MOST amplifier & follower

RB > 1/gm

IB

Rout

RB

vout

AG

Rin

Rout

gm 1/RB 1 1

∞

ro 1/gm

RB > 1/gm

+-

vin

RS
Rout

iout

+-

vin +-

vin

RS
Rout

vout

RB

+-

vin
Rout

iout

AV

∞ ∞ ∞

gmRBro 1/gm
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Bipolar transistor (β >> 1)

RB > 1/gm

IB

Rout

RB

vout

AG

Rin

Rout

gm 1/RB 1 1

rB+rπ

ro 1/gm + RS/β

RB > 1/gm

+-

vin

RS
Rout

iout

+-

vin +-

vin

RS
Rout

vout

RB

+-

vin
Rout

iout

AV

gmRBro

rB+rπ+βRB rB+rπ+βRB

1/gm + RS/β

rB+rπ+βro

Rin Rin
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In- & output resistances MOST cascode

RB > 1/gm

iinIB

Rin

Rout

iinRB

Rin

iinRB

Rin

iinIB

Rin

RL

RB > 1/gm

AR

Rin

Rout

RL RL gmroRB -

1/gm 1/gm RB ∞

gmroRB gmroRB∞ ∞

vout
Rout

RL

vout
Rout
vout

Rout
vout
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In- & output resistances Bipolar trans. cascode

RB > 1/gm

iinIB

Rin

iinRB

Rin

iinRB

Rin

iinIB

Rin

RL RL

RB > 1/gm

AR

Rin

Rout

RL RL gmroRB -

1/gm 1/gm RB//(rB+rπ) rB+rπ

gmroRB gmro(RB //(rB+rπ))≈ βro ≈ βro

Rout
vout

Rout
vout

Rout
vout

Rout
vout
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Calculation of AR for a MOST cascode

iinRB

Rin

RB > 1/gm

AR = gmroRB

Rout
vout

iinRB

vout

rogmv
gmv

v
+

-

+

-

vin

v = - vin

vout = vin - gmv ro
vin = - RB vin

iin

yields     vout = - RB iin (1 + gmro )
and         gmro >> 1
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