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IC Technologies 
CMOS 

Si Bipolar 

BiCMOS 

GaAs (E/D MESFET & HFET) 

InP Heterojunction Bipolar 

SiGe Bipolar and BiCMOS 
 

Applications 
Telecommunications 
 Optical 
 Wireless 
 DSL 
   
Computing Applications 
 A/Ds and D/As 
 Audio including voice 
 Displays 
 Disk drives and CDROMs 
 
Sensors and Actuators 
 
Automotive 
 Engine control 
 Displays 
 Anticollision systems 
 Airbags 
 
Biomedical 
 Pacemakers 
 Hearing aids 
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 Analog Circuit Hierarchy 
 
Device Technology 
 CMOS, bipolar, GaAs MESFET, HBT 
 
Basic Circuits 
 Amplifiers 
 Current mirrors 
 Buffers 
  
Functional blocks 
 Operational Amplifiers 
 A/D converters, D/A converters 
 Voltage controlled oscillators 
 Mixers 
 Comparators 
 Phase lock loops 
 Voltage references 
 Filters 
  
Subsystems 
 Modulators and Demodulators 
 Optical and wireless transceivers 
 DSL and LAN modems 
 
Systems 
 Cellular phones 
 Disk and CD ROM drives  
 Modems 
 Measurement instruments 
 Automobile air bag 



Advantages of single-chip implementation 

1) Reduced system size – cell phones, hearing aids.

2) Increased speed – no parasitic capacitances from pins and 
interconnect

3) Reduced power dissipation – fewer off chip drivers required 

4) Increased reliability – fewer packages, fewer interconnects 
and fewer bond wires (connections are most unreliable)

5) Reduced cost – smaller and simpler printed circuit boards,
fewer packages  (It costs about $10,000 per kg to launch 
a satellite) 

Disadvantages

Integrating digital and analog components on same chip may 
increase design time and number of iterations due to noise 
coupling

Other technologies may offer improved performance

For instance, InP low noise amplifiers have lower noise 
figure than other technologies and may set the performance 
level for the whole system. 
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MOSFET Operation Simplified (Fluid Dynamics Analog) 

VT = turn-on Voltage (threshold voltage) 

1) Cut off: VGS < VT, VDS = 0 

2) Strong Inversion: VGS > VT, VDS = 0 

3) Non-saturation: VGS > VT , 0 < VDS < VG - VT

4) Saturation: VGS > VT , 0 < VDS > VG - VT

Flow becomes independent of VDS

S D
G

N+N+

S D
G

N+N+

S D
G

N+N+

S D
G

N+N+

Source
Tank

Gate Drain
Tank

VTVGS

VT

VGS

VT

VGS
VDS

VT

VGS
VDS
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The MOSFET 

Enhancement mode n-channel transistor (NMOSFET) 

S D
G

N+N+

W

L

B

P-type
Substrate

(Body)

MOSFET Symbols 

M1

M1

M1

M1

M1 M1

N-channel
FETs

P-channel
FETs

If bulk is connected to proper power supply:

B at lowest
chip potential

B at highest
chip potential
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Basic MOSFET Equations

N-channel MOSFET Equations (simple model)

0DSI TGS VV Cut Off

DS
DS

DSTGSDS V
V

VVV
L

W
KI 1

2
'

2

,TGS VV TGSDS VVV Triode

DSTGSDS VVV
L

W
KI 1'

2
1 2 ,TGS VV TGSDS VVV Saturation

SBTT VVV 0 F2

oxCK '  for  t = 10 nm2/45.3 fFCox

K’, VT0, are process parameters 
W and L are device geometry parameters

The simplest model in SPICE (Level 1 or default model) uses the 
above equations. 

Parameter SPICE Parameter Units
 K’ KP A/V2

 VT0 VTO V
 GAMMA V0.5

 LAMBDA V-1

 PHI V

Typical values
0.05 – 0.005 V-1

VTO 0.5 – 1.0 V 
K’ 200uA/V2 (tox = 0.01u) 

.2 – 1.0 V0.5
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N-channel device I-V Characteristics 

M1

VGS1

VGS2

VGS3

VDS

ID

VDS = -1/

Non-
saturation

Saturation

VGS-VT

ID

VDS+
-

-
VGS

+

P-channel device I-V Characteristics 

Non-
saturation

Saturation

VGS=-1.5V

VGS=-2.5

VGS=-3.5

VDS

IDS

|VGS|- |VT|

M1

IDS

+

-VGS

S

G

D
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P-channel MOSFET Equations (simple model)

1) Multiply all voltages by –1 
2) Compute current as for n-channel 
3) Multiply current by –1

                 OR 
0SDI TSG VV Cut Off

SD
SD

SDTSGPSD V
V

VVV
L

W
KI 1

2
'

2

TSG VV , TSGSD VVV Triode

SDTSGPSD VVV
L

W
KI 1'

2
1 2

TSG VV , TSGSD VVV Saturation

BSTT VVV 0 oxpP CK '

Example

VS = 4V, VG = 2V, VD = 1V 
VT = 0.8,  = 0, Kp’ = 100 A/V2

W = 10 , L = 2

| VDS | > | VGS| - | VT |   in saturation 

SDTSGPSD VVV
L

W
KI 1'

2
1 2

AuI SD 360)44.1(250018.02
2

10

2

100 2

IDS = -360 A
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Body effect parameter ( )

M1

M1

VSB

-

+
VSB

-

+

N-channel device 

SBTT VVV 0

Example

VT0 = 0.5 V,  = 0.3 V0.5, VSB = 3 V, = 0.6 V

6.06.033.05.0TV

VVT 84.034.05.0

P-channel device 

BSTT VVV 0

Example

VT0 = -0.7 V,  = 0.6 V0.5, VBS = 2 V,  = 0.7 V 

7.07.026.07.0TV

VVT 18.1)48.07.0(
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The source and drain terminals are interchangeable 
In our equations VDS  0.  Interchange terminals if VDS  0. 

Example

0 V

-2 V

3 V

VY

IYVT0 = 1 V,  = 0, K’ = 60 A/V2

 = 0.5 V0.5,  = 0.8 V 
W = 1 , L = 1

1) Calculate IY for VY = 1 V 

Since VY = 1 V > 0 V, the drain is on the right 

VGS = 3 V, VDS = 1 V, VSB = 2 V 

0 V

-2 V

3 V

+1 V

IY D
S

SBTT VVV 0

8.08.025.00.1TV

VVT 39.139.00.1

VGS - VT = 3 – 1.39 = 1.61 V 

 VDS < VGS - VT   non-saturation region 

DS
DS

DSTGSDS V
V

VVV
L

W
KI 1

2
'

2

YDS IAI 6.66101
2

1
161.1

1

1
60

2
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2) Calculate IY for VY = -1 V 

Since VY = -1 V < 0 V, the drain is now on the left 

VGS = 4 V, VDS = 1 V, VSB = 1 V 

0 V

-2 V

3 V

-1 V

IY

D
SSBTT VVV 0

8.08.015.00.1TV

VVT 2.12.00.1

VGS - VT = 4 – 1.2 = 2.8 V > VDS   non-saturation region 

YDS IAI 138101
2

1
18.2

1

1
60

2

IY = - 138 A

Calculation of VGS for a given drain current 

Transistor in saturation 

2'
2
1

TGSDS VV
L

W
KI assuming small

L

W
K

I
VV DS

TGS

'

2
or

L

W
K

I
VV DS

TGS

'

2
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Example
VT0 = 0.8 V,  = 0, K’ = 77 A/V2

 = 0.35 V0.5,  = 0.8 V 

0 V

-1 V

5 V

VG

I = 1 mA

W = 10 , L = 2

a) VD = 5V 

SBTT VVV 0

VVT 96.08.08.0135.08.0
Assume transistor in saturation 

L

W
K

I
VV DS

TGS

'

2

VV
x

VGS 24.328.296.0

2
10

1077

102
96.0

6

3

Check assumption: VGS - VT = 2.28 V < VDS  = 5V   saturation 

region

b) With VD = 1V, the saturation assumption is invalid 

0 V

-1 V

1 V

VG

I = 1 mAFor non-saturation 

2
'

2
DS

DSTGSDS

V
VVV

L

W
KI
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2'

DS

DS

DS
TGS

V

V
L

W
K

I
VV

VVGS 06.4
2
1

1
2

10
1077

10
96.0

6

3

Check assumption: VGS - VT = 4.06 – 0.96 = 3.1 V > VDS  = 1V 

non-saturation region

Parameter Extraction 

Determination of K and VT (K = K’W/L) 

At very small VDS, DSTGSDS VVVKI
Slope = KVDS, extrapolated intercept is VT

VGS

Slope =
KVDS

VSB1 VSB2
VSB3

VT1 VT2
VT3

ID

If W/L is known then K’ = K/(W/L) 
If slope is not the same for all curves, use an average value
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Determination of  and VT0

From previous measurement, VT is known as a function of VSB

SBTT VVV 0

Plot VT versus SBV assuming  = 0.6 V 

Slope = 

VT0

VT

SBV

Slope = , intercept = VT0.

Calculation of 

DSTGSDS VVV
L

W
KI 1'

2

1 2

For a fixed VGS and VSB: DSDS VII 10

where
2

0 2
'

TGS VV
L

WK
I

Page 16 
EE 422/522



2

1

2

1

1

1

DS

DS

D

D

V

V

I

I

Solve for 
2112

12

DDSDDS

DD

IVIV

II

CMOS Integrated Circuit Technology

Starting Material 

Start with a single-crystal Silicon wafer – up to 12” diameter (300 
mm)

P substrate

SiO2

Grow oxide layer
Si + O2   SiO2

Temperature raised between 850oC to 1100oC
Consumes Si at rate of 0.44 times SiO2 thickness

A unique property of Si is that the SiO2 oxide layer thickness can 
be controlled very uniformly 

Photolithography
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P substrate

SiO2

P substrate

SiO2

Photoresist

1) Apply Photoresist 2)  Expose with UV light

Photoresist

Mask

UV light

Creating N and P-Type Regions 

Diffusion

P substrate

SiO2
P substrate

SiO2

3)  Develop Photoresist 4)  Etch SiO2

Photoresist Photoresist

P substrate

SiO2

5)  Strip resist leaving patterned SiO2

Positive resist :   exposed resist is removed
Negative resist :   non-exposed resist is removed

SiO2 can then be removed
with hydrofluoric acid

Deposit a layer of material on surface
Boron for P-type and Arsenic or Phosphorus for N-type 
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Raise temperature to ~ 1000o C to allow impurities to 
diffuse into substrate and replace Si atoms 
Highest impurity concentration at surface 

Ion Implantation

Atoms are inserted at high energy into substrate 
Must be annealed at ~800o C to activate and reduce 
damage to substrate 
Most common method because 

Very uniform across wafer 
Peak of impurity profile can be below surface

Deposition and Etching
Deposition

Various materials need to be deposited on the wafers to 
fabricate circuits 
Chemical vapor deposition (CVD) is a common method to 
apply polysilicon, silicon nitride (Si3N4) and other dielectrics 
Metals are typically evaporated onto the wafers 

Etching

Used to remove materials with high precision 
 Wet etching
 plasma etching
 Reactive ion etching
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Layout Example of PMOS Transistor 

N-well

Contacts

P-type
Source and drains

gate

Metal 1

Metal 2

Via
N-well contact
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Process Flow
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Calculation of Threshold Voltage 

S D
G

N+N+

Depletion
Region

W

L

B

P-type
Substrate

Channel
Depletion
Region

Assume VDS = 0.
As voltage is applied to the gate, a depletion region forms in p-
type substrate. 

AqN2
, where NA is density of acceptors in p-type 

substrate.  Integrating twice in vertical (x) direction yields 

2

2
DA xqN

, where xD is the depletion depth.

Therefore
A

D qN
x

2

The charge exposed per unit area ADAdep qNxqNQ 2

When  reaches 2 F inversion occurs where F is the Fermi level.
An increase in  results in no further increase in xD but electrons 
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can flow from the source/drain.  This forms a channel between 
source and drain. 

The voltage on the gate required to produce inversion is called 
the threshold voltage, VT.

ox

SS
ms

ox

dep
FT C

Q

C

Q
V 2

ms is the work function difference between gate metal and Si. 

QSS is the surface charge at Si – SiO2 interface. 

Cox is the capacitance per unit area of the gate oxide. 

ox

depdep

ox

dep

ox

SS
msFT C

QQ

C

Q

C

Q
V 002

VT0

C o r re c t io n
te rm

ox

FASBFA

ox

depdep

C

qNVqN

C

QQ 22220

FSBF
ox

A

ox

depdep V
C

qN

C

QQ
22

20

ox

A

C

qN2
 and is typically about 0.5 V0.5

2/45.3 fF
t

C
ox

ox
ox  for tox = 10 nm = oxide thickness 
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FSBFTT VVV 220

)ln(
i

A
F n

N

q

KT
 where ni is the intrinsic impurity concentration 

of silicon. 

Derivation of Non-saturation Equation 

W

L

v

If QA is the charge per unit area, then the current 

WvQ
t

vt
WQ

t

Q
I AA

)(
, where the v is the velocity. 

Now consider the channel when VGS > VT and VDS = 0. 

S D
G

N+N+

W

L

y = 0 y = L

dy

y
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The charge induced in the channel is 

TGSoxI VVWLCQ

If VDS > 0 then the surface potential is a function of position 

V(y=0) = 0 and V(y=L) = VDS

The charge per unit area is 

)()( yVVVCyQ TGSoxI

)(
dy

dV
WQEWQWvQI IIIDS

dy

dV
yVVVWCI TGSoxDS )(

DSV

TGSox

L

DS dVyVVVWCdyI
00

)(

2

2
DS

DSTGSoxDS

V
VVVWCLI

2
'

2

22
DS

DSTGS
DS

DSTGSoxDS

V
VVV

L

W
K

V
VVV

L

W
CI

 where oxCK '  and L

W
C

L

W
KK ox' .

This equation is only valid for VDS  VGS VT

For VDS  VGS VT ,
2

2
'

TGSDS VV
L

WK
I
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When VDS  VGS VT ,  the value of VDS is called VDSsat

0)( DSTGSoxI VVVWLCLQ , implying there is no mobile 

charge, which can not be true! 

Channel Length Modulation 

Above VDSsat channel pinches off at drain end 

2

2
'

TGS
eff

DS VV
L

WK
I

Leff = L - L

L

L

L
L

L
LLeff

1
1

)1(

11

To first order DSV
L

L
  or DSV

L

L

DSTGSDS VVV
L

W
KI 1'

2
1 2

   for V TGSDS VV

S D
G

N+N+
L

S D
G

N+N+
Leff
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Second order effects in MOSFETs 

Subthreshold conduction 

VT

DI

VGS

TGSD VV
L

WK
I

2
'

DIlog

VGSleakage

subthreshold

square law

th

DS

th

GS
V

V
nV

V

xD ee
L

W
KI 1

Velocity saturation 

EEC

vsat

v

Slope  = 

CE
E
E

v
1

For a 1  device with VDS > 2 V, the electron velocity is saturated 

tGSD VVI but not a square law
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Hot electron effects 

High field in drain region give enough energy for carriers to enter 
oxide.

changes VTO over time 
leads to significant substrate currents - rdb term 

Small geometry effects on VTO and 

Gate Length
VTO decreases as L decreases because more of depletion region 
controlled by source and drain 

decreases because substrate has less effect 
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VTO

L

VTO

W

Gate Width
VTO increases as W decreases because field under gate 
weakened by fringing effects 

increases because more charge controlled by body

Drain induced barier lowering (DIBL)
The drain acts as a second gate and modulates the depletion 
charge  shift in VTO

S D
G

N+N+

charge
controlled
by gate

S D
G

N+N+

)()()(' WVVVLVVV TDSTTTOTO
Punch through 

The drain source depletion regions reach one another resulting in 
current below surface 
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Avalanche breakdown 

Electron-hole pairs create additional e-h pairs at high Vds

ID

VDS

saturation
region

triode
region avalanche

region
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SPICE

Example SPICE circuit to measure I-V curves of N-channel 
MOSFET
WinSpice 3 is a free interactive SPICE program

Input file
Circuit Title 
*First line is the title line comment line! SPICE will ignore it
* an asterisk at beginning of line is a comment line 

* voltage sources 
vds 3 0 5V
vss 2 0 0 
vgs 1 0 2 

m1 3 1 2 2 cmosn  l=1u w=10u ad=20p as=20p pd=24u ps=24u 

.MODEL CMOSN NMOS ( LEVEL = 1 VTO=0.7 KP=200u 
+GAMMA=0.5 LAMBDA=0.02 PHI=0.7)

*scans vds in 0.1 volt increments from 0 to 5 V for 5 different
*values of vgs: 1, 2, 3, 4, and 5 V
.dc vds 0 5 0.1 vgs 1 5 1 
.plot -i(vds) 
.end

Page 31 
EE 422/522 EE 422/522

Page 32

Small-signal DC Model (low frequency) 

Analog circuits often operate with signal levels that are small 
compared to bias currents and voltages. 
Small-signal (linear) models are useful to predict circuit operation

Vgs

VGS

vgs

ID

Id

idOperating
Point

Linearized
Approximation

Small signal operation 

Nomenclature
Lower case is used for small-signal values. 
Upper case with upper case subscripts is used for DC biases. 
Upper case with lower case subscripts is used for total signal. 
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vgs

VGS

VDS

VBS

IDS+ id

gm: small-signal transconductance 

gs

d

gs

d
m v

i

V

I
g

In saturation: assuming VDS <<1 

)(' TGS
gs

d
m VV

L

W
K

V

I
g

L

W
K

I
VV DS

TGS

'

2

DS
DS

m I
L

W
K

L

W
K

I

L

W
Kg '2

'

2
'

In non-saturation: DS
gs

d
m V

L

W
K

V

I
g '

Where is region where small-signal model is accurate? 

Assume VBS = 0 and the transistor is in saturation 

2'
2

1
gsTGSdDS vVV

L

W
KiI

Consider the function 222 2)( xxx .  In order for linear 

approximation to be accurate 1
2

2

x
 or 1

2x
.

EE 422/522
Page 34

vbs

VGS

VDSVBS

IDS+ id

Therefore  
1

)(2 TGS

gs

VV

v

 in order for id to be accurate 

Note that by increasing L

W
K

I
VV DS

TGS

'

2

 the region of small-signal 
(linear) operation can be increased.

gmb: small-signal substrate transconductance 

bs

d

bs

d
mb v

i

V

I
g

Saturation: assuming VDS <<1 

bs

T
TGS

bs

d
mb V

V
VV

L

W
K

V

I
g )('

sb

T
m

sb

T
TGSmb V

V
g

V

V
VV

L

W
Kg )('

SBTT VVV 0

SBsb

T

VV

V

2

mmb gg

3.01.0
m

mb

g

g
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vds

VGS

VDSVBS

IDS+ id

Non-saturation: assuming  VDS <<1 

m
sb

T
DS

bs

T
DS

bs

d
mb g

V

V
V

L

W
K

V

V
V

L

W
K

V

I
g ''

In both cases mmb gg

gds: small-signal drain-source conductance 

ds

d

ds

d
ds v

i

V

I
g

In saturation:

2)(
2

'
TGS

ds

d
ds VV

L

WK

V

I
g

D
ds

D
ds I

V

I
g

)1( if VDS <<1 

ds

d

d V

I

I

1

In non-saturation:  assuming VDS <<1 

)(' DSTGS
ds

d
ds VVV

L

W
K

V

I
g

Small signal output resistance is r0
dds

d

ds IV

I

g
r

11
1

0

EE 422/522
Page 36

DC small-signal equivalent circuit 

bsmbdsdsgsmd vgvgvgi

vgs

id

gmvgs

gmbvbsgds

+

-

DG

S

B

vbs
+

-

Example:  p-channel FET

VT0 = -0.8 V,  = 0.01, KP’ = 100 A/V2  = 0.5 V0.5,  = 0.8 V 
W = 10 , L = 1
Calculate the small-signal parameters for VGS = -3 V, VDS = -3 V, 
VBS = 2 V 

BSTT VVV 0

VVT 19.139.08.08.028.05.08.0

VSG - |VT| = 3 – |-1.19| = 1.81 V 

VSD = 3V > VSG - |VT|   saturation region 

VSD = 0.01(3) = 0.03 << 1 

mAVV
L

WK
I TSG

P
SD 64.181.1

1
10

2
100

2

' 22
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mS
V

A
mmI

L

W
Kg SDm 81.181.1)64.1(

1
10

)100(2'2

149.0
8.022

5.0

2 BSV

mSmSgg mmb 27.0)81.1(149.0

SmIg Dds 4.16)64.1(01.0

K
g

r
ds

61
4.16
11

0

Example:  n-channel FET

VT0 = 0.8 V,  = 0.01, K’ = 100 A/V2  = 0.5 V0.5,  = 0.8 V 
W = 10 , L = 1
Calculate the small-signal parameters for VGS = 3 V, VDS = 3 V, 
VSB = -2 V 

Since all parameters and voltages are the same (with appropriate 
negative signs) the small-signal parameters are the same: 

gm=1.81mS

gmb=0.27mS

gds=16.4 S

r0=61K
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Vi

RD

M1

VDD

Vo

Id

MOS Single-Stage Amplifiers

Common-Source Amplifier

Common-source amplifier with resistive load 
When Vi = 0, M1 cut off ID = 0, Vo = Vdd

When Vi = VGS > VT , VDS  VDD , FET enters saturation 

DTiDDDDDDo RVV
L

WK
VRIVV 2

2

'

Vo decreases as Vi increases until M1
enters non-saturation (Vo < Vi -  VT)

Vi

Cut off

VT

Vo

VDD

Saturation

Non-
Saturation

VDS=Vi-VT
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Small Signal Analysis 

gmvgs
vi vgs

gmbvbs vo

G D

B
S

r0

0
RD

gmvi

vi vgs=vi vo
r0

RD

Do

Do
imDoimo Rr

Rr
vgRrvgv ||

D

o

o
m

Do

Do
m

i

o
v

R

r
r

g
Rr

Rr
g

v

v
A

1

omv
R

rgA
D

lim

i.e. the maximum possible voltage gain is –gmro

for RD << r0, Dmv RgA
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Common-source amplifier with active load 

Vi

M1 off

VTn

Vo

VDD

M1 Saturated
M2 non-saturated

M1 non-saturated
M2 saturated

Both Saturated

     
vbs1 = vbs2 = 0
vgs2 = 0,  vgs1 = vi

gmvgsvgs
gmbvbs

G

B

S

r0

00

D

vbs

Therefore 
or

g
1

Small Signal Analysis 

21 || ooimo rrvgv

M2

M1

Vbias

Vi

VDD

Vo

gmvi

vi Vor01

r02

vgs=vi
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Common-source amplifier with N-channel load 

Vi

M1 & M2 cut off

VT1

Vo

VDD

M1 non-saturated
M2 saturated

Both Saturated

VDD-VT2

VDsat

2

2
'

TxDDDSx VVV
L

WK
II

at Vx = 0,
2

2
'

TDDDSx VV
L

WK
II

at Vx = VDD – VT,  Ix = 0 

vgs = -vx, vbs = -vx

0xobsmbgsmx vgvgvgi

Vi

VDD

Vo

M1

M2

VDD

M1

vx

ix

gmvgs gmbvbs

G D

B
S

r0

vx

ix vbs

vgs
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Small Signal Analysis 

211 || ooimo Rrvgv

2221

1

ombmo

m

i

o
v gggg

g
v
v

A

since mbom ggg ,
2

1

m

m
v g

g
A

Remarks

Voltage gain is low ~ 10 or 20 

2

1

2

1

2

1

'2

'2

L
W

L
W

L
WKI

L
WKI

g
g

A
D

D

m

m
v

i.e. independent of the dc operating point when both devices in 
saturation

With P-channel diode connected load, similar result but no body 
effect

221

1

omo

m

i

o
v ggg

g
v
v

A

Vi

VDD

Vo

M1

M2

2

1

L
W

L
W

A
p

n

v

gmvi

vi vgs= vi
vor01

gm2+gmb2+go2Ro2
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Vi

VDD

Vo

M1

M1

Dmv RgA

Common Source Amplifier Summary 

Resistor load  

Gain a function of bias  
Large variations in passive loads 

N-channel diode connected load 

 Improved linearity 
 Controlled gain 
 Gain small  10 
 Low output swing  

P-channel diode connected load 

 No body effect 

P-channel active load 

 Higher gain 
 Output bias not well defined –  
 Needs feedback 
 Large swing 

2

1

L
W

L
W

Av

Vi

VDD

Vo

M1

M2

2

1

L
W

L
W

A
p

n

v

M2

M1

Vbias

Vi

VDD

Vo

21 || oomv rrgA

RD

M1

VDD
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How low can Vo go? 
 For saturation VDS > VGS - VT > 0.2

Example

For VDD = 3V, ID =100mA,  
biased at 1.5V, Kp’ = 100 A/V2

t

Vo max = 2.8V2.8

0.2
Vo min = 0.2V

Vo amplitude ~ 1.3V without distortion 

At edge of triode/saturation 

50
)2.0(10100

101002

'

2
2.0

'

2

2
'

2
'

26

6

2
2

22

DS

DSDS
DS

DSTGSDS

VK

I
L

W

L
W

K

I
V

V
L

WK
VV

L
WK

I

Can choose 1
50

2L

W

VT
Vgs

ID

Subthreshold
region

VT + 0.2
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Amplifiers

Parameters of interest and how they are measured 

Ri

i

i
i i

v
R

Gm and Ai

im
i

i

i

o

i

o
i

i

o
m

RG
i
v

v
i

i
i

A

v
i

G

Ro

o

o
o i

v
R

Av

om
i

o
v RG

v
v

A

vi

ii

RL

Ri

vi

ii io

Output
shorted

vx

ix

RS

vi
Output
open

circuited
vo
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Amplifier Representation 

Gmvivi
voRo

Ri

Alternative representation 

Using Thevenin’s equivalent where omv RGA

Avvi

Ro

Rivi

io

Common Gate Amplifier 

M1

Vi

VDD

Vo

RD
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Small signal analysis 

gmvgs

vi

vgs
gmbvbs vo

G D

BS

r0

RD

vbsii

ibsgs vvv

Dombmm

mbmi

i
iimbmi

Dmbm
i

o
v

DimbmDbsmbgsmo

RRggG

ggi
v

Rvggi

Rgg
v
v

A

RvggRvgvgv

1

Common Drain Amplifier (Source Follower) 

M1

VDD

RL
Vo

Vi

gmvgs

vi

vgs
gmbvbs

vo

G D

B
S

r0

RL

vbs

EE 422/522
Page 48

obsogsi vvvvv ;

Lombm

m

i

o
v

imoLombm

oL
oomboim

o

o

L

o
bsmbgsm

gggg

g

v

v
A

vgvgggg

rR
vvgvvg

r

v

R

v
vgvg

0
11

)(

0

If go is negligible compared to gm    
Lmbm

m
v ggg

g
A

If RL , gL  0 1
1

1

1

m

mbmbm

m
v

g
ggg

g
A

Since  ~0.2 the source follower gain doesn’t approach unity as 
RL .  A MOSFET in a well with the body tied to the source 
would result in unity gain for large RL.

Output Resistance 

mbm
o gg

R
1

for large RL

Source followers used as 
 buffers because of low Ro

 Level shifters – the value of Vgs can be set to an arbitrary 
value by choosing proper W/L ratio 
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Remark

The region of operation is always saturation 
VGS = Vi - Vout ;   VDS = VDD -Vout

If Vi is small, then VGS is small and VDS is large
Vi max = VDD  VGS max = VDD -Vout  saturation

Common source amplifier with source degeneration 

Source degeneration reduces Gm

but increases Ro

Small signal analysis 

Dom
i

o
v RRG

v

v
A ||

VDD

Vi

Vout

M1

VDD

RS

Vo

Vi

RD

sbssgsi vvvvv ;

gmvgs

vi

vgs
gmbvbs vo

G D

B
S

r0

RS

vbs

RD

iD
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Calculation of Gm

Sombm

m

i

D
m

im
o

S
SmbSmD

o

SD
SDmbSDimD

SDS

o

S
SmbsimD

o

S
bsmbgsmD

Rggg

g

v

i
G

vg
r

R
RgRgi

r

Ri
RigRivgi

Rivbut

r

v
vgvvgi

r

v
vgvgi

)(1

1

)(

)(

Remark   Original Gm was gm, this is now reduced 

For large Rs

S
S

m

mbSmbm

m
m R

R
g

gRgg

g
G

1

1

1

1

)(

i.e. depends on the active device parameter 

Calculation of Ro

SxSbsgs Rivvv

gmvgs

vi

vgs
gmbvbs

G D

B
S

r0

RS

vbs

iD

vS

gmvgsvgs
gmbvbs

G D

B
S

r0

RS

Vbs

ix

vS

vx
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osmbmos
x

x
o

osmbmosxx

osxmbmxsxx

obsmbgsmxsx

rRggrR
i

v
R

rRggrRiv

rRiggiRiv

rvgvgivv

)(

))((

))((

)(

i.e. Ro increases as Rs increases 

)1( smoo RgrR

Cascode Configuration 

Connection of common source and common
gate amplifiers 

High Ro

High voltage gain 
Good high-frequency response 

Calculate Ro

M1

M2

Ro

M2

Ro

ro1

i.e. source degeneration with RS = ro1

212221 )( oombmooo rrggrrR

Vi

M1

M2

VBias

Vo
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Calculate Gm

gmvgsvgs
gmbvbs

G D

B
S

r0

Ii

vbs

io

vi

vx

M1

io

ii

io ii   (current gain is unity) 

11
1

1

1

0 1 mmm gg
v

i

i

i
G

Unloaded voltage gain 

2121

2122211 )(

oommv

oombmoomomv

rrggA

rrggrrgRGA

This is the gain of two stages, one inverting and the other non-
inverting

Input impedance at intermediate node 

M1

Rin

RLgmvgsvgs
gmbvbs

G D

B
S

r0

Ix

vbs

ix

vx

RL
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xbsgs vvv
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RrR

g
RrR

r
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g
Rrgg

r
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r
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i
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R

v
r
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r
Ri

r
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vgvgi

r
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vgvgi

)1(
1

1
    then)1(

loadactivecascodea todueiswhenif

1~nodeteintermediainput to

fromgain voltagethe
1

if

1
11,

Remarks

1

1

1
1

0

0
)(

The impedance of the intermediate node and therefore the 
voltage gain can be large if the load resistance is very large 
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Cascode gain stage 

2222

2

2

)(
2
1

2
1

2
1

||

omomommv

downupmv

mm

omdown

omup

rgrgrggA

RRGA

gG

rgR

rgR

This is the gain of two stages. 
Vi

VBias1

Vo

VBias2

VBias

VDD

Rdown

Rup

Differential Signals 

A single-ended circuit is subject to various noise sources 

Vi

VDD

M1

VSS

Vo1

RL1I1

M2 Vo2

RL2I2

Parasitic
Resistance

Ripple in VDD
w.r.t. VSSCoupling

For M2: SSLDDgs VRIVV )( 112

Any variation in VDD with respect to VSS will be amplified by M2 
and cause spurious signals on the output (noise) 

If the VSS that M1 sees is different from M2 due to parasitic 
resistance, then a similar problem results 

Capacitive coupling between other signals and the output of the 
first stage adds noise to the desired signal 

The problem is that the amplifiers amplify the voltage between the 
input terminal and VSS and the output voltages are between the 
output terminal and VDD.

A solution is to make amplifiers that amplify the voltage difference 
between 2 input terminals and deliver the output as a voltage 
difference between 2 output terminals. 
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VDD

RL
RL

Vi1

Vi2

Vo1

Vo2

VSS

Noise that couple to both Vi1 and Vi2 leaves the difference Vi1 - Vi2

noise free. 

Differential voltage Vid = Vi1 - Vi2

Common-mode voltage Vic = ½ (Vi1 + Vi2)

Vi1 Vi2

Vx
Vid/2 -Vid/2

Vx

Vic

The key idea is to amplify the differential part of the signal and 
reject the common mode part of the signal. 
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One circuit approach 

)2(

)(

: voltagemodecommonOutput

)(

: voltagealdifferentiOutput

2121

2121

22

11

icLmoc

iiLmoo

idLmod

iiLmoo

iLmo

iLmo

vRgv

vvRgvv

vRgv

vvRgvv

vRgv

vRgv

vid/2 -vid/2

vic

VodM1

vo1

RLI1

M2

vo2

RLI2

VDD

vi1
vi2

The input common-mode voltage is amplified along with the input 
differential signal.  This circuit is that it does not reject the output 
common-mode voltage.  Changing vic changes the currents I1 and 
I2.

Large signal common-mode output voltage 

ISS

M1

I1

M2

I221

21
21

2

2
)(

2
1

II
R

VV

RIVRIV
VVV

L
DDoc

LDDLDD
oooc

To keep Vocm independent of Vic need
to keep I1 + I2 constant.  This can be
accomplished by using a current source
and a source coupled pair.

I1 + I2 = ISS     independent of Vic
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MOS source coupled pair 

DC transfer characteristics

Want to find ID = ID1 - ID2  in terms
of Vid

Each MOSFET is assumed to be
in saturation 

L
WK

I
VV

VV
L

WK
I

D
TGS

TGSD

'

2

2

' 2

VodM1

Vo1

RLID1

M2

Vo2

RLID2

VDD

Vi1 Vi2

VSS

RSS
ISS

Assuming matched transistors 
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'
(1)equationFrom

DI2D2I1nodesourceAt the
2
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2
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DID1IDefine
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'
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'
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'
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'
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ID1 ID2
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2
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22222

2
2

2121
2

4
2

'
4

22
2

'

DSSSSDDSSid
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DSSDDDDid

IIIIIIV
L
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IIIIIIV

L
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idSSDSS V

L
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idSSidSSDSS V

L

WK
IV

L

WK
III

2

maxmax
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max2

max

2
max

max

2
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4
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1
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'
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'
With

2
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'
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'
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'
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'
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V

V

V

V
IVVV

V

I
I

V

I
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L
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I

V

V
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I

V
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L
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I

V
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I

V
L

WK
V

L

WK
II

idid
SSidid

SS
D

SSSS

id
SS

idD

id
SS

idD

ididSSD

Remark
For Vid = Vmax, ID = ISS

 ID1 = ISS

 ID2 = 0 

Therefore the above expressions are valid for | Vid | Vmax

Let us plot ID1 as a function of Vid
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SSDid
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VidVmax1 Vmax2

ID1

ISS

ISS

2

-Vmax1
-Vmax2

Vmax depends on device geometry and ISS

L
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I

V SS

2

'max

As
L

W  increases, Vmax decreases 
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Calculation of Gm

1
max
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2
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maxmax
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maxmax
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Remark
The source-coupled (SC) pair can be thought of as a source 
degenerated common source amplifier 

M1

ID1

VDD

RS =
Vi

gm

1
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1

2111
1 mm
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m
m

i

d gg
Rg

g
G

v
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Small signal analysis 

Define two small signal quantities 

ic
id

i

ic
id

i

ii
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iiid

v
v

v

v
v

v

vv
v

vvv

2

2

signalmodecommon
2

signalmodealdifferenti

2

1

21
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ECE 422/522
Page 61

When the amplifier amplifies the voltage difference and rejects the 
common mode then it is a desirable situation 

Any common variations in the input signal are cancelled out when 
using the difference voltage (i.e. supply voltage variations, 
coupling, etc.) 

Differential-mode gain Adm (vic = 0)

M1

RD

M2

RD

VDD

VSS

RSS
ISS

A

2
idv

2
idv

2
odv

2
odv

ic
id

i

ic
id

i

v
v

v

v
v

v

2

2

2

1

he circuit is perfectly balanced 

ode A does not experience any 

T
and symmetrical 

N
change in voltage. Signals at the
gates of M1 and M2 are equal and
opposite  node A is at an ac 
ground

Can use a simplified half circuit for analysis

M1

RD

M2

RD

2
idv

2
idv

2
odv

2
odv

VDD

M1

VDD

RD

2
idv

2
odv

Half CIrcuit
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The differential mode half circuit is a common source amplifier 

DoDmdm

oDm
id

od
dm

id
oDm

od

RrRgA

rRg
v

v
A

v
rRg

v

for

||

2
||

2

Common mode gain Acm (vid = 0) 

ici

ici

vv

vv

2

1

The drain currents must be identical 

voc
M1

voc

RD

M2

RD

VDD

vic
vic

VSS

RSS
ISS

voc
M1

voc

RD

M2

RD

VDD

vic
vic

VSS

2RSSISS

2 2

VSS

2RSS

ISS

Ix = 0

Rss and Iss can be split in 2 as 
shown

No current will flow in the lead 
connecting the two sources 

The common mode half circuit is a 
source degenerated SC pair 
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Do
SSm
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M1
voc

RD

VDD

vic

VSS

2RSSISS

2Common Mode Rejection Ratio (CMRR) 

cm

dm

A
A

CMMR

Desired signal – differential signal 
Undesired signal – common mode signal 

Desire large CMRR 

CMRR for MOS SC pair 

SSm

SSm

Dm

Dm Rg

Rg
Rg
Rg

CMMR 21

21

CMRR improved if Rss is large i.e. need
 voc

M1
voc

RD

M2

RD

VDD

vic   v ic

RSS
ISS

ID1

S

a good quality current source 

Input Common-mode range 

Range of input common mode 
voltage that will keep transistors 
in saturation 

For M1 (M2) in saturation 
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TDDDDic

TDDDDic

TSicSDDDD

TGSDsatDS

SicGS

SDDDDDS

VRIVV

VRIVV

VVVVRIV

VVVVsaturation

VVV

VRIVV

1(max)

1

1

1

:

Need to make sure current source operates properly.  Say a 
voltage VI is required across the current source, then 

2
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2
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M1roughcurrent thofamountbydeterminedisV
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More on CMRR

SS
TGS

D

SSmSSm

SSm

Dm

Dm

R
VV

I
CMMR

RgRg

Rg
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TGS

SSSSSS
D VV

RI
CMMR

I
I

1
1 2

2
For high CMRR:

 Make (VGS1 – VT) small but not in subthreshold region 
 Make IssRss large i.e. good current source 

CMRR expressed in dBs is
cm

dm

A
A

log20

Example
VT0 = 0.8, K’ = 77 A/V2, VSB = 0 V, W = 10 , L = 2 , ISS = 100 A,
RSS = 1M , RD = 100K

05.0
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Single-ended Input to MOS SC pair 

Now consider the case where the input signal vi is applied to M1 
nd M2 is grounded and the output is taken at the drain of M2 a

iccm
id

dmo

oc
od

o

v
v

v

v
v

v

A
2

A-

2
-

M1

RD

M2

RD

VDD

v i

RSS
ISS

VSS

voNote that if the output is taken 
between one node and ground, 
the gain is ½ compared to 
taking the output differentially
The common-mode gain is not 
halved.

22
0

0-

ii
ic

iiid

vv
v

vvv

Remark
Note that it doesn’t matter to Adm if the input is applied all to one 
input or to both, only the magnitude of the difference matters. 

It does matter to Acm whether the input is applied differentially or
to a single side since there is a common-mode component for a 
single-sided input. 
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Small-signal circuit analysis (single-ended input) 
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MOSFET Current Sources 

Current sources are used as 
Biasing elements 
Load devices (instead of resistors) in amplifier stages 

High incremental resistance of current sources
High voltage gain at low supply voltages 
Requires less layout area than resistors 

Key idea
If ro is neglected, the current ID of a FET is only a 
function of VGS in saturation. 

To generate a certain current Io
Determine VGS required to support Io

L

W
K

I
VV o

TGS
'

2
 and apply across G-S of MOSFET in 

saturation.

Can also obtain multiple copies of 
Io if M1 and M2 are identical. 

Generation of VGS

M1 is always in saturation 

L

W
K

I
VRIV

VRIV

R
TRDD

GSRDD

'

2

Solve for IR

VGS

ID

In Saturation

VGS

M1 M2

Io Io

VDD

M1

VGS

RIR
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Simple MOS current source

In saturation, neglecting ro

R

Ro

L

W
L

W

II

Effect of ro

IR

M2

ID2

M1

VDD

VDS1

ID1

VDS2

ID2
ID1

ID

VDS1
VDS2

VDS

ID

VDS

VGS = VDS1

If VDS of M1 and M2 are different then ID2 I D1 

DSDDS
DS

D
D

DS

DS

D

D

DSTGSD

DSTGSD

VIV
V

I
I

V

V

I

I

VVV
L

W
KI

VVV
L

W
KI

1
1

1

1'
2

1

1'
2

1

1

2

1

2

2
2

2

1
2

1

errorThe

desiredas

Remarks
 Decreasing  decreases the error ID - use long channel 

lengths
 If VDS1 and VDS2 are the same, mismatch in channel lengths 

lead to mismatches in  and error in ID

VDD

RIR

M1 M2

IR
2IR

L
W

2L
W

L
W

MR

Current Mirror

Scaled
2x
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 For current source matching must use identical channel 
lengths

 Ratio of currents is set by channel width, W 

Minimum possible voltage for proper 
operation

Vomin = minimum value of VDS of M2 that 
ensures saturation 

L
WK

I
VVVv o

TGSDsato
'

2
min

Small signal analysis 

vBS1 = vBS2 = 0 

gmvgs r02

r01

vGS

gmvgs

Since Vgs is held fixed by IR, vgs = 0 

r02
gmvgsvGS

From the above simplified circuit Ro = ro2

Desired properties of current sources
 Large output resistance Ro

VDD

M1

R

M2

Io

Vo
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 Large range of Vo for which Ro is high i.e. small Vomin

 Matching of currents 

For the simple current source Ro = ro2.
How does one improve Ro?
One solution is to use a cascode 
connection, which gives a very high 
Ro.

MOS cascode current source

Calculation of Ro  of cascode current 
source

First determine Ro of following circuit:

M1

RS

Vbias

Ro

SxSbsgs Rivvv

M3

M4

VDD

M1

M2

IR

VGS4

VGS3 VGS2

Io

 VT+ V

 2(VT+ V Ro

A

B

Vo

gmvgsvgs
gmbvbs

G D

B
S

r0

RS

Vbs

vS

vx

ix
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osmbmos
x

x
o

osmbmosxx

osxmbmxsxx

obsmbgsmxsx

rRggrR
i

v
R

rRggrRiv

rRiggiRiv

rvgvgivv

)(

))((

))((

)(

We know that Ro of M1 in cascode current source = ro1

Therefore in above circuit RS = ro1 and ro = ro2 so 

212221 )( oombmooo rrggrrR

Can realize very high Ro by addition of more stacked cascode 
devices

)(2

'

2

'

2

43

34

VVV

VVVVVVV
L

WK

I
V

VV

L
WK

I
VVV

TA

TTGSGSA

R

T
R

TGSGS

M2 is non-saturated when drain of 
M2 is lower than gate of M2 by VT.

TBTGSo

BTTGS

BTGS

BoDS

VVVVVV

VVVVV

VVVV

VVV

2

2

)(2

2min

2

2

2

Io

Vomin Vo

VT V

M1, M2 in saturation

M1, M2 non-
saturated

M1 saturated, M2
non-saturated
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For a simple current source Vomin = ~1.1 – 1.4 V since V  250-
300mV and VT is typically between 0.6 and 0.8 V. 

Problem
Although V can be reduced by using large W, the VT term 
represents a significant loss of voltage swing! 

It would be nice if Vomin contained no VT term 

Lowest possible value for VB is when M1 enters non-saturation 
Bias M1 at the edge of saturation i.e. VB = V
Need to bias VA at VT + V  above VB for M2 to be in saturation 
Thus VA needs to be VT + 2 V but the circuit generates 2(VT + V)
so we need a level-shifting arrangement of VT

Conceptual picture

 2(VT + V

M3

M4

VDD

M1

M2

IR Io

VT

 VT + 2 V

V

Vo

Io

2 V Vomin
Vo

M1, M2 in saturation

M1, M2 non-
saturated
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Practical implementation of VT level shift

TC

TA

TAC

TGS

VVV

VVVWith

VVVV

VVV

)(2

)(
5

However, VC = VT + 2 V is what is 
required.  Increase VA by V
VGS3 needs to increase by V
VGS3 = VT + 2 V  decrease W/L 
of M3 by 4x 

4
1

'

2

'

2
22;

'

2

L

W
K

I

L
WK

I
V

L
WK

I
V DDD

Also implement IBias with 
another mirror 

This circuit is called a high-
swing cascode 
Vomin = 2 V  500-600mV 

M3

M4

VDD

M1

M2
A

IR

Io
M5

C

IBias

Level
shift

M3

M4

VDD

M1

M2

IR

Io
M5

M6
 VT+ V

L

W

L

W

L

W

L

W

L

W

L

W

4

1

V

 VT+2 V

 2VT+3 V

 VT+2 V

Vo

+

-
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Example (high-swing triple cascode)

M3

M4

VDD

M1

M2

IR

M5

M6
 VT+ V

L

W

L

W

L
W

4
1

L

W

L

W

L
W

9
1

V

 VT+2 V

 2VT+4 V

 VT+3 V
+

-

M8

M9

L

W

L

W

Io
Vo

M7

+

-

 VT+3 V

 VT+2 V

V

 3 V

Current sources as active loads 

Why active loads and not passive loads? 

For the simple CS stage

LD
TGS

L
TGS

D
v

Lm
i

o
v

RI
VV

R
VV

I
A

Rg
v

v
A

22

To obtain large gains IDRL should be large.  For 

M1 to be in saturation:  Vomin = VDsat

M1

VDD

RL

Vo

Vi
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VDD = Vomin + IDRL

Large implies VDD should be large which is not always practical. 

How do we overcome this problem? 
Use a load element which has the following properties 

 A large variation in the voltage drop across it results in 
a small variation in the current through it. i.e. a large
incremental resistance 

 Support a large dc current without dropping a large dc 
voltage across itself 

RLV

I

V

I

1 2

I

VVQ2
VQ1

IQ

Slope = 1/RL

1

2

Both loads 1 and 2 show the same variation in I as V is varied 
(the slope is 1/RL for both) 

However, for a given bias 
current IQ, load 2 produces a 
much smaller dc drop VQ2 than 
load 1 for which the drop is VQ1

Recall the ID-VDS characteristic 
of a MOSFET.  The equivalent 
small-signal resistance, as a 
load, is

ID

VDS

ICQ

Slope = gds = 1/ro

Simple RL
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1-V0.02for50
11

VIr
I

r

r
I

V

Do
D

o

o
D

DS

If a simple resistor of value ro were used, then a 50 V drop would 
be required to support the same current. 

Summary
Use of ro of a MOSFET allows high voltage gain without requiring 
large power supply voltages.

Common source amplifier with active load 

Vi

VDD

Vo

M1

VBias

M2

Vi

VDD

Vo

M1

 Vx=VTP+ VDsat

M2M3

Iref

I2

I1

Assume M1, M2 and M3 are in saturation 

oDDPTPx
P

xPTPx
P

ref

ref
TPDsatTPx

VVVV
L

WK
I

VVV
L

WK
I

L
WK

I
VVVV

1
2

'

1
2

'

'

2

2

2
2

2

3

3
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1,1,1
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1

1
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1

1

2
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2

1
12

2

32

oNxPoDDP

TNi
N

ref
oNxP

oDDP

oNTNi
N

ref
xP

oDDP
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VV
L

WK
I

VV

VV

VVV
L

WK
II

I
V

VV
I

havewe
L

W

L

W
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2

1

2

1

2

'1
1

1

1

1

111
2

'

1,for1))(1(1

1for1
1

1

TNi
N

refNP
xDD

NP

P
o

oNPxDDPref

oNxPoDDPref

oNxPoDDPrefTNi
N

VV
L

WK

I
VVV

VVVI

VVVVI

VVVVIVV
L

WK

have we Vforsolving o

Remark
Vo extremely sensitive to Vi and Iref.

Example
If VDD = 5V, p = n =  0.02, Vx = 1.2V 

2

12

'1
1

04.0

1
2.15

04.0

02.0
TNi

N

ref
o VV

L

WK

I
V
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)M1fromcurrent(
1

1258.3
2

1

ref
o I

V

The factor of 25 makes it difficult to bias properly in this 
configuration of current source biasing 

Remark
Small-signal analysis 

21

21

||

)||(

ooo

oomv

rrR

rrgA

Source-coupled pair with active load 

M1

RL

M2

RL

VDD

VSS

Iref

M3

VDD

M4

Vo M1 M2

VDD

VSS

Iref

M3

VDD

M4

Vo

M6M5 M7

VSS

Iref2

Replace RL’s
with active

loads

Need to adjust Iref2 such that 
output common-mode (CM) 
voltage is at the desired 
value – difficult to do. 

Suppose only a single-
ended output is of interest, 
Vop.

M1 M2

VDD

VSS

Iref

M3

VDD

M4

Vop

M6M5 M7

VSS

Iref2
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Bias value of Vop extremely sensitive to Iref1 and Iref2.

Need to modify the circuit to stabilize the bias voltages 

Remark
M2 and M3 form a cascode so the output is very sensitive to the 
voltage at the gate of M3/M4 i.e. Iref1.

Use a current mirror for the 
active load  bias voltages 
get stabilized 

If Iref increases, then I1 and 
I2 increase because of 
M3/M4 current mirror, I3
increases by an equal 
amount  I2 and I3 are 
equal

In the previous circuit they 
could be different.

Consider a signal vid applied to the input 

If vid increases, then I1 increases and I2 decreases 
I3 also increases because of the M3/M4 mirror 

Current (I2-I3) is pumped into the output resistance at vout,
which if unloaded is ro2||ro4

Small-signal analysis
Calculation of gain and Ro

Recall

M1 M2

VDD

VSS

Iref

VDD

Vout

M3 M4

I2I1

I3
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M3M2

Ix

VDD

Ix

mg

1

Ix

r0

Small-signal Gain 
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Output Resistance 

gmvgs1

vGS1

i1mg

1
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i1 VS
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opono
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Simplified analysis for Ro

M1 M2

vx

M3 M4

i1

ix

M1 M2

vx

ix

r0pi1
mg

1

A

Current through rop = vx/rop

Consider M1 

m
i g

R
1

 since 
m

L g
R

1
is small

Consider M2 

m
i g

R
1

M1

M2

mg

1

ononSmo rrRgR 2)1(
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So current through M2 is 
on

x

r

v

2  which flows into M1 and 1/gm and 

therefore  
on

x

r

v
i

21 .
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Simplified analysis for Gm

M1 M2

vi

M3 M4 io

M1 M2

vi
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i1
r0p

i1

i2 i2
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Remark
The small-signal gain Av = GmRo for a non-inverting amplifier 

Av = gm(ron||rop)

Common-mode Rejection 

Assume all transistors are matched: 
M1 with M2, M3 with M4 

Increase Vic  VA increases 
This causes IT to increase because 
of current through RSS

Therefore I1 and I2 both increase but 
remain equal 
Thus Io = 0  Vo does not change 

Can short B and C since Vo = VC.

M1 M2

vi

i2 i2

VS

mg

1

M1

mg

1

vS

i2

vi

M1 M2

VDD

Vo

M3 M4

I2I1

I1

VSS

RSS

IT

ViC
ViC

Io

A

C B
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The equivalent circuit becomes 

mpSS
onop

mn

mSS
CM
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SSm

m
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m
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gg

g
CMRR
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since

neglecting

The circuit is very insensitive to input common mode changes 
CMRR is very high 

M1
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2
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2

1 4,3

4,3

o

m

r

g

Vic

Vo

2,12 mg
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Summary of differential to single-ended circuits 
VDD

Vo

VSS

RSS

Vid

VDD

Vo

VSS

RSS

Vid

RD
RD

A B

Parameter Circuit A Circuit B 

Gm
2
mg

mg

Ro onL rR || onop rr ||

Av onL
m rR

g
||

2
onopm rrg ||

CMRR SSmRg21
opon

mnmpSS

gg

ggR2

Remarks
 Effective Gm in circuit B is twice that of circuit A because 

of the current mirror active load 
 The CMRR of circuit B is much superior to that of circuit A 
 Circuit B delivers much higher voltage gain than circuit A 
 Circuit B has a much higher Ro than circuit A 
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Operational Amplifiers 

Ideal Opamp 
Differential input 
Single-ended output 
Infinite gain 
Infinite input resistance 
Zero output resistance 

Applications of Op amps 
Inverting, non-inverting amplifiers 
Voltage follower 
Differential amplifier 
Nonlinear analog operations 
 Log, exponential, limiting, rectification, square rooting 
Integrator, Differentiator 
Switched-capacitor integrator 

Basic Feedback Concepts 

Si
S So

Sfb

f

a
+

-

Basic
Amplifier

Feedback
Network

Gain of the system in absence of feedback in called open-loop 
gain: a of the amplifier 

With the feedback the gain is closed-loop gain 
f is usually < 1 

vo

vi

avi

a

+

-
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+

-

Vi

vo

R1

VS

R2

I1 I2

1

The block diagram is that of negative feedback 
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S

fSSaS

fSSSSaaSS
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oio

ofbfbio

1
1

lim

gainloop thecalledisafT

gainloop-closed
1

;

af

Remark
The closed-loop gain is independent of any variations in a.
f is typically composed of passive elements. 

Inverting amplifier 
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If a is large enough so that 

1

2

1

2    then11
1

R

R

V

V

R

R

a

S

o

Remarks
 Closed-loop gain depends only on external passive 

components R1 and R2

 If a were to change from 5x104 to 105, this 100% increase in 
gain would have no observable effect on closed-loop 
performance.  Performance independent of variations in a. 

Summing-Point Constraints 

Negative feedback circuit, stable operating point 
Gain of opamp is large 

alargefor0
a

V
V o

i

Vi = 0 is a summing-point constraint.  Since Vi = 0, no voltage 
exists across the input resistance of opamp  no current flows 
into the opamp input terminals. 

Revisit inverting amplifier 

1

2

1

2
1222

21
1

1 ;

R

R

V

V

V
R

R
IRIRV

II
R

V
I

S

o

So

S

Vi = 0

vo

R1

VS

R2

I1 I2
I = 0

+

-

ECE 422/522
Page 94

Non-inverting amplifier 
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Remark
 Common-mode input voltage = VS.

Voltage Follower 
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Differential Amplifier 
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Logarithmic Amplifier 
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General Impedances (s-domain) 
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1

1

Z

Z

V

V

V
Z

Z
V

ZIV
Z

V
I

S

o

So

o
S

Deviations from ideality in real opamps 
1) Finite gain 
 Gain is high and can use summing-point constraints in a 

feedback configuration 
2) Input bias current 
 Not of significance in MOS opamps 
3) Input offset current 
 Not in MOS opamps 
4) Input offset voltage 
 Due to process variations. Places a lower limit on the 

magnitude of the dc voltage which can be accurately 
amplified

5)  Common-mode rejection ratio 

cm

dm

A
A

CMRR

6) Input Resistance 
Rin = for MOSFET inputs 
Even otherwise has little effect on circuit performance in 

closed-loop configurations 
7) Output Resistance 

Typically 40-100 .  Affects stability under large capacitive 
loading

V S I1 I2 = I1

Vo

+

-

Z1 Z2
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8) ac and transient behavior 
Unity gain bandwidth ~1 to 100 MHz 
Compensation to ensure circuit does not oscillate 
Slew rate limitations 

a(j )vi

2
IOS

+

-

RoRi

VOS

IBias

IBias

CMOS Opamps 

+

-V+

V- Differential to
single - ended

conversion

+

-

DC level
shift

Second
Gain
Stage

Output
Buffer
Stage

1 2 3 4 5

1 – amplify voltage differences between the input terminals, 
independent of their common-mode voltage 

2 – convert differential signal into single-ended 
3 – dc level shift to properly bias the second gain stage 
4 – second gain stage for additional gain 
5 – output stage required for driving heavy resistive loads and 

large off-chip capacitances 

MOS opamps are typically used for on-chip applications where 
they drive small capacitive loads 

 Output stage is not necessary 
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Input Differential Amplifier 

n-channel or p-channel 
In n-well technologies (where p-channel transistors are in a well) 
p-channel stages are used to reduce power-supply coupling.
Source and bulk are tied together. 

Differential to single-ended conversion 
A current mirror active load provides this function.  This functional 
block can be implemented in the first stage itself 

Vo

M1 M2

M4M3

VSS

VDD

ISS

Vi1
Vi2

M2 M2

IBias

ISS

Implemented as
a current mirror

Note:   VDS4 = VGS3

This can be shown by taking ID3 and ID4 and setting them both 
equal to ISS/2

43

4
2

34

3
2

33

2
1'

2
1

2
1'

2
1

DSGS

SS
DSTGSD

SS
GSTGSD

VV

I
VVV

L

W
KI

I
VVV

L

W
KI
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+

-

0oV

DC Analysis of the CMOS Two-Stage Opamp 

Assumption
The opamp is within a feedback loop that forces the output to 
some specified voltage, usually zero.  Because of the large gain, 
if this assumption is not made, output would be at VDD or VSS.
Example: 0.1mV VOS and a gain of 105  Vo = 10 V! 

We take the unity-gain configuration
with one input grounded  Vo  0
i.e. Vi1 = Vi2 = Vo = 0

M4M3

VSS

VDD

ISSM5M8

Iref
M6

M7

1

2

3

4
M1 M2
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3

4

344

4321

8

7
7

8

5

8

'

2

;

L

W
K

I
VVV

VVVVVSince

II
I

II

L

W
L

W

II

L

W
L

W

II

II

SS
TnSS

GSSSDSSS

DD
ss

DD

refDrefSS

refD

(ignoring channel-length modulation) 

The first-stage output is one VGS above VSS. The next stage must 
shift the dc level toward the positive supply voltage 

Level shifting can be done by a p-channel source follower or by 
using an n-channel MOSFET as a common-source amplifier. 
An n-channel CS amplifier provides level shifting and added gain 
in a single stage. A p-channel current mirror is used to maximize 
second-stage gain. 
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Complete Topology 

M4M3

VSS

VDD

ISSM5M8

Iref
M6

M7

1

2

3

4
Vi1 Vi2

CC
Vo

M1 M2

CC – compensation capacitor to ensure feedback amplifier is 
stable

Also ID7 = ID6 since Io=0

Calculation of Node Voltages 

8

1

8

8
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'

2

'

2

:1Node

L
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I
VVV

L
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I
VV

VVV

P
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TPDD

P
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TPGS

GSDD
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6

7
4

4,3

5

3

4,33

2,1

5

2

2,12

'

2
:4Node

'
22

:3Node

'
22

identicalM2&M1:2Node

L
WK

I
VVV
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VVV

L
WK

I

VV

VV

N

D
TnSS

N

D

TnSS

GSSS

P

D

TP

GS

To avoid creating a systematic offset voltage we must impose the 
constraint

4,3

6

5

7

5

7

6

7

4,3

5

4321

2

asrelatedalsoareM7andM5incurrentBut

2

L
W

L
W

L
W

L
W

I
I

L
W
I

L
W

I

VVVV

D

D

D
D

DD

More on Systematic Offset Voltage 

Recall
The input offset voltage VOS is the differential input voltage for an 
output voltage of 0V.  It has two components 
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1)  A systematic offset due to improper transistor sizing 
and/or bias conditions 
2)  A random offset which is due to random parameter 
variations in the IC fabrication process 

For the 2 stage CMOS opamp if the inputs are grounded and we 
also require Vo = 0 then  ID7 = ID6  and VD1 = VD2   or V3 = V4

Which gave us the condition 

7

5

6

4

6

3

2
1

L
W

L
W

L
W

L
W

L
W

L
W

Remark
To minimize the effects of random process-induced channel-
length variations on the matching of the devices, and thus the 
random offset, the channel lengths of M3, M4 and M6 must be 
identical.  The current ratios must be provided by a proper choice 
of channel widths.  As usual there are tradeoffs involved. 

Common-mode input range 

For Vid = 0, it is the difference between the highest dc common-
mode input voltage Vic-max and the lowest dc common-mode input 
voltage Vic-min such that all devices remain in their constant 
current regions (saturation region). 

Vic-max

As Vic is increased, |VDS5| decreases and M5 will enter non-
saturation.

M4M3 M6
3

4VD1
VD2
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15 GSicDDDS VVVV

For M5 at the edge of saturation  

15max

51max

8
85

55

'

2

GSGSTPDDic

TPGSGSicDD

P

ref
TPGSGS

TPGSDS

VVVVV

VVVVV

LWK

I
VVV

VVV

But

Remarks
 For Vic-max to be close to VDD, reduce |VGS5| and |VGS1|  i.e. 

increase W/L 

Vic-min

Ensure M1, M2 are in saturation 

TPGSDGSicDS

GSicS

DSDS

N

SS

TNSSGSSSD

VVVVVV

VVV

VVV

LWK

I

VVVVV

111min1

11
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3
31 '
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VDD

ISSM5

ViC ViC

M1 M2

2

limitIn the

max

15

TPDDic

GSTPGS

VVV

VVV

M4M3

VSS

VDD

ISS

ViC ViC

M1 M2

VD1 VD2
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TP
N

SS
TNSSic

TPGSSSTPDic

V
LWK

I
VVV

VVVVVV

3
min

31min

'

Remark
 Increasing 

4,3L

W  lowers  Vic-min (i.e. improves) 

 In the limit, Vic-min  VSS if the n- and p-channel thresholds 
are equal 

Output Voltage Range 

M6 and M7 limit output range 
M7 saturated for: 

7

7
max

7max

77

'
2

i.e.

LWK
I

VV

VVVV

VVVVV

P

D
DDo

TPGSDDo

TPGSoDDDS

M6 saturated for: 

6

7
min

66

'
2

-

LWK
I

VV

VVVVV

N

D
SSo

TNGSSSoDS

DC (low-frequency) Gain 

Since the MOSFET has an infinite input resistance consider the 2 
stages separately 

M6

M7

VDD

Vo

VSS
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M4M3

VSS

VDD
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M6
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Remark
The overall gain is related to (gmro)

2.

Design Example of 2-Stage Opamp 

Specifications
VDD = 2.5 V, VSS = -2.5 V.  Total power dissipation = 1.25 mW 
Area constraints and high ro requirement  

 Wmax = 150 , Lmin = 3
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50
3

150

maxL

W

Need large gm for improved bandwidth, as we shall see later. 

Small VGS - VT for high common-mode input and output ranges 
Large W/L for the signal path 

M4M3

-2.5 V

100 AM5M8

Iref
M6

M7

1

2

3

4 Vo

M1 M2

100 A

50 A

Power constraint  bias current add to A
VV

mW
250

)5.2(5.2
25.1

Bias first and second stages at 100 A each  Iref = 50 A

LWIKg

VVVVV

Dm

TNGSSSoDS

'2

- 66

For large gm and small VGS - VT
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2
1

2
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tageoffset volsystematicavoid toandChoose

100IsinceAlso
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Note
We are keeping L’s identical for matching 

25
2
1

58 L
W

L
W

DC operating point  
This will be computed with Vi1= Vi2 = 0 and Vo = 0, assuming a 
feedback arrangement. 

Transistor data 
n-channel: VT = 0.7 V,  = 0.09/L /V, K’ = 50 A/V2

p-channel: VT = -0.7 V,  = 0.09/L /V, K’ = 25 A/V2

V98.0

98.0
5025

502
7.0

'

2
:Node2

1.4V1.1-2.5-

1.1
'

2
:Node1

2

2

2
2

81

8

8
8

V

V
LWK

I
VV

VVV

V
LWK

I
VV

P

D
TPGS

GSDDD

P

D
TPGS



ECE 422/522
Page 109

V52.1-0.982.5

98.0
5050

1002
7.0:Node4

V52.1-0.982.5

98.0
2550

502
7.0:Node3

4

6

3

3

V

VV

V

VV

GS

GS

Operating point check 
All devices should be in saturation for the circuit to work properly.
Use SPICE to check individual transistors by hand. 

Calculation of input common-mode range 

V2.22-0.7-0.982.5

V12.10.98-1.1-0.72.5

1.1
5025

1002
7.0

3min

max

5

15max

TPGSSSic

ic

GS

GSGSTPDDic

VVVV

V

VV

VVVVV

Remark
Vicm is asymmetrical.  To increase Vicmax need to reduce |VGS5| and 
|VGS1|   M1, M2 and M7 should be made wider or the length 
reduced.  Both violate given constraints! 

Output voltage range 

V
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I
VV
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N
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Small signal quantities 
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SPICE simulations 

VOS and open-loop gain 

+

-

Vo
Vi

Vo
-

Vo
+

Vo

0 V

0 V Vi

VOS

Slope = AV

DC operating points 

+

-

VOS

0oV

VOS

+

-

or
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Input common-mode range and Acm

+

-

Vo

Vi
- Vi

+

Vo

0 V Vi

Slope = ACM

Vi

VOS

Could also use a .TF command for Acm

SPICE file for measuring Vos and Adm
* Two-stage op-amp 

*inputs: inverting node 7, noninverting node 8 

*Power supplies 
VDD 10 0 2.5 
Vss 20 0 -2.5 

*Current mirror 
M8 1 1 10 10 CMOSP L=3u W=75u 
Iref 1 20 50.0uA 

*Differential amp 
*ISS
M5 2 1 10 10 CMOSP L=3u W=150u  

*Drivers 
M1 3 7 2 2 CMOSP L=3u W=150u  
M2 4 8 2 2 CMOSP L=3u W=150u  

*Active loads 
M3 3 3 20 20 CMOSN L=3u W=75u  
M4 4 3 20 20 CMOSN L=3u W=75u  

*2nd stage 
M7 5 1 10 10 CMOSP L=3u W=150u  
M6 5 4 20 20 CMOSN L=3u W=150u  

.MODEL CMOSN NMOS( LEVEL=1 KP=50u VTO=0.7 LAMBDA=0.03) 

.MODEL CMOSP PMOS( LEVEL=1 KP=25u VTO=-0.7 LAMBDA=0.03) 

+

- Vo
Vin

7

8

5
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vin 7 0 0 
vinp 8 0 0 

.control
dc vin -50u 50u 2u 
reset 
run
plot v(5) 
.endc
             

.end

SPICE file for measuring Vos
* Two-stage op-amp 

*inputs: inverting node 7, noninverting node 8 

*Power supplies 
VDD 10 0 2.5 
Vss 20 0 -2.5 

*Current mirror 
M8 1 1 10 10 CMOSP L=3u W=75u 
Iref 1 20 50.0uA 

*Differential amp 
*ISS
M5 2 1 10 10 CMOSP L=3u W=150u  

*Drivers 
*unity gain feedback: output(5) connected to inverting input 
M1 3 5 2 2 CMOSP L=3u W=150u  
M2 4 8 2 2 CMOSP L=3u W=150u  

*Active loads 
M3 3 3 20 20 CMOSN L=3u W=75u  
M4 4 3 20 20 CMOSN L=3u W=75u  

*2nd stage 
M7 5 1 10 10 CMOSP L=3u W=150u  
M6 5 4 20 20 CMOSN L=3u W=150u  

.MODEL CMOSN NMOS( LEVEL=1 KP=50u VTO=0.7 LAMBDA=0.03) 

.MODEL CMOSP PMOS( LEVEL=1 KP=25u VTO=-0.7 LAMBDA=0.03) 

VOS = 17.5 uV 
Adm ~1.6V/100uV = 

Vo

Slope = 

+

-

5VOS
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vin 8 0 0 

.control
run
print all 
.endc
.end

Output:
WinSpice 33 ->op 
WinSpice 34 ->run 
WinSpice 35 -> print all 
v(1) = 1.406404e+00 
v(2) = 9.745137e-01 
v(3) = -1.51948e+00 
v(4) = -1.52169e+00 
v(5) = -1.72739e-05
v(8) = 0.000000e+00 
v(10) = 2.500000e+00 
v(20) = -2.50000e+00 
vdd#branch = -2.55340e-04 
vin#branch = 0.000000e+00 
vss#branch = 2.553398e-04 

WinSpice 36 -> show all 

 Mos1: Level 1 MOSfet model with Meyer ca

 device           m6        m4        m3 
 model         cmosn     cmosn     cmosn 
        id  0.000104  5.06e-05  5.06e-05 
        is -0.000104 -5.06e-05 -5.06e-05 
        ig         0         0         0 
        ib -9.67e-13 -3.78e-13 -3.79e-13 
       vgs     0.978     0.981     0.981 
       vds       2.5     0.978     0.981
       vbs         0         0         0 
       von       0.7       0.7       0.7 
     vdsat     0.278     0.281     0.281
        rs         0         0         0 
        rd         0         0         0 
        gm  0.000748  0.000361  0.000361 
       gds   2.9e-06  1.48e-06  1.48e-06 

 Mos1: Level 1 MOSfet model with Meyer ca 
 device           m5        m8 
 model         cmosp     cmosp 
        id  0.000101     5e-05 
        is -0.000101    -5e-05 
        ig         0         0 
        ib  -5.9e-13 -4.23e-13 
       vgs      1.09      1.09 

|V d s | >  |V d s a t| fo r  s a tu ra tio n
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       vds      1.53      1.09
       vbs         0         0 
       von      -0.7      -0.7 
     vdsat    -0.394    -0.394
        rs         0         0 
        rd         0         0 
        gm  0.000515  0.000254 
       gds   2.9e-06  1.45e-06  

SPICE file for measuring input common-mode range and Acm
* Two-stage op-amp 
*inputs: inverting node 7, noninverting node 8 

*Power supplies 
VDD 10 0 2.5 
Vss 20 0 -2.5 

*Current mirror 
M8 1 1 10 10 CMOSP L=3u W=75u 
Iref 1 20 50.0uA 

*Differential amp 
*ISS
M5 2 1 10 10 CMOSP L=3u W=150u  

*Drivers 
M1 3 7 2 2 CMOSP L=3u W=150u  
M2 4 8 2 2 CMOSP L=3u W=150u  

*Active loads 
M3 3 3 20 20 CMOSN L=3u W=75u  
M4 4 3 20 20 CMOSN L=3u W=75u  

*2nd stage 
M7 5 1 10 10 CMOSP L=3u W=150u  
M6 5 4 20 20 CMOSN L=3u W=150u  

.MODEL CMOSN NMOS( LEVEL=1 KP=50u VTO=0.7 LAMBDA=0.03) 

.MODEL CMOSP PMOS( LEVEL=1 KP=25u VTO=-0.7 LAMBDA=0.03) 

vid 7 8 17.27u 
vic 8 0 0 

.control
tf v(5) vic 
run
dc vic –2.5 2.5 .1 
run
plot v(5) 
dc vid -200u 200u 2u vic -2. 2. .5 
run
plot v(5) 
.endc
.end

|V d s | >  |V d s a t| fo r  s a tu ra tio n

Vo

ViC

VOS/Vid

+

-
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Output:
WinSpice 1 -> tf v(5) vic 
Transfer function analysis ... 
WinSpice 2 -> print all 
 transfer_function = 4.922230e-01 
output_impedance_at_v(5) = 1.694335e+05 
vic#input_impedance = 1.000000e+20 
WinSpice 3 -> tf v(5) vid 
Transfer function analysis ... 
WinSpice 4 -> print all 
transfer_function = -1.61465e+04 
output_impedance_at_v(5) = 1.694335e+05 
vid#input_impedance = 1.000000e+20 

ADM

ACM

Ro

Acm ~1.6V/3.2V = 

Slope = ACM
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Frequency Response 

Circuits operate at different frequencies 

Example

 - Audio amplifiers 20Hz-20KHz 
 - Telecommunication circuits ~ 200KHz 
 - Video Amplifiers ~ 50 MHz 
 - RF circuits > 100MHz 
 - Cellular applications 1-2 GHz 

So an understanding of how circuits operate over a frequency 
band is important. 

We will work with small input signals  small-signal analysis will 
be used extensively. 

Input will be considered to be a sinusoid  phasor analysis and 
complex variables. 

Goal
Find the amplitude and phase of an output signal given an input 
sinusoidal signal. 

Low-pass Filter

RCj
cjR
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ωω

ω
+

=
+

=
1

1
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Use impedances: 
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ZC ω
1= , RZR =

Voltage division   inout V
zz

z
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Magnitude = 
( )21

1

RCV

V
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o

ω+
=

Recall:
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Phase = ( )RC
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Observations

ωRc << 1 : 00tan;1 1 =−≈∠≈ −

Vin

Vo

Vin

Vo

ωRc << 1 : 90tan;
1 1 −=∞−≈∠≈ −

Vin

Vo

RCVin

Vo

ω

Plot these quantities as a function of frequency (log).  

Asymptotic curve

actual
-20 dB / decade

Asymptotic curve

actual
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Vo∠
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Bode Plots 
Transfer function ( ) ( ) ( )ωωω jTjTjT ∠==

Magnitude:  the plot of A = 20 log )( jwT  as a function of ω in log 
scale is the Bode plot for magnitude 

Phase: the plot of ( )ωθ jT∠=  as a function of ω in log scale is the 
Bode plot for phase 

Example

( )
1

1
z

j
jT

ωω += ω = -z 1  is a zero 

     A(ω) = 20 log 
1

1
z

jω+  = 20 log
2

1
1+

z

ω = 10 log (1+ 
2

1z

ω )

ω << z 1   A(ω) = 10 log 1 = 0 dB 

ω >> z 1   A(ω) = 10 log 
2

1z

ω = 20 log 
1z

ω

ω   =  z 1   A(ω) = 10 log (1+1) = 10 log 2 = 3dB. 

For frequency ω2 = 2 ω1 (ω1, ω2 >> z 1) change in A (ω) is                

A (ω2) – A (ω1) = 20 log 
1

12

z

ω
- 20 log 

1

1

z

ω
 = 20 log 2 = 6 dB. 

ω2 = 2 ω1  frequency separation is an octave 
∴ slope = 6 dB/octave 

Alternatively, 
ω2 = 10 ω1 (ω1, ω2 >> z1) then 

A (ω2) - A (ω1) = 20 log 
1

110

z

ω
- 20 log 

1

1

z

ω
 = 20 log 10 = 20 dB 

i.e. slope = 20 dB/decade because frequencies are separated by 
a decade 
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ωZ1 2 Z1

6 dB

A(dB)

Slope = 6 dB / octave

ωZ1 10 Z1

20 dB

A(dB)

Slope = 20 dB / decade

( ω in log scale )

The curves asymptotically approach a straight line 

 ω << z 1 θ  (ω) ≅  tan 1−  0   = 0 

 ω  =  z 1 θ  (ω) =  tan 1−  1   = 45

 ω >> z 1 θ  (ω) ≅  tan 1− ∞  = 90

Asymptotic curve

actual

Asymptotic curve

actual

( )ωA

ω

ω

°0

°90

°45

3dB
z1

z1

( )ωθ
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The low pass filter was an example of 

1
1

1
)(

p
j

jT ωω
+

=         i.e. a pole at p 1

                                       p 1  = 
RC

1
 Hz (RC has units of time) 

Bode Plots of Arbitrary System Functions 
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=
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j
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ωωω
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j
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z

j
jKjTA

ωω

ωωωωω

+−−+−

++++++==

1log201log20

1log201log20log20log20log20)(

1

1

−−−++++= −−−−

nm ppzz

ωωωωωθ 1

1

11

1

1 tantantantan90
Kofsign

180or 0)(

Remarks

1) If K is negative then a phase angle of 180  is added. 
2) Bode plot can be constructed by summing the magnitude 

and phase contributions of each pole & zero 
3) Asymptotic plots are often sufficient 

Example

High-pass filter 

jwRC

jwRC

jwCR

R

V

V

in

o

+
=

+
=

11

Vin Vo
R

C
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RC
1

RC
1

ω

ω

°0

°− 90

°− 45

( )ωA

°90

°45

( )ωθ

0 dB

jωRC

1 + jωRC
1

Sum

1 + jωRC
1

jωRC

Sum

MOSFET Capacitances

Gate source/
drain overlap

Gate bulk overlap

S DG

Intrinsic Device

W

L
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We will partition the FET into intrinsic and extrinsic parts.  The 

intrinsic device is in the channel area only. 

Extrinsic Capacitances 

Overlap capacitances 

Due to overlap and fringing fields between gate and bulk, source 
or drain.  Modeled in terms of constants CGS0, CGD0 and CGB0.  A 
0.5 µ process might have CGS0 = CGD0 = 0.2 fF/µ and CGB0 = 0. 

CGSov = CGS0 x W   CGDov = CGD0 x W CGBov = CGB0 x L 

Junction capacitances 

S D
G

N+N+

Depletion
Region

W

L

B

P-type
Substrate

Sidewall

Bottom wall

Sidewall

These are due to the S/B and D/B junction diodes.  The junction 

diodes are always reversed biased for proper operation, but have 

an associated capacitance.  Source and drain sizes are 

dependent on layout and therefore capacitances also depend on 

layout.  A portion of the capacitance depends on area (bottom) 

and a portion on perimeter (sidewalls). 
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W

cb

S DG

L

Area of source diffusion = AS = Wb (m2)

Area of drain diffusion = AD = Wc (m2)

Perimeter of source diffusion = PS = 2(W+b) (m) 

Perimeter of drain diffusion = PD = 2(W+c) (m) 

JM

B

J

j
Jbottom

P

V

C
AreaCC

)1(

0

+
==

 where 

Cj0 = CJ = zero bias junction capacitance per unit area (F/m2)

PB = PB = bulk built in potential (V) 

MJ = MJ = bulk junction grading coefficient  

VJ = applied reverse voltage (V) 

JSWM

BSW

J

jsw
SWsidewall

P

V

C
PerimeterCC

)1(

0

+
==

where

CjSW0 = CJSW = zero bias sidewall junction cap per unit area (F/m2)

PBSW = PBSW = bulk sidewall built in potential (V) 

MJSW = MJSW = bulk sidewall junction grading coefficient 
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bottomsidewallJ CCC +=

Example:  N-channel MOSFET in 0.5µm CMOS process 

CJ = 0.557 fF/µm2, CJSW = 0.256 fF/µm, PB = PBSW = 0.99,  

MJ = 0.6, MJSW = 0.1, W=50 µ, L = 1 µ, c = b = 2 µ 

CGS0 = CGD0 = 0.2 fF/µ and CGB0 = 0.1 fF/µ

For VDS = 3 V, VSB = 2V       VDB = 5 V  and  VSB = 2 V 

fFC

fFfF

P

V
fF

P

V
fF

C

SB

M

BSW

JM

B

J
SB

JSWJ

5.528.237.28

)
99.0
2

1(

6.26

)
99.0
2

1(

7.55

)1(

256.0)250(2

)1(

557.0250

1.06.0

=+=

+
+

+
=

+

×+×+
+

××=

Since c = b, source and drain areas and perimeters are the same, 

fF
fFfF

P

V
fF

P

V
fF

C
JSWJ M

BSW

JM

B

J
DB 1.412.229.18

)
99.0
5

1(

6.26

)
99.0
5

1(

7.55

)1(

6.26

)1(

7.55

1.06.0
=+=

+
+

+
=

+
+

+
=

CGSov = CGDov = 50µ x 0.2 fF/µ = 10 fF 

CGBov = 1µ x 1 x 0.1 fF/µ = 0.1 fF

Intrinsic Capacitances 

Cut off region 

For VGS < VT, there is no conducting channel.  Therefore intrinsic 

CGS = CGD = 0.  Channel is at bulk potential and CGB = WLCox.

Non-saturation region, small VDS
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Inversion layer in channel 

Total capacitance between gate and channel = WLCox = CGS +

CGD

The device is symmetrical so CGS = CGD = ½ WLCox

Similarly, CBS = CBD and equal ½ the total capacitance between 

inversion layer and bulk: CBS = CBD = η(½ WLCox)

CGB  ≈ 0 since the inversion layer shields the gate from the body 

Saturation region 

Channel pinches off and VDS has no effect on the channel charge 

  CGD  = 0 and CBD  = 0 

CGB  nonzero but can be ignored 

oxGS WLCC
3

2= as will be shown next. 

Derivation of CGS in saturation

The charge per unit area in the channel was found to be 

( ))()( yVVVCyQ TGSoxI −−=

The total charge in the channel is then 

( )−−=
L

TGSoxtot dyyVVVWCQ
0

)(

We found before that ( )
dy

dV
yVVVWCI TGSoxDS )(−−= µ  or 
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( )dVyVVV
I

WC
dy TGS

DS

ox )(−−=
µ

Substituting, ( )
−

−−=
TGS VV

TGS
DS

ox
tot dVyVVV

I

WC
Q

0

2
22

)(
µ

( ) ( )[ ] ( ){ }33
22

3 TGSTGSTGS
DS

ox
tot VVVVVV

I

WC
Q −+−−−= µ

( )
( ) ( )TGS

ox
TGS

TGS
ox

ox
tot VV

WLC
VV

VV
L

WC

WC
Q −=−

−
=

3

2

2
3

3

2

22

µ
µ

3

2 WLC

V

Q
C ox

GS

tot
GS =

∂
∂

=

Summary of Intrinsic capacitances 

Capacitance transitions smoothly from low VDS in non-saturation 

to their values in non-saturation. 

+=
DSAT

DSox
GSi V

VWLC
C

3
1

1
2    non-saturation 

oxGSi WLCC
3
2=   saturation 

−=
2

1
2 DSAT

DSox
GDi V

VWLC
C

   non-saturation 

0=GDiC    saturation 
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CGBi  ≈ 0   non-saturation and saturation 

2
ox

BSi
WLC

C η=    non-saturation and saturation 

−=
DSAT

DSox
BDi V

VWLC
C 1

2
η   non-saturation 

0=BDiC   saturation 

CGBi = WLCox  cut-off region 

CGSi = CGDi = CBSi = CDBi = 0 cut-off region 

Example of intrinsic capacitance

Cox = 3.45 fF/µ2, (Tox = 10nm) VT0 = 0.7 V, λ = 0, K’ = 153 µA/V2

γ = 0.7 V0.5, Φ = 0.8 V, W = 10µ, L = 1µ 
VDS = 3 V, VSB = 2V, VGS = 3 V 

( ) VVT 25.18.08.027.07.0 =−++=
VGS - VT = 3 – 1.25 = 1.75 V < VDS  = 3V   saturation region 
WLCox = 10 x 1 x 3.45fF = 34.5 fF 

fFWLCC oxGSi 23
3
2 ==

fFfF
WLC

C ox
BSi 6.3

2
5.34

8.22

7.0
2

=== η

CGDi = CGBi = CBDi = 0 

Total capacitance is the sum of intrinsic and extrinsic 
capacitances. 
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Overlap capacitances CGsov, CGDov, CGBov

Junction capacitances (area and perimeter) CSBJ, CBDJ

Intrinsic capacitances CGSi, CGDi, CGBi, CBDi,
CBSi 

VT

CGBov

VGS

CGSov,CGDov

½ WLCox +CGSov

2/3 WLCox +CGSov

WLCox +CGSov

Cut off Non-saturationSaturation

CGBi

CGSi

CGDi

C

Gate capacitances 

CGS = CGSi  +   CGSov CSB = CSBi  +   CSBJ

CGD = CGDi  +   CGDov  CDB = CDBi  +   CDBJ

CGB = CGBi  +   CGBov

From Examples

CGS = CGSi + CGSov = 23 fF + 2 fF = 25 fF 
CGD = CGDi +  CGdov = 0  + 2 fF = 2 fF
CGB = CGBi + CGBov = 0 + 0.2 fF = 0.2 fF 
CSB = CSBi + CSBJ  = 3.6 fF + 52.5 fF = 56.1 fF 
CDB = CDBi + CDBJ  = 0 + 41.1 fF = 41.1 fF 
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Complete MOSFET small-signal model 

gmbvBSgmvGS r0CGS

CGD

CGB

CSB CDB

G

S

D

B

vGS

vBS

Unity Gain Frequency 

This is the frequency at which the magnitude of the short-circuit 
current gain of the FET is unity. 

id

ii

gmbvBSgmvGS r0CGS

CDG

CGB

CSB

CDB
vGS

vBS

ii

io

ii = jω(Cgb + Cgs + Cgd)vgs

io ≈ gmvgs

neglecting current through Cgd

gmvGS
CGS

CDG

CGB vGSii

io
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( )gdgsgb

m

i
i CCCj

g

i

i
A

++
==

ω
0

Ai = 1 at ω = ωT    ( ) 1=
++ gdgsgbT

m

CCCj

g

ω

( ) gs

m

gdgsgb

m
T C

g
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g
≈

++
=∴ω

( ) gs

m

gdgsgb

mT
T C

g

CCC

g
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πππ
ω

222
≈
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==

In saturation for n-channel MOSFET 

)(' TGS
gs

d
m VV

L

W
K

V

I
g −=

∂
∂=  and oxGS WLCC

3

2=

( ) ( ) ( )
22

5.1

3

2

1

2

1

3

22

1

L

VV

L

VV
L

WLC

VV
L

W
C

f TGSn
TGSn

ox

TGSoxn

T

−=
−

=
−

= µ
π

µ

π

µ

π

Note: fT increases when VGS – VT increases or when L decreases 
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WinSpice 3 Input file
*Common-source amplifier 

vds 3 0 3V   
vss 2 0 0 
vgs 1 0 1.5 ac 1 
r1 3 4 2K 
c1 4 0 1pF 
m1 4 1 2 2 cmosn  l=1u w=10u  
+ad=20p as=20p pd=24u ps=24u 
.MODEL CMOSN NMOS ( LEVEL = 1 VTO=0.7  
+ KP=200u GAMMA=0.5 LAMBDA=0.02 PHI=0.7) 
.end

.control $ can run in batch mode - $ is not a valid inline comment
op $ runs dc operating point
print all $ prints all node voltages
dc vgs 0 3 .1 $ runs dc analysis with input from 0 to 3V
plot v(4) $ plots v(4), the output
ac dec 10 1K 1E9 $ runs ac analysis from 1KHZ to 1 GHZ with

$ 10 points per decade 
plot vdb(4) vp(4) $ plots magnitude of v(4) in log scale, and phase of v(4)
.endc $ ends batch mode

Output
WinSpice 2 -> source example2.cir 
Reading .\example2.cir 
Circuit: *Common-source amplifier 

DC Operating Point ... 
v(1) = 2.000000e+00 
v(2) = 0.000000e+00 
v(3) = 3.000000e+00 
v(4) = 5.926081e-01 
vds#branch = -1.20370e-03 
vgs#branch = 0.000000e+00 
vss#branch = 1.203696e-03 
AC analysis ...

M1

Vgs

VDS

VSS

4
Vi

1

2
0

3

1pF

2K

µ
µ

1

10
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Common-source amplifier-frequency response 

Small-signal model for circuit 

v
S

R
S

C
gb

C
gs

v
gs

C
dg

g
m
v

gs
C

db
C

L

r
o R

L

v
o

G D

C
in

R
out

C
out

R
S

C
dg

g
m

v
gs

R
out

C
in

C
out

S

S
S

R

v
i

v
o

v
gs

Cin = Cgb + Cgs;  Cout = Cdb + CL;  ; Rout = ro ||RL

C
dg

g
m
v

gs

Y
out

v
o

Y
in

S

S
S

R

v
i

1 2

v
gs

 yin = 
sR

1
 + j Cin

M1

VDD

Vo

RD

CL

VS

RS

gmbVBS
gmVGS r0Cgs

Cdg

Cgb

Csb
Cdb

G

S

D

B

VGS

VSB

Complete small-signal

MOSFET model
Common-source 
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 yout = 
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1  + j�Cout 
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� � � �
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Expand the first two terms in the numerator 
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Substitute these back in with RSRout factored out 

� �
� �� � � �outgdingdoutinoutSinSoutoutoutmgdSgdout

gdmout

S

o

CCCCCCRRCRCRRgCRCRj

CjgR
v
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��������

��
� 211 ��
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Observations 

1) The transfer function has a zero at 
gd

m
Z C

g
���  

i.e. the voltage gain is zero when all the current through 
Cgd is the transconductance current & no current flows 
through the load i.e. vo=0. 
 

2) Recall the unity gain frequency for a MOSFET 

             
gdgs

m
T CC

g
�

��  

             �  �Z >> �T   i.e. beyond the useful range of operation 
 
3) The denominator of the transfer function is a second order 

polynomial  i.e. there are two poles. 
For poles P1 & P2 
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21
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For the transfer function 
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4) The Bode plot of the 2-pole transfer function 

)1)(1( 21 ���� jj
A

A ov
v ��
�  
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-20 dB / decade

1
1
�

-40 dB / decade

AVo

2
1
�

 
5) If the poles are widely separated (we will confirm this later) 

then 

2
2

1
1

11
PP

���� ��        

 where we have assumed |P2|>>|P1|  i.e. P1 is the dominant 
pole. 
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Consequently, P2 is a high frequency pole and the dominant 
pole approximation can be made. 
 

6) The capacitor Cgd appears as Cgd(1+gmRout) in the term with 
Rs 

i.e. Cgd(1-(-gmRout))=Cgd(1-A) 
 

This multiplication by the gain is called the Miller effect and 
the capacitance CM=Cgd(1+gmRout) is called the Miller 
capacitance. 

xx

j�

�

Dominant pole
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So although Cgd is a small capacitance its effect is much 
larger depending on the gain of the amplifier. 
 
We will use the Miller capacitance to simplify our analysis 
with the capacitor Cgd that couples the input & output. This is 
an approximation but works well as we shall see! 
 

7) Examine the large time constant �1 corresponding to the 
dominant pole 

�� ��� ������ ����� ��
ba

outgdoutoutmgdins CCRRgCCR
��

� )()]1([1 �����
 

�� ��1  , the sum of time constants 
 

We will be able to determine �1 by an approximate technique 
known as zero-value time constants (to be done later). 

 
Miller’s Theorem (Miller Effect) 

V1 V2

1 2

i1 i2Z

Let 
1

2

v
vk �  be a known quantity, which is a complex number. 
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Therefore, if k
ZZM �

�
1   were shunted across terminal � and 

ground, the current drawn from � would be the same as that of 
the original circuit. This is the Miller effect. 
 

Similarly
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So the original circuit can be transformed as 
 

1 2
Z2

Z1

 

 large is k if       ;  Z
k
kZZ

k
ZZ �

�
�

�
�

11 21  

 
Remarks

- k is the forward voltage ratio. The Miller effect can only be 
used to find the forward gain and input impedance. NEVER 
use it to calculate output impedance.  

 

- Physically Cgd is getting multiplied by the voltage gain of the 
amplifier and hence has a larger effect at the input. 
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Application of Miller Approximation 
 
For simplicity neglect Cout 
 

RS

Cdg

gmvgs

vo

Cin
S

S
S R

vi �
LLout RRrR �� ||0

vgs

1 2

 
Assuming current through Cgd is small we can calculate the gain 
from � to � 

Lmoutm
gs

o RgRg
v
v

v
vk ������

1

2
 

	 Cgd reflected to the input is Cgd(1-k) = Cgd(1+gmRL) 
 

CM = Cgd(1+gmRL) 
 

The circuit becomes 

RS Cin
S

S
S R

vi �
CM

vo

LR
gmvgs

vgs

Cdg

 
where we have assumed that gmRL is large and Z2 � Z��

 
This circuit is much simpler to analyze. Furthermore, we obtain a 
1-time constant system 

  )(1
Min

s
in CCs

R
Y ���  

The time constant associated with the capacitance (Cin+CM) is 
Rs(Cin+CM). 
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From the detailed analysis the time constant is 
 

 ����� ��� ��

constant
eOutput timecapacitancMiller

])1([ gdLLmgdins CRRgCCR ���
 

Key Points
1) Use Miller approximation 

for calculating ONLY input 
impedance and forward 
gain. DO NOT use for 
calculating output 
impedance.  

2) For calculation of time 
constants use the low frequency gain. 

3) At low frequencies Cc appears as a capacitance at the input 
of value CM=CC(1-Av(0)) 

4) For higher frequencies Av is frequency dependent 
� the input is reflected as an admittance 
 YM(s)=sCc(1-Av(s)) 
Cc no longer appears as the pure Miller capacitance. 

 
Calculation of bandwidth (-3dB frequency) 

1 2
v1 v2

1 2

Cc

2

1
v
v

�vA

� �voCM ACC �� 1

Cc
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How do we get this information for complex circuits? 
 
For the simple CS amplifier we have seen that 
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and if we assumed a dominant pole then 
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outoutinsgdoutmsgdout

CR

CRCRCRgRCR )1(1�

 

 

Let us revisit the dominant-pole approximation 
Consider the transfer function 
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Where the zeros are not important in the frequency range of 
interest. 
 

 A(s) can also be written as 
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  n
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where 
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�
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Now consider a dominant pole say P1 then 
 

 |P1|<<|P2|, |P3|, …..|Pn| 
 

Then   �
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so that 
1

1
1
P

b ��  is the coefficient 

corresponding to the dominant pole 
 
The magnitude |A(j�)| is 
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For a dominant pole P1 this is approximated as 
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Remark

xx

j�

�
xx

P1P2P3Pn
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This approximation will be accurate until � � |P1|, and the transfer 
function has no zeros. 
 

  �-3dB  � |P1| 
 
How can we calculate P1 (at least a reasonable value) without 
having to evaluate the whole transfer function? 
 
Answer: zero value time constants (ZVTC). 
 

ZVTC Method 

- yields a dominant pole if it exists � fairly accurate -3dB 
frequency 

 

- Does not give any info about the zeros 
� for a circuit in which there is a dominant zero, the -

3dB frequency calculated using ZVTC will be wrong. 
 
Procedure

- For each capacitor Ci in the circuit i=1, …., N, 
1) Open all other capacitors C1,…..Ci-1,Ci+1,….CN = 0 

    i.e. set them to a ‘0’ value 
2) Find the Thevenin resistance Ri seen by capacitor Ci 

(short independent voltage sources and open current 
sources) 

3) Calculate the product RiCi – this is the zero-value time 
constant associated with Ci. 

- Sum up all the individual time constants. 
    Then �� iiCRb1  

Remark
 This calculation of b1 is exact. 
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Example of ZVTC method with CS amplifier 

RS

Cdg

gmvgs

Rout

Cin
Cout

vo

iS vgs

  3 Capacitors Cin, Cgd, Cout; Calculate Ri for each 
Cin
 
 Ri = Rs 
 
	 time constant = RsCin = �Cin 
 

Cgd

RS

Cdg

gmvgs

Routvgs

Node �:  
      sxgs Rivv �� 1  

 
Node �:  

 

)]1([
)1(

)1()(

)(

0

21

2

2

outmsoutx

xsmoutsxx

xsmoutxsmxout

gsmxout

out
gsmx

RgRRi
iRgRRivvv

iRgRiRgiR

vgiRv
R
vvgi

���
�����

������

����

���

  

RS gmvgs

Rout

Cin

vgs

RS

vgs gmvgs

Rout

+ -vx

ix

1 2
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)1( outmsout
x

x
i RgRR
i
vR ����	  

 �� ��� ��
ecapacitanc Miller

          

  

gdoutmsoutgd

outmsoutgdC

CRgRRC

RgRRC
gd

)1(

)]1([

���

���	 �

 

Cout

RS gmvgs

Rout

Cout

vgs RiRout

outoutC CR
out

��

Final Sum

 outoutgdoutmsoutgdinsi CRCRgRRCCRb
o

������ � )1(1 �  

Remark
This is the same expression we obtained from the exact analysis 
with a dominant-pole approx. 

�
�	

oi
�

� 1
-3dB   
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Numerical Example
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For the device in saturation 
 

  
fFfFfF

fFWLCC

fFfFWCC

oxgs

ovgd

922567
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Calculate gm & ro 
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50
)10400(05.0

11
/1

/
2

504005022

6$

#

 

 

For this example Rout = 50k', Cout = 1pF. 
 

Compute various time constants: 
 

  
nskpFRC

nsfFkk

CRgRCR

nsfFkCRCR

outoutC

gdoutmsgdoutC

gssinsC

out

gd

in

25.51)50(025.1
1425))501(1050(

)1(

92.09210

�'��
����

���

�&���

�

�

�

 

10K M1

5 V

1 pF

400 #
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 	 the largest time constant is due to the load capacitance. 

  MHzf

rad

dBdB

dB

46.2
2
1

sec/10
501492.0

1

33

9
3

��

&
��

�

��

�

�
�

�

 

SPICE Simulation
 
* calculate poles and zeros 
 
*input: 4, output: 1 
 
*Power supplies 
VDD 10 0 5 
 
*circuit 
M8 1 2 0 0 CMOSN L=2u W=50u 
ID 10 1 400.0uA 
rs 4 2 10K 
cl 1 0 1p 
 
*sources 
vs 4 0 1.78 ac 1 
 
.MODEL CMOSN NMOS( LEVEL=1 KP=50u VTO=1.0 LAMBDA=0.05 
+TOX=34.5n CGDO=.5n) 
 
.control 
op 
run 
show m8 model 
print all 
tf v(1) vs 
print all 
pz 4 0 1 0 vol pz 
print all 
.endc 
.end 

SPICE Output 
 
DC Operating Point ... 
 Mos1: Level 1 MOSfet model with Meyer capaci 
 device           m8 
 model         cmosn 
        id    0.0004 
        is   -0.0004 
        ig         0 
        ib -4.02e-13 

10K M1

5 V

1 pF

400 #
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       vgs      1.78 
       vds      1.04 
       vbs         0 
       von         1 
     vdsat      0.78 
        rs         0 
        rd         0 
        gm 0.00103
       gds 1.9e-05 � ro = 52.6K
       gmb         0 
       cbd         0 
       cbs         0 
       cgs  3.34e-14 
       cgd         0 
 
 
v(1) = 1.038790e+00 
v(2) = 1.780000e+00 
v(4) = 1.780000e+00 
v(10) = 5.000000e+00 
vdd#branch = -4.00000e-04 
vs#branch = 1.646420e-20 
Transfer function analysis ... 
transfer_function = -5.39456e+01  Av
output_impedance_at_v(1) = 5.259697e+04 
vs#input_impedance = 1.000000e+20 
Pole-Zero analysis ... 
Warning: Pole-zero iteration limit reached; g 
pole(1) = -1.37590e+09,0.000000e+00  ��f1 = 219 MHz 
pole(2) = -1.47954e+07,0.000000e+00  ��f2 = 2.35 MHz   versus 2.46 MHz by hand 
zero(1) = 4.102564e+10,0.000000e+00  ��zero = 41 GHz 

Remarks

- ��
�




�

�



�

�
��

n

i i
o P1

1�  is valid in general 

i.e. the sum of zero-value time constants equals the sum of 
the reciprocals of all poles, whether or not a dominant pole 
exists. 

- Setting �
��

o
dB �

� 1
3  can give an error if a dominant pole 

situation doesn’t exist. However, the �-3dB will then be a 
pessimistic estimate. 

 

- If parts of a circuit are isolated from the rest then the ZVTC 
will give the pole information associated with these parts. 
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Hence, the ZVTC could also be 
used to estimate non-dominant 
poles. 
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 pole  
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Example of Error

Consider a circuit that has two identical negative real poles at �x 
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Using ZVTC we will obtain 
xxx

o ���
� 211

����  

    x
x

o
dB ��

�
� 5.0

2
1

3 ����
��  

 
i.e. ZVTC will result only in 22% error! 
 

Ri

Ci
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Example  
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0,4.0,7.0

6.0,6.0
/8.0

/3.0
200,/60

121

2

��

���

��

�

��

(��%

�

MJVV
VVVV

VV
fFC

fFCC
AtVAk

o

T

B

JO

GDOGSO

ox

$)

*+
#

#
#

 

 
i).Calculate small-signal low-frequency gain. 
ii).Use ZVTC method for calculating -3dB frequency 
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DC analysis 
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Gain 
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ZVTC method 

1 K M1

M2

5 V

CL
vi

vo

Cgs2
Csb2

Cgs1

Cdg1 Cdb1

1 K M1

M2

5 V

vi
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Calculate capacitances 
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Calculate time constants 
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SPICE Simulation 
* calculate poles and zeros 

*input: 4, output: 1 

*Power supplies 
VDD 5 0 5 

*circuit
M2 5 5 1 0 CMOSN_2 L=1u W=4u 
M1 1 2 0 0 CMOSN_1 L=1u W=100u 
rs 4 2 1K 
cl 1 0 100f 

*sources 
vs 4 0 .98 ac 1 

.MODEL CMOSN_1 NMOS( LEVEL=1 KP=60u VTO=0.7 LAMBDA=0.0 
+TOX=20n CGDO=.3n cgso=.3n cbd=80f cbs=80f phi=0.6 
+pb=0.6 mj=0.5 gamma=0.4) 
.MODEL CMOSN_2 NMOS( LEVEL=1 KP=60u VTO=0.7 LAMBDA=0.0 
+TOX=20n CGDO=.3n cgso=.3n cbd=3.2f cbs=3.2f phi=0.6 
+pb=0.6 mj=0.5 gamma=0.4) 

.control
op
run
show m1 model m2 model 
print all 
tf v(1) vs 
print all 
pz 4 0 1 0 vol pz 
print all 
.endc
.end

Output
DC Operating Point ... 
 Mos1: Level 1 MOSfet model with Meyer capacitance model 
 device           m1        m2 
 model       cmosn_1   cmosn_2 
        id  0.000235  0.000235 
        is -0.000235 -0.000235 
        ig         0         0 
        ib -9.69e-13  -2.9e-12 
       vgs      0.98       2.5 
       vds       2.5       2.5 
       vbs         0      -2.5 
       von       0.7       1.1 
     vdsat      0.28       1.4 
        rs         0         0 
        rd         0         0 
        gm   0.00168  0.000336

1 K M1

M2

5 V

C
L
 = 100 fFv

i

v
o

1

100

1

4
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       gds         0         0 
       gmb  0.000434  3.81e-05 
       cbd  3.52e-14  1.05e-15 
       cbs     8e-14  1.41e-15
       cgs  5.76e-14   2.3e-15 
       cgd         0         0 
       cgb         0         0 
      cbd0     8e-14   3.2e-15 
    cbdsw0         0         0 
      cbs0     8e-14   3.2e-15 
    cbssw0         0         0

v(1) = 2.504998e+00 
v(2) = 9.800000e-01 
v(4) = 9.800000e-01 
v(5) = 5.000000e+00 
vdd#branch = -2.35200e-04 ID2

vs#branch = 3.430483e-20 

Transfer function analysis ... 
transfer_function = -4.49034e+00
output_impedance_at_v(1) = 2.672823e+03 
vs#input_impedance = 1.000000e+20 

Pole-Zero analysis ... 
pole(1) = -8.30652e+09,0.000000e+00  1.32 GHz
pole(2) = -1.53808e+09,0.000000e+00   244 MHz  versus 206 MHz
zero(1) = 5.600000e+10,0.000000e+00  8.91 GHz
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Frequency response of two-stage CMOS opamp 

M4M3

VSS

V
DD

M5M8

I
ref

M6

M7

V
i1

V
i2

C
CM1 M2

C
L

R1 = ro2 || ro4   C1 = Cgs6 + Cgd4 + Cdb4 + Cgd2 + Cdb2

R2 = ro6 || ro7    C2 = CL + Cdb6 + Cgd7 + Cdb7

C   = Cc + Cgd6

v
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The denominator is in the form of a 2-pole transfer function 
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If P1 is the dominant pole then 
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:termstheFrom 2

Remark
 As C increases |P1| decreases whereas |P2| increases 

  pole splitting. The limiting value of |P2| is 
21

2

CC

Gm
, a large 

frequency.

Pole splitting 

 When C = 0, we have 2 poles in the circuit. 
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With the capacitor C 
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As C is increased, the poles split apart and a dominant pole 
situation is created. 

1P

A
o

Uncompensated

(without C)

-40 dB / decade

-20 dB / decade

A

2P1'P

Compensated
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Assuming a one-pole roll-off due to |P1’|, we have 
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Unity gain frequency = |Av| =  1 
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How to choose C? 
 As we will see later, one choice is to make |P2’|= u

C

G
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Can solve a quadratic to obtain C. 
 If C1 << C, C2    then 
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   i.e. Gain x bandwidth is a constant (GBW) 
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butIncreasing

Design Example (2-stage op amp) 

The dc and low-frequency gain were done previously. Now we 
look at the high frequency behavior with CL=7.5pF.

Device Parameters 
n-ch:Cov = 0.5 fF/µ,   Cjo = 0.1 fF/µ2, Cjs o = 0.5 fF/µ 
  PB = PBSW = 0.8,  MJ = MJSW = 0.5 
p-ch:Cov = 0.5 fF/µ,   Cjo = 0.3 fF/µ2, Cjs o = 0.35 fF/µ 
  PB = PBSW = 0.8,  MJ = MJSW = 0.5 
tox = 15 x 10-9 m = 150 ;      Cox = 2.3 x 10-7 F/cm2 = 2.3 fF/µ2

For area and perimeter calculations use Ldiff = 6µm for source and 
drain regions. 

Calculate capacitances 

fF
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162450675

11

2

5.0
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PDAD

PB
V

PDC

PB
V
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C

db
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db

jo
db

o

;

Drain of M4 is at -1.52 V, bulk is at -2.5V  VDB = 0.98V 

fF5.84
8.0

98.0
1

1625.04501.0
4dbC

Drain of M6 at 0V, bulk at -2.5V  VDB6 = 2.5V 

fF121

8.0
5.2

1

3125.09001.0
6dbC

Drain of M2 at -1.52V, bulk at Vs = 0.98V  VDB2 = 2.5V 

Drain of M7 at 0V,       bulk at +2.5V  VDB6 = 2.5V 

fF7.186

8.0
5.2

1

31235.09003.0
72 dbdb CC

pF88.7)1867.0075.0121.0(5.7

pF15.17.186755.845.37765

7762

224461

dbgddbL

dbgddbgdgs

CCCCC

CCCCCC

fF756 CgdC CCCC
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Calculate the unity gain frequency 

We have Gm1 = gm1 = 353.5µA/V, Gm2 = gm6 = 707µA/V 

2
2

11     where C
G

G
C

C

G

m

mm
u

pFpF

pFpF

4075.04

48
2
1

CC

C

Mrad/sec88
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105.353
12

6

u

MHz14uf

Calculate the pole frequencies 
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P

kRkR

P
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;

7.9

sec/9.60
)82.1(482.1

10410707

1013sec/36.6

10410)67.166)(34.333(10707
1

67.16634.333

2

126

2

11
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21

Remark

 A zero appears at MHz
C

Gm
z 282

    i.e. it is beyond 

the unity gain frequency. 
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 From SPICE the poles and zeros are  
  poles: 855 Hz, 10 MHz, 17 MHz 
  zeros: 17 MHz, 28.6 MHz 
   funity = ~10 MHz 

SPICE file 
* Two-stage op-amp 

*inputs: inverting node 7, noninverting node 8 
vinp 7 0 0 ac 1 
vinm 8 0 17.2745u 
*Power supplies 
VDD 10 0 2.5 
Vss 20 0 -2.5 

*load cap 
c1 5 0 7.5p 
*compensation cap 
cc 5 4 4p 
*Current mirror 
M8 1 1 10 10 CMOSP L=3u W=75u AD=450p AS=450p PD=162u ps=162u 
Iref 1 20 50.0uA 
*Differential amp 
*ISS
M5 2 1 10 10 CMOSP L=3u W=150u AD=900p AS=900p PD=312u ps=312u 
*Drivers 
M1 3 7 2 2 CMOSP L=3u W=150u AD=900p AS=900p PD=312u ps=312u 
M2 4 8 2 2 CMOSP L=3u W=150u AD=900p AS=900p PD=312u ps=312u 
*Active loads 
M3 3 3 20 20 CMOSN L=3u W=75u AD=450p AS=450p PD=162u ps=162u 
M4 4 3 20 20 CMOSN L=3u W=75u AD=450p AS=450p PD=162u ps=162u 
*2nd stage 
M7 5 1 10 10 CMOSP L=3u W=150u AD=900p AS=900p PD=312u ps=312u 
M6 5 4 20 20 CMOSN L=3u W=150u AD=900p AS=900p PD=312u ps=312p 

.MODEL CMOSN NMOS( LEVEL=1 KP=50u VTO=0.7 LAMBDA=0.03 
+cgdo=0.5n cgso=0.5n cj=0.1m cjsw=0.5n mj=0.5 mjsw=0.5 
+pb=0.8 tox=15n) 
.MODEL CMOSP PMOS( LEVEL=1 KP=25u VTO=-0.7 LAMBDA=0.03 
+cgdo=0.5n cgso=0.5n cj=0.3m cjsw=0.35n mj=0.5 mjsw=0.5 
+pb=0.8 tox=15n) 

.control
op
print all 
ac dec 10 200 20meg 
plot vdb(5) 
pz 7 8 5 0 vol pz 
print all 
.endc
.end
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Output
Circuit: * Two-stage op-amp 

DC Operating Point ... 
v(1) = 1.406404e+00 
v(2) = 9.745308e-01 
v(3) = -1.51948e+00 
v(4) = -1.52169e+00 
v(5) = 1.238277e-06  (Near zero) 

v(7) = 0.000000e+00 
v(8) = 1.727450e-05 
v(10) = 2.500000e+00 
v(20) = -2.50000e+00 
vdd#branch = -2.55340e-04 
vinm#branch = 0.000000e+00 
vinp#branch = 0.000000e+00 
vss#branch = 2.553396e-04 

AC analysis ... 
Pole-Zero analysis ... 
Warning: Pole-zero iteration limit reached; giving up after 264 trials 
pole(1) = -3.24673e+08,1.030280e+08 
pole(2) = -3.24673e+08,-1.03028e+08 
pole(3) = -1.14110e+08,0.000000e+00 
pole(4) = -6.51190e+07,0.000000e+00 
pole(5) = -5.38023e+03,0.000000e+00 
zero(1) = -3.27455e+08,0.000000e+00 
zero(2) = -1.13284e+08,0.000000e+00 
zero(3) = 1.875935e+08,0.000000e+00 

Note that poles and zeros are in radians/sec 

Slew Rate 

Up to now we have looked at the small-signal behavior of our op 
amp. However, the behavior with large input signals is also of 
interest.
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Unity gain configuration 
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Suppose that the circuit has a one pole transfer function then 
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(t)
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>> 5

Expected
Actual

dt

dV
slope o

Slew rate = dt
dVo

(usually specified in V/ s)

Examine the operation of the 2-stage CMOS opamp 

The origin of the constant slope region is a large signal behavior. 

At time=0, Vi
+ steps to 5V, the output voltage cannot respond 

immediately  Vo = 0 

 Vi
- = 0 & Vi

+ = 5V 
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M4M3 M6
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2
M1 M2

I
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V
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I
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C
C

-5 V

+5 V
Unity-gain

feedback

+-

I
SS

V
i

 M2 cuts off and current Iss flows through M1 & M3;

          M3 - M4 current mirror  Iss is drawn through CC

A constant current Iss flowing through CC generates a voltage 
ramp whose slope is 

C

ss

C
I

t
V

Voltage at node 1 fixed because of M6 

 Vo increases as a ramp voltage

 The 5V input signal drives the input-stage out of its linear 
region of operation (i.e. small-signal). The circuit operates 
nonlinearly and therefore we cannot expect a linear analysis to 
predict correct operation. 

For a large negative input step, M2 is heavily on, M1 cuts off 

 M3-M4 current mirror is off 

 current Iss flows through Cc

Node 1 is fixed by M6  Vo is a negative ramp of slope 
C

SS

C
I
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(SR)rateslewThe

Relationship between SR & Unity Gain BW (UGBW) 
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What about CL?
 When CL is large, the slew rate could be determined by CL.

Positive step at input 
 CL is charging up

 Current to charge up CL is 
only ID7 - ISS since ISS goes to CC.

 V1 drops so current through 

M6 is reduced  ID7 - ISS is 
available to charge CL.

L

SSD
L C

II
t
V

SR 7

Negative step at input 
 M6 can discharge CL when it is overdriven so this is not a 
problem.

M4 M6

1

2
V

o

I
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C
C
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C
L
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Usually would like SR to be independent of CL, since CL is not a 
design parameter. 
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How to improve Slew Rate? 

C

SS

C
I

SR

 increase ISS and/or decrease CC.

 Increasing ISS increases power dissipation 

 use class AB input stage 
- low dc current 
- under transient conditions current for charging 

CC can be significantly increased. 

SR

C
L

C’
L

log scale

SR due to C
C

SR due to C
L
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Circuit can deliver large positive and negative currents 
to charge CC or CL and may not display slew rate 
limiting.  We will look at one such circuit later. 

Key Points 
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“Full-power” bandwidth 
 Slew-rate limitations also affect performance of the circuit 
when handling large sinusoidal signals at higher frequencies. 

iA
i

iA
i

iAi

V
dt

dV

tV
dt

dV

tVV

max

)cos(

)sin(

For SR
dt

dVi

max
, the output will 

follow input. However, for larger 
values waveform distortion will 
occur.

 Since 
maxdt

dVi

  slew limiting will occur 
as the frequency is 
increased when ViA=VDD

The frequency at which this 
occurs is the “full-power” 
bandwidth

iA
fP V

SR

Example

 VDD=5 V;     SR=1 V/µs sec/
5
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radfP

+

-

V
o

V
i

t

V
i
(t)

V
iA dt

dVi

Max

t

V
i
(t)

V
iA

sine

wave

actual waveform

with slew limiting
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 ffP=31.8 kHz   (full-power bandwidth) 

Settling time 

V
i

V
o

Slope = SR

Settling time

(T
s
)

% of final value

t

V
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Stability of feedback amplifiers 
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Feedback

Network

If the amplifier is represented by a single pole transfer function 
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a0 = low frequency gain 
P1 = pole frequency in radians/sec 

Assume a purely resistive feedback path  f constant 
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               where T(s) = a(s)f  is the loop gain 
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The low-frequency closed-loop gain is 

o

o

o

o
o T

a
fa

a
A

11
where  To=aof  is the low-frequency loop gain. 

The pole frequency for the closed-loop system is P1(1+aof)

-3dB = |P1| (1+aof) = |P1| (1+To)

Remarks
- The gain ao has been reduced by a factor 1+ To

- The bandwidth has been increased by (1 + To)

- )1(
1 11 o

o

o
o TP

T
a

PaBWGain is a constant. 

- Designer can use negative feedback to trade gain for 
bandwidth.

-20 dB / decade

jA

ja

o

o

T

a

1
log20

oalog20

1P 11 PTo

log scale

Gain

(dB)

Gain curves for any To are contained in an envelope bounded by 
curve of |a(j )|
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x

j

x

1P11 PTo

Consider a 3-pole transfer function typical of many op amps 
before compensation. 

321
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P
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a
sa o

Bode plots 

1P

-60 dB / decade

-20 dB / decade
|a|

(dB)

2P

a
0

90

45

-40 dB / decade

3P

135

225

180

a
180

(log scale)

180

Consider a(s) in a feedback loop with f constant 

 T(j ) = a(j )f   and will have same frequency variation as a(j ).
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For a system to be stable all poles must be in the left-half plane. 

fja
ja

jA
)(1
)(

)(

at 180 fa
a

fa
a

jA
180

180

180

180
180 1

180
1801
180

)(

If T = a180f = 1  then A(j 180)

 unstable 

Remark

 If |T(j )| > 1 at the frequency where T(j ) = -180 , then the 
amplifier is unstable (Linear system feedback theory) 

There are two measures of stability: Phase Margin and Gain 
margin. Phase Margin is the more common specification. 

Phase Margin = 180  + T(j ) at frequency where |T(j )| = 1. 

Must be > 0  for stability. 

Gain Margin the value of T(j ) in dB at the frequency where 

T(j ) = -180 . Must be < 0 dB for stability. 

How do we determine where |T(j )| = 0 dB given the magnitude 
Bode plot of a(j )?

Consider fjafjax log20)(log20)(log20

f
ja

1
log20)(log20

The vertical distance between the curve 20log|a(j )| and the line 
20log(1/f) is a direct measure of the loop-gain magnitude in dBs. 
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oalog20

f

1
log20

x

loop gain = 0 dB

(dB)

ja

Remarks
- the point where  20log |a(j )|  intersects the line  20log(1/f)  

is the point where loop-gain magnitude is unity or 0-dB 

- Can take the curve  |a(j )|  as a curve for |T(j )|  if 
20log(1/f) is taken as the zero axis. 

- 20log(1/f)  20logAo i.e. the low-frequency gain in dB 

  because 1
1

1
fa

ffa
a

A o
o

o
o if

Consider the single-pole example: 

f

1
log20

loop gain = 0 dB
T

o

loop gain magnitude

0

90

45

180

0

PM = 90o

(dB)
ja

)( ja
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For this case PM=90  and this is a very stable amplifier. A typical 

lower value for PM is 45 ; 60  is more common. 

Case 1 PM=45 ; f real & constant 

T(j o) = -135 
 where o is the frequency for which |T(j o)| = 1 

)(1
)(

)(

1
)(1)()(

jT
ja

jA

f
jafjajT ooo

o
o

o

oo
j
o

o

j

A
f

ja
jA

j
ja

j
ja

e
ja

jA

ejT

3.1
3.1

76.0
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)76.058.0(

7.03.0
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7.07.01
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1
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11351)(:

135

135at o

At frequency o, |T(j o)| = 1. This is the point at which the basic 
amplifier has a -3dB frequency (single-pole amplifier). However, in 
this case there is a 1.3x of peaking above the low-frequency gain. 

Case 2 PM = 60

T(j o) = -120 ,     |T(j o)| = 1 

ff

jfef
jA

fo

1
)1(

1

5.0866.01
11

1

11
)(

120

Case 3 PM = 90

f
jA o

7.0
)(
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Relative

Gain
PM = 45o

PM = 60o

PM = 90o

Peaking of gain for PM < 60

Example 1 

The loop-gain of a feedback system has two poles – 1 & -5 1.

Find the dc gain of the loop-gain for a phase-margin of 60 .

11 5
11

)(

jj

T
jT o

For phase margin: |T(j o)| = 1 when  T(j o) = -120

732.1120tan
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56.4
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Since the value of x>0 
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Check: 120
5
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tan56.4tan) 11
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o
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oo

o

T
T

T
T(jNow o

 dc gain of the loop-gain is 6.3. 

Example 2 

At what value of To will system become unstable. 

  |T(j x)| = 1   when  T(j x) = -180

 T(j ) = -180   as 

 system is stable for finite values of To

ECE 422/522
Page 179 

Compensation

The process of making an amplifier stable that would otherwise 
be unstable in a feedback configuration. 

Consider the Bode plots shown below: 

1P

-20 dB / decade

2P
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3P
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(log scale)
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log20
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log20

f

3

1
log20

f

270

PM = 0o

PM = 45o

PM < 0o

(dB)

ja

)( ja

For a feedback factor f1, phase margin = 45

                                   f2,        =  0

                                   f3,        <  0
Thus the amplifier will be unstable with a loop gain larger than 
aof2; otherwise need compensation.
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How do we make this amplifier stable? 

Observation
For a feedback factor of f3 the magnitude of the loop-gain 

becomes unity (0 dB) well below -180 . So we should make the 

gain go to unity before the phase crosses -180 .

One solution 

Introduce a dominant pole PD at a sufficiently low frequency such 
that the gain rolls off and crosses 0 dB before the phase reaches 

180 .

Remarks
1) This reduces the bandwidth of the amplifier. The process is 

known as narrow banding. 
2) The most difficult case to compensate is for f=1. 
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(log scale)

360
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Original phase
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Original gain curve
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(dB)ja

)( ja
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If PD is chosen so that  |a(j )| = 1 at the frequency |P1| then the 

phase margin is 45  as shown. 

321
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j

P
j

P
j

a
ja

D

o

The amplifier is now stable in a unity-gain or other feedback 
configurations. The original amplifier was unstable in a unity-gain 
feedback.

Remarks
- The basic amplifier has a UGBW of only |P1| which is 

much less than before. 
- Loop gain begins to diminish at |PD| and all benefits due to 

feedback diminish. 

Example

.25
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Find |PD| to compensate the amplifier for f=1 & PM=45 .
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Now consider the amplifier that we compensated for f=1, in a 
feedback arrangement with f<1. 

1P

0

90

45

135

180

(log scale)

-20 dB / decade

PM

oalog20

f

1
log20 loop gain = 0 dB

oAlog20

loop gain

xDP

(dB)ja

)( ja

|T(j )| = 1 at = x -3dB = x

i.e.  bandwidth is being wasted. The circuit has more 

compensation than needed because PM  90 .

Remark
- Optimum bandwidth can be achieved in circuits if 

compensation is added by the user. Gain can be tailored 
for higher bandwidths. 
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Add a pole |PD’| for a PM of 45  in a feedback configuration. 

1P

-20 dB / decade
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(log scale)

360

-20 dB per
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Original gain curve
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- frequency |PD’| >> |PD|

- -3db is |P1|. For unity-gain compensation 
o

x A

P1

-
- For Large Ao the improvement is significant (in BW) 

Observation
 In the above compensation scheme an additional dominant 
pole was added to the amplifier. An efficient way to compensate 
the amplifier is to add capacitance to the circuit in a manner such 
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that |P1| (the dominant pole) is reduced & performs the 
compensation function. 

    pole-splitting compensation or Miller compensation. 

Consider the situation in which only |P1| is reduced. 
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-20 dB / decade
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-40 dB / decade

3P
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270

180

(log scale)

360

-20 dB per

decade

Phase after

compensation

Original phase
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compensation

Original gain curve

PM = 45o

oalog20 (dB)ja
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1'P

|P1’| causes gain to be unity at frequency |P2|

  phase margin = 45

  BW is |P2|.  i.e.  substantial improvement compared   to 

previous scheme since |P2| 10|P1| in practical 
amplifiers. 
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Recall pole-splitting 
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When C = 0:  
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Advantages of pole-splitting or Miller compensation
- Due to Miller multiplication, a small capacitor value yields 

an effective large capacitance (~Cgm2R2)  a low 
frequency pole 

- The second pole is moved to a higher frequency 
maximum unity-gain frequency is increased. 
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Disadvantage
- A right-half-plane zero is introduced. If gm2 is not high 

enough (as for MOSFETs) this can lead to some problems. 

Let us now consider the zero 

Recall
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For a one-pole roll off we had C
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In MOS amplifiers gm1 & gm2 are similar. 

What happens if the break frequency caused by the zero is below 
the nominal unity-gain frequency of the amplifier? 

Zero flattens out gain 

Causes an additional 90  phase-shift 
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This is double trouble for stabilizing the amplifier. 

 increase z or eliminate the zero! 

1P

unity-gain

frequency

2P

0

90

45

3P

135

225

180

(log scale)

180

(dB)

ja

)( ja

z

gain flattens out

(unity-gain frequency

increased)
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phase shift

What is causing this zero? 
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Thus C provides a feed forward path that does not have the 180
phase shift of the common-source second gain stage. The gain 
path loses an inverting stage! 
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 any feedback that was initially negative becomes positive 
resulting in oscillations (unstable) 
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M4 M6
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The second stage is diode connected  a resistive load of 1/gm2

to the first stage. 
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A simpler approach is the use of nulling resistor in series with C. 
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|P1| & |P2| are approximately the same as before but 
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    i.e.  the zero is eliminated. 
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Remark
- The nulling resistor can be made larger to move the zero 

into the left half plane and improve the amplifier phase 
margin.

xx

j

O O

increasing R
Z

 R
Z
 = 0

In fact, R2 could also be used to cancel a pole. 

R2 is implemented as a MOSFET biased in non-saturation 
(linear region) 

In non-saturation 

DSTGSd VVV
L

W
kg )(

The resistor is biased with I=0. 

i.e. )( TGSd VV
L

W
kg

v
o

M4 M6

C
C

bias
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Negative feedback 

Benefits 

Stabilize gain of an amplifier against parameter changes in 
devices due to supply voltage variation, temperature 
changes, or device aging. 
Modify input and output impedances to suit needs. 

e.g. Voltage amplifier: large input impedance and 
small output impedance. 

Reduce distortion in amplifiers (the input-output transfer 
characteristics become more linear) 

- all audio amplifiers 
Increase bandwidth of circuits 

- widely used in broadband amplifiers. 

Disadvantages 
Gain is reduced in almost direct proportion to other benefits 
(add extra gain stages) 
Feedback causes instability and there is a tendency for 
oscillation. An amplifier may become an oscillator! 

Feedback Equation (Ideal) 

f
A

T
a

A

af
a

A
S
S

i

o

1
1

1

1TFor

gainloop-closedA

gainloopafT

Si
S So

Sfb

f

a
+

-
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Remarks
- Since the feedback network is usually formed from 

stable, passive elements, f is well defined and so is the 
overall amplifier gain. 

- The feedback loop operates by forcing Sfb to be nearly 
equal Si.

T
T

af
a

f
S

S

TafS
S

af
S

S
af

a
fS

fSSSSS

i

fb

i

i
ii

oifbi

11

1
1

1
1

11

For T >> 1 Sfb  Si; S << Si i.e. the feedback loop minimizes 
the error signal S .

Gain sensitivity 

22 )1(
1

)1(
)1(

1

afaf
afaf

da
dA

af
a

A

If a changes by a, then A changes by A

T
aa

af
aa

af
aaf

a
A
A

af

a
A

1)1(
)1(

1

)1(

)1(

2

2

Page
ECE 422/522

192 

 a fractional change in 'a' shows up as a fractional change 
in A reduced by (1+T) 

Example

%1.0%
100
10

%10,100

A
A

a
a

T

Effect on Distortion 

- negative feedback keeps overall gain A approximately 
constant  it should be effective in reducing distortion, 
because distortion is caused by changes in 'a' of the 
basic-amplifier transfer curves. 

Si

So

So1

So2

slope = a1

slope = a2

a3 = 0

1

1

a
So Si

So

So1

So2

slope = A1

slope = A2

A3 = 0

fa
a
So

1
1

1 1

With feedback the slopes of transfer function curves are given by 

f
a

ffa
a

A

f
a

ffa
a

A

1
1

1
1

1
1

1
1

2

2

2
2

1

1

1
1
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 the transfer characteristic will be much less nonlinear that the 
original amplifier. 

Si

So

So1

1

1

a

So

fa
a
So

1
1

1 1

Negative feedback reduces the gain but improves the linearity.

Remark
 When the output shows hard saturation then the gain is 
zero and negative feedback cannot improve the situation. 

0
1
0

1 3

3
3 fa

a
A

Si

So

a3 = 0
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Review of 2-port representations 

Linear 2-port 

Currents flow into the network 

z-parameters 

2221212

212111

izizv

izizvi
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1211

2

1

i

i

zz

zz

v

v
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2
22

02

1
12

01

1
11

21

12

ii
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i
v

z
i
v

z

i
v

z
i
v

z

  v = z i

y-parameters 

2221212

2121111

vyvyi

vyvyi

2

1

2221

1211

2

1

v

v

yy

yy

i

i

1 2v1 v2

i1 i2

linear
2-port

network

v1

i1

v2

i2
z11 z22

z12i2 z21i1

current-controlled
voltage sources

v1

i1

v2

i2

y11 y22

y12v2 y21v1

voltage-controlled
current sources

Page
ECE 422/522

195 
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  i = y v

h-parameters 
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g-parameters 
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Feedback Configurations 

At the output can sample either voltage or current 

Voltage sampling   sense output voltage. This is done by 
connecting a network in parallel (shunt) 

RL RL V voltmeter

Current sampling   sense output current. This is done by 
connecting a network in series. 

RL

A

RL

At the input the feedback signal can be a voltage or current. 
 voltage feedback    voltage in series 
 current feedback    shunt 

v

vi

+

- vfb ifb

ii

So four possible combinations: Input  Output
      Series Shunt 
      Shunt  Shunt 
      Series Series 
      Shunt  Series 
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Consider a voltage amplifier whose output voltage is to be 
stabilized with feedback. 

  sample output voltage (shunt) 
  feedback a voltage proportional to the output. This voltage 

is to be subtracted from the input voltage  in series with 
input

i.e. Series - Shunt feedback 
     

Input  Output 

v

vi

+

-
vfb fvo

voa

Basic amplifier

Feedback network
z11f z22f

Ideal case 

equationfeedbackidealthei.e.

or

networksunilateral

af
a

v
v

avvaf

fvvav

fvvvvv

fvvavv

zz

i

o

io

oio

oifbi

ofbo

ff

1

)1(

)(

;

;0, 1122
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Transfer function that is stabilized is 
i

o

v

v

Effect on terminal impedances 

Introduce terminal impedances in the amplifier zi & zo

v

vi

+

-
fvo

vo

Basic amplifier

Feedback network

zi
av

zo

ii

)1(
1

1

1
1

)1()(

Tz
i
v

afz
v

i

zaf
v

i
z
v

i

afvavfvfvvv

avv

i
i

i

i

i
i

i

i
i

i
i

oi

o

or

Since

The input impedance with feedback is Zi

)1( TzZ ii

Series feedback at the input always raises the input impedance 
by (1+T) 
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Example

 zi = 10k , loop gain (T) = 1000 
 Zi  10k(1000) = 10M

Output Impedance 

T
z

af
z

i
v

Z

af
z
v

z
fvav

z
avv

i

fvv

oo

x

x
o

o

x

o

xx

o

x
x

x

11

)1(

)(

0

and

short)(input

Shunt feedback always lowers output impedance by (1+T) 

Remarks

1) Series-Shunt feedback results in an amplifier with high input 
impedance and low output impedance. 

2) This is a desirable feature for “voltage-to-voltage” amplifiers 
high Zi to prevent loading of the source 
low Zo (like a good voltage source) 

Equivalent 2-port representation 

vi T1
oz

T1
iav

T1iz

f
iv

iv

a

v

fvx

zi
av

zo

vx

ix
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Transresistance amplifier 

 current input - voltage output 

Output quantity to be stabilized is a voltage 
 feedback network is connected in shunt at the output 

Input is a current 
 a current proportional to the output voltage has to be 
feedback in shunt with the input. 

This is a shunt-shunt feedback 

i

fvo

vo

Basic amplifier

Feedback network

zi
ai

zo

ifb

Vi

22fz11fz

ii

where a is a transresistance 

f is a transconductance 

Transfer function 

eqn.feedbackidealthei.e.
af

a
i
v

fviav

fviiii

aiv

i

o

oio

oifbi

o

1

)(

ofb

o

fvi

i

v
a
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Note
 ‘a’ has dimensions of resistance 
 ‘f’ has dimensions of conductance 
 T = af  is dimensionless. 

Remark
 T will always be dimensionless. 

Input impedance 

T)(1factorabyreducedisZi.e. i

T
z

af
z

i
v

Z

i
af

z
ziv

i
v

Z

af
i

af
a

fiiiii

ii

i

i
i

i
i

ii

i

i
i

i
ifbi

11

1

1
)

1
1(

Output impedance 

T
z

Z o
o 1

 Shunt-shunt feedback reduces both zi & zo

Remarks

1) Shunt-shunt feedback amplifiers take a current input and 
deliver a voltage output 

2) To sense input current need a virtual short at the input (like 
an ammeter), which is what shunt-shunt feedback, produced. 

3) For an ideal voltage source type of output need low output 
resistance, as is the case here. 
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Shunt-shunt feedback    good current-to-voltage conversion 
     i.e.  transresistance amplifier 

Equivalent Circuits 

ii

T1
oz

T1
iai

T1iz

f
ii

a

ii

vovo

Current Amplifier 

a current input & current output 

  sense current at the output   i.e. connect feedback 
network in series with the output. 

 current feedback to the input in shunt.   

shunt-series feedback 

i

fio

Basic amplifier

Feedback network

zi
ai

zo

ifb

022fz
11fz

ZL

io

io

ii
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T
z

Z

af
a

i
i

i
i

i

o

1

1

zzFor oL

Output impedance 

)1()1(

)1(

)(

Tzafz
i
v

Z

z
v

iaf

z
v

fiai

z
v

aii

fii

oo
x

x
o

o

x
x

o

x
xx

o

x
x

x

Remark
 Approaches an ideal current amplifier. Low zin & high zout

Transconductance Amplifier 

 voltage input – current output 

  sense output current  i.e. feedback network in series
with the output. 

  voltage input, convert current to voltage and feedback 
in series to the input. 

series-series feedback 

i

fix

zi
ai

zo

ix

ix

Vx
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)1(

)1(

1

TzZ

TzZ

af

a

v

i

oo

ii

i

o

Basic amplifier

Feedback network

ai

zo

022fz

ZL

io

io

v

vi

+

-
fio

zi

011fz

‘a’ is a transconductance 
‘f’ is a transresistance 

  good transconductance amplifier 
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Matching in Transistor Current Sources 

Goal
Generation of two or more current 
sources of identical values

However, there is a mismatch due to 
mismatches in W/L and VT’s

Noticing that

TGS

D

T

DDD

TGSD

VV

I

V

I
and

L

W

I

L

W

I

VV
L

WK
I

2
2

' 2

we get 
TGS

T

D

D

VV

V

L
W

L
W

I

I 2

The first term is bias independent while the second term is bias 
dependent.

Remarks
 The second term can be reduced by using large VGS-VT

 Since VT has a considerable gradient with distance across a 
wafer, care must be taken in biasing current sources from the 
same bias line when devices are physically separated by large 
distances

M1 M2

VGS

VDD

ID1 ID2
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Input offset voltage

For MOS differential amplifiers the effect of mismatches on dc 
performance is represented by an input offset voltage 

Amplifier
With

Mismatches

Amplifier
With No

Mismatches

VOS

VOS = differential input voltage that must be applied to drive the 
differential output voltage to zero. i.e. Vid for Vod = 0. 

The predominate 
sources of offset are 
mismatches in W, L, 
VT and RL.  The input 
offset voltage is a 
superposition of these 
different components.

2
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VDD
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1L

W
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Define difference and average quantities 

L2RL1R
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LRL2RL1RLR
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Note that Vos is in the form 
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Now Vod = 0 so 0LRDI

LR
LR

DI
DI

LRD-IDILR

0LRDIDILR

Remembering that 

L
WK

I
VV D

TGS
'

2
   gives 

L
W

L
W

R

RVV
VV

L

LTGS
Tos 2

Remark

For a given percentage mismatch in RL and (W/L), the offset 
scales directly as (VGS-VT)

The VT component is independent of bias 

Vos ~ 5 –15 mV for MOS 

The signs of individual terms not significant since mismatch 
factors can be + or -. 

Worst case offset occurs when the terms have signs such that the 
individual contributions add. 

i.e.
L

W
L

W

R

RVV
VcaseworstV

L

LTGS
Tos 2

)(
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Example

ISS = 50 ,  = 0, K’ = 600 A/V2

W = 8 , L = 100  VT identical, RL identical 

worst case W/L mismatch = 2% 02.0

L
W

L
W

mV
V

caseworstV

V
I

L
WK

I
VV

L
W

L
WVV

V

os

SSD
TGS

TGS
os

32)02.0(
2

23.3
)(

23.3

100
860

50

100
860'

2

2

If in addition 01.0%1
L

L

R

R
  then 

mV
V

wcVos 48)01.002.0(
2

23.3
)(

Input offset voltage for SC-pair with active load 

Vos = differential input voltage for which 
Io = 0. 

For this condition to be true 
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For a SC pair we have 

21 gsgsos VVV

M1 M2
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M3 M4

VSS

Io
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21

21

21

2121
21 2

L
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IVV
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DTGS
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From the previous current source mismatch analysis
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1Term

now
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VVand
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m

m
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m

D
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m

D
TGS

TGS

TGS

TGS
TTos

Term 1 is threshold mismatch of input transistors 
Term 2 is threshold mismatch of load devices 
Term 3 is W/L mismatches in input and load transistors 

Remarks
 Term 2 is minimized by choosing W/L of load transistors 

so that gm3 is small w.r.t. gm1

 Term 3 is minimized by operating the input transistors at 
low values of VGS-VT

 Term 1 is independent of the bias current as is the case 
for the simple SC pair 


