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Basic Concepts I
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• Amplification is an essential function in most analog circuits !

• Why do we amplify a signal ?

• The signal is too small to drive a load
• To overcome the noise of a subsequent stage
• Amplification plays a critical role in feedback systems

In this lecture:
• Low frequency behavior of single stage CMOS amplifiers:
• Common Source, Common Gate, Source Follower, ...

• Large and small signal analysis.
• We begin with a simple model and gradually add 2nd order effects

• Understand basic building blocks for more complex systems.
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Approximation of a nonlinear system
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Input-Output Characteristic of a nonlinear system

In a sufficiently narrow range:

where α0  can be considered
the operating (bias) point and
α1 the small signal gain

Analog Design Octagon
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Common Source Stage with Resistive Load
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M1 in the saturation region:

M1 in limit of saturation:

M1 in the
linear region:
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Common Source Stage with Resistive Load
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M1 in deep
linear region:

Common Source Stage with Resistive Load
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M1 in the saturation region:

Small signal gain:

Same relation can  be derived
from the small signal equivalent
circuit

Small signal model for
the saturation region

To minimize nonlinearity, the gain equation must be a weak
function of signal dependent parameters such as gm !
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Example 1
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Sketch ID and gm of M1 as a function of the Vin:

• M1 in the saturation region:
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Voltage Gain of a Common Source Stage
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How to increase Av ?

Trade-offs:

• Increase W/L Greater device capacitances.

• Increase VRD Limits Vout swing.

• Reduce ID    Greater Time Constant.
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Taking Channel Length Modulation into account

H. Aboushady University of Paris VI

)1()(
2

2
outTHin

oxn
DDDout VVV

L
WCRVV λµ +−−=

in

out
THin

oxn
D

outTHinoxnD
in

out
v

V
VVV

L
WCR

VVV
L
WCR

V
VA

∂
∂−−

+−−=
∂
∂=

λµ

λµ

2)(
2

)1)((

DO

DO
mv Rr

RrgA
+

−=OD rI /1=λ

vDDmDv AIRgRA λ−−=

DD

mD
v IR

gRA
λ+

−=
1

Calculating Av starting from the Large Signal Equations:

Taking Channel Length Modulation into account
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Calculating Av starting from the Small Signal model:
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Example 2
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Assuming M1 biased in saturation,
calculate the small signal voltage gain :

• I1 : Ideal current source          Infinite Impedance

Omv rgA −=

• Intrinsic gain of a transistor:
This quantity represents the maximum voltage
gain that can be achieved using a single device.

1
2

1 )1()(
2

IVVV
L
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• Constant Current:
As Vin increases, Vout must decrease such that the
product remains constant

CS Stage with Current-Source Load
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)//( 21 OOmv rrgA −=
• Both transistors operate in the saturation region:

• The output impedance and the minimum
required VDS of M2 are less strongly coupled than
the value and voltage drop of a resistor.

22min,2 THGSDS VVV −=

• This value can be reduced to a few hundred millivolts by
simply increasing the width of M2.
•If rO2 is not sufficiently high, the length and width of M2 can be
increased to achieve a smaller λ while maintaining the same
overdrive voltage.
•The penalty is the large capacitance introduced by M2 at the
output node.
•Increasing L2 while keeping W2 constant increases rO2 and
hence the voltage gain, but at the cost of higher |VDS2|
required to maintain M2 in saturation
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CS with Source Degeneration
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CS with Source Degeneration
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ID is linearized at the cost of lower gain.

Small Signal model including body effect
and channel length modulation:
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With and Without Source Degeneration
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Estimating Gain by Inspection
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Example:
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Output Resistance of Degenerated CS
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Voltage Gain of Degenerated CS
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Voltage Gain of Degenerated CS
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The output resistance
of a degenerated CS stage:
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The Transconductance
of a degenerated CS stage:
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General expression to calculate Av by inspection
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Gm : the transconductance of
the circuit when the output is
shorted to grounded.

outmRGAv −=

Lemma:

Rout : the output resistance
of the circuit when the input
voltage is set to zero.

• For high voltage gain the output resistance must be high!
A “buffer” is needed to drive a low-impedance load.
The source follower can operate as a voltage buffer.
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Source Follower (Common Drain)

H. Aboushady University of Paris VI

STHoutin
oxn

out RVVV
L
WCV 2)(

2
−−= µ

S
in

TH

in

out
THoutinoxn

in

out R
V
V

V
VVVV

L
WC

V
V )1)((

∂
∂−

∂
∂−−−=

∂
∂ µ

M1 turns on in saturation:

SDout RIV =

To calculate gm :

in

out

in

SB

SBFin

SB

SB

TH

in

TH

V
V

V
V

VV
V

V
V

V
V

∂
∂η

∂
∂γ

∂
∂

∂
∂

∂
∂

=

+Φ
==

22

( ) 220 FSBFTHTH VVV Φ−+Φ+= γSince,

Large Signal Behavior



14

Source Follower Voltage Gain
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Source Follower Voltage Gain
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Source Follower Output Resistance
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Rout : the output resistance when the input voltage is set to zero.

Body Effect decreases the output resistance of source followers.
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Source Follower body effect
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Small Signal Model Simplification

Note that the value of the current source gmbVbs is linearly
proportional to the voltage across it.

Rout : the output resistance when the input voltage is set to zero.
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Source Follower Thévenin Equivalent
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Channel Length Modulation in M1 and M2
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Source Follower Characteristics
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PMOS source follower with VSB=0

- Nonlinearity

SBTH VV α
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H. Aboushady

- Limited voltage swing

+ High input impedance and Moderate output impedance

Example:

11 THGSX VVV −>
Without the source follower stage:

With the source follower stage:
)( 332 THGSGSX VVVV −+>

Low Load Impedance: CS vs SF
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vSF gR

RA
/1+

≈ LmvCS RgA −≈

2/1≈vSFA 1−≈vCSA

Source Followers are not necessarily efficient drivers.

Source Follower Amplifier Common Source Amplifier

Assuming RL=1/gm
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Common Gate Stage

H. Aboushady University of Paris VI

DTHinb
oxn

DDout RVVV
L
WCVV 2)(

2
−−−= µ

D
in

TH
THinboxn

in

out R
V
VVVV

L
WC

V
V

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
∂
∂−−−−−=

∂
∂ 1)(µ

( ) DTHinboxn
in

out RVVV
L
WC

V
V ηµ +−−=

∂
∂ 1)(

Large Signal Behavior

Assuming M1 in saturation:

DDDDout RIVV −=

Dmv RgA )1( η+=



19

Common Gate Stage Input Resistance
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Body Effect:
• increases Av
• decreases Rin

Same as Output Resistance of Source Follower:
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Small Signal Signal Equivalent Circuit

The current through RS is equal to -Vout / RD :

The current through rO is equal to -Vout / RD - gmV1 - gmbV1 :

outinS
D

out
in

D

S
outmbm

D

out
O VVR

R
VV

R
RVgg

R
Vr =+−⎥

⎦

⎤
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−+−− )(



20

Common Gate Gain
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Common Gate Amplifier:

Degenerated Common Source Amplifier:

Common Gate Stage Input Resistance
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Since V1 = -VX :
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• Assume RD = 0  :
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• Replace RD by ideal current source:
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Rin of a common gate stage is low only if RD is small.



21

Common Gate Stage Output Impedance
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Similar to Output Impedance of a
Degenerated Common Source Stage

Single Stage Amplifiers

•Basic Concepts
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Biasing of a Cascode Stage
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The cascade of CS stage and a CG stage is called “cascode”.

M1 : the input device
M2 : the cascode device

Biasing conditions:
• M1 in saturation:

2GSbX VVV −=

12 THinGSb VVVV −≥−

2THXbXout VVVVV −−≥−

12 THGSinb VVVV −+≥

221 THGSTHinout VVVVV −+−≥

• M2 in saturation:

Cascode Stage Characteristics

H. Aboushady University of Paris VI

Large signal behavior:
As Vin goes from zero to VDD
For Vin < VTH M1 and M2 are OFF

Vout =VDD

21222 ])(1[ OOOmbmout rrrggR +++=

Output Resistance:
• Same common source stage with
a degeneration resistor equal to rO1

1222 )( OOmbmout rrggR +≈

• M2 boosts the output impedance of M1
by a factor of gmr02

• Triple cascode
     difficult biasing at low supply voltage.

↑↑outR
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Cascode Stage Voltage Gain
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Ideal Current Source:

Cascode Current Source:
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Shielding Property
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Assume VX is higher than VY by ∆V.
Calculate the resulting difference between ID1 and ID2  (with λ ≠ 0 ).
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Folded Cascode
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 Simple Folded
 Cascode

Folded Cascode
with biasing

Folded Cascode
with NMOS input

Large Signal Characteristics:

Output Resistance of Folded Cascode

H. Aboushady University of Paris VI

231222 )//]()(1[ OOOOmbmout rrrrggR +++=
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Degenerated Common Source Stage:

Folded Cascode Stage:

M1             M2

RS                    rO1 // rO3



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


