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10.1 The foundations of 
Amplifiers



3

Signal transmission and common 
terminal

Common source Common drain
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Configurations of a basic 
amplifiers

Common drainCommon gateCommon source
OutputInputCommonSource
InputCommonInputGate
CommonOutputOutputDrain
DC level shift
H→L impedance

Voltage Amplifier
L→H trans-impedance

Voltage Amplifier
H→L impedance

Function

Types of amplifiers
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Voltage gain of amplifiers

Small-signal equivalent circuit (Behavior model)
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Common-source (CS) amplifier
Current source load IDS0 (MOSFET current source)
- Bias current IDS0 is supplied to M1
- Current source works as a large load resistance (Large voltage gain)
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Voltage gain of CS amplifier
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Setting of the bias current (1)
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Setting of the bias current (2)
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NOTE: gm/IDS is a reference index of the voltage gain in saturation region.



Bias circuit for CS amplifier
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Iref
IBias

Vref

The bias current is supplied to M1 by the current mirror.

Reference current
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output range
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Common drain amplifier (Source 
follower or SF)

MOSFET 
current source
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Output resistance of source follower
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DC level shifter
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Common gate (CG) amplifier
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Summary of the basic amplifiers

G DS
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The common terminal is regarded as the fulcrum of the lever.
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10.2 Cascode amplifier
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Gain enhancement technique

•

• The high voltage gain is achieved by the large 
or small IDS, but the small IDS or small OV
increases  influence of the process variation and 
the large or large W causes a Miller effect.

• The cascode technique is useful for the gain 
enhancement by increasing the output resistance 
of amplifiers without additional bias current.
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Miller effect
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Assuming that the input impedance is very large. 

The AC characteristic of amplifiers is remarkably degraded by 
the Miller effect.

Large-capacity capacitor
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Trans-impedance with CG amplifier
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Cascode amplifier

Voltage gain of CS amp. ~30dB (=gm1･rds1) 

Voltage gain of cascode amp. > 60dB 
without additional power consumption.

However, the cascode circuit designed for 
low VDD is disadvantageous for the output 
swing, because the stacked MOFETs 
should be driven in the saturation region.

Current source load

Trans-impedance

Trans-impedance

CS amplifier

signal path

𝐴௏ ൌ 𝐺௠𝑅௢௨௧
𝐺௠ ൌ െ𝑔௠ଵ

𝑅௢௨௧ ൌ 𝑔௠ଶ𝑟ௗ௦ଶ 𝑟ௗ௦ଵ //ሼሺ𝑔௠ଷ𝑟ௗ௦ଷሻ𝑟ௗ௦ସሽ

If 𝑟ௗ௦ଵ ൌ 𝑟ௗ௦ସ, 𝑟ௗ௦ଶ ൌ 𝑟ௗ௦ଷ, 𝑔௠ଶ ൌ 𝑔௠ଷ, 

𝐴௏ ൌ െ
1
2𝑔௠ଵ𝑟ௗ௦ଵ𝑔௠ଶ𝑟ௗ௦ଶ
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Advantages of cascode amplifier

• The bias current of CG amplifiers is reused for the bias 
current of the CS amplifier.

• The unity gain frequency of cascode amplifier is higher 
than other amplifiers.
– The Miller effect of the CG amplifier is eliminated, because of the 

very small parasitic capacitance between S(input) and D(output). 
(See Chapter 11.)

– The Miller effect of the CS amplifier is eliminated too, because the 
voltage gain of the CS amplifier is ~0dB.

• The voltage gain of the CS amplifier is reduced by the very low input 
impedance of  the succeed CG amplifier.

• The CS amplifier in the cascode amplifier is working as a trans-impedance 
amplifier.
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10.3 Differential amplifier
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Function of differential amplifier
• The differential signal Vd = (Vin

+ - Vin
-)/2

– is amplified to Ad times.
• The common-mode signal Vc = (Vin

+ + Vin
-)/2

– is eliminated.
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ddout VAV 

• Advantages of the differential amplifier
– The common-mode errors included in a signal is eliminated.
– Common-mode errors: Switching noise, Crosstalk, Thermal drift, 

Offset, Even-order distortion ….
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Configuration of the differential 
amplifier

Current Source
(Tail transistor)

Differential Pair

Current Mirror
Load

IDS1 = IDS2 = ISS/2.
All MOSFETs are driven in the saturation region.
The noise level of p-ch MOSFET is smaller than that of n-ch MOSFET.

M1 M2
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M5a M5b

out
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Bias
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+
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-

out
M1 M2
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M3 M4

c

ISS/2 ISS/2

IDS1 – IDS2

GS1 GS2

IDS1 IDS1

IDS1 IDS2
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Differential gain

)(

)(

12

11

CinmDS

CinmDS

vvgi

vvgi








)(1

21
 



ininm

DSDSout

vvg

iii

42
210

1
0

//1
dsds

dsdsvout

out
otu

m
vinin

out
m

rr
ggi

vR

g
vv

iG

in

out
















(VC = const. The source node of M1 and 
M2 is equivalent to GND for the 
differential input signal.))//( 421 dsdsmoutmd rrgRGA 

The large L of M5 can suppress the 
channel length modulation effect.
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Setting of the bias current
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Design example

OV1,2 = 0.2V
1 = 0.019V-1

3 = 0.011V-1

1 = 98u * 20u/2u
= 980uA/V2

dB4.50
330

A1040
1

V011.0V019.0
A/V109802

12
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d I

A



ISS = 40uA
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Cause of the common mode gain 
(Ideally AC= 0)

1. The variation of VC by the common-mode input.
2. The mismatch of the pair transistor M1 and M2, 

M3 and M4

Small-signal

gm4vout

gm2(vin-vc)

rds2 ~ ∞

rds4 ~ ∞

vout

iout

2rds5

M1 M2

M3 M4

M5a M5b

out

in

Bias

ISS/2 ISS/2

c
rds2 ~ ∞

rds4 ~ ∞
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Common mode gain
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To reduce AC, the large gm3, gm4 and rds5 is preferable.
The cascode current mirror is effective to increase rds5.
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CMRR(Common mode rejection ratio)
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Differential input range
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Calculation method of the 
common-mode input range

VDS = VGS VDS = VGS

32
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Common-mode input range (1)
When both M1 and M2 is operating in the 
saturation region,

While the M5 may operates in the linear region. 
if VC is larger than OV(ISS) and M5 operates in 
the saturation region, 
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Common-mode input range (2)
VGS3 = VDS3, M3 and M4 is operating in the 
saturation region.

Assuming that the M1 operates in the saturation 
region, 
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Numerical calculation example of 
the common-mode input range
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