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Outline

 Differential amplifiers 2

 Common-Mode Rejection

 DC Offset

 Differential Amplifier with Current Mirror Load

 Reading: SEDTRA/SMITH book pages 609-639
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Review: Small Signal Operation
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 For differential AC 
small signal, the 
differential pair is 
anti-symmetric. The 
potential at the mid 
point is zero. This is 
called Virtual
Ground

 This virtual ground 
is obtained without 
bypass capacitor
-> much smaller 
area and better 
frequency 
response

ௗܣ ≡
௢ௗݒ

௜ௗݒ
=

௢ଶݒ − ௢ଵݒ

௜ௗݒ
= ݃௠ܴ஽

ଵீݒ = ஼ܸெ +
1
2

௜ௗݒ

݃௠ =
஽ܫ2

ைܸ௏
=

2 ܫ 2⁄

ைܸ௏
=

ܫ
ைܸ௏

ଶீݒ = ஼ܸெ −
1
2

௜ௗݒ

(a) (b)

(c)

vG1

-VSS

Q1

vG2

Q2

VDD

RD
RD

vD1 vD2

I

vod

2ܩݒ = ܯܥܸ −
1
2

݀݅ݒ

Q1 Q2

RD RD

vo1= -gmRD(vid/2)
vod=gmRDvid

gm(vid/2) gm(vid/2)

vo2=+gmRD(vid/2)

+vid/2 -vid/2

vgs2=-vid/2vgs1=vid/2

0V

Biased at
I/2

RD RD

vo1= -gmRD(vid/2)
vod=gmRDvid

gm(vid/2) gm(vid/2)

vo2=+gmRD(vid/2)

+vid/2 -vid/2

vgs2=-vid/2vgs1=vid/2

0V

1

mg
1

mg

4/17

Review: Differential Half Circuit

 Because the two halves of the circuits are anti-symmetric, and source is
at virtual ground, we can simplify and just analyze the half circuit

ௗܣ = ݃௠ ܴ஽||ݎ௢
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Review: Diff. Amplifier w/ Current-Source Loads
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Review: Cascode Differential Amplifier

 Cascode configurations for both amplifying transistors and
current source loads.
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AC Equivalent Circuit for Common Mode Input

■ Non-ideal current source consists of an ideal current source,
shunted by a large resistance, Rss.
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Common Mode Half Circuit

 For differential inputs, the two half circuits are anti-symmetric, and the joint (Source) is 
always at virtual ground.

■ For small signal common-mode inputs, the two half circuits are 
symmetric. The Source is not virtual ground any more.

■ RSS can be considered as two parallel 2RSS.
■ Each CM half circuit has 2RSS connected to the source.
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vicm: ac small 
signal common-
mode input
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Ideal CM Output Voltage

Common-Source with degeneration

■ vod is 0 for ideal diff pair
 1. Perfectly matched transistors and resistors.
 2. Small CM voltage to keep Q1&Q2 in saturation. 
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Common Mode Gain with Mismatched RD

■ However, any mismatch in the half circuits will produce finite output voltage.
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Example-CMRR of MOS differential pair
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 Design a MOS diff pair with 100 dB CMRR. The only source of mismatch is a 2% mismatch in Q1
and Q2’s W/L ratios. Let ܫ = ܣߤ200 and assume that all transistors have ைܸ௏ = 0.2V. ஺ܸ

ᇱ = .݉ߤ/ܣ5
 a) If a simple current source is used for ܫ, what channel length is needed? 
Solution:

Mismatch of W/L ratios leads to mismatch of ݃௠

݃௠ = ௢௫ܥ௡ߤ
ܹ
ܮ ைܸ௏

CMRR = 2݃௠ܴௌௌ
Δ݃௠

݃௠
ൗ

ܤ100݀ = 10ହ =
2݃௠ܴௌௌ

0.02
∗

݃௠ =
஽ܫ2

ைܸ௏
=

2 × 2/ܫ
ைܸ௏

=
2 × 0.1

0.2
= ܸ/ܣ1݉

Substituting into *, 

ܴௌௌ = Ωܯ1

For a simple current source

௢ݎ = ܴௌௌ = Ωܯ1

௢ݎ = ஺ܸ

ܫ
= Ωܯ1

Since ܫ = ܣߤ200

஺ܸ = 200ܸ

஺ܸ = ஺ܸ
ᇱܮ = ܮ5 ܮ → = ݉ߤ40

Too large! 
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Example-continued

13/36

 b) If a cascode current source is used for ܫ, what channel length is needed? 

Solution:
For a cascode current source

ܴௌௌ = ݃௠ݎ௢ ௢ݎ = Ωܯ1

݃௠ =
ܫ2
ைܸ௏

=
2 × 0.2

0.2
= ܸ/ܣ2݉

Thus 1ܯΩ = ܸ/ܣ2݉ × ௢ݎ
ଶ

௢ݎ = 22.36݇Ω

௢ݎ = 22.36݇Ω = ஺ܸ

ܫ
= ஺ܸ

0.2

஺ܸ = 4.47ܸ = ஺ܸ
ᇱܮ = ܮ5

ܮ = ݉ߤ0.89

A considerable reduction of chip area!  
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DC Offset

■ Due to mismatch in RD, Vo ≠ 0 even when both inputs are grounded.

■ To produce 0 output, an input offset voltage ைܸௌ = ைܸ ⁄ௗܣ needs to be
applied. ܣௗ is differential gain
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Differential-to-Single-Ended Conversion
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Simple but inefficient: the current 
signal in Q1 is not utilized, leading to 
loss of a factor of 2 in gain.

The simplest approach
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Differential Pair w/ Current Mirror Load
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௠ௗܩ = ݃௠ଵ,ଶ

ܴ௢ = ௢ସݎ||௢ଶݎ = ܴ௢௡||ܴ௢௣

ௗܣ ≡
௢ݒ
௜ௗݒ

= ௠ௗܴ௢ܩ = ݃௠ଵ,ଶ ௢ସݎ||௢ଶݎ

ௗܣ = ݃௠ଵ,ଶ ܴ௢௡||ܴ௢௣

ௗܣ =
1
2 ݃௠ݎ௢ =

1
2 ௢ܣ

A much better approach Common mode input Differential input
Output current 2i: 
No loss of gain!
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