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Lecture 20

Linearity in Operational Amplifiers 

-- The differential pairs



Gain Enhancement with Regenerative Feedback
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The gain can be made arbitrarily large by 

selecting gmP1 appropriately

The GB does not degrade !

But - can we easily build circuits with this 

property?

.•   • •   •  •   Review from last lecture .•   • •   •  •
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But - can we easily build circuits with this property?

But – the inverting amplifier may be more difficult to build than the op amp itself!

Gain Enhancement with Regenerative Feedback
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Gain Enhancement with Regenerative Feedback
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It can be shown that the feedback amplifier 

is usually stable even if the open-loop

Op amp is unstable

How?
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loop pole magnitudes

Review from last lecture



Gain Enhancement with Regenerative 

Feedback
The feedback performance can actually be enhanced if the open-loop amplifier is 

unstable Why?
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Settling Window

• Time required to get in settling window can be reduced with RHP pole

• But, if pole is too far in RHP, response will exit top of window 

Review from last lecture



Up to this point all analysis of the op amp has 

focused on small-signal gain characteristics

Linearity of the amplifier does play a role in linearity and spectral 

performance of feedback amplifiers

Linearity is of major concern when the op amp is used open-loop 

such as in OTA applications

A major source of linearity is often associated with the differential input 

pair

Will consider linearity of the input differential pairs



Signal Swing and Linearity

Some subset of the signal swing range will be quite linear

Often that subset is close to the entire signal swing range

Signal swing identifies range over which signals can be applied and 

still maintain operation of devices in desired region of operation



Signal Swing and Linearity
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Completely Linear over Input and Output Range



Signal Swing and Linearity

Realistic  Scenario:

• Modest Nonlinearity throughout Input Range

• But operation will be quite linear over subset of this range
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Signal Swing and Linearity
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Linearity of Amplifiers
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Linearity of differential pair of

major concern

Linearity of common-source amplifier

is of major concern (since signals so 

small at output of differential pair)



Differential Input Pairs
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MOS Differential Pair
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MOS Differential Pair
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How linear is the amplifier ?
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How linear is the amplifier ?
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How linear is the amplifier ?
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How linear is the amplifier ?
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How linear is the amplifier ?

X % deviation
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How linear is the amplifier ?
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How linear is the amplifier ?

0
0.5

1
1.5

2
2.5

3
3.5

4
4.5

5

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

D
e
v
ia

ti
o

n
 i

n
 %

Vd/VEB

Deviation from Linear
I
T

M
1

M
2

I
D1 I

D2

V
1

V
2

V
S



How linear is the amplifier ?

Distortion in the differential pair is another useful metric for characterizing 

linearity of ID1 and ID2 with sinusoidal differential excitation
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Consider again the differential pair and assume excited differentially with 

d d
2 1

V V
V = V = -

2 2

( )d D2 T D2

OX

2L
V  = I - I -I

μC W

Recall:

d D2 T D2θV  = I - I -I

OXμC W
θ = 

2L

Define  (strictly for notational convenience)

and assume Vd=Vmsin(ωt)

Thus can express as



How linear is the amplifier ?
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This latter equation can be expressed as a second-order polynomial in ID2 as



How linear is the amplifier ?
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How linear is the amplifier ?
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Using a Truncated Taylor’s series, we obtain:

Note this has no second-order term thus the dominant distortion when 

Vd=Vmsin(ωt) will be due to the third-order term
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How linear is the amplifier ?
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How linear is the amplifier ?
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Note this has no second-order harmonic term thus the dominant distortion 

when Vd=Vmsin(ωt) will be due to the third-order harmonic



How linear is the amplifier ?
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This expression gives little insight.  
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Consider expression in the practical parameter domain:

For low distortion want THD a large negative number



How linear is the amplifier ?
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Bipolar Differential Pair
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Bipolar Differential Pair

12d VVV −=

I
T

Q
1 Q

2

I
C1 I

C2

V
1

V
2

V
E









=

























−










=

=

C1

C2
t

AA

E1S

C1

E2S

C2
td

I

I
lnV

AJ

I
ln

AJ

I
lnVV

E2E1









=

C1

C1T
td

I

I-I
lnVV









=

C2T

C2
td

I-I

I
lnVV

As IC1 approaches 0, Vd approaches infinity

As IC1 approaches IT, Vd approaches minus infinity

At IC1=IC2=IT/2, Vd=0

Transition much steeper than for MOS case
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Transition much steeper than for MOS case
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Signal Swing and Linearity of Bipolar Differential Pair
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for 1% deviation, Vd=.56Vt

for 0.1% deviation, Vd=.27Vt
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Note Vd axis intercept for BJT pair typically much smaller than for 

MOS pair (VEB) but designer has no control of intercept for BJT pair



How linear is the amplifier ?

Distortion in the differential pair is another useful metric for characterizing 

linearity of IC1 and Ic2 with sinusoidal differential excitation
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How linear is the amplifier ?

Vd=Vmsin(ωt)
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Consider a Taylor’s Series Expansion
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How linear is the amplifier ?
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How linear is the amplifier ?

Vd=Vmsin(ωt)
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How linear is the amplifier ?
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How linear is the amplifier ?
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Comparison of Distortion in BJT and MOSFET Pairs
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Have completed linearity analysis but must now look at the implications



Stay Safe and Stay Healthy !



End of Lecture 20


