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Lecture 25 - Differential Amplifiers (I)

May 15, 2001

Contents:

1. Introduction
2. Incremental analysis of differential amplifier

3. Common-source differential amplifier

Reading assignment:

Howe and Sodini, Ch. 11, §§11.1-11.3

Announcement:

Final exam: May 24, 9 AM-12 noon, Walker; open book,
calculator required; entire subject under examination but
emphasis on lectures #18-26.
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Key questions

e How can one design an amplifier that is insensitive to
fluctuations in device parameters and power supply
noise’

e What are the key figures of merit of a differential am-
plifier?

e [s there an efficient way to analyze a differential am-
plifier?
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1. Introduction

Three problems in single-transistor amplifier stages:

e Bias and gain sensitive to device parameters (uC,,,
Vr); sensitivity can be mitigated but often paying
price in performance or cost (gain, power, device area,
etc.)

e Vulnerable to ground and power-supply noise
(in dense IC’s there is cross-talk, 60 Hz coupling, sub-
strate noise, etc.)

e Many signal sources exhibit ” common-mode” drift that
oets amplified.
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Solution: represent signal by difference between two volt-
ages:

VbD

\Y Vo

Vss

Differential amplifier:

e amplifies difference between two voltages

e rejects components common to both voltages
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O Basic configuration of MOSFET diff. amp.:

VDD

W
Ro £ iy 2|2 Ro

+ VO -

— 4 ]

Vo1 V02
||:|v|1 i |v|2]|

{% IBIAS

Vss

Vi1

V2

e v responds to difference of v;’s

—if v;1 = v = symmetry = vo1 = Vo2 = vo =0
—1if vy; > v9 = M1 more ON than M2 = 27 > 19
= Vo1 < Vos = vo < 0

® VU insensitive to common mode:

— if both vp; and vy move in sync, symmetry pre-
served = vp unchanged

— if ground, Vpp, or Vgg have noise, symmetry pre-
served = vp unchanged

—if Vp or uC,, change, symmetry preserved = vp
unchanged

e need precise device matching
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O Differential-mode and common-mode signals:

Vi1

Vo1

+
VID
e

Vo2

Distinguish between common mode and differential mode:

VIp VUID
Vi1 = v+ ——, Vro = Vi — ——
2 2
Then:
V11 + U2
Urp = V1 — Vg9, Vic = 9
Similarly at output:
VoD VoD
Vo1 = Voc + ——, Vo2 = VoCc — ——
2 2
Then:
Vo1 T Vo2

Vop = Vo1 — V02 VoC
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2. Incremental analysis of differential amplifier

Consider generic differential amplifier:

! differential amplifier
e Y ; Vid
Vi1=Vjct > small-signal Vi2=Vijc - -

equivalent circuit

Figures of merit of interest:
Differential-mode voltage gain (want high):

L Vod
Adm = ——
Uid

Common-mode voltage gain (want small):

/UOC

Ade =
Vjc

Common-mode rejection ratio (want very high):

CMRR = &

acm
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Two steps to simplify solution of problem:

Lecture 25-8

1. Use superposition and break into two problems:

common mode

differential mode

2. Exploit symmetry: break circuit into two "half cir-

cuits”

half circuit

——o

+

Vol

!

i

+

half circuit

Vo2

axis of symmetry
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a) Differential-mode analysis:

+ o — 5 -
Vid half circuit half circuit Vid
2 N 2
I = I
Vol | Vo2

i

No voltage relative to ground along axis of symmetry =
circuit identical to:

Vid half circuit half circuit Vid
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Need only solve:

+ 00—
Vid half circuit
2 -
J7 1
Vo1l Vo2=-Vo1
AV 4

Differential-mode voltage gain:

Vod Vol — Up2
adm —_— —_—
Vid Vi1 — U;2

In differential mode:

B Ui
Uj1 = — V2 = 7
Vol = —Up2
Then:
a 2onl U1
dm — =
Vid in
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b) Common-mode analysis:

half circuit

Lecture 25-11

=0
| —

— —
Vol | Vo2

!

i

no current across

half circuit

No current across wires connecting two half circuits =-
circuit identical to:

half circuit

half circuit
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Need only solve:

+ o—
Vic half circuit
+
v
Vo1 Vo2=Vo1l

_ _ 9
acm - -
(U¥e Uje
In common mode,
Vo1 = V2
Then:
. U1
a’CTTL -
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3. Common-source differential amplifier
(source-coupled pair)

+ VO -
I, o
‘[ Vo1 VO2 ‘
M1 T |° Mé]
+ J7 +
Vi1 V|2
C% IBIAS
Vss

O Biasing issues: must keep MOSFET’s in saturation

e Upper limit to Vy; and Vis: M1 and M2 driven into
linear regime:

Ipras
2

‘/}C,max — VOl + VT — VT + VDD — RD

e Lower limit to V1 and Vio: set by circuit that imple-
ments Igras
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O Small-signal equivalent circuit model:

+ Vod -

+ + + + Aa—
Vgsl C)gmlvgsl Rp Vo1 Vo2 Rp Om2Vgs2 C) Vgs2
'°—|— < v — 7
Vi1 Vi2

o

split resistor in two
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e Differential-mode half circuit:

o—9 o

+ + +
Vgs1 (D Om1Vgsi1 Rp Vol
. o incremental ground
vV -
Vid —_J for differential gain

2 <~

Then differential-mode gain:

Uol
Qdm = 5 = —9m1 LD
2
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e Common-mode half circuit:

+ + +
Vgsl © gm1vgs1 Rp Vol
:’—'— vlv incremental open
Vic /" for common-mode gain

% 2r0b

o gmlRD
1+ 2gm1T0b

Vo1 =

Vje

Then common-mode gain:

Vol _ _ gmHp
Vic I+ 2gmlrob

acm

Common-mode rejection ratio:

a — g1 R
CMRR = """ = ~9m0D 1 4 2G4
Qem T T2g,ry,

To get good CM RR, need good current source.
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Key for common-mode rejection:
= T, must be as high as possible

VpD

+ VO -
I, o
‘[ Vo1 Vo2 ‘
M1 T |° Mé]
+ J7 +
V|1 VI2
IBIAS
Vss

The higher r.,, the smaller the change in Igrag in re-
sponse to a common-mode signal = the smaller the change
in vg; and v,o.
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Key conclusions

e In differential amplifiers signal represented by differ-
ence between two voltages.

e Differential amplifier: amplifies difference between two
voltages but rejects ”common mode” = noise immu-
nity.

e Using "half-circuit” technique, small-signal operation
of differential amplifiers is analized by breaking prob-
lem into two simpler ones: differential-mode problem
and common-mode problem.

e Common-mode rejection ratio: important figure of
merit of differential amplifiers.

e Differential amplifiers require good device matching.



