Lecture 16

Differential Amplifiers — |
Basics

In this lecture you will learn:

« Differential Amplifiers

« Differential FET Amplifiers

 Large Signal and Small Signal Analysis
* Half Circuit Techniques

Ideal Differential Amplifiers

An ideal differential amplifier amplifies the difference signal between two inputs:

Vigp e—— +

Avg(Vi1-Vi2)

Vig &— -

The need for differential amplifiers:

Differential amplifiers are used to remove unwanted signals that are common to
both input signals. For example, in many cases useful information is carried by the
difference between two signal sources, 1 and 2, and unwanted noise signals that
add to both the 1 and 2 signals will be rejected by a differential amplifier which will
amplify only the difference of these signals. Most high fidelity modern amplifiers
are differential amplifiers.

These unwanted signals that add to both signals 1 and 2 could be a result of:

a) Variation in the power supply voltage as a function of time
b) Variation in the substrate potential of the entire chip

c) Variation in the temperature of the chip

d) Electromagnetic interference signals from the environment
etc




Difference Mode and Common Mode Signal Components

The difference-mode and the 2 r ;
common-mode components of :
any two signals are defined as V4 0
follows: -2 z ; i i
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Difference Mode and Common Mode Input Signal Components

Viq

Vig &——-

The difference-mode and the common-mode components of two input signals are:

Vig =Vi1—Vi2 — > Difference-mode component
_VittVi2
2

Vie ——> Common-mode component

Since any two signals can be written in terms of their difference-mode and
common-mode components:
Vid
=ZVit=Vie + -
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o

=Vij2=Vjc —
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Differential Amplifier with Single-Ended Output

Vi o——

Vig &—

Difference-Mode Gain:

Avd

Common-Mode Gain:

Avc

One always wants the difference-mode gain to be much much larger than the
common-mode gain (ideally one would want the common mode gain to be zero!)

Common-Mode Rejection Ratio (CMRR):

CMRR = v

C

Viq+V;
Vout =Avd (Vi1_Vi2)+Avc(%)
=AvgVid +AvcVic
)Viz

= [Avd +%jVi1 +(_Avd +Pue

2

Differential Amplifier with Double-Ended Output

Vi1

Vid =Vi1—Vi2

=Via+Viz

Vic 2

Vig &

Difference-Mode Output:
Vod =Vo1~Vo2 =AydVid

Common-Mode Output:
— Vo1+Vo2

2 =AycVic

VOC

One always wants the difference-mode
gain to be much much larger than the
common-mode gain

Common-Mode Rejection Ratio (CMRR):
CMRR = v

C

Vod =Vo1—Vo2

— Vo1tVo2
2

VOC

[~ One can also right:

Vg4V
V02=_Td(vi1_vi2)+Avc[l1?|2]
V.
=-Au ITd"'Achic
Vg4V
Vo1=%(vi1_vi2)+Avc[%J

V.
Avd ITd"'A\/cVic




FET Differential Amplifiers

Matched NFETs Matched PFETs
Voo Vbb
R IiAs
Ip1
Viie—s¢
Vost |
Igias CD
Comments: Comments:
Ip1+1p2 =lgias Ip1+1p2 =-Igias

FET Differential Amplifier: Common Mode Input (Rough Analysis)

Vbp Vop Vbb Vop
R Vo1 Vo2 R R é R
|D1 |D2 e
— _ — .
= \ V+AVIl 5= = V +AV
Pure common
mode input

change:

Igias

Pure common L
mode input -
change: AVjq = AV
AVjp = AV
V; V;
= AV, = Vit +AVi2 '1;A 2 _ Av

:>AV|D =AVi1—AVi2 =0




FET Differential Amplifier: Common Mode Input (Rough Analysis)

Vop Vbp Vob Vbb
R é R
Vo1 Vo2
) Ip1 Ip2
V+AVI 5= = V +AV
Pure common
mode input Vs +AV
IBiAs Ideal
T IBIAS:
I = =M Still: ID1_ID2_ 2
D1 D2 2 AVO1 =0
Vip=Vi2 =V ~ Ay =0
| AVaq+ AV,
Vo1=V02=VDD_%R AVoe O12 02
= Avc = Ao AV >

FET Differential Amplifier: Difference Mode Input (Rough Analysis

VDD VDD VDD VDD
R R R
Vo1 Vo2 )
_— Al oz —Al
—e ~— AV
v V + AV = = V- 2
Pure difference
mode input
change
| Does not
BIAS Ideal change with
Pure difference — tdr!:fepr::]ece
de input B '
mho e lrrpu mode input]
change: Ay, =AV/2 change
AViz = _AV/Z
V; Vi
= AV = % =0

= AV|D = AVH —Aviz =AV




FET Differential Amplifier: Difference Mode Input (Rough Analysis

Vop Vbp Vob Vbb
R R
VO1 + AVO1
Ipq + Al Ipg — Al
m— b1 Voz +AVpt D32
-— — e
AV
V + ﬂ V- 7

2
Difference
mode input

IBias Ideal

Now: (|D1 +A|)+(|D2 —AI) =_IB|AS

_lsias

'p1=lp2 =%, => AVgy=-AIR
V|1=V|2=V AV02=A| R
I AV, AVpq—AV, AlIR
Vi =Vs =\ — JBIAS 5 - _AVop _ AVoq 02 __o
01=Voz2 =Vpp =7, Avp AV AV AV

e

FET Differential Amplifier: Difference Mode Input (Rough Analysis

Vbp Vbp
AV
AVest ==~
R R
Vo1 +AVo1 AVon = AV

|D1 +Al V02 +AV02 |D2 —Al GS2 = 2

AV = v AV AV
V+7 - 2 :A|=gmAVGS1=ng
Difference

de input IR

mode inpu :>A\/D=_2AAV ——g.R

— Does not
change from

DC bias value A
From previous slide

Large




A FET Differential Amplifier: Large Signal Analysis (Assume 1,=0)

Vb Vbb Difference-Mode and Common-Mode inputs:
R Vip =V|1-V)2
V. = Y11+ Via
IC — 2
n—— Vi1—Ves1+Ves2 =Vi2 ‘[ KVL
JPomm
‘ =Vp =V|1-V|2 =Vs1-Vas2
GS2
Currents:

| =
BIAS CD Ip1+1p2 =lgias

| k
= > ?n[(VGs1 -V )2 +(Vas2 = VN )2] =lgias

k 2 I V ’ I 2

- IBIAS <Vp < IBIAS o— = ID1 = ?nl:(VGS'] —VTN) ] = % + kn % 4% _VlD
n

k | Vip [,! 2

=lp2= %[(Vesz -Vin) ] B?S Kn J‘D 4 Bkl:s -Vib

Drain currents depend only on the difference-mode input signal |

A FET Differential Amplifier: Large Signal Analysis (Assume 4,=0)
Vbp Vbp

R I V, I
Vo1 Vo2 = Ipq =—B;"S +k,, —AD /4—BI('AS -Vv3
n
Igias Vio [,lBIAS /2
= Ipp = BIAS _i 4:BIAS _y
p2="", "4 k., D

Currents

Igias




A FET Differential Amplifier: Large Signal Analysis (Assume 1,=0)

Voo Voo [ V, | A
Currents: Ip1=—22S 4k, ~D [4-BIAS _y2
é 2 4\ K,
R R
_.VO1 Vo2 Ip, =BAs _ Vi |4lBias 2
Ip1 Ip2 P) 4 K,

Vite—s ’;\ C T Vi {—4/2'3(":SSV.DS4/2'EL“:S ]‘
Ves1 .| | - Ves2
Voltages
Vo1 : VDD/:
Voltages: b g ' oo
Vo1=Vpp - Ip1R - : k
Voz =VDD - IDZR i - IBlA:S

\2lgias /Kn

A FET Differential Amplifier: Large Signal Analysis (Assume 4,=0)
Vbp Vb
Difference-Mode Output Voltage:

Vip [,
Rg R Vop =Vo1-Voz = -Rk, ~12 [4-BIAS _y/2
VO1 VOZ oD o1 02 n 2 kn ID
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Vit—s H s +—‘V|2 ’ '
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N
lpiasR et

4 Wl LAl
' vy il S
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- IgjasR :

The difference-mode output is sensitive to only the difference-mode input and not to
the common-mode input




A FET Differential Amplifier: Large Signal Analysis (Assume 4,=0)
Difference-Mode Output Voltage:
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Half-C

Consider the following linear circuit

ircuit Techniques

Linear circuit

Suppose the circuit consists of identical parts that can be separated into two

symmetric half-circuits as shown:

Symmetric
half-circuit

Symmetric
half-circuit

+




Half-Circuit Techniques

Since the circuit is linear, and superposition will hold, one can decompose the input
signals into difference-mode and common-mode signals and then separately
consider the circuit response to each signal Vig

Vi SV TViz o ey et
v = Vi1tViz Vig =V, _Vid
ic 2 I IC 2
+ Symmetric Symmetric +
Vid half-circuit half-circuit Vid
2\ __ 2
+ Symmetric Symmetric +
Vi half-circuit half-circuit
ic Vic
Half-Circuit Techniques: Difference-Mode Input
First consider the difference-mode input:
+ Symmetric Symmetric +
Vid half-circuit half-circuit Vig
2 2

Because of symmetry, the nodes in the center will be at zero potential

Therefore, one can use the following half-circuit to perform the analysis:

+
Vid
2

Symmetric

half-circuit

Shorted to ground

10



Half-Circuit Techniques: Difference-Mode Input
Now consider the common-mode input:

Symmetric Symmetric
half-circuit half-circuit

+

Because of symmetry, the wires in the center will carry no current

Therefore, one can use the following half-circuit to perform the analysis:

Symmetric o it
Y half-circuit pen circul

A FET Differential Amplifier: Small Signal Analysis

DC Bias:
Vi1=Vi2

s = |0 = 'BIAS
p1=lp2 =",

The small signal model can be built using the
standard techniques

The small signal circuit models are always linear

Imb1Vbs1 ImiVgs1 Vor Vo2 Im2Ygs2 Omp2Vps2

Q_’ $Pd e Frdd '_Q

Vbs1 ; loc Vbs2
+ +
€ = €

Does this circuit consist of two identical and symmetric halves??
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A FET Differential Amplifier: Small Signal Analysis

Voo DC Bias:
R Vi1 =V,2

o = | = 'BIAS
p1=lp2 ="

- Vos2 The small signal model can be built using the
standard techniques

I . . . .
oc The small signal circuit models are always linear

Imb1Vbst Om WVgs1

Im2Vgs2 Gmp2Vbs2

Q_' XF

3 opedd e G

Vbs1

Tt

\Y
%jroc %froc bs2
woes have two identical and symmetric halves!

i

~

Assume a

Difference-Mode Input
difference-mode input

A FET Differential Amplifier: Small Signal Analysis for \

Imb1Vbs1 Gm¥ gs1

Vo1 ¥

Im2Y gs2 OmbaV bs2

V;f ? V?51 <> <> %ro‘l %j RE ro?% <> <> Vg.sz ?_v;d
L - = = | - L
V:.S1 %j"oc %f " A :-SZ
I 1 X

- i - - " l V.d
Use the symmetric half-circuit for analysis Vo1 = —gm1(ro1 I R)IT
Imb1V bs1 gm1Vgs1 Vo1

"+ Vid
vie ¥ = Vo2 =9m1(ro1 "R)i
Vid Vgs1 o1 R 2
2 ) <

Vod =Vo1~Vo2
7 = ~9m1(fo1 IR NVig

\
Vbs1 2r =>Ag = —od - _gm1(ro1 I
+ oc Vid
1 1
=
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A FET Differential Amplifier: Small Signal Analysis for
Common-Mode Input

Assume a common-mode input
Gmb1Vbst Im1Vgs1 Voi Vo2 Gm2VYgs2 Gmp2V ps2

Vbs1 % ar %l g Vis2
+ oc Foc +
; ;

Use the symmetrE half-circuit for analysis
Imb1Vbs1 Im1Vgs1 Vo1

This is like the small
v signal circuit of a CS
gs1 Mo1 R amplifier with source
degeneration.....!
Vbs1
2r
+ I oc
\ —

A FET Differential Amplifier: Small Signal Analysis for
Common-Mode Input
Use the symmetric half-circuit for analysis

Imb1Vbs1 OmVgs1 a1 Vo1 Voo = o1 Vo2
2
Vgs1 ¢ ¢ Vo2 =Vo1
= Voc =Vo1
\% \%
= Vbs1 = =-oc _Jo1
I 2roc Ave Vie Vic
Vi —Vgs1+Vs1— gs1+|d1(2roc)
i Vo1—Vs1
ld1=9m1Vgs1—Imb1tVs1+ r =
o1

. . igdR +iq4(2
= GV ie —iq1(2ro0 )~ Ompdig 1(2rog )— @R F1a12roc)

lo1
: Im1fo1
=g = V;
I'01"‘R"'2roc (gm1+gmb1)ro1(2roc) |c
—ig1R _ Im1o1R
= A = = = — 0ifry,. =
VIC Vic ro1"‘R"'2roc +(9m1+9mb1)r01(2r0c) o¢

m $PLde FEPD el
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A FET Differential Amplifier: CMRR

Difference-Mode Gain:

Ayg = Vod _ ~9m1(ro1 [IR)

Vid
Common-Mode Gain:
A =Vﬁ=_ Im1fo1R —_ 9m1(r01 ”R)
Vie  Tot+R+20c +(@m1+Imbt)or@roc) 44 %[1 +(9m1+Imp1)o1]
o1

Common-Mode Rejection Ratio (CMRR):

_Ad gy e
CMRR = A 1+ r01+R[1+(gm1+gmb1)r01:|

Large if r is large

A Better FET Differential Amplifier: PFET Loads

Matched NFETs Matched NFETs and PFETs

Vop Vop Vbp Vbp
Vg

14



Vbb

Ip1

Vig—s

Ves1 -

A Better FET Differential Amplifier: PFET Loads

Vg

HH4E

Vo1 Vo2

Vbp

Igias @2

- IREFC

Ip2

- i +
— = — <«

- Ves2

Vop

D

Vig—s

g

Vbb

Ip1

+

Vg

HH4E

Vo1 Vo2

Vbp

B ok

Ves1 -

- Ves2
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