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\ MOS Differential Pair — Common Mode Response

Quantitative Analysis
* Inideal condition, differential pair has the ability to suppress variations
in the common-mode voltage
* However, in practical scenarios there is always some CM output

Case-I: differential pair is symmetric but the current source has finite output

impedance Voo
Vop Symmetry o
Ry  Ap allows shorting —29
Vouts=—t X Y+— Vo of node Xand Y Vout

as Vy=V, Vin,emo—[o M, + 4,

"“2 I ‘
85

= Rgs Output
T mpedance {\ 5
This shows that in a symmetric
A Ro/2  0,Rp differential pair, input CM variations

A\/,CM = = — i ) .
Vinou 1/(2g,,) + R 1+29 R dl:sturb the bias points that reS}l|tS
into some common-mode gain
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MOS Differential Pair - Common Mode Response (contd.)

Case-ll: Effect of input common-mode variation when there is mismatch in

R, and the differential pair suffers from finite output impedance of current
source

Voo What happens to V, and V, as V;, ., increases?

Ap Ap+ ARp Since M, and M, are symmetric - I,
Vout1 >=—4 X Y+— Vourz and |, increases by same amount:
Vi .cmj—l M M _ 9
" ! + 2 l—‘ AID _1 2 . R AVin,CM
— +t 20, R
Rgs

g
AV, — AV, = m AR. |AV.
" ' (1 i ngRSS D] e

e It is apparent that a small common-mode input can generate a
differential mode output - usually denoted by a metric called Ao,

AV, —AV. 0,
ACM—DM = 2 L= ARD
AVin,CM 1+ 2ngSS
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MOS Differential Pair - Common Mode Response (contd.)

Thus a common-mode input introduces a differential component,
when the load is mis-matched, at the output

[circuit exhibits common-mode to differential conversion ]

common-mode noise, the output is corrupted version of the input

VDP
RD% %F!,ﬁ ARy /-\j
t’ﬁ"‘ T MZLP-"_' {Big concern for Analog]

Circuits
%Rss

[if the input of a differential pair includes both a differential signal and}

/\/ Vin,oM
M Vin,CM
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Common-Mode Response (contd.)

Case-lll: Effect of mismatches between M; and M, (dimension and V;
mismatches)

The asymmetry due to mismatch in the transistors generates slightly
different currents in the two paths - leads to unequal
transconductance

V
;PRD RDL DD IDl = gml(Vin,CM _VP) ID2 = gm2 (Vin,CM _VP)

X Y
ocmot L o o eV, = (I +
n o ! §
inCM T — %}/ grounded los D
P
. O~ Imo
R .o - - - R V
% 58 X Y (9m1+gm2)R35 11 D "in,CM
e The mismatch in the transistors V, -V, AQ, Ry

convert the input CM variations to Acu-om = V. __(9m1+ 0,,)Res +1
a differential error by a factor: |
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Common-Mode Response (contd.)

* Ideally, the unwanted A, is normalized to the wanted A;,, 2 the
normalization factor is called CMRR

CMRR:‘—ADM

ACM—DM

 For a differential pair with mis-matched transistor but operating at
equilibrium, the differential gain is given by:

|ADM | — RD gml + gm2 + 4gmlgm2RSS
2 1+(gm1+ ng)RSS

%CMRR — ‘ ACADM — gml + gmzzzggmlgmzRSS — Aggm (1_|_ zngSS)J
M-DM m

* Where, Un=(9m+09n,)/2
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Non-ideal Characteristics of Differential Amplifier

DC Offset Problems

Due to mismatch in load resistances, mismatch in W/L, and mismatch

in V; e MismatchinR,

Voo
B AR, B AR,
HD‘I HDE RDl o RD T 2 RDZ — RD 2
Voutt X Y Vout v v s (R s ARDj
1""rlrn‘;‘_l M, M, F— Vinz out R P 2

lgs 0

| AR
Vour2 :VDD_?(RD_ Dj

Therefore differential output:

Non-zero €& Unwanted €& polarity unknown a priori
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Differential Amplifier with Active Load

e Offset signal appears due to mismatch - differential can overcome this
offset problem

e However most systems are single-ended - require single ended
signal - what is the solution?

oo A No. Why?

A §RD l

v, 12 Gain reduces to

o——llel 0, o —vus2 half

What is the solution?
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Differential Amplifier with Active Load

* Differential pair with current mirror

Although this solves the problem but any
mismatch in Q; and Q, will cause variations
in the eventual output
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Differential Pair with Active Loads

* |t can help in mitigating the common-mode to differential conversion
arising out from Ry mismatch

Its easier to define output M,/M, are not in
CM level as M,/M, are in saturation by default &
saturation by default therefore output CM level

not well defined
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Differential Pair with Active Loads (contd.)

Voo

* Differential pair with ideal current

source:
1
o—l "'l ng — gmN
igoq skt R
On
@’ss " Dependence on

scaling factor and

. . . . . rocess parameters
* Precision comes but with a price. What is that? P P

- Reduced voltage swings

-> to increase gain - reduce (W/L), - as a consequence V_, of M;/M,
reduces - eventually lowers the CM level at the nodes X and Y -
clipping in the negative cycle
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Differential Pair with Active Loads (contd.)

Diode-connected Load:

* The output swing can be improved IF part of bias current to M, and M,
can be provided by PMOS current sources

* The trick here is to reduce the g of M; and M, by lowering their
drain currents instead of their aspect ratios

I:I_‘ Here, M, and M, carry 80% of
Voo Ma I"| ["' h"“‘ Ve M, and M, -> the current
s TSS 133% through M, and M, is reduced
-85~ Vouro—1 08~ by a factor of 5
vi:_l lM1 ME I—l
° F (For a given |Vgsp — Vop |, this allows )
(% Isg reduction in g, of M; and M, by a
= factor of 5 & potentially enhances €]
\ the gain by a factor of 5 )
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Differential Pair with Active Loads (contd.)

Constant Current Sources:

The small signal gain of differential pair with current source load is
usually in the range of 10 — 20.

* How to increase the gain?

e Use Cascode structure both for NFET and PFET

Cascode will definitely enhance the small signal gain BUT at
the cost of reduced voltage headroom
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Common Mode Rejection Ratio (CMRR)

» Differential input amplifiers are devices/circuits that can input and
amplify differential signals and suppress common-mode signals

* This includes operational amplifiers, instrumentation amplifiers, and
difference amplifiers

Instrumentation
Amplifiers

Operational
Amplifier

G= 14 50K
ﬁﬁﬁﬁﬁ

DDDDDDDDDD

;;;;;;

Difference
Amplifier
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Common Mode Rejection Ratio (CMRR) (contd.)

* For a differential input amplifier, common-mode voltage is defined as
the average of the two input voltages
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Common Mode Rejection Ratio (CMRR) (contd.)

 For a differential amplifier, common-mode voltage is defined as the
average of the two input voltages

i
Vid X

|

.

e Common-Mode Rejection Ratio

_ g qout = Adm (Vid )+ Acm (ch) \

where
A, = Differenti al - mode gain

\Acm = Common - mode gain )

is

defined as the ratio of the differential
gain to the common-mode gain

) .l
><_Vout
T
VeVol L
ch— > -
w here
B Vid
Vp_ch+?
V =V Vid
n_ 'cm 2

CMRR =
o)

A

m

|

* CMRis defined as: [CMR(dB)=20|0910(CI\/IRR)]
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Common Mode Rejection Ratio (CMRR) (contd.)

* |deally a differential input amplifier only responds to a differential
input voltage, not a common-mode voltage.

[
TVS_S Vid ov><- 3],
\V
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Common Mode Rejection Ratio (CMRR) (contd.)

What is the CMRR of an ideal differential input amplifier (e.g. op-amp)?

Recall that the ideal common-mode gain of a differential input amplifier
is ZERO

Voltage Amplifier Model
,ml Amplifier W

Rs
T

j/cvs IVF:;)\‘ I
Vs = Vi_><_ R § Vie= +>< <§ +><-V° §R'°ad
| T

A 4 >Infinity

+

Also recall that the differential gain of an ideal op-amp is some high
value

Therefore: {CMRRIdeaIOA e " - ooJ

A, A0
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Common Mode Rejection Ratio (CMRR) (contd.)
Real Op-Amp CMRR

* There will be a common-mode gain due to the following
e Asymmetry in the circuit
 Mismatched source and drain resistors
Signal source resistances
Gate-drain capacitances
transconductances
Gate leakage currents

* Finite output impedance of the tail current source

e Changes with frequency due to tail current source’s shunt
capacitance

* These issues will manifest themselves through converting common-
mode variations to differential components at the output and
variation of the output common-mode level
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Common Mode Rejection Ratio (CMRR) (contd.)
Modeling CMRR

Now that we understand what CMRR is and what affects it in
operational amplifiers, let’s see how it can affect a circuit.

First, however, we need to understand the model
To be useful, CMRR needs to be referred-to-input (RTI)

We can then represent it as a voltage source (aka offset voltage) in
series with an input. The magnitude (RTI)is V_ /CMRR.

Vcm/CMRR

il
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Common Mode Rejection Ratio (CMRR) (contd.)
OA CMRR Error

Vv
 Example: non-inverting buffer Vo= A(Vp —Vn) Vi=Vo 1 C|\/ir|nQR
"Note that Vin ®V, )
Vn Vo =AlV, -V, t %,
+ h[l T N P CMRR
II | \
Vcm/CMRR All —e
4 +
X Vo 1
g N V. ( i j
(—’) vp — v 1J(r:I\A/IRR
p

Vv Clearly this factor
V_O —>1i should be as small as
p > possible
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Common Mode Rejection Ratio (CMRR) (contd.)
CMRR of Difference Amplifiers

* A difference amplifier is made up of a differential amplifier (operational
amplifier) and a resistor network as shown below

* The circuit meets our definition of a differential amplifier
* The output is proportional to the difference between the input signals

11 R1 R2
AA——AA

+ RO

(D - &l

1

| +

—|R, X Vo
AAN——ANN, '

R3 R4 4
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Common Mode Rejection Ratio (CMRR) (contd.)

CMRR of Difference Amplifiers V
V, =V, ——dn
1 cm
* Let’s replace V, and V, with our
alternate definition of the inputs (in V,=V_ +\ﬁ
terms of differential-mode and 2
common-mode signals)
R
Vdm2 R1 o /VO - ﬁ(VZ _Vl) \
+® NAN—4— AN
l 1 | V, = &((ch + \ﬁ] — (ch — Van j)
_+ D\ - ><_Vo R1 2 2
Vem =~ '\r n l R
1 | B R Lol v, =2,,)
T N %

* |t is readily apparent that an ideal difference amplifier’s output should
only amplify the differential-mode signal...not the common-mode

signal.
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Common Mode Rejection Ratio (CMRR) (contd.)

CMRR of Difference Amplifiers
e The last expression is based on the premise that the operational
amplifier is ideal and that the resistors are balanced

 Keeping the assumption that the operational amplifier is ideal, let’s see
what happens when an imbalance factor (€) is introduced

Vdm/2
00
Y L
I— | l'
- +
A* r X vo
vem == () AN AN ]
+ R1 R2 1
Vdnm/2 -
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Common Mode Rejection Ratio (CMRR) (contd.)
CMRR of Difference Amplifiers

e Using superposition we find that:

) R s oy

* After simplification we find that:

Vo = AmVam + AmVen
where
As expected, an imbalance affects the
A= Rz 1_R+2R, differential and common-mode gains,
R TR, which will affect CMRR! )
A =

\/[As the error (¢) 0, A, R,/R, and Acméo]
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Common Mode Rejection Ratio (CMRR) (contd.)
CMRR of Difference Amplifiers

* Since we have &(1— R +2R, xf]
i R+R, 2
equations for Ac’m CMR(dB) = 20l0g, A _ 20log,, R, +R,
and A,,, let’s A R, o,
look at CMR: R +R,

 If the imbalance is sufficiently small we can neglect its effect on A,

e With that and 1+&

some algebra we | CMR(dB)=z20log,, R
find: ’
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Common Mode Rejection Ratio (CMRR) (contd.)
CMRR of Difference Amplifiers

R * This equation shows two very

1+E2 important relationships
CMR(dB) = 20log,, ( * As the gain of a difference amplifier

¢ increases (R,/R,), CMR increases
« As the mismatch (€) increases, CMR
decreases

Please remember that this just shows the effects of the resistor
network and assumes an ideal amplifier
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Common Mode Rejection Ratio (CMRR) (contd.)
CMRR of Difference Amplifiers

* Another possible source for CMRR degradation is the impedance at the
reference pin.
* So far we have connected this pin to low-impedance ground.

| |———||3|}—1
© O
2 2
'V
i<< —

* Placing an impedance here will disturb the voltage divider we come
across during superposition analysis.
* This will negatively affect CMR
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Common Mode Rejection Ratio (CMRR) (contd.)
CMRR of Difference Amplifiers

Pros:

 Difference amplifiers amplify differential signals and reject common-mode
signals

e The common-mode rejection is based mainly on resistor matching
» Difference amplifiers can be used to protect against ground disturbances
Cons:

* Externally changing the gain of a difference amplifier is not worthwhile
 The input impedance is finite
* This means that a difference amplifier will load the input signals

* If the input signal source’s impedances are not balanced, CMR could be
degraded

* |Is there a way we can amplify differential signals, change the gain, retain high
CMR, and not load our source?

* Yes! Buffer the inputs...this creates an Instrumentation Amplifier (l1A).
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Common Mode Rejection Ratio (CMRR) (contd.)

Instrumentation Amplifiers

[There are 2 common types of instrumentation amplifiers]

2 op-amp (e.g. INA122) | (3 op-amp (e.g. INA333)
W4 W+
I T
INA122
vt 3 2 |
s + e Wi O RFI Filtered Inputs 150k 150k
. oV MWW
/ . —! AFIFiltered Inputs
100k V= (Vi =V G 1
VWA 50kQ
= r . 200k _
25k G=s+ i 6.y
% Re W fa 50kQ A © Tour
£ +
28k | g W
Vi X 5 : — A VWA O REF
2 1&&{;1 & Rat Wie © RFI Filtered Inputs N
L g
I! '

100kQ
Ve V- G=1 +[ ]
HG
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Common Mode Rejection Ratio (CMRR) (contd.)

Instrumentation Amplifiers
* Notice both have gain equations so you can vary the gain

* Notice the input impedance is that of the non-inverting terminal of a
non-inverting amplifier

Vio—023
/ B :
100k
High-Z Nodes i W
5| L
25k}
VA 'y

\ _
: : : ™ Variable Gain
This varies gain Vio
z 100k02 5 Ref
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Common Mode Rejection Ratio (CMRR) (contd.)

Instrumentation Amplifiers

Difference Amp

RFI Filtered Inputs 150Kk0 150k02

o

RFI Filtered Inputs

S0kE

L
150kQ 150k :
S O REF
3
Vi, O RFI Filtered Inputs
I+
INA333

100k
- \NG=1+
v HG

Variable Gain —
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Common Mode Rejection Ratio (CMRR) (contd.)

Instrumentation Amplifiers

* So, what is the CMRR of an instrumentation amplifier?

* Instrumentation amplifiers reject common-mode signals (A_,, = 0)

e Recall: | CMRR= A

m

CMRR is directly related to differential gain. Since we can change the
differential gain of an IA, we also change the CMRR.




