EE 435

Lecture 21

Linearity of Bipolar and MOS Differential Pairs
Linearity of Common Source Amplifier
Offset Voltages



Review from last lecture

Gain Enhancement with Regenerative Feedback
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Vin | F]_ = CL C,
J7 < If Gy oy > Oopt+0pr, the pole will be in the RHP 1!

The feedback performance can actually be enhanced if the open-loop amplifier
with gain reversal is unstable

Why?



Review from last lecture

Gain Enhancement with Regenerative Feedback
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It will be shown that a feedback amplifier with dc
Vour — Py gain reversing with pole is usually stable even if the
v_ _open-loop Op amp is unstable!
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Review from last lecture

Another Positive Feedback Amplifier

) N Vewvrs o
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CMFB Circuit
Not Shown

* Regenerative feedback can be to either quarter circuit or
counterpart circuit

» Regenerative feedback to cascode devices can significantly reduce
the magnitude of the negative conductance term



Review from last lecture

Signal Swing and Linearity
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Review from last lecture

Linearity of Amplifiers
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Vss
Single-Stage Two-Stage
Linearity of differential pair of Linearity of common-source amplifier
major concern Is of major concern (since signals so

small at output of differential pair)



Review from last lecture

Differential Input Pairs
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Bipolar Differential Pair



Review from last lecture

How linear Is the amplifier ?

|
Vdint = __iszBl
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How linear 1s the ambplifier ?

Deviation from Linear

Deviation in %

0.1

VJAVEB
0.02
0.04
0.0k
0.05

0.1
0.12
0.14
0.16
.18

0.2

0.2

]
0. 005
0. 0220
0.044
0. 080
0.125
0. 180
0.245
0321
0. 4006
0. 501

0.3

Vd/VEB
VdINEB

0.22
0.24
0.26
0.28

0.3
.32
0.54
0.36
0.35

0.4

0.4

]
0.607
0.723
0.5449
0.59585

1.13
1.29
1.46
1.63
1.62
202

0.5

VANVEB
0.42
0.44
0. 46
0. 45

0.5
0.52
0.54
0.56
0.58

[.B

0.6

]
223
2.45
2.kg
292
3.18
3.44
3.71
4.00
4.50
4.61

0.7



How linear Is the amplifier ?

Distortion in the differential pair is another useful metric for characterizing
linearity of 15, and Iy, with sinusoidal differential excitation

Consider again the differential pair and assume excited differentially with

IDli
v1—||:|\/|1 M

V= -—d

iIDz

v

and assume V=V sin(wt)

Recall:

Vo S UCoxW (\/DZ \/I Dz)

Define (strictly for notational convenience)
_ HCW
2L

Thus can express as

‘/6Vd = \/IDZ '\/IT '|D2




How linear Is the amplifier ?

HC W

V4=V, sin(wt 0=
d (wt) oL

‘/6Vd = \/IDZ '\/IT '|D2

Squaring, regrouping, and squaring we obtain

BVZ =1, + )= 24/lp, A/l -1
eVcl2 = IT — \/Dz\/IT' D2

2
(8VZ-1p )" =4, (I -y )

This latter equation can be expressed as a second-order polynomial in I, as

2 2
2,- |Dz|T+(eVd 'T] =0

2



How linear Is the amplifier ?

uC, W
2L

2 2
2,- |D2|T+(9de 'T] -0

Solving, we obtain

and assume V=V, sin(wt) B =




How linear Is the amplifier ?

and assume V=V, sin(wt) 0 = HCOXW
2L
2
I Ol; oV?
I, =+ +,[— Vo —| —¢
2 2 2

This can be expressed as

| GI 5 Recall for X small
| =T +V 1-V:— JI-x=1-2
272 \/ 2 \/ 2l, T2

Using a Truncated Taylor’s series, we obtain:

| ol 6
by =L +V 1-V?
22 N2 [ 41 j

Note this has no second-order term thus the dominant distortion when
V=V, sin(wt) will be due to the third-order term



How linear Is the amplifier ?

I :l+V ‘/ 1- V2
D2 2 2 [ A1 j 2L

Substituting in V=V ,sin(wt)

l, = %+ V,, sin(wt), /% (1—Vnz1 sin’ (wt)A%]

3

L, :%{Vm\/f}sm(wt) rf’]4\/e§2\/E sin® (wt)

sin’ (ot) = %sin(a)i) —%sin(Ba_)t)

3

oI,

ID2=%+:V 7}sm(wt {34\/_\/_][3s|n (wt)- 1s|n(3a)t)}

GIT 30

! 3 o |
e =2+ V|- =V 16\/_\/_]sm (wt)+ { MW[sm(sm)}




How linear Is the amplifier ?

L =Ty 1-V?
b2 =5 T Va5 [ 41 j 2L

l, = I;J{Vm\/eT Vs 16?/6_2\/_}“ out){v3 16\/_\/_][sin(3a)t)]

Note this has no second-order harmonic term thus the dominant distortion
when V=V, sin(wt) will be due to the third-order harmonic

= a, +a, sin(wt) +a, (3wt)

3

ol 362 62
—|V, ,/ VA - V2
e " 1672, J_ R ETNN A




How linear Is the amplifier ?

b, =@, +@,sin(wt)+a, sin(3wt)

3
ol , 302 02 3
a = Vm — - Vm aS — Vm
S 2 16v2./I; 16v2./I;
k | _ | _
THD =20log| =2 o _
:H For low distortion want THD a large negative number

Substituting in we obta:ign
92

16v2./I;

V3

THD = 20log

3

/el 302
\VN D VA S
m 2 m16\/§\/E

This expression gives little insight.

Consider expression in the practical parameter domain:

| _“COXW
L

2
VEBl



How linear Is the amplifier ?

b, =@, +@,sin(wt)+a, sin(3wt)

_ HC W
:E 0=
NN, VA 2L
THD =20log 16 \/? 3
Bl, ., 36° L= HCoW 2
Vo |— -V T EB1
2 16v2./I; L

Eliminating | and 8, we obtain
V. N, THD (dB)

2.5 -6.52672

2 1 -29.248

V 0.5 -41.9382

_ EB1 0.25 -54.1344

TH D - _20 Iog 32 - 3 0.1 -70.0949
m 0.05 -82.1422

0.025 -94.1849

0.01 -110.103

Thus to minimize THD, want Vg large and V,, small



Bipolar Differential Pair
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Bipolar Differential Pair

vV, _EQl Qz} Vs

Ve vd:vtln['T 'mj
oy
IT |
Vd:VtIn£ =2 J
e
Vd = V2 _Vl

As |-, approaches 0, V, approaches infinity

As |-, approaches I, V4 approaches minus infinity
Transition much steeper than for MOS case

I I | | Ae1=Ag2
C1 i i C2 V, =V,|In| —— |-In| — = Vn
JSAEZ JSAEl I



Transfer Characteristics of Bipolar Differential Pair

A |
I lco
Cl IT
\ //
SRS
2
/ \\
I T T 1 ; Vd
-0.2 -0.1 0 0.1 0.2

Differential input in Volts

Transition much steeper than for MOS case
Asymptotic Convergence to 0 and I




Signal Swing and Linearity of Bipolar Differential Pair
|- =mV,+h

- -. | IT - ICl
I V, =VIn

C1l

lC‘]

g
oV,

Q-point

Q-pt = (0,h)




Signal Swing and Linearity of Bipolar Differential Pair

for 1% deviation, V4=.56V,

for 0.1% deviation, V4=.27V,

\){% Deviation
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Signal Swing and Linearity of Bipolar Differential Pair

T T T = Vd
-0.2 -0.1 0 /"z‘\ 0.1 0.2
/ 2V,

1% linear = .56V;

Note V, axis intercept for BJT pair typically much smaller than for
MOS pair (Vgg) 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 I, and |, with sinusoidal differential excitation

Consider again the differential pair and assume excited differentially with

_Vy _ Yy
2—? V)= '? and assume V=V sin(wt)
| Recall: ||
C1 i i IC2 Vd — thn T C1
ICl
V, Q, Qz} Vv, Thus can express as
Ve vy
| eVt — -y
T ey
Vy -1
Vt



How linear Is the amplifier ?

v, \ 1 V4=V, sin(wt)
— Vi

Consider a Taylor’s Series Expansion

6ICl

1 0’1,
Ic:1 = |c1|vd oV
d

1 ol
d ; V2 C1
2' oV,

TV

v +HOT

V, =0

V, =0 V, =0



How linear Is the amplifier ?

v, \ 1

oy =1 1+e7t V4=V, sin(wt)
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How linear Is the amplifier ?

V4=V, sin(wt)
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How linear Is the amplifier ?

V4=V, sin(wt)

le, = C1| +8IC1 d T 1 62IC1 de+£aglc1
— 2 3
KRV VR TIEV7 PI-TIE)
alCl IT 82|C1 83|C1 IT
= g 2 A\ /3 v /3
Nob, o WY, Vs, NG|, , 8Y,
| =~ b V. + h V3
VAV 48v3 ‘

IT_ Iy l; 3ain3
I, = > V,sin(ot)+ PEVE V. sin® (wt)

t

sin® (ot) =%sin(a)t)—%sin(3a)t)



How linear Is the amplifier ?
V=V, sin(wt)

ol,

o 1 0%l
d

Y oV 2

vz, 10

V, =0 V, =0

112

|
c1 3
2 t t

bl 5[ 3ain(or)Ls
4VVsm(a)t) o VmLsm(a)t) 4sm(?mot)}

Il{ 3l V3- I\/V}sin(a)t)— a -V, sin(3wt)

112

|
1=

4-48V3 4 4048V,
Thus: V2
THD = 201log ‘m Vul¥, | THD (dB)
|48V -3V | EE
or, equivalently o | e
2 0.05 -85.6647
THD =—-20log [48 (%) - 3] . s



Comparison of Distortion in BJT and MOSFET Pairs
lcq | | lcs b1 l l b2
v, Q0 VY, Vl_”:Ml MZ:“—VZ
Ve Vg
? ] V=V_sin(wt) %) ]
2
Vi V i
THD =-20log| 48| — | —3 THD =-20log| 32| —E8L | -3
Vi V.
V,./V, | THD (dB) Vii/Vee,  THD (dB)
2.5 -13.4049 2.5 -6.52672
1 -33.0643 1 -29.248
0.5 -45.5292 0.5 -41.9382
0.25 -57.6732 0.25 -54.1344
0.1 -73.6194 0.1 -70.0949
0.05 -85.6647 0.05 -82.1422
0.025 -97.7069 0.025 -94.1849
0.01 -113.625 0.01 -110.103




Linearity and Signal Swing Comparison of

Bipolar/MOS Differential Pair
II

/ / d / VEB{‘ \/EVEB1
1% Linear =
0.3VEg1
1% linear = .56V, | |
IC]_ l l ICZ D1 l l D2
v, {1 L}V, Vv, —||:M1 'V'z:ll— \2
Ve Vs

Have completed linearity analysis but must now look at the implications



Linearity and Signal Swing Comparison of
Bipolar/MOS Differential Pair

I I

1% Linear =
0.3Vep:
1% linear = .56V, Iy | b2
g l l o
V1 _”:Ml MZ:“_ V2
A _‘:Ql sz'_ \2 Vg

Signal swing determined by V, Signal swing determined by Vg



Applications as a programmable OTA with | ,5-

Om ——

laBc

The current-dependence of the g,,, of the differential pair singe ransistor) IS 0ften used to
program the transconductance of an OTA with the tail bias current |,

MOS BJT
|
W —'ABC
gm:\ﬂABC\/UCOXT I 2V,
Two decade change in current for every One decade change in current for every
decade change in g,, decade change in g,,

W
Im=uCopx TVEB

What change in signal swing if programmed with [,g-?

One decade decrease in signal swing for ~ No change in signal swing when g,
every decade decrease in g,, Is changed

Limited g,,, adjustment possibility Large g,, adjustment possible



Applications as a programmable OTA with | ,5-

—+
Om
laBC
MOS BJT
W
dm=ylaBC yHCoX T Im =1ABC
2V,

One decade decrease in signal swing for No change in signal swing when g,
every decade decrease in g, Is changed

Assume a MOS transconductor has an acceptable signal swing (as determined
by linearity) with Vgg=1V (maybe p-p signal swing is Vgg)

What would be the acceptable signal swing (with the same linearity) if g,, were
tuned by one decade with |,5-?

oL | oL 1 2L
Vegt =4/l V, _ [DQ — = _ VEB1
BLENDQY pCoxw EB2 =1 100\ uCoxW 10 VPR uCoxW 10

Signal swing would be reduced by a factor of 10




Signal Swing and Linearity Summary

Signal swing of MOSFET can be rather large if
Vg IS large but this limits gain

Signal swing of MOSFET degrades significantly if
Vg IS changed for fixed W/L

Bipolar swing is very small but independent of g,,

Multiple-decade adjustment of bipolar g,, Is
practical

Even though bipolar input swing is small, since
gain is often very large, this small swing does
usually not limit performance in feedback
applications



Linearity of Common-Source Amplifier

For convenience, will consider situation where current source biasing
I is ideal




Linearity of Common-Source Amplifier

VDD
4
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VGS:O.99V
g -
- i,'_-— —
| |
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- | | |
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| | |
| | |
| | [
0 1 2 3 4 5




Linearity of Common-Source Amplifier

VDD
Q>'B V.. =V_ +9
V”\I :VlNQ + ‘vis L Vour ouT 0Q 0S
Vino: Quiescent Input Vin #K Voo: Quiescent Output
V.. Signal Input Vos: Signal Output
CaoyW Ves
_ MLox 2
g = (MN-Vss-VrH)” (1+A[VouT-Vss )
CoxW
Vg =Vyo —Vss V- strictly for notational convenience define S = H-0X

INQ ss ~VTH oL
I8 = B(VisVer ) (1+A[ Vos*Vog-Vss |)

s 1
2 Vis :
VEo[1-

VEB
A

Vos = Vss-Voo-



Linearity of Common-Source Amplfier

5 Vie 2 —— Vour
BVEs|1-\,
Vos =Vss-Voo - P =B Us #E
Recall for x small -1 _1_y Vss
1+ X
2
|@+”5]
VeB) | 4
BVes
Vos = Vss-Vog - 7
| Ve (Ve V] 1
(UOS = VSS'VO — B 1+ 2|S+(|Sj - —
< ABVZg Ve \ VeB A

2
11 Ig g Vis [ VUis
‘vOS = VSS_VO - — +1| (- 2 +
[ QA BV, MVEs | Ves Ve



Linearity of Common-Source Amplifier

DD
2
. . |
?)OS = VSS'VOQ_E I +1 IB Z(UIS + (UIS @ °
AlBVE v Ves Ves L Veur
but 1 I _ Us #E
VSS'VOQ__ B +11|=0
2 VSS
g = B(Veg)
Thus
2
V; 1( ;
Vos = '[ZAV'SH(V'S] J
EB EB
2 1 2
V ~ -—— | Vic + V:
©s )\VEB( S 2Veg 'Sj

Is this a linear or nonlinear relationship?

What are the dominant harmonics in the distortion of this amplifier?



Linearity of Common-Source Amplfier

2 1 5 — VOUT
V ~ -—| Vig + V:
oS )‘VEB[ ® 2V S ] Us #E

What are the dominant harmonics in the distortion of this amplifier?

Consider input V,sin(wt)

1—-cCcos2x
2

* Output will have components at w and 2w

Recall sin® X =

« Dominant distortion is 2"9-order distortion

« This is in contrast to the differential pair that had
dominantly 3 order distortion

« Can readily obtain expression for THD



Linearity of Common-Source Amplifier

2

V = -—| VUig +
OS )‘VEB( IS

Is this a linear or nonlinear relationship?

. Vis #

VEB= 1Vv
207 A=0.1V*

10 - VSS

Fit Line

-1 -0.5 ( 0.5 1
-10 -
-20 -

-30 -

-40 -
when Vg = -Vg (the minimum value of Vg to maintain saturation operation)

the error in Vg Will be Vg/2 which is -50% !

Is this a linear or nonlinear relationship?



Linearity of Common-Source Amplifier

VDD
2 1 2
Vos = -———| Vig+——;
o )‘VEB( S 2Vgg S j s
. . _ . _ y
Is this a linear or nonlinear relationship? out
301 Q)OS VEB: 1V (I}IS 4{
20 4 A=0.1V*
10 4 VSS
. , NN | ?)]s
1 -05 ~— 0.5 1

-10 -

-20 A

-30 A

40 -

Note this is a reasonably high gain amplifier and could be larger for smaller Vg

Over what output voltage range are we interested?



Linearity of Common-Source Amplifier

2 1 2
V = - Vig + —:
03 )‘VEB( S 2Vgg S j e
: . . : : V
Is this a linear or nonlinear relationship? ouT
Fit Line 257 Vos Vem v s 4
2 A=0.1V™*
g Vss
] Vs
-Ol.l -O.I05 i ( O.;)S Ojl

-0.5 1

-1 A

-1.5 A

-2

-25 -

Linearity is reasonably good over practical input range

Practical input range is much less than Vg



Linearity of Common-Source Amplifier

VDD
2 1 2 Gp |
V = - Vig + —: B
O3 )\VEB( S 2Vgg S j
. . . . . I VOUT
Is this a linear or nonlinear relationship? v #E
IS
h ‘UOS VEB: 1V
o 41 A=0.01V"
Fit Line .. VSS
2 -
1 -
-O.(I)25 -O.I02 -O.(I)15 -0.I01 -O.CI)OS ;E (.';05 O.;)l O.C;15 O.IOZ 0.(;25
(UIS
-2 -
-3 -
-4 -

-5 -
A=0.01V-1 more realistic in many processes or for longer L

Can’t “see” nonlinearity in this plot
Appears to be dependent upon dc gain of amplifier ??



Linearity of Common-Source Amplifier

V
‘UOS = -L((vis +i‘vi25 j -
AVER 2VER

Is this a linear or nonlinear relationship?
] ‘UOS

VOUT

VEB= 1V ‘viS —{
A=0.01V™*

= N w B [¢)]
L L L L

Ve Vss

-0.025 -0.02 -0.015 -0.01 -0.005 ( 005 0.01 0015 0.02 0.025

5 T R N

Will look at difference between output and ideal output as defined by fit lie

‘UFIT = -%(vis 8 = ?)FIT-(I)OS
EB 1
~ V2
E = )\VZ iS
EB

Appears to be highly dependent upon dc gain of amplifier ??



Linearity of Common-Source Amplifier

2 1 2
V = -—| Vig+—t
03 )‘VEB( > 2Veg 'Sj e

Is this a linear or nonlinear relationship?

1 Vis
E = —Z(UIZS VEB: 1V #
— -1
)\VEB 2=0.01V
T . Vss
0.005 - Vin
—>

-0.025 -0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02 0.025

Appears to be highly dependent upon dc gain of amplifier ?7?



Linearity of Common-Source Amplifier

2 1 2
‘UOS = ((vis + ‘viS j g

AVeg 2Vep
Is this a linear or nonlinear relationship?

AE (viS #

o Ves= 1V
2=0.01V*
0.03 VSS

0.025 -

0.02

0.015 -

0.01 A

0.005 -

l/lN
-0.(‘)25 -0.‘02 -0.(‘)15 -0.‘01 -0.‘005 VO 0.005 0.01 0.015 0.02 0.6257
AV12 U 100%
epeT = 100%=|—EB 11009 = > vg _( Ae100% V
Vet 2. 2Veg EPCT =\~ 4 JYos
NVeg

Appears to be highly dependent upon dc gain of amplifier ?7?

Relative error in output independent of gain of amplifier !



Linearity of Common-Source Amplifier

2 1 2
Vos = - Ve +—
03 )‘VEB( > 2Veg 'Sj e

Is this a linear or nonlinear relationship?

e s

VEB: 1V
3 A=0.01V™
05 VSS
VIN
" T T T T g T T T T —

-0.025 -0.02 -0.015 -0.01 -0.005 Q05 0.01 0.015 0.02 0.025

-0.5 4

-1 A

15
100% _ Ae100%
2Vepg 4
. . 4

1% deviation for this example occurs at Vos| =001 =4V

In spite of square-law nonlinearity in MOSFET, linearity of CS amplifier is quite good
provided MOSFET remains in saturation region !!



Linearity of Common-Source Amplifier

VDD VDD
!
L Nl
— ouT
VOUT
‘U|s # Vis { 1 CL
N
VSS
VSS
High-Gain Amplifier Transconductance Amplifier

The transconductance amplifier driving a load C, is performing as an integrator

Vis y Vos

Im T

C.
v

Integrators often used in filters where at frequencies of most interest
Vsl is comparable to [Vyg|

Is this common-source amplifier linear or nonlinear?



Linearity of Common-Source Amplifier

Vb Vbp
|
le " lour
—> Vour
Vour _
Vis 1 CL
‘UIS # | {
V4
Vss
Vss

High-Gain Amplifier Transconductance Amplifier
lout =IB-Ip

lout = I8 —B(Vis+VeB) 2(1+)‘[VOS+VOQ'VSS])

louT = [lB ~B(Ves) (1+)\[VOQ Vss])} (‘U2 2‘UiSVEB)(1+A[VOS+VOQ'VSS])

lout = —[3(‘1)2 +2‘l)iSVEB)
2|B 1 2

IOUT = ((v —; j
VEB IS 2Veg IS

Is this a linear or nonlinear relationship?



Linearity of Common-Source Amplifier

As an OTA |OUT
15T Im VEB: 1V VDD
. 2=0.01 " @
_ ] I
0.5 " ouT VOUT
] i o > -
05 | Vis { AT~ L
-1
NS
e Vss
ZIB
g
M Vg
2|B 1 2
IOUT = -—((v —9: j
VEB IS 2VEB IS

Is this a linear or nonlinear relationship?
At V,s=-Vg, the error in lg,r will be -50% !



Linearity of Common-Source Amplifier
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Is this common-source amplifier linear?

* Reasonably linear if used in high-gain applications and
Vg is large (e.g. if A,=0,,/9,=2/((A\Vgg)=100 and Vo=1V, Vin=10mV)

» Highly nonlinear when used in low-gain applications though linearity
dependent upon g,



Linearity of Common-Emitter Amplifier
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Is this common-emitter amplifier linear?

« Very linear if used in high-gain applications
(e.g. if A,)=9,,/9p;=Vae/Vi=4000 and V =1V, V, =250uV)

« Highly nonlinear when used in low-gain applications but not
dependent upon g,

« Bipolar OTAs (e.g. current mirror op amp) can operate over multiple
decades of gain with low-level signals but no degradation with gain
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Stay Safe and Stay Healthy !







