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Nonlinearity and Distortion

Let’s consider two examples

Example 1

you have a QPSK transmitter

(+)
X,, —> LPF

\ 4

modulator XW(JF)

If you do not filter your QPSK this is what you have

180° 180°

e DDA
VYAVAVIAVAVAVA

J/

but to send this out you need an infinite bandwidth

—> you do not have infinite bandwidth

So you have to filter your signal such that it only

occupies one channel if you filter your QPSK with a LPF

this is what you get

AN ANA Y NANANANI
A AVAAVAVAVALVAVAY

because of limited bandwidth your phase information

turns into amplitude information
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Now if your PA clamps the peak of your filtered QPSK

you loose your information

distortion due
/ to damping
changes your

‘/"\ /\U/\Uﬂuﬂ AA ﬂU amplitude
Y VIVE )

you loose information now
you cannot correctly detect
your phase in your receiver

—>»  QPSK is very sensitive to amp linearity

FSK or FM is not sensitive to amp linearity

since you do not have instant phase variation

—>  Choice of your modulation depends on

how linear your amplifier can be

QPSK needs very linear amplifier —>» usually class A

_ . not very efficient
FSK, FM not need linear amplifier \

you can use
class B, C, ,,,
amplifier with
much higher
efficiency
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Example 2

your receiver receives 3 signals

_——> 2 adjacent channels are
TN strong interferers

A\
fo A 1>
=fo+A =f,+2A

your signal is
weak

in your LNA you have nonlinearity so your strong

interferers mix with each other due to LNA nonlinearity

This mixing generates frequencies such as
2fi— 1> :2(f0 +A)_(fo +2A): Jo

This is what you get at the output of LNA

your signal

™~
/

IM3 (distortion of interferers)
This distortion makes your reception difficult

—> we have to understand distortion and nonlinearity
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Weakly non-linear systems (such as in receivers)
LNA

Non-linearity

also clamping

Strongly non-linear systems (such as in high efficiency transmitter)
class B-E PA’s

to deal with weakly non-linear system there are two

power series —» represent transfer function using a power series
approaches

volterra series ——»  power series with information about phase

for strongly non linear system —> use envelope analysis

/

instead of frequency domain analysis

use time domain analysis

* At midband frequency

use

in terms of the phase —> .
power series

parasitic caps and inductors ] can be neglected
they introduce

bias and bypass caps

* At low or high frequencies

\ you need to know the phase of the signal use
—>

that is subjected to non-linearily volterra series
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strong non-linearity
( (cannot be modeled by power/volterra series)

[— since at this point higher

order terms become

. S dominant in saturating
linear in ‘
the signal

<

* most often this is what you have

small non linearity

AN

linear \ S, U U
g
>
<

you can write this transfer function
in general by a power series

S, =aS, +a2S; +a3S; +e-

out
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where a1, a2, a3, ,,, are constants
* they usually vary with signal amplitude
* they vary with the choice of bias
* they vary with frequency

* they vary with input/output matching

let’s assume : they are constant (ignore variation with signal amplitude)

(fixed bias, small frequency range, fixed matching)

now apply an input function S =f (a)t)

m

Sou = alf(a)t)+ azfz(a)t)+ a3f3(a)t)+---

let f(a)t) = m, COs @,t + m, COS @,! @, ~ @,

2
K S, = a,(m, cosa,t +m, cosw,t)+ a,(m, cosw,t +m, cosw,t)

out

3
+ay(m, cosw,t +m, cosm,t) +--

use trigonometric
expansions

S, = al(m1 cos @t +m, cos a)zt)

, I +cos2mt , I +cos2m,t
+a,| m; 5 +m,

3 coswt  cosm,t
+a,4| m; 5 + 1 +ee

- 151 -

m,

m,

ECE695F RFIC
Prof. S. Mohammadi

cos(@, + @, )t + cos(w, — w, )t

)

2

J
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2 + 2
S(m[ = aZ[}nl—zn/lz dC

+a,(m, cosa,t+m, cosm,t)

3 5 3 5 3 2 3 5 5 @1 @
+a;| —m; COSwt +—m; COSW,t +—mm, COS@f +—m m, COS@,t
4 4 2 2
m,’ m,’
+a,| —+ cos2mt+—= cos2m,t 20, 2o,
2 2
m,m m,m o, + o
+a,| ——2cos(@, + o, )t + ——2cos(w, —m, )t b
2 1 2 1 2
2 2 W, — o,
3 —
+a,| ~mim, cosQw, —w, )t + - 20, — o,
3 4 17772 1 2
20, - o,
20, + w,
20, + o,

3
+ a{lml3 cos(3e, )t + - j “
4 3w,
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Let’s look at the important coefficient

(D coefficient of coswt = [

3 3
am, +a, (— m’ +=mm; ﬂ cos wt
4 2

@ coefficient of cos(a)l - 602) = a, (%ﬂ cos(a)l -, )t

(B) coefficient of cos2mit = [ m?
aZTI cos2amyt

(@ coefficient of cosQo, —w, ) =

a, %mlzm2 } cos(2a)1 -, )t

(5 coefficient of cos3wt =

1
a, me } cos3w;t

First non-linearity

(D  Gain compression

for only one tone :  f (a)t) =m, cos,t

3
S~ [alm1 +a, mejcosa)lt

/N

linear gain gain compression / expansion
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as signal becomes stronger

S gain expansion

out
Y

\—v gain compression

S,

m

usually we observe gain comperssion that means a3 is usually negative

m,m m,m )
17752 177%2 2
a, cos(col -, )+ a, cos(a)2 -, )t =a,m, cos(co1 -, )t good mixer
m, =m,
assume m, =m,
amplitude of 2nd order a
— > M2=_Y"P f =—Zm,

amplitude of fundamental a,

mixing comes from 2nd order (4th order inter modulation etc? terms (IM2)

—>» good news for MOSFETs since their input/output relationship

1s of 2nd order nature ,
iy =const Vy

3rd order term also exists in MOSFETSs due to two mechanisms

strong non-linearly gain clamping + body effect —> weakly non-linear effect
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3 HD2

2
m .
a,—-cos2w ¢t —> 2nd harmonic

Define : 2nd harmonic distortion factor HD2

a, -
. . —=m
second hamonic amplitude !
HD2 = P2
fundamental amplitude a,m,

\ assuming gain
compression has
not occurred yet

la
HDR=-"2m
a

1mV 10mV 100 mV

S, (mV)
IM2 =2HD2
~20+ 4th order contribution 3 '
to second order / x
kicks in 2nd 2nd harm
— 40 4
dB / decade intermod distortion
-60 T \
range of interest
HD?2 (dB)

- 155 -



@ IM3

assume

ECE695F RFIC
Prof. S. Mohammadi

m, =m,

a, %mf cosCw, —w, )t = a, %mf cos2w, — w, )t

third order inter modulation
//7 distortion (IM3)

~ > fifth order - etc.
| they usually have

20, -0, o,

same amplitude
unless you have
AM-PM

w, 20,— o,

IM3 = third order inter modulation

M3 = amplitude of third order int er mod

amplitude of fundamental

3 5
a;-m. 4
M3=—4 2% e
a,m, 4a '
(> HD3 cos3w, t
XL
HD3 — third order amplitude _ % 4m1 _la,
fundamental amplitude a,m, 4 a, :
IM3 =3HD3
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Effect of feedback on distortion

non-linear
amplifier

12>

assumption : feedback network is linear

use power series :

S, =a,S, +azSg2 +a3$g3 + .-
] .
Sg:Sin_fS

out

S(mt = al(Sin _fSout)+a2(Sin _fSout )2 +a3(Sin _fS(mt )3 + o
substitute

S, =bS, +bS.+bS,  <«— weare looking for
bi, b2, b3 coefficients

bIS[n + bzsii + b3S; = alsm _alf blsm - albeSi: - alfb3S;
+ay(S, - /b, — [ 5,S2 - fbS ]
+a,(S, — £BS, — 5,52~ £ bS]
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Ist order terms —>» by%: yb/m—al f b),an
N —

=
l+a,f

/

standard feedback equation for a linear system

2nd order terms ~
bv% = _alsz)g;é +a2(1_fb1 )2)85

_ _ 2 _ ; b, = 3
b,(1+a.f)=a,(1- /b,) “Urasy (1+a.f)

3rd order terms ~

byt =—a,f bySs —2a,(1- £ b)) b,Ss +a,(1- £ b)) S}

_ 1 . f ) a,
T  Fwn T

a3(l+a1f)—2a2f
by = s
(1+a1f)

Now let’ s look at different distortion coefficients

no feedback HD2 = %IM2 =—=m,



ECE695F RFIC
Prof. S. Mohammadi

with feedback HD2 iy = b—zml — a, /(1+ alf)3 m
. 2b, 2a, /(1 + alf)

1

HD2 .
HD2 . ipacr = im1 / (I+af) = M —> Dramatic reduction
2a, (1+a,f) of HD2 (IM2)
with feedback
when measured
based on same
input power (mt)
if HD2 is measured based —
on output power amplitude
1
(since total gain is reduced by 1 af >
HDznoffeedback
therefore HD?2 =— 7% at the same output power)
feedback
' l+a, f
1 la, ,
no feedback HD3=—IM3=——m
3 a, '
with feedback
HD3feedback =

you can make HD3feedback or IM3 feedback — 0

by using right amount of feedback!
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Distortion in MOS transistors

Lo

lfl assume : ideal MOSFET
Vs (no body effect)
VGS V
0 I \—V body effect
introduces
third order
terms!
uCo W
D~ TOXT(VGS - VTh )2
Vis = Vo Ve
_H HCox W

[ ng Vou ) + Vg2s + 2Vgs (Vng Vo )]

P 2

KVZ + uCoxW (V

_ pC
]D_IDQ+TOX L gs L gSQ_an)'VgS
N—
Em
HCox W s
I,=1,,+gV, +——V.
DQ gm gs 2 L gs
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a, =g :M(Vng _VTh)

m L '
non-linear
C.. W coefficients
“=5T :
Vi =V, cosart
a, =0
uCoy K %4 N
T, s V
HD2=—IM2=2a_2m1 SETTe 2L S W - )
a, % (I/ng — VTh ) gs0 Th
Ve
HD2 = 4(Vé oV ) in terms of input signal

in terms of output signal =g, I}gs = I}gs /JC%W(V@Q - VTh)

—>» ideal MOSFET does not show
* gain compression

*IM3, HD3 as long as it is in saturation!
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MOS Differential Pair
\LIDl J/IDz
[out = IDl _IDZ

N M, M, * Assumptions :
- M1 & M2 identical

I/i ISS
- ignore body effect
- ideal MOS

_k'

w
I _E(Tj[Vgs_VTh]z ) (k':ﬂcox)
21
V=V + / o
- ! k'(W/L) IDI _\/E
T | v
Vs = Vi |22 L
gs2 Th+ k'(W/L)

on the other hand I +1,, =1 (2)

(1), @) —> find I, 1, Vi V,

EKV /4/ISS _V2
2L \kw/L)

:101 _]DZ =

- 162 -



ECE695F RFIC
Prof. S. Mohammadi

. 2
. ‘ e
use power expansion  (1+x) ~1+ jx+ J

+...
2!
gy (s [y, KWL, v
L 81
IUm—alV+ani2+a3V3

\—» HD2:%IM2:O

a,=0 mp3=Lmz=L%,,;
3 a,
. —-k'W , k'w
3
2L 2L -1 -k A2
55 HD3:—8f/EW;/ L Vi
a4 =0 SS
N I ]z
When =0 —> [DIZIDZZ_:_W/L[ ésQ Th
k'W
—> ISS [ng Th]2
. 2
—> HD3———. Vi
8\/5 VgSQ_VTh
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example :  for HD3=-40dB, whatis the amplitude

of input signal, Assume V,, -V, ~ 1Volt

&S

A

HD3=-40dB=-0.01 —» V,=0.347Volt

0 [dl s [d2
[d2 dl
{ B I
Vg =V =1V
IS% ~
7 —_ Vg =Vy =03V
0.5V v,(v)
MOSFET with Rs
Lo
Iy=1p,+i,
signa
4/ > ignal
bias
N
||£i + feedback
\ ngS :f
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* jonoring body effect

ld :blng"'bz gs 3 gs

V2 b+

al gm

b =
" lta f | 1+g,R;
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h—_ % _ IUCOXW/LX
2
(1+a, 1) 2 (l+g,R)
0 _2(;1 Coy W/LJZR
p _d(l+a f)-2a;f _ -2a;f 2 ’
3
(l+a1 f)s (l+a1 f)s (l+ngS)5
D3 =10y |
4p1¢
C 2
| —2(”20)(W/L) RS/(1+ngS)‘ o
3 ¢ I+ R)
pC > |2
HD3 = —— -
2 (1+ngS)
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|HD3|

R, R OR;
\" that gives worst HD3 \
HD3 is zero
~_, R

for ideal MOS

3g,,
Rs helps reducing HD2 but worsens HD3 !
Intercept Point
B, P >
OIP3 x
— * IP3 is typically
10 ~ 15 dB higher than
M3 1 dB compression point

I1P3 F,
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