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These derivations are for my documentation.

I. I1P; OF ADIFFERENTIAL AMPLIFIER

We want to characterize the non-linearity of a differential amplifier3ftsorder nonlin-
earity is of most significance.

Assume that the amplifier output characteristic is given by
Vout (t> = o1V, + 0431]?” (1)
where higher order non-linearities have been neglected.

The 37¢-order intercept point is defined as the point B, vs P, plane where the lines
corresponding to fundamental and the third order inter-modulation product intersect. It can
also be defined ofv,,,; vs V;, plane.

A. Inter-modulation Product: IM

Consider a two-tone test where you have applied
vin = Ajcos(wit) + Ag cos(wat) (2)

to the amplifier. For the given amplifier transfer characteristics, this will generate tones at
the fundamental frequencies,( w-), their 3" harmonics (3;, 3ws;) and also two tones



at the inter-modulation frequencies 2w, — wy and 2w, — wy.
3 3 3 3
Vout = <a1A1 + Zong? + 5043A1A§) cos(wit) + <041A2 + 1043142 + 504314%/12) cos(wat)
+ %A:{’cos(?)wlt) + %A;’cos(?)wgt)

+ §043A3A2 cos((2wy — wo)t) + ZagAlAg cos ((2wg — w1) 1)

4
+ gag,AfA:, cos ((2w1 + w2) ) + %onglAg cos (2w + w1) 1) 3)
The following relationships have been used.
cost(wt) = i((ﬂcos(wt) + cos(3wt)) ()
sind(wt) = }l(3sm(wt) — sin(3wt) (5)
cos?(wt) = %(1 + cos(2wt)) (6)
sin(wt) = %(1 — cos(2wt)) (7)
Assuming,
1) a3 < oy

2) A; and A, are not large enough to compress the gainaaind w,
3) Tones abw; +ws, 2wy +wi, 3wy and3w, are far away from the band of the amplifier.

then (3) can be approximated as

Vout = 1 Ajcos(wit) + agAs cos(wat)
+ 206314?142 cos ((2wy —wy) t) + 2043141143 cos ((2wg — w1) t) (8)

Inter-modulation distortion] M5 is defined as the ratio of amplitude of output fundamental

tone to the amplitude of th&¢ order product in the output. Ifi, = A, = A, then
O./lA o 4 aq

My = =2
’ Jag A3 3ayA?

(9)

B. Third Order Intercept Points

IMs; is dependent on the amplitudd)(of the input tones. Inpud™@-order intercept point
(/1Ps) is defined to characterize the linearity, independent of the input amplitude.
4@1

IIP; = A|IM3:1: 3— (10)
Qs

= IMZA? (11)
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Output Intercept PoinD P; is given by

1
OIP; = onIIP;=apy/—t (12)
30(3

For SpectreRFpsssimulation, having4d; = A, = A means doing large signal simulation

for both the tones. This becomes time-consuming. See SpectreRF user-manual. Instead,
assume thatl; > A,, then set the tone at; as large signal and that @ as small signal.

Then dopssand pac simulations.

C. IP; for modified two-tone test

AssumingA; > A,, (8) can be further simplified to

Vout = 1 Ajcos(wit) + ag Ay cos(wat) + %agAng cos ((2wy — ws) t) (13)

The amplitude corresponding to each of the tones in the output can be simulated or
measured using a spectrum analyzer. Let

Vi = aidy (14)

Vi = o4 (15)
3

Vgg = ZO@A%AQ (16)

Using (14) and (15) in (16), we get
3, VAVa BayVR,

V g —_ _— =
53 4% ot oy 4oy of s1
1 V2 Ve
— V2 V L1
2P T OIP2

OIP3 - VLl\ / “;—zl (17)
3

The assumptiond; > A,, is used in the following ways:

1) Second signal does not “cause” the nonlinearities. So the approximations made earlier
are even more valid!

2) We need not bother about other harmonics/IM products.

3) We can use PSS and PAC for the simulation.

So, in my opinion, this would be a better way even in measurements. But there are other
factors also which cause non-linearities/cancellation of non-linearities. So we {amit)d
use very larged,;, A, anyway and would extrapolate.
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[l. EFFECT OFNEGATIVE FEEDBACK ON DISTORTION[1]

Assume a single-ended amplifier (Fig. 1) with the following characteristics.
y(t) = Puult) + Gou(t) + Bau’(t) (18)
The coefficients3,, are given by

y(®
u(® B, u(t) + Byu’(t) + Pyu’(t)

Fig. 1. Amplifier with weak non-linearity.

In the presence of feedback, the system looks like fig. 2(a). This is different from the case
where the input is scaled down in which case fHé; of the system will just scale up
by the inverse of the attenuation factor. When there is a feedback the input signal seen by

y(®)

t
ﬂ) % Bu(t) + Byu*(t) + Byu’(t —
+
M u(®) B,u(t) + Bou’(t) + ﬁ3u3(t
o
(a) (b)

Fig. 2. (a) Amplifier with weak non-linearity now in a negative feedback system (b) Attenuated input applied to the
same amplifier.

the amplifier is given by
ut) = olt) - aylt) (20)
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The output in terms of the input signalt) can hence be given by

y(t) = k(t) + koo () + kav®(t)
where,
1 d™y
N gom 21
fin n! dv™|,_, (21)

We want to derive the relationship betwegpn and 3, as a function of the loop factor
T = (1« (wherea is the feedback factor as shown in fig. 2(a)).

Calculation of x;

_dy _dy du
Feo= o T du e . By defn.
Note thatv = 0 < u = 0, SO
dy d
Ky = T . X %(U — ay) .
= ﬁl (1 — O{/{l)
I
K1 (A+T) where, ab (22)
We also make note of these relations which we found above:
du dy
e 4 23
dv adv (23)
du 1
== - - 24
dv|{,_q 1+7T (24)
d
o= 5 (25)
u u=0
Calculation of x5
1 d?y
Ko = 5 ? o By defn.
d (dy
2y = — ==
"2 dU( U) v=0
_dud (dy
 dv du \ dv o0
1 d (du dy .
= — — | = = Using egn. 24
1+ 1 du (dv du> L, oonged
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Expanding derivative of a product, we can write

B dy d [du du d*y
2(1 —|—T>I<62 = {@ @ (%) + % W -
dy d [du 20, :
_ Bl Bk .19, 24
{du du (dv) * 1+T} 0 Using ean. 19,
du Qﬁg
_ i (el 26
b (M)L:+1+T (26)
To find L (44)
u=0
d [du d dy .
— | — = —|1l—-a— Using eqn. 23
du (ch)) - du ( dv geq
ot (y
N du dv
d [d .
= =4 (ﬁ1u+ﬁ2u + Bu’ +...) Using eqgn. 18
Ydu v v =0
d du du
= —a— — + 20u— :
&du {ﬁl dv " ﬁzu } v,u=0
d (du d du
~ —ab— | — ) —2ab:— | u—
abr du (dv) ab, du (udv) =0
d du d du
1 — — = =2af— |u—
( +aﬁ1)du dv &52du (udv) v =0
du d*u
- 2o (e )|
. —20462 .
= 137 Using eqn. 24
d du —2a39
- = — 27
du dv|,_, (1+1T)2 27)
Coming back to egn. 26 we get,
—2a03; 2,
2(1+T =
(14 T)rs S e TigT
(1+T)K)2 _ _a/6162 62

(1+T)2+1+T

. Tp n B [ 1_ T
(1+T)2 1+T 14T 1+T
Ba

Rg = m (28)
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Calculation of k3

K3 =

6/4,3 =

v=0

di (%(517«0 + Bou® + 53“3)> }

di ((ﬁ1 + 265u + 355u )ZZ) }

v=0

u,v=0

dv?
2

S O N e

3 2
— (B + 28+ 3 T (52 6ﬁgudu)d

2
{(ﬁl + 206u + 3F3u )Zvu + (262 + 63u) <Z—:)

dv 2
du\* du d?u
- 9 o~ 22
+653<dv) + (263 + 603u) T T3
Puttingu = 0 above, we get
d3u du d*u du du d*u
brg = 51 +52d d2+ﬁ3(v> +4ﬁz%w
d3u du du d?*u
= 16 -
{51 dv3 + 605 (dv) 652 dv dvz} w—0
d3u 6ﬁ3 652 d2u .
= fB— — .24
6rs Pros+ TENE T an Using eqgn
To find, *u/dv?|,, ,_y:
d*u d du d*y .
- = = —a—2 U . 23
dv?|, .o dv dv e wv=0 sing eqn
= —2aks Using egn. 21
—20662 .
= A+ 1) Using egn. 28
To find d*u/dv?|, ,_, use eqns. 30 and 21:
d3_u = —a@ = —bak
d’U3 u,v=0 dv?) u,v=0 ’
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du) du

d’*u
G+ 26+ 300 5 + (20050 + 0y )

}

(29)

(30)

(31)

(32)



So, eqn. (29) becomes,

B 63 652 —2af,
6I£3 = 6@51R3+(1+T)3+1+T (1+T)3
. 6ﬁ3 —12@522
= 6TK3+(1+T)3+(1+T)4
- 3 —20453
W+Dre = Grrp T arr)
. 3 —20453
T Aa T ATy
o (14T)5 208
b (1+7)
So, thelIP; for the feedback system is,
4/4/1
IIP = —
3fbk 3rs
_ [ A48 3+ T)B — 208
14+T (1+1T)>
46,(1+T1)*
3((1+T1)85 — 2a3%)
46,(1 +1T)3
~ BT for (B3(1+T) > 2a3?)
303
IIPyy = IIPyx (1+T)2 (33)
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[1l. HOW TO SIMULATE I P; USING SPECTRERF?
A. Low frequency case: Where you do not need 50 ohm source and input matching.

Let’'s begin with the simplest example — a common-source amplifier with resistive load
with no degeneration and no input matching. We will deal in units of dBV.

Fig. 3(a) presents a test setup for measuring the 11IP3 of my amplifier. First | set the two-
tones needed for the test & MHz and 12 MHz (see Fig. 4(a) and 4(b)). The input is
specified in terms of peak amplitude. Even though | am using a port in the simulation, it
is not requirechere In the results you will note that | have taken thigs voltage as my
input reference. With ports, unless there is a perfect matching with its input resistance, the
voltage you get from it is dependent on the load. For example, since the port is driving a
capacitive load here, the voltage at the gate wildkbemVpp for Vpk set to20 mVpp in

the port properties. | can now rysss to find the steady state response and then proceed to
find the3 ¢-order amplitude in units of dBV. Thess results are shown in fig. 5. | tabulated

the results for different/;s cases and plotted them using MATLAB. The intercept point

is shown in fig. 8(a). ThdIP; for this Common-Source amplifier is abouT.5 dBV.

Next | simulated an amplifier with same nFET but with a source degeneration resistance
of 5002 and load of 5 K. Figs. 3(b), 6, 7 shows the test setup, the properties ob the

source used in the setup and the SpectreRF results when two-tone signals of amplitude
350 mV are applied, respectively. Thié P3 result is shown in Fig. 8(b). It has improved

to about—2.5 dBV.

The data and MATLAB code for Common-Source amplifier is attached below.

% Results of two-tone test of Common-Source Amplifier
% Circuit: /home/anu/cadence/ee6314 F05/CSampl

vrf = [1 25 10 20 30 40 50 75 100 150]*1le-3;
in = [-54.02 -48 -40.04 -34.02 -28 -24.48 -21.98 ...
-20.04 -16.52 -14.02 -10.5];

outlOM = [-36.54 -30.52 -22.57 -16.6 -10.79 -7.663 ...
-5.99 -5.09 -4.064 -3.63 -3.262],
out8M = [-127.8 -109.74 -85.9 -67.98 -50.28 -38.52 ...

-28.71 -23.59 -18.3 -16.09 -14.35];
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vdc=1.8

(o)
Py

=)

@

cellName = vsin
700mT V1

T c va=vrf

700m frequ@M

7090m TV3

c vdc=700.0m

@

gnd

(b)

Fig. 3. Test setup for IIP3 measurement of (a) Common-Source Amplifier (b) Source-degenerated amplifier.
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# | Edit Ohject Properties
OK | Cancel Apply | Defaults| Previous Hext
' Cell Name port '
View Mame synbol;
Instance Name |FORTI
Add Delete Modify
User Property Master Value Local Value
Ivsignore TRUE
CDF Parameter Value
Resistance |50 Ohmst
Port number
DC voltage
Source type sthe
Frequency name 1 [Freql
Frequency 1 10M He
Amplitude 1 (Vpk) [orf ¥
Arpiphifudde 1 G
Phase for Sinusoid 1
Sine DC level
Delay time
Display second sinusoid | |
Frequency name 2 [Freqd
Frequency 2 12M He
Amplitude 2 (Vpk) fvrf ¥
Arpipiifudde 2 Gl
Phase for Sinusoid 2

off
off

off

Display
off

Display
off -
off
off
off
off
off
off
off
off -
off
off
off
off
off
off
off
off -

Help

-
% | Choosing Analyses — Cadence® Analog Design Environment = ¥

0K | Cancel Defaulis| fipply Help
s 8
Periodic Steady State Analysis
Fundamental Tones
[# Nane Expr Valus éig‘nai srold
1 freqt 1M 1 Larqe BORTH
12 freqgl 1an 12m Large PORTO
I e
ClearfAdd Delete Update From Schematic
4 Beat Freguenc
i Y Auto Calculate B

Beat Period

Output harmonics
Humber of hanmonics 20

[ Accuracy i)efaults (errpreset)

B conservative moderale liberal
Additional Time for Stabilization (tstah) |

Save Initial Transient Results {saveinit) | no ves

Oscillator

Sweep

Enabled B Options...

@

Fig. 4.

im3 = outlOM - out8M:;

inp =

intl
int3

outlOM(1) + (inp-inp(1));
out8M(1) + 3*(inp-inp(1));

figure;

plot(in,outlOM,’k-x’,’linewidth’,2,’markersize’,12); hold

(b)

(a) Properties of the port used in the test setup of fig. 3(a) (b) PSS analysis form.

[-54.02 -48 -40.04 -34.02 -28 -24.48 -21.98
-20.04 -16.52 -14.02 -10.5 -7.5];

on;

plot(in,out8M,’k-0’, linewidth’,2,’'markersize’,12);

plot(inp,intl,’r-x’,’linewidth’,2,’'markersize’,8);

plot(inp,int3,’g-0’,’linewidth’,2,’'markersize’,8); hold off;
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Periodic Steady State Response a Periodic Steady State Response
g.gg _°° v /in; pss dB ) 1gg oo v /out; pss dB V)
~60.0 | ~50.0
@ ] @
el ] o
— —120 — —110 B
~ge Ly At T ey -1/ V‘Y“T‘
0.9 19M 20M 30M 40M 2.9 1oM 20 30
freq (( Hz ) freq (( Hz )
AT (0N —4B.002ZT) {(TOM —30.5T77T) deltar (—2ZM —79.2787)
B: (8M —199.737) slope: 39.61u
Periodic Steady State Response E Periodic Steady State Response
581 gm °° Vv /in; pss (V) 1219 v v /ouf; pss (V)
[Vooy A e Lo, |
575.0m Y I [ | N [ :
— o I | — / !
> Vo o~ Vo) -~ 1.150 L | "/ !
~ 569.9mf | | | WA ~ I A
\ v | \ 1120 L |/ y
563.0m ) I 1 | ] 1.090 J 1 [
.00 200N 400n 600n 0.09 200n 400N
time (s ) time (s )
T (68.9749n 30.4 m)
Fig. 5. SpectreRF results for smallest appliggds.
% Edit Object Properties ®
0K |Cancel| Apply | Deraun.s} Previous‘ Next% Help
‘ Ivsignore "’I‘RUE_ i off | |7
CDF Parameter Value Display
AC magnitude | off |
AC phase [ off
DC voltage [ off _.|
Offset voltage [ o |
Amplitude [vrf % off |
Frequency iﬁhiﬁ}fz? off |
Delay time l- L] "|
Damping factor ', off |
Frst frequency name off |
Second frequency name off
Hoise file name off —-|
Humber of noiseffreq pairs off |
XF maghitude off |
PAC magnitude off |
PAC phase | off _.| =
Initial phase for Sinusoid |, off |
Amplitude 2 i;é_v off |
Initial phase for Sinusoid 2 .[ off
Freguency 2 i_léM__ﬁz_f off . |

Fig. 6. Properties of thesin source used in the test setup.
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Periodic Steady State Response U Periodic Steady State Response
190 _° in; dB2( 12 0 ut; g 1B
—-30.9
-10
m -70.0 | m t
hel ©
~ ~ =30 |
118 1
—iso LI “1‘W1‘!W‘!‘mw‘lﬂ‘[‘W1‘T -so Ll | I “W‘!‘Hl‘lﬂ‘l“ ‘1ﬂ‘
2.9 10M 20M 3M 40M 2.0 1M 20M 30 4
freq ( Hz ) freq ( Hz )
T(TOM =9.TT867) T (TOM —4.66757) deltar (—2M —T3.T574)
B: ESM -17.8) slope: 6.56871u
Periodic Steady State Response E Periodic Steady State Response
160 ° in; pss (V) 200 _° out; pss (V)
120 | ! P N
a0 L R
~ R ~ LA
> oo “ f \‘ ‘n ~ /! | “‘ z Fo a [
= foV 7 spom | | -
400m L | \/ Vo (. L | | | | ‘
| | | | |
o YR
0.00 | | | 200m F % | R |
.00 200n 400n 600n .00 200n 400n 62
time (s ) time (s )

Fig. 7. SpectreRF results for largest appliéds for fig. 3(b)

1 -125

-150r 1 -150

C
% -50 -40 -30 -20 -10 0 7% -50 -40 -30 -20 -10 0

(@) (b)

Fig. 8. IIPs; comparison for (a) Common-Source amplifier and (b) Source degenerated amplifier.
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set(gca,’ylim’,[-175 15],'ytick’,[-175:25:0], fontsize’,16);
L = legend(\omega_1'/’2\omega_1 - \omega 2");
set(L,’box’,’off’, ' fontsize’,16,’location’,’northwest’);
xlabel('V_{gs}, dBV’,/fontsize’,16);

ylabel('V_{out}, dBV’, fontsize’,16);

% Results in an IIP3 of -7.5 dBV

print -depsc CSampllIP3.eps

B. RF case: Where you do need 50 ohm source and input matching.
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