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A linear system

Follows the principle of superposition

x(t) y(t) = ax(t)
x,(t) > y1(8) = ax4(t)
x,(t) - Y2(t) = axy(t)
ax(t) + bx,(t): » y(t) = alax,(t) + bx,(t)]

= aax,(t) + bax,(t)
= ay,(t) + by, (t)

Memoryless non-linearity Y(t) = a;x(t) + a,x2(t) + azx3(t)

UBC
Tiw‘:l THE UNIVERSITY OF BRITISH COLUMBIA © SUDIP SHEKHAR



Non-linearity effects

» Signal

Harmonic Distortion

GSM1800 WLAN
Band Band 20l0gA ou
0.9 1.8 2.7 3.6 4.5 54 f (GHz) Ain,1HB 20|°g—Ain

» Signal + one large interferer

Desensitization Cross Modulation
Interferer

Wy Wy

Desired
Signal

-
(0]

f

» Signal + two large interferers Intermodulatlon

Wy Wy Oy 0]
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Harmonic Distortion (Single Tone I/P)

y(t) = a;x(t) + ayx?(t) + azx3(t)
x(t) = A cos wt

y(t) = ajAcoswl + ap A% cos® wi + a3 A’ cos® wi
@2142 Y3/ 3 |
= aAcoswt + > (1 + cos2wl) + 1 (3 cosw! 4 cos 3wt )
ayA® 3a3 A3 o 42 a3 43
22 -} ( A+ ) coswit + —— cos 2wt + cos Jwt.
DC offset / Fundamental m
Desired
Undesired
What if a0 is negative (compressive circuits)?
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Gain Compression: -1dB Compression Pt.

What if o405 is negative (compressive circuits)?

3a3A3
y(t) = (“1A + 4 )coswt 2ﬂ|Dngutl +
1B
2010 SO 1] = g
glag + 703 Ai,1ap| = 20loglag| — 1 dB.
‘lm 1dB = \/0 145 Ain,14B ZGIGE::"ain

03

» Output falls below its ideal value by 1 dB at the 1-dB compression point
» Peak value instead of peak-to-peak value
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Example of Harmonics on GSM Signal

A 900-MHz GSM cellphone TX delivers 1 W of power to the antenna.
Effect of the harmonics?

GSM1800 WLAN
Band Band

. | -

0.9 1.8 2.7 3.6 4.5 5.4 f (GHz)

Desired I \ } I

Interferer Y Interferer

Must remain below
regulatory levels too
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Example of Gain Compression

By how much must the 2" harmonic of the GSM TX be suppressed (filtered) to
avoid 1.8-GHz RX desensitization?

@ TX output
« 2" harmonic < -25dBm + 10dB = -15dBm for it to be below P, of the RX.
 Fundamental 1W - +30dBm.
« 2"d harmonic < 45dB below the fundamental
* In practice, several dB lower to ensure the RX does not compress.

900-MHz 1.8-GHz
GSM TX RX
) P1dB = '25dBm
[ T j LNA
[GH?.}
-} —

1 m Attenuation @1.8-GHz = 10dB
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Non-Linearity (Two-Tone I/P)

y(®) = a;x(t) + azx*(t) + azx3(t)

x(t) = A;cos w t + A, cos w,t

y(t) ~ a,(A,cosw t + A, cos w,t) + a,(A, cosw t + A, cos w,t)? + a;(A,coswt + A, cos w,t)3
1 1 1 2 2 2 1 1 2 2 3 1 1 2 2

Different terms at p*o+q* ..

Fundamental

3 3,3 2 3 3,3 2
w=wq,wy:|aA;+ Z“3A1 + 2 a3A45 |coswt + | a4, + 1 azA; + 2 a3A;,A7 | cos w,t
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Desensitization & Blocking

3 3,3 2 3 3,3 2
w=w,wy|ad;+ Za3A1 + 5 a3A145 |cosw it + | a4, + 1 azA; + 5 a3A;A7 | cos w,t

Interferer

* Suppose m, is desired and o, is interferer ...

Signal

* Also, A; << A, (Strong interferer) A

=~y

a3A%) Ajcos wqt + ---

* For compressive circuits, strong interferers
desensitize and can completely Block the signal!
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Cross Modulation

- © :“ —
, o,

Suppose that the interferer is an amplitude-modulated (AM) signal
Az(1 + mcosw,,t) cosw;t

Thus

3 ) mé  m?
y(t) = |a + Eagﬂz 1+ > o} > cos 2w,,t + 2m cosw,,t | | A;coswit + ---

» Desired signal at output suffers from amplitude modulation
» If interferer is a phase-modulated (only) signal, no cross-modulation for
desired signal
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Non-linearity (two tone i/p)

y(®) = a;x(t) + azx*(t) + azx3(t)

x(t) = A;cos w t + A, cos w,t

y(1) = a1(Ajcoswit + Ay coswat) 4+ az( Ay coswit + Ajy COSngiL)2 + asg(Ajcoswit + Ay COSqulL)3

Intermodulation (IM) products:

w = 2wy twy: 0341 2C08(2w1+w2)1‘+ 0341 2C08(2w1 — wy)t
w = 2wy tuwr: b’ cos( 2wy + w1 )t + 0341 2 cos( 2wy — wy )t

Can be troublesome

‘T T = O— t;& = 23 ﬁ} > % ti& -
Wy MWy o Mm@ S o £ ~ M
I_ — o +_ - .
3 S c 3 g 2
!
™~ o™ ™ o~
UBC
THE UNIVERSITY OF BRITISH COLUMBIA © SUDIP SHEKHAR

€



IM3 Falling on Desired Channel

Interferer

Deswed
m' | RS m' |

Wy Wy Wy Wy

2w — wy = Wy

» Areceived small desired signal along with two large interferers
» Intermodulation product falls onto the desired channel, corrupts signal.
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Example of IM

Four Bluetooth users. User 4 RX attempts to sense a weak signal by User 1 TX.
What happens?

User 2
TX»o
User 3
2.42GHz 13
User 4
User 1 RX 4
2.43GHz 241 242 243 f(GHz)
TX4
2.41GHz
2.41GHz

« Equally spaced frequencies from TX 1, 2, and 3
* IM3 in the LNA of Ry, corrupts the desired signal @ 2.410 GHz
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Input Third-order Intercept Point

y(t) = ax(t) + a,x%(t) + azx3(t)
x(t) = Acos wqt + Acos w,t

9

: | >
)*()‘) — ((jl +- 3&_:;4”) A coswit + (Cl’] -+ SGFA—)A COS W)l

3 3

-+ ;-u_:,4':C(‘)s(2cL)1 — an)t + j{aﬁ\‘: cos(2w, — wy)t + -«
= ., 3 3 4 oy
If oy > 9%23A°/4 o1|Aps = "!aﬂidifp_; = Ajp; = - |—
4 3 3
Crude approx.
Qutput A
Amplitude
A 20l0g(011A)
oA OIP3 # o
| 3
b P / - 20log(3013A")
. -
7 / Alp3 A
(log scale)
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IIP3

Qutput |
Amplitude
20log(cLqA)
Aglpz [------ MR
/J 3 3
- - 20l0g(3 0134")
i - —
/ Alps Ai,
(log scale) ~ 9.6 dB.
A
AQIP3 frmmmmmmmmmmmmeeeeeeeeeemaaaes n
et A
AN :
e
' “IM5 ;
L 1 -

Ain Ajp3 Ain
(log scale) / (log scale)

» IP3is not a directly measureable quantity, but a point obtained by

extrapolation
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Example of IIP3

What is the required LNA lIP; if the IM products must remain 20 dB below signal?

dBm dBm
dBm
T [LNA /V)\
UJD {1)| [1}2 (ﬂU

W,

2.41 2.42 243
GHz GHz GHz

@LNAO/P: 20log|ajAg,| —20dB = 201og Zﬂg am
| 30
1 Asiy| = ' 73 A
@ LNAI/P: -80dBm signal 2> A, = 31.6uV,, and -20dBm interferer > A;,,= 31.6mV,,.
4|«
P; = /= |—
3 |as

=3.16V, = +20dBm
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IIP3 for Cascaded Systems

P, , P

x(t)

____\ y, (1)
Ao

-

ya(f) = ﬁ[}‘[{ﬂ - .ﬁ_‘_‘\'l (1) + 5;},1‘:“}

yi{t) = a1x(t) + {r:.‘l':{_f ) 1+ Q’_@.TE{_!}
Y2 (t) = Bilarx(t) + aax?(t) + azx’(1)] + Balenx(r) + arx®(t) + asx’ (1))

+ Bslogx(t) + fr;_r:{'r} " o u;.x‘w”(r]]‘z’
yo(1) = a1 81x(t) + (as3fy + ufﬁ;}x'ﬁ"(r) +

A -'Il-i- | 1 f‘f l __I_ e ! }- C::’:-T
P3— al'a 2 Z 2
' V 3 a3 B -:‘-{1":153 Al ""'H~,1 i
_ ] 5 I P fo " o pi] B e 1 ~ 1 4 Gl + G1G2
Alps  Alpsi  Alpsa  Alps; IIP3  1IP3, 1IP3, IIP3,

»Thus, if each G >1, the nonlinearity of the latter stages becomes increasingly more critical

because IP3 of each stage is equivalently scaled down by the total gain preceding that stage.
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