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Most Figures for today’s lecture come from:

B. Razavi, RF Microelectronics, Prentice Hall
1998.
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Current Approach

Control
(MCU/ASIC)

* Real systems, no matter what generation, exhibit non-idealities.

» Such non-idealities are (should be) well documented!



Current Approach
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= Real systems, no matter what generation, exhibit non-idealities.

» Such non-idealities are (should be) well documented!
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TEST COMDITIONS BN TP | MAX UMIT
Impd IFA, High (2ain Ande ) HEA =1 - 1=m
Wt reflection cosficient, 547 HGM = 1, mzasured at antenna port 12 ds
RF Transmi
Gain 14.1 dB
Py = 4.5 dBn 138 12m
Dutput power, Poor ? Py = 0.5 dBm 12.2 12m
° Pips = -3.5 dBm 10.0 12m
fer Added EfficentynBAE Py = 0.5 dBm 235 %
Output 1 d8 compression \ 10.4 12m
 Output P3 / 23 13m
Ou faan over frequaency 2400 — 24835 MHz, Py = 0.5 d8m 0.3 d=
Output powsr varaton owver power supply [ 2.0V - 38V, Py =0.5d3m 32 dB
Dutput power vanaton owver femperature 050 - 85°C, Py = 0.5 dBm 1.1 d=
The 2nd harmonic can be reduced fo below regulatony
2nd harmnonic power limits by using an extemal LT filier and antenna. See =14 12m
application note AMO3Z for regulatory reguirements.
The Jrd hamonic can be reduced to below regulatorny
3rd harmonic power limits by using an extemal LT filier and antenna. See -28 12m

application note AMO3Z for regulatory reguirements.




Basic Unknown Concepts:

» Spectral Growth from LINEAR systems
* Gain Compression

» Desensitization

* Intermodulation Products and IP3

" Intro to Noise Figure (NF) — calculation of NF 1n next
lecture.

= Tradeoff between IP3 and NF




Vin2

= Answer: YES, linear TIME-VARIANT systems, as the
(sampling circuit) above!




3
i

n

sin(nir/

Vout(f) = Vina(f) % Y
H=—20

10

1nearities.

t non-1

nir
spectral growth

1me 1mvarian

=D

F

lecture, we focus on t

1S

* Linear TIME-VARIANT systems
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Today: non-linearity, its impact and quantlﬁcatlon
in time-INVARIANT systems

¥() = ag + cax(t) + oax?(t) + asx () + - - -,

= assume {a,} time invariant (otherwise, system 1s time-variant)

" Special case: balanced systems.

Vee
n Vourh
Balanced system = odd symmetry
Qs —» & =0 for j even
in
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L VT
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ELITECTS O1 non-iinearity: Laiil L ompression
20 log Aout # ¥(t) = agx(t) + oax’(t) + asx(r)
o gl
..1dB v(t) = A cos wt

s

>  Y(t)=a,Acos(mt) +a,A’ cos’(wt) +a, A’ cos’ (mt)

A1.dB 20 log A, D
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* For A small (small signal model), term o;A’ negligible...

= For A not small however and o, negative, gain 1s compressed!
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20 IOQ Aout

Ai.d8 20lo

Definition: Level of INPUT signal where
the following holds:

2010
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H;Aid}ji = 20log |@;| — 1 dB
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» Measure of the maximum range of INPUT signal.
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Effects of non-linearity: Desensitization

» Desensitization: a strong unwanted signal at the input

decreases the desired signal output! [compare it with gain

compression]

x(1) = Ay cosant + Arcos wyf

a4

o | 1

J 3 % 3 .
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Non-linearity: Intermodulation

?TT{r

Interferers

{\ Low—-Noise
Desired Amplifier

Channel
/

= 3 power term: if -, small, then intermodulation products
in the vicinity of ®, and o,.

* (Odd power terms: exist in “balanced” systems (no even
terms)!



Non-linearity: Intermodulation

Interferers

¢¥ : Low-Noise
Desired Amplifier

Channel

A 20log(01A)

(6] 270 e oL
oA e
3 L 201log(2 034°)
3034 3 e
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- : o
A / P, 20logA

= Input and output 3" intercept point (IIP3 and OIP3) quantify
the nonlinearity due to 34 power term.



IP3 vs NF Tradeoft Preview
(will be analyzed at the end of the lecture)

= [P3 of each stage is effectively scaled down by total gain

preceding that stage => latter stages become more critical...

= NF: Friss equation indicates that the noise contributed by
each stage decreases as the gain preceding the stage increases
=> first stages are the most critical...

= NF: if a stage exhibits attenuation, then the noise figure of the

following circuit 1s amplified!
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IP3 vs NF Tradeoff Preview

» roughly, greater gain =>smaller NF but also smaller IP3!
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Non-linearity: Intermodulation (1% calc. way)

Interferers
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= Input and output 3" intercept point (IIP3 and OIP3) quantify the
nonlinearity due to 3" power term.

* 3rd power term: if ®1-®2 small, then intermodulation products in the
vicinity of 1 and 2.

= (Odd power terms: exist in “balanced” systems (no even terms)!



Non-linearity: Intermodulation (1% calc. way)
A 20log(01A)
. OIPgf-meof-memmnz
o b
I IE : % ? I I ‘i‘ 8 %%As %20 IOQ(%aaAS)
2(01:~u;2 sz:—ah 7 / iH:-'"s 20 Iog-;
X(t) = Acos(o,t) + Acos(m,t) =
y(t) =ax(t)+ a2x2 (D) +a, X’ )=
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Non-linearity: Intermodulation (1% calc. way)

A 20log(01A)
| p R
- ? ? . %‘asAs 4—‘ i IOQ(%WAS)
TR SR P00 L o
20,0y 205 0 7 / IP; 20 Iog-;
9 3 4|a
a>>=|a, | A =la | Ap==]a, | An, = Apy = 18
1 3 1 1P3 3 1P3 1P3
4 4 3|a,]

= (Calculated at the input of the system (e.g. LNA): input IP3...
= (Calculated at the output of the system (e.g. PA): output IP3...

* Drawback of this method: IP3 1s well beyond allowable input
(e.g. supply voltage)

= Solution: extrapolation (2" calc. way)



Non-linearity: Intermodulation (2" calc. way)
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Intermodulation of Cascaded Systems

1Py 4 1Py o

0| P y, () m 7, (1)
e D
AT ? mAT T l/ 0L1B1AT T

T - () ! - ()
W 0 W , w4 s E ; s Wy W2
3 i 3
S e T
- = ()
20)1 O] 2(02_ W4 ; 2(1)1 — o 2(1)2_ (OF
3
EB:?'((I"‘A)% ‘}
1 -
A 201~ 0 20~ O
“ T T """""" ney g
T -0 =
Wo— Wy ©®y W 2(.01—(02 20)2_0)1
oA
1 g 1 A3
(I L A S
. {5 = () - (1)
© O : 200{= Wy 20y~ M1
2(.01 20)2

= [P3 calculation for multiple stages (cascade).

» [ast products can be omitted in narrowband systems.




Intermodulation: Cascaded Systems?

yilt) = ayx(t) + azx’(t) + ax’ (@)
y2(t) = Biyni(r) + Boyi (1) + Bayi(e),

valty = Bilonx(t) + a2x*(2) + azx’ (1))
FoBzlogx(d) + eax™(t) 4 ax? ()]

+ Bileqxi(t) + aax?(t) + a3 ()]
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= [P3 calculation for multiple stages (cascade).
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Intermodulation: Cascaded Systems?

q III'-; I:E'II'.;I |
Ay = ol T
]|" 3 EI:'_':I.."j'g — :I'.I;-I..I:';'ﬂ: T H:ﬁ%

1 3asBil + [2aiea2Ba]| + |l Bl

: i i el
Apy 4 a1 P

1 3azp; a;
2 T e s 2 1
A% g1 2P ATp3s
I 1 r,rf'
N e ¥ +

) i 2
Aj ps A% pa Afpio



Approximate IP3 calculation for multiple stages
(cascade).

Gain higher than unity scales down IP3 of later
stage =>

...scales down overall IP3 =>

...later stages must have higher IP3 => they become
increasingly important!



Noise Figure

SN R
SN Row

noise figure =

" Noiseless system (ideal) => NF =1 (0 dB).
* Noise Figure of Cascaded Systems (Friis eq.):

| | NF, — 1 NF, —1
th'!'l F'[i:l[ — L T {N.I'Hl] - I) -[_ - _I_ Al "+" :
A,ril it ﬂ,r-'-lr.'r 1)

= NF of a stage decreases with gain of preceding stage =>

= _..initial stages are the most (NF)-critical!



Summary

" [P3 of each stage is effectively scaled down by total gain

preceding that stage => latter stages become more critical. ..

» NF: Friss equation indicates that the noise contributed by
cach stage decreases as the gain preceding the stage increases
=> first stages are the most critical...

* NF: 1f a stage exhibits attenuation, then the noise figure of the

following circuit 1s amplified!
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IP3 vs NF tradeoff

» roughly, greater gain =>smaller NF but also smaller IP3!

29



Epwtoeic?

30



