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Nonlinearity Issues

Definition (2.1.2)
Modeling Nonlinearities

Effects of Nonlinearity
— Harmonic Distortion
— Gain Compression
— Intermodulation

Characterization of Nonlinearities

Cascaded Nonlinear Stages
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Linear and Nonlinear Systems

« A system is said to be linear if it follows the superposition rule:

If

then

aX,(t) + bX,(t)

\_

e aY, () + bY,(t)

\

J

» A system which is not linear (i.e. does not follow the
superposition rule), is nonlinear
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Example - |

Vout =G * Vin

A cos wit ~> G * Acos wit

(1) -w1 0 W1 (l)

Output contains the same frequency
components as input, they are just stronger
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Example - I

Vout =G * Vin

A cos wqt G * Acos wit
B cos w,t G * B cos w,t
i\‘} | ?i T T
|
0 >

w2w1 () 0 w, Wy )]

Both inputs are amplified by the same amount
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Example - |l

Vout = G(Vin) * Vi
ou (Vin) * Vin Ki cos (2w4-w, ) t

B’ CcOS wzt B” COS (1)21:
Ko cos (2w,-wq ) t

Input signals are stronger now

l — Diffe.r.ent t(_)nes are
T — A amplified differently
o L a'wml -

\ New frequencies

appear at the output
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Always check....

* |In reality, systems behave linearly only under specified
conditions

— Input level
— Bias
— Load impedance

» Always check if these conditions are met before
assuming linear operation!
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Time Variance

* A system is time-invariant if a time shift in its input
results in the same time shift in its output.

If (o) = 1 [x(1)]
then y(t-T) = F[x(t-T)]

* Time-variant = response depends on the time of origin.
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Nonlinearity Issues

* Definition
Modeling Nonlinearities (2.1.3)

Effects of Nonlinearity
— Harmonic Distortion
— Gain Compression
— Intermodulation

Characterization of Nonlinearities
Cascaded Nonlinear Stages
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Nonlinearity: Memoryless and Static System

* The input/output characteristic of a memoryless or
static nonlinear system can be approximated with a
polynomial.

y(t) = ax(t). <:  linear

y(t) = ao+ arx(t) + a'zgz"z(f) - 031,3(” + .. <:| nonlinear
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Why model? Why not the “right” thing?

* Nonlinearities often have physical origins.

« For analysis and computer simulation purposes, the physical
phenomenon should be described by a mathematical model.

* Here we use Taylor Series for modeling nonlinearities:

Vout(t)= a, Vi +a, Ve +a; V3 +...

a,
a,

o

OV OVl

02V, 3V, 2]

33V 3V,

’]
out N J\jin=0

* Accuracy of a model is usually limited to the range of input level
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Example

* RF amplifiers usually exhibit nonlinear behavior for
large input signals, typically as shown below

We will approximate this behavior with a Taylor serier
expansion
Vou=9, Vi, +a, V2 +a; V3 +...
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Example

Linear Approximation

H

— Valid for limited input levels
— a, is often called linear gain

Vout = 01 Vin
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Example

More terms should be added
as we wish to extent the validity
of the model

Vout = a4 Vi, + a3 V3,
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Example

More terms should be added
as we wish to extent the validity
of the model

Vour=9ay Vi, +a; V3, +a; V5,

out

15
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Nonlinearity Issues

Definition

Modeling Nonlinearities

Effects of Nonlinearity
— Harmonic Distortion (2.2.1)
— Gain Compression
— Intermodulation

Characterization of Nonlinearities

Cascaded Nonlinear Stages
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Effects of Nonlinearity

« Consider a nonlinear system

X(t) % y(t)= d; Vin + V2in + 43 V3in+"'

Let us apply a single-tone (A cos wt) to the input and
calculate the output:

y(t) = ajAcoswt + s A% cos? wi + a3 A’ cos® wi
| as A 2 a3 A 3
= aiAcoswt + > (1 + cos2wt) + 1 (3 coswt + cos 3wt )
vo Al 3a3 A® vo A v A3
= a% + (apl +§1 ) CoS wit + szﬁcos 2wt + Oilﬁcos Jwt.
[ DC ] [Fundamental ] ( Second Third

Harmonic Harmonic
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Effects of Nonlinearity

y(t) = ayAcoswt + ap A% cos? wi + azA® cos® wi

as A 2 a3 A 3

(1 + cos2wt) + (3 cos wt + cos 3wt )

= «aiAcoswt +

Ly + ( 1A+ 3(\3‘/‘13) cos wt + cos 2wt +
2 a1 4 W 2 Wi 4

o o o o

[ bc | [Fundamental | [Second J[ Third }

cos 3wt.

Harmonic Harmonic

 Observations:

— Even-order harmonics result from a, with even j, and
same for odd

— nt" harmonic grows in proportion to An
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Example 2.6

The transmitter in a 900-MHz GSM cellphone delivers 1 W of power to the antenna.
Explain the effect of the harmonics of this signal.

Solution:

The second harmonic falls within another GSM cell phone band around 1800 MHz and
must be sufficiently small to negligibly impact the other users in that band. The third, fourth,
and fifth harmonics do not coincide with any popular bands but must still remain below
a certain level imposed by regulatory organizations in each country. The sixth harmonic
falls in the 5-GHz band used in wireless local area networks (WLANSs), e.g., in laptops.
Figure 2.8 summarizes these results.

GSM1800 WLAN

Band Band
J | N _
0.9 1.8 2.7 3.6 4.5 54 f(GH2)

Figure 2.8 Summary of harmonic components.
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Harmonics: less problem in real circuits,
matching network works as a filter.

Duplexer

cosMct _| Matching |
sin .t Network ‘

XBB,Q(t) o—p
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Nonlinearity Issues

Definition

Modeling Nonlinearities

Effects of Nonlinearity
— Harmonic Distortion
— Gain Compression (2.2.2)
— Intermodulation

Characterization of Nonlinearities

Cascaded Nonlinear Stages
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Gain

* We define gain as ratio of signal levels at the same
frequency

(a4 +3/,03A%) A,
A.

INn

X(t) £ A, cos wt ‘[% Y(t) =¥ 50, A%,

+( a, +3/,05 A2 ) A, cos wt
+ ¥ ,0, A% cos 2wt
+ Y ,045 A3, cos 3wt + ...

Gain= =q, +3/,0; A%,
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Gain

* We define gain as ratio of signal levels at the same

frequency
o (a,+3/,05A2 ) A
Gain= 1 AR ARLS a; +3/,0; A%,
Ain
AOU . .
A For small input levels, gain is a,
( and it is linear
Ain
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Gain (expansive)

* We define gain as ratio of signal levels at the same
frequency

(ay +3/,05 A%) A

in

Gain= A = 01 + 3/4C13 A2in
IN
Aot | 013> 0 For larger input levels,
depending on sign of a,a,
Q; dominant v _
gain may expand
( A; dominant
-
Ain
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Gain (compressive)

* We define gain as ratio of signal levels at the same

frequency
o (ay+3/,0,A2 ) A,
Gain= A —'= a; +3/,0; A%,
in
A, %q03<0 For larger input levels,
) depending on sign of a,a;,
A; dominant A, dominant :
gain may expand or compress.
( ,/ Many electronic systems

have compressive gain behavior.

L

Ain
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Gain Compression (1dB, P, g,P_14z)

* Eventually at large enough signal levels, output power
does not follow the input power

A 20log |a + %agxl?ml(,B = 20log|a| — 1 dB.
20|OgA out ",+ ~
pm=beee 1

i 1dB fﬁl-é-‘rz..,ldB — \/0145 —
a3

The P14s point correlates well to
loss of linear behavior, getting out-
of-spec in standards (EVM,
- ACPR, etc.) so for linear
20l0gAin  gpplications, operation beyond
this point is useless.
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Effect of compression for FM/PM and AM-modulated
signals

* FM signal carries no information in its amplitude and
hence tolerates compression.

* AM contains information in its amplitude, hence
distorted by compression

Frequency Modulation

Amplitude Modulation

W/\N\/\fv%rmmm
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Example 2.7

A 900-MHz GSM transmitter delivers a power of 1 W to the antenna. By how much must
the second harmonic of the signal be suppressed (filtered) so that it does not desensitize a

1.8-GHz receiver having Pigg = —25dBm? Assume the receiver is 1 m away (Fig. 2.13)
and the 1.8-GHz signal is attenuated by 10dB as it propagates across this distance.

900-MHz 1.8-GHz

GSM TX RX

PA )) ) LNA
|
0.9 1.8 f
(GH2)
- o
1m

Figure 2.13 7X and RX in a cellular system.

Solution:

The output power at 900 MHz is equal to +30dBm. With an attenuation of 10dB, the
second harmonic must not exceed —15dBm at the transmitter antenna so that it is below
Pi4p of the receiver. Thus, the second harmonic must remain at least 45 dB below the
fundamental at the TX output. In practice, this interference must be another several dB
lower to ensure the RX does not compress.
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Nonlinearity Issues

Definition

Modeling Nonlinearities

Effects of Nonlinearity

— Harmonic Distortion

— Gain Compression

— Intermodulation (2.2.4)
Characterization of Nonlinearities

Cascaded Nonlinear Stages
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Why do we care about intermodulation?

* Communication systems often use the available
frequency band to transmit multiple channels

* What happens to these signals when the transmitter
exhibits nonlinear behavior?
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Intermodulation (IM)

For ease of analysis we only consider two channels

w w

1 2

and approximate them as single-tone sinusoidal

31
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Intermodulation

A, cos w,t + A,cos w,t |£

A
1
€€

Third Order Intermodulation (IM3)
products

32

a,(A, cos w,t + Acos w,t)
+ 0,(A, cos w,t +A,cos w,t1)2
+ 0,(A, cos w,t +A,cos w,t)3

=Y ,a, (A2, +A2,)

+[a, +3/,0, A2+ 3/,0, A2, ] A ,cosw,t
+[a, +3/,0, A2+ 3/,0, A2, ] A cosw,t
+ [a,AA,] cos (w,w,)t

+ [V ,a, A2, ] cos 2w,t

+ [V ,a, A2, ] cos 2w,t

+ [3/,0, A2,A,] cos (2w, +w,)t

+[3/ 495 A22A1] coS (2wg+w1)t

+ [3/40_3 A21A2] CcoSs (2(1)1'0)2)1:
+[3/,0, A2,A ] cos (2w,-0. )t

+[¥ , 05 A3, ] cos 3w,t
+[¥ , 05 A3, ] cos 3w,t
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Intermodulation

Fundamental components:

3 3 3 3
w=wi, Wy . (O‘lz’ll + Zagl‘;’ + 5(1&11‘1%) coswit + ((1’11’12 + Z(\gl% -+ 5(1&1}1%) COS Wyl
Intermodulation products:
3a 3A1% Aj 3a 3:’1% Ay
w = 2uv’1 + W . 1 COS( 2«.01 -+ uu’z)f -+ 1 COS(ZUJl — uv’z)ll
3a3 A A3 3as A Ab
w = 2w’2 + Wi - 0341 2 COS( 2w’2 + u)])f -+ 0341 2 COS(ZUV’Z — w’l)ll
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Intermodulation

34

27

s
(1)1 (1)2 w

PO P SN
A
q>

27

(1)1'*' O fe=

2 (1)2 - (1)1
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Intermodulation

* IM3 products do not interfere with main tones, so why
should we be worried?

* They interfere with adjacent channels!

* Intermodulation products are troublesome both in
transmitter and in receiver.

interferer |

% ‘i 2w — Wy = W
| desired |

(1)0 (t),I (1)2 W (1)0 (t),I (1)2 )

35
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Intermodulation

Suppose four Bluetooth users operate in a room as shown in Fig. 2.17. User 4 is in the
receive mode and attempts to sense a weak signal transmitted by User 1 at 2.410 GHz.

Example 2.9 (Continued)

At the same time, Users 2 and 3 transmit at 2.420 GHz and 2.430 GHz, respectively. Explain
what happens.

User 2

X2
—DY User 3
TX3 j’?
User 4
User 1

241 242 243 f(GH2)

Figure 2.17 Bluetooth RX in the presence of several transmitters.

Solution:

Since the frequencies transmitted by Users 1, 2, and 3 happen to be equally spaced, the

LINKOPING i ion i i i
II ° UNIVERSITY intermodulation in the LNA of RX4 corrupts the desired signal at 2.410 GHz.




Nonlinearity Issues

Definition

Modeling Nonlinearities

Effects of Nonlinearity
— Harmonic Distortion
— Gain Compression
— Intermodulation

Cascaded Nonlinear Stages
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Characterization of Nonlinearities
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Intermodulation - Characterization

« We generate a test signal for Intermodulation characterization
— Test Signal : A, cos w,t + A,cos w,t =Acos w,t +Acos (w,+Aw)t
— Assumptions:
e A=A =A this is called

A a two-tone test
AW =Wy~ W,

« We write the output signal again (after filtering high frequency components)
Out = [3/,a, A3] cos (w,- Aw)t Aw
A A
+[a,A +9/,a, A3] (cosw,t +cos (w,+Aw)t)

+[3/,04 A3] cos (w,+2Aw)t

Aw Aw
1) Frequency separations are the same T T

2) Before compression, main tones grow with A and IM3 products grow with A3
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Intermodulation - Characterization

Recall the Pin-Pout plot, and let us draw the main
tones and the IM3 products

20logAout |

This line shows power

of the main tone(s) _
What is the slope? ~ I

These lines indicate how -
much the IM3 products This line shows power 20logAin
are lower than the main of the IM3 products

tone(s), in dBc

What is the slope?
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Example

If we measure relative IM3 to be -25 dBc at output
power of 20 dBm, what would it be at 22 dBm?

20109A out
0gAout A P+ increased by 2 dB (1:1)

IM3 increases by 6 dB (1:3)
» difference decreases by 4 dB,
=>-21 dBc

-
20logAi,
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Intermodulation — Intercept Point

We notice that relative IM3
level should always be
specified for an output
power level

20logAout A

How to indicate linearity of a
system by just one number?

ot
20logAi,
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Intermodulation — Intercept Point
OIP3[dBm]=IIP3[dBm] + G[dB]
OIP3[dBm]=P.[dBm] + 0.5AP[dB]

20l0gAout A 3rd Intercept Point

OUTPUT 20log(04A) (J
3rd Intercept Point A oIP3 9

(01P3)

20|og(%(x3A3)

' .
AIlP3  20l0gA;,

INPUT i
3rd Intercept Point (lIP3)

II “ LINKOPING TSEKO02 Radio Electronics 2018/Ted Johansson
o UNIVERSITY



43

Intermodulation — Intercept Point

‘ a.r ’l 9 | —_— § af ’/13
OQutput | Y1A7TP3| — 4" 341711pP3
Amplitude
20log(c4A) 1
L e Ajpz = 1| = a1
/ 3 3 las
- ; 20Iog(%(x3A )
§ Arps 4
' - ) — —
/ Allp3 Ai, At1ap 0.435
(log scale) ~ 9.6 dB.
Acu | Ao,ps‘. _____________________________
Qo >
' “IM5

- E -
Ain Alp3 Ain
(log scale) / (log scale)
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Intermodulation: IP3 and P14B

Arrps _ 1
A48 0.435
~ 9.6 dB.

* Under ideal conditions, the IP3s is 9.6 dB higher than
the P1dB point (compression).

* So if you know one of these number, you can
estimate the other!
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Intermodulation — Intercept Point ¢

For a given input level (well below P1dB), the IIPs can be
calculated by halving the difference between the output
fundamental and IM levels and adding the result to the input
level, where all values are expressed as logarithmic quantities.

A Fundamental
A olp3
Ag
3(20l0gA jp3 = 20109A jn1) T T ‘AP
F W, Wy O
20, . 5 2(1)2'— o4
Am
: ’ APlgs
: - P, . = + P,
TAin1 Aups A, 3|dBm 2 '"|dBm

(log scale)
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Nonlinearity Issues

e Definition

Modeling Nonlinearities

Effects of Nonlinearity
— Harmonic Distortion
— Gain Compression
— Intermodulation
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Characterization of Nonlinearities
Cascaded Nonlinear Stages (2.2.5)
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Cascaded Nonlinear Stages

P, 4 lIP; ,

x(t) \| N 4
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Cascaded Nonlinear Stages

* Considering only the first- and
third-order terms, we have:

Y2(1) = a1 Bre(t) + (a3 + 2103 + Q’:l))i“f_‘fg).l"g(f) + -

4

. Thus:  (Eq.2.47)  1m =3

a

a3

0'151
O’g‘c’))l -+ 2(1‘1(1‘2-:))2 + 1':))3

1
Arps = \ 3
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Cascaded Nonlinear Stages

« A more intuitive view: square and invert the two sides

of the equation

Aips1and Alps ,

represent the input IP3s
of the first and second
stages

1

2
IP3

0‘351 -+ 20’10’2.‘:’32 -+ 0113))3

a1 ‘51

Q 2cv0 3 a3
3 n 2/%2 st 3

= W= w

1 3z 3 a’%

A2 A2
Afps 231 Afp3

=> The higher gain of the first stage, the more
nonlinearity is contributed by the second stage.
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Cascaded Nonlinear Stages

2 232
» For more stages: 1 ok a3
Afp3 Afps1 4fp32 4ip33

 If each stage in a cascade has a gain greater than unity, the
nonlinearity of the latter stages becomes increasingly more
critical because the IP3 of each stage is equivalently scaled
down by the total gain preceding that stage.

1 1 . G ,GG
PR3, 1IP3, 1IP3, IIP3,

» The higher gain of the first stage, the more nonlinearity is
contributed by the second stage.

« Note that IIP3 and OIP3 are related through gain.
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