
Communication Electronics

Lecture 13:

Distortion mitigation



=

Terms α0 ...α5

uoutput (t )
F output(ω)

F input (ω)

Dual−tone drive
uinput (t )=U 1sin (ω1 t )+

+U 2sin (ω2 t )

2ω2

Amplifier

G
η

log∣F output(ω)∣
[dBm ]

=

ω
2
−

ω
1

2
ω

2−
2
ω

1

2ω1 ω
1
+
ω

2

ω1
ω2

2
ω

2−
ω

1

2
ω

1−
ω

2

3
ω

1−
2
ω

2

3
ω

2−
2
ω

1

3
ω

1−
ω

2

3
ω

2−
ω

1

4
ω

1−
ω

2

4
ω

2
−

ω
1

2
ω

1
+
ω

2

ω
1
+
2
ω

2

3ω1

3ω2

4ω1 4ω2

5ω1 5ω2

ω
2
ω

1
+
2
ω

2

ω
1
+
3
ω

2

3
ω

1
+
ω

2

4
ω

1
+
ω

2

ω
1
+
4
ω

2

3
ω

1
+
2
ω

2

2
ω

1
+
3
ω

2
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Radio
Δωsignal≪10%ω0

Supply
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Saturation

IMDmagnitude

Poutput<P supply≪P IPn

Small signals P LIN<P1dB
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P IP3=(10. ..100)⋅P1dB
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P supply # 1 P supply # 2 P supply # 3
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P LIN

P IMD3

Gchain=
Poutput

P input

=∣U output

U input
∣
2

=G1⋅G2⋅G3

Z input=Z output=Z K=50Ω

Saturation α1j⋅α3j<0 → inphase phasor sum!

uinput # j

uoutput # j

Neglecting distortionof distortion :

U IMD3chain=U IMD33+U IMD32⋅√G3+U IMD31⋅√G 2G3

IMDinside anamplifier chain
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Neglecting
distortionof
distortion!
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u IZH=α0+α1⋅uVH+α2⋅uVH
2

+α3⋅uVH
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+α4⋅uVH
4

P IP3chain=
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1
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+
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P IP31⋅G2

Without
filter!

Equation not valid
without interstage filter!

uoutput

uinput

RD1 RD2

U B1 U B2

iD1 iD2

P IP31

G1

P IP32
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FET # 1 FET # 2

um

um=α01+α11⋅uinput+α21⋅uinput
2

uoutput=α02+α12⋅um+α22⋅um
2

Distortion
of distortion
causes IMD!

Improper chain design



P IMD3=
P LIN

3

P IP3
2

P IP3=P IP3(PVIR)

P IIP3=
P IP3

GLIN

P IIP3=P IIP3(P supply ,GLIN )

    

P IMD3input=
P input

3

P IIP3
2

Amplifier

G
P IP3

P input
P LIN

P IMD3

P supply

Areceiver may be heavily overdriven!
The input signal may exceed

Pinput>P IIP3 o r Pinput>P1dBinput

Large signalsmay damage the receiver !

P1dBinput=
P1dB

G1dB

Receiver IMD → all quantities referenced t o the receiver input !

IIP3≡ Input
Intercept Point 3

Receiver IMD



                  

P IIP3chain=
1

1
P IIP31

+
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P IIP32

+
G1⋅G2

P IIP3m

BPF # 1 BPF # 2 BPF # 3

G1

P IIP31

G2

P IIP32

P IIP3m

Antenna

Receiver

Mixer

Harmful amplification?

Opposite requirements for mixer :

(1)NONLINEAR for mixing

(2)LINEAR for large P IIP3m

P IIP3chain≈
P IIP3m

G1⋅G2Receiver Piip3



94MHz 106MHz98MHz 102MHz

log∣F ( f )∣
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f [MHz ]

P IIP3=−20dBm

PN=10 log B+10 log k BT 0+F dB≈54dB.Hz−174dBm /Hz+10dB=−110dBm

PN=−110dBm

P1=−50dBm

P2=−40dBm

P IMD3A[dBm ]=

=2 P1+P 2−2 P IIP3=

=−100dBm

P IMD3B [dBm ]=

=P1+2 P 2−2 P IIP3=

=−90dBm

Inexpensive radio
P IIP3m=−10dBm

G=10dB
F=10dB

B=250kHz

G=0dB

G=10dB

−120dBm

Harmful amplifier



log P IIP3≈log P1dBinput+15dB

log P1dBinput≈log P LO−6dB

Balanced circuit has no
effect on odd-order
distortion nor P

IIP3
 (IMD3)

Balanced circuit suppresses
even-order distortion (IP2)
and RF<>LO<>IF crosstalk

P
LO

P
1dBinput

P
IIP3

+7dBm +1dBm +16dBm

+17dBm +11dBm +26dBm

+25dBm +19dBm +34dBm

Diodne
ring

P LO

RF input
Wideband
transformer

PRF

IF output

u IF=α⋅uRF⋅uLO

Local
oscillator

Wideband
transformer

Doubly−balanced mixer



PMIN=P IMD3=PN≈B⋅k B⋅T 0⋅F

PMAX=Pinput=
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log k BT 0≈−174dBm /Hz

P IIP3

Example :RF spectrumanalyzer

F=20dB=100 & P IIP3=+30dBm

B=10kHz → PMIN=−114dBm

DdB=
2
3
⋅10 log

P IIP3

PN

=
2
3
⋅144dB=96dB

f [MHz ]

Receiver dynamic range



A

BC

B

AB

A

C

B

small

large

moderate

50%

100%

78.5%

~30%
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~50%

Class Distortion Theory
η

Available
η
1dB

uinput

uoutput
RC

iC
uoutput

uinput

U B

BJT
NPN

Bias
point

Dual B

RC→LC

Amplifier class of operation



13dB Saturation

Class Aamplifierlog P
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Small
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P supplyP supply (Class A)
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=
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Class A η1dB≈30%<50%
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uoutput# 1=α0 '+α1⋅(uinput−U 0)≡rectilinear

uoutput # 2 (uinput−U 0)≡even function

uoutput# 2=α0 ' '+α2⋅(uinput−U 0)
2
+α4⋅(uinput−U 0)

4
+α6⋅(uinput−U 0)

6
+...

uoutput=uoutput # 1+uoutput # 2

uoutput uoutput# 1 uoutput# 2

uinput uinput uinput

U 0 U 0 U 0

Anideal class B amplifier has noodd terms3,5,7,9...≡NOT generating IMD :

uoutput=α0+α1⋅(uinput−U 0)+α2⋅(uinput−U 0)
2
+α4⋅(uinput−U 0)

4
+α6⋅(uinput−U 0)

6
+...

U 0≡bias point

Class B transfer function



13dB Saturation

P supply≈P supply1dB⋅√ Poutput

P1dB

η=
Poutput

P supply

≈η1dB⋅√ Poutput

P1dB

≈50%⋅√ Poutput

P1dB

Useful!
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Class B η1dB≈50%<78.5%

log P input
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Real class B IMD
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0001
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√PMIN

√PMAX

π/4−QPSK constellation

Transmitter output stage
operating i nclass B

DAMPS ,TETRA

Even symbols π/4−QPSK

Odd symbols π/4−QPSK

Class B for π/4−QPSK modulation
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P saturation

P supply P supply

P LIN

13dB

P IMD3
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Small
signals

Poutput=0
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ClassC η≈70%<100%

P
IM

D
3

Unstable
region?

GC<G B<G A

Less susceptible t o
secodary breakdown
i n power BJTs !

log P input

[dBm ]

ClassC amplifier



       

           

       

       

Phase−only modulation :

FM
FSK
source

Analog FM (broadcast ) ,GSM

FM
input

A
nt
en
na

Envelope−only modulation :

Modulator

AM
input

Analog AM (broadcast ,CB)

ClassC

ClassC

Separate phase /envelope (highη):

Input

Limiter

A
nt
en
na

A
nt
en
na

ClassC

       Modulator

Envelope
detector

f 0

Constant envelope !

Switching
amplifier

Δ t

ClassC radio transmitters
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α1G⋅α3G<0

α1P⋅α3P>0

IMD3 phasor subtraction

P IP3=
1

1
P IP3G

−
1

P IP3P⋅G

uinput

uoutput

um

um(t)

uinput (t)

um

Predistortion Amplifier
A , ABo r B

uoutput(t)

Analog TV transmitter P IP3

P IP3P

G
P IP3G

F output(ω)F input (ω)

P supply↓

Predistortion transmitter



Signal
amplifier

Error
amplifier

G
P IP3

G
P IP3

Signal
coupler

Subtraction
coupler

Error
coupler

Signal
amplifier
delay

Error
amplifier
delay

Signal
subtraction

Error
( IMD)

Input Output

Two identical
class A

amplifiers

Feed− forward amplifer
UMTS base station



William H. Doherty 1936

Input

Output

λ
4

λ
4

Class
AB

Class
C

Carrier /Main amplifier

Peaking amplifier

Poutput

Cla
ss ACl

as
s B

Doherty

E
ff
ic
ie
nc
y

η

OFDM transmitters for DVB−T & LTE
(+adaptive digital predistortion)

900

900

P1dB→P3dB

Doherty amplifier



−       

RC

iC

U B

uinput

uoutput

CMiller

BJT
NPN

U input
U input

CMiller

U 0

U 0

RSAT

I⋅RSAT

I
jωCMiller

U output

U output

ϕ

Equivalent circuit

Phasor diagram

Phase shift
ϕ=ϕ(∣U input∣)
amplitude
dependent !

F input (ω)

F output(ω)

AM→ϕM conversion

Four−wavemixing
(optical− fiber IMD)

caused exclusively by
AM→ϕM conversion



EVM dB=20 log10EVM

EVM [% ]=√ 〈PN 〉

PMAX

or

EVM [% ]=√ 〈PN 〉

〈PS 〉

√PN

√PMAX

MERdB=10 log10( 〈PS 〉

〈P N 〉 )

16-QAM

√PN

√PN

EVM & MER
include noise,
interference
& distortion!

EVM &MER

Q

I

EVM≡Error Vector Magnitude

MER≡Modulation Error Ratio

AM /ϕM→mutual rotation inside constellation



Large number of
independent carriers :

Rayleigh distribution of the
power probability density

p(P )=
1

〈P 〉
⋅e

−
P

〈P 〉

∣F (ω)∣

ω

N carriersω0 ...ωN−1

OFDM typically N=48... 27265carriers

large PAPR=N → poor efficiency ηTX

PAPR=
PMAX

〈P 〉
=
N 2

⋅P0

N⋅P0

=N

Probability density of large powers

P≫〈P 〉
is extremely small !

Sensible choice for PMAX≈P1dB=?

N≡number of carriers

P0≡single−carrier power

〈P 〉=N⋅P0≡average power

PMAX=N 2⋅P0≡ peak power

Peak−t o−Average Power Ratio(PAPR)



P e (P )=P+P1dB−2√P⋅P1dBcosϕ(P )

〈Pe〉=∫
0

∞

Pe(P )⋅p(P )dP

EVM=√ 〈Pe 〉

〈P 〉
≡Error Vector Magnitude

〈Pe〉≈∫
P1dB

∞ P
〈P 〉

⋅e
−

P
〈P 〉 dP=P1dB⋅e

−
P1dB

〈P 〉+〈P 〉⋅e
−
P1dB

〈 P 〉

EVM≈√( P1dB

〈P 〉
+1)⋅e

−
P1dB

〈P 〉

EVM

0dB 86%

5dB 42%

10dB 2.2%

15dB 0.000078%

20dB 1.9E-19%

ϕ(P )

√Pe

√P1dB

√P

I

Q

Roughestimate {Pe(P )=0 @ P<P1dB

Pe (P )≈P @ P>P1dB
}

10 log10

P1dB

〈P 〉

√P

P e (P )≡measurable but demanding

OFDM backoff
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