UNIVERSITY OF WESTMINSTER

gRabh -

vvyy

WestminsterResearch
http://www.wmin.ac.uk/westminsterresearch

A new approach for non-linear analysis of power amplifiers

Dmytro Bondar*
Djuradj Budimir®
Boris Shelkovnikov?

! School of Informatics, University of Westminster
% National Technical University of Ukraine

Copyright © [2008] IEEE. Reprinted from 18th International Crimean
Conference "Microwave & Telecommunication Technology" (CriMiCo'2008).
8-12 September, Sevastopol, Crimea, Ukraine. IEEE, Los Alamitos, USA, pp.
125-128. ISBN 9789663351698.

This material is posted here with permission of the IEEE. Such permission of
the IEEE does not in any way imply IEEE endorsement of any of the
University of Westminster's products or services. Personal use of this
material is permitted. However, permission to reprint/republish this material for
advertising or promotional purposes or for creating new collective works for
resale or redistribution to servers or lists, or to reuse any copyrighted
component of this work in other works must be obtained from the IEEE. By
choosing to view this document, you agree to all provisions of the copyright
laws protecting it.

The WestminsterResearch online digital archive at the University of Westminster
aims to make the research output of the University available to a wider audience.
Copyright and Moral Rights remain with the authors and/or copyright owners.

Users are permitted to download and/or print one copy for non-commercial private
study or research. Further distribution and any use of material from within this
archive for profit-making enterprises or for commercial gain is strictly forbidden.

Whilst further distribution of specific materials from within this archive is forbidden,
you may freely distribute the URL of the University of Westminster Eprints
(http://www.wmin.ac.uk/westminsterresearch).

In case of abuse or copyright appearing without permission e-mail wattsn@wmin.ac.uk.




A NEW APPROACH FOR NON-LINEAR ANALYSIS
OF POWER AMPLIFIERS

Dmytro Bondar', Djuradj Budimir' and Boris Shelkovnikov?
1-Wireless Communication Research Group, University of Westminster
115 New Cavendish Street, London, UK, W1W 6UW
2-National Technical University of Ukraine (‘KPI’)

37 Pobedy Avenue, Kiev, Ukraine, 03056
E-mail:bshelk@gmail.com / D.Bondar1@westminster.ac.uk

Abstract — This paper presents a new approach for non-linear
analysis of power amplifiers based on the n-order polynomial
modelling. A general expression for the fundamental frequency
output is developed in this paper. It allows considering any order
of polynomial model and obtaining analytical expression for the
fundamental-frequency output without complex computations,
using developed formulas. This model significantly simplifies non-
linear analysis of power amplifiers and the process of designing
linearizers. This paper also presents a simple approach for ob-
taining polynomial mode! from a frequency response of power
amplifier. The proposed method is verified by experiments. Ob-
tained polynomial model shows simulation results similar to the
measurements for real amplifier. Developed n-order output mod-
elling and proposed model extraction method can significantly
simplify, optimize and enhance power amplifiers’ non-linear
analysis and behavioural modelling. Proposed modelling ap-
proach can be also used to design linearizers.

I. Introduction

New demands to communication systems require en-
hancement of power amplifiers’ performances, such as
widening dynamic range and even operation in saturation
mode without distortion. To satisfy these requirements,
linearizers are used [1]-{2]. While designing a linearizer for
particular amplifier, non-linear analysis and output distor-
tion modelling are carried out. Therefore, simple, quick
and accurate methods for behavioural modelling and non-
linear analysis are required.

Usually power amplifiers (PA) are represented by a
Winner or Hammerstein model, which consist of a non-
linear memoryless block and a linear FIR filter [3]. Filters
are used to represent memory effects and polynoms in
the memoryless blocks denominate PA non-linear distor-
tions. The higher order of the polynom is considered, the
more accurate PA behaviour model is, and the more effi-
cient and precise linearizer can be designed. Therefore,
there is a growing demand of straightforward methods for
obtaining the output signal analytical model using high-
order polynomial representation of PAs. Also, simple
methods are required for extracting a PA polynomial
model from the real measurements.

This paper presents a new approach for PA non-linear
analysis, aimed at obtaining analytical expression for the
output signal using high-order polynomial model. In litera-
ture 3" and 5" —order polynoms are usually used for rep-
resenting PA distortion [1}-[2]. Therefore, analytical model
for output distorted signal for the 3" and 5" orders are
well-known. However, there is a lack of such knowledge
for the high-order models. This paper aims to compensate
for this shortage and develops a general n-order polyno-
mial model for the PA output, where n can be as high as
necessary for the required accuracy. The precise formulas
up to 19"-order are presented in the paper.

Moreover, this paper describes a simple and accurate
approach for obtaining PA polynomial model from its fre-
quency response. This approach is verified by experi-
ments and shows good performances. The obtained
model produces simulation results close to the measured
PA performances.

II. Proposed Approach for Polynomial
Model Extraction

PA non-linear output is usually represented by a poly-
nomial expression [1]-[3]: .

Vorr @ =8, Vin(® (1)
n=1

Where Vjy is the input voltage of PA and g1, g2, g5...
are coefficients of the nonlinear terms. The model (1) al-
lows obtaining mathematical formulas for distortion com-
ponents of a signal, when PA operates in a non-linear
mode.

Consequently, for the non-linear analysis, behav-
ioural modelling and linearizing of PA, g-coefficients
need to be extracted. This section describes a devel-
oped approach for obtaining polynomial model for a
power amplifier from its frequency response.

For a tone input signal Vin(f) = V-cos(wf). Considering
the first three elements in (1) after applying trigonometric
relations, PA output looks like:
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According to (2) the output signal includes second and
third harmonics apart from the fundamental tone. An ex-
ample of such response is plotted in Figure 1.
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Figure 1. Typical frequency response of a PA
in saturation

Using this graph and expression (2), it is easy to
determine g-coefficients for the polynomial model (1).
From the frequency response (Fig. 1) amplitudes of the
harmonics can be obtained: Veunp, Vsec, Vruiro... Than,
using (2), the system of equations can be written:
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From (3) the coefficients g1, g2, gs... are obtained.

lil. Proposed n-order Polynomial Output
Modelling

Real power amplifiers can be presented by polynomial
models, which have larger number of elements. This
makes theoretical analysis of the distorted ouEEut products
extremely complicated. In literature 3 and 5"-order poly-
nomial models are usually considered [1]{2]. Therefore,
analytical expressions for the 3 and 5™-order of PA out-
puts are widely known. But there is a lack of such knowl-
edge for the high-order polynomial models.

This section presents a developed general analytical
expression for the fundamental-frequency output of n-
order PA polynomial model.

The modulated input signal with variable amplitude

Vs(f) and phase @(f) can be written as:
Viv (1) =V (2) - cos(wt + ¢(1)) (4)
Using / and Q components, (4) looks like:

Viw@) =V -(I-cos(wt) — Q -sin(wt)) ®)

where: /= 5. cos( (1) 20 = 2. sin( )

V = average(|V,(t)|) - Therefore, average(I* + Q%) =1.

After substituting (5) into (1) and applying trigonomet-
ric relations, the PA output looks like:

Vlg 12 VZg Q2
Vour ()= N
our (1) ={ 5 5
+ {Vg,(I cos wt — Q sin wt)
N Iig,(IP+ Q%)

}
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Here, DC, second and third harmonics are not inter-
esting for consideration because they can be easily fil-
tered at the PA output. However, fundamental frequency
distortion is very important:

TABLE |
MEMBERS OF THE DEVELOPED SERIES

b; | by | by bis bis by big

35 | 63 | 231 [ 429 | 6435 | 12155 | 46189
64 | 128 | 512 | 1024 | 16384 | 32768 | 131072

sw| g
| g

In (7) distortion components produced by the even
terms of the PA model are not present, therefore distortion
at the fundamental frequency is caused only by the odd
terms. (7) can be rewritten in another way:

VO‘Z/UTND =g Viy@®)+ ngllj;vTD ®) ®)

Where:

3V 2g. (I? 2
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©

Because only odd-terms produce distortion at the fun-
damental frequency, the even ones will not be considered
further. Carrying out similar mathematical calculations for
the 5™-order polynomial model, it is possible to obtain the
next term:

4 2 2\2
5Vig (I’ +0%) V0
8 (10)

FUND
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The 7"-order term will produce:

35Veg, (I* + Q%)
=202y g
64 (11)
Having considered the third (9), fifth (10) and seventh-
order (11) distortion components, it is possible to find
regularity in their expressions. Using mathematical induc-
tion the general formula can be found:

Kf%fmsr(ﬂ = b2k+lV2kg2k+l (I’ + Qz)k Vin (@) 12)

Here k=1, 2, 3... and b1 is @ member of the mathe-
matical series, which will be described bellow.

Using (8)-(12) the accurate formula for PA output at
the fundamental frequency can be found for the n-order
polynomial model:

VOFUUTND O =g V()

n (13)
+ (ZbZkHVugZIu-l I+ 0H")- Vi (8)
k=1

Here, the first term is undistorted linear output and the
second one represents distortion. bz is @ mathematical
series of coefficients near the corresponding terms. Using
Matlab the first nineteen members of the b-series has
been found. Tab. | presents the odd terms. Series bk
and formula (13) allow considering as many polynomial
elements as necessary for the required accuracy.

IV. Experimental Verification of the
Proposed Approach

FUND .
Vour~ (1)=Vg, (I cos ot - Qsin o1) @) In order to verify accuracy of the proposed modelling
33 g,( I + 0% . method, experiments with power amplifier in saturation

+ —4—(1 cos ot — O sin ot) using harmonic test and 16-QAM digital modulated signal
were carried out. Experimental equipment, shown on
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Fig. 2, consist of power amplifier ZFL500, analog signal TABLEII

generator Hewlett Packard A6488, spectrum analyzer MEASURED OUTPUT HARMONICS FOR ZFL500 VS Pieyr
Hewlett Packard 8594EM, digital modulated signal gen- Piveut, | Veuno, | Vsee, | Vruiro, | VeourtH, | VEETH,
erator Agilent E4433B and vector signal analyzer VSA dBm | dBm | dBm | dBm dBm dBm
Agilent E4406A. =T 106 0 0 0 0
-5 155 | -25 0 0 0
0 204 -16 -23 0 0
3 23.2 -9 -15 0 0
5 248 -3 -8 -24 0
7 26.0 4 -2 -16 0
8 26.5 6 0 -14 -22

&0 oo

b

Figure 3. Measured frequency response
of ZFL500 at 8 dBm output

Figure 2. Experimental test bench =
o
e

Initially, an RF tone with frequency 500 MHz has been
generated and passed thought the PA. According to the
PA data sheet, ZFL500 has 21 dB gain and a 1-dB com-
pression point at 10 dBm output.

In order to obtain g-coefficients for the amplifier model,
a frequency response has been generated (Figure 3).
Measured amplitudes of the harmonics for different power
levels are presented in Table ll. From Table Il the initial
coefficients for the amplifier model were obtained accord-
ing to procedure described above (3):

— — MeasuredH

/ —Modelled[]

Output signal (V)
O = N Ww Do~
\

el

o

0.2 04 06 0.8 1

Input signal (V)
g =105 g, =-45 g;=-1
' ' ’ Figure 4. Transfer characteristic for ZFL500:
At fundamental frequency for the 5 order polynomial measured and obtained from the developed model

model, (13) gives general expression for the output: 0
FUND 3 3 5 5
Vour @)=8 - Va@®+=g, - V'in@®)+=g5-V w(t) g0
4 8 (14) g -15 dBm ™
T <20 /

Therefore, output distortion model for ZFL500 looks é FHAH
like: -40 I
Vi) =10.5-V,y () =3.3-V’ w(t)=0.6-V°w(t) (15) 0 n TVW il

; — . L e wa
. . . -2 -1 0 1 2

This model has been verified by comparison of the Frequency (MHz)
measured and modelled characteristics of the power am-
plifier: transfer function (Figure 4) and the 16-QAM output Figure 5. Simulated 16-QAM output spectrum for
spectrum (Figures 5-6). the developed ZFL500 model
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Simulations of the PA model (Figures 4, 5) have been
carried out using Matlab-ADS co-simulation system. Here,
proposed PA model was implemented in Matlab and then
called from ADS during the simulation. Comparison of the
simulated and measured results (Figures 4-6) allows mak-
ing a conclusion that the developed polynomial behav-
ioural model of power amplifier is accurate and can be
used for simulations in place of the real device.

Spectrum (Freq Domain)
Ref 30.08 dBm
Ref 30,80 dBm Mkr o1: 500.000000MHz 3
10.90" -16.19d8m
d8/

Trig
Free

ettt St
LF 500.800 MHz

Figure 6. Measured 16-QAM output spectrum
for ZFL500

V. Conclusion

This paper presented a new approach in PA behav-
ioural modelling and non-linear analysis. The simple and
reliable method of polynomial model extraction from a
power amplifier frequency response has been presented. A
new approach in modelling PA output has been developed.
General n-order polynomial model for the output signal has
been presented. The obtained expression allows making
quick, simple and accurate analytical prediction of the out-
put distortion at fundamental frequency by analytical formu-
las, which can be implemented to any power amplifier and
any order of polynomial model. The new mathematical se-
ries by, representing coefficients in output signal series has
been developed. Obtaining its general or recursive formula
will be one of the directions for future work. This series can
be used in a non-linear analysis of PA. It gives straightfor-
ward prediction of the PA output signal in a saturation
mode. The proposed modelling approach has been verified
by experiments. The experimental results for a tone input
signal as well as 16-QAM modulated signal proved the
accuracy of the proposed method.
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AHHOmauyus — [laHas cTaTbsl ONMUCLIBAET HOBLIA METOA He-
NWHEAHOTO aHanu3a yCUnuTenen MOLUHOCTM, OCHOBaHHbIA Ha
NONMMHOMUANEHOM  MOAENUpoBaHUM n-ro nopspka. B cratee
paspaboraH obwmin BUA hopMysbl, ONUCHIBAIOLLEA BbIXOAHOM
curHan Ha OCHOBHOW vacToTe. MeTop no3BonsieT paccMarpu-
BaTb Nobylo cTeneHb NONMHOMUAnNLHOW MOAENW M NonyvaTb
aHaNUTUYECKOe BbIPaXEeHWUE ANS BbIXOQHOIO CATHaNa OCHOBHOM
4acToThl 63 CroXHbIX BBIYMCIEHUIA, UCMOMb3YS NPEAoXKEeH-
Hyto oopmyny. [laHHas MoAenb CyLUECTBEHHO YNPOLLGET Henu-
HEViHbIA aHanu3 ycunutenen MOLLHOCTU U NPOLECC NPOeKTMPO-
BaHUA nMHeapu3aTopos. B cratbe Takke npeanoxeH NpocTom
noaxoa AN NOMY4YEHWUs NONMHOMMUANBHOW MOAENU W3 YacToT-
HOI XapaKTEePUCTUKN yCunuTenei MOLUHOCTU. MpeanoxeHHbIH
METOA NOATBEPXAEH 3KCnepuMeHTanbHo. Pesynbtathl Moge-
NUPOBaHUA NONYYEHHOW NONMHOMUANBHON MOAENU COBMafaloT
C pesynbTaTami M3MEPEHUA XapaKTepPUCTUK YCUNUTENs MOLL-
HoCcTU. PaspaboTaHHas BbIXOAHAs MOAenb N-fo nopsaka
NPEeAnOXEHHbIA METOA U3BMEYEHWUS! MOAENM MOTYT CYLLECTBEH-
HO yNpOCTUTb, ONTUMMW3UPOBATL W PACLLMPUTL BO3MOXHOCTU
HENMWHEHOro aHanuaa ycunureneid MOLHOCTU W BuxeBupy-
anbHoro MoaenuposaHus. OnuUcaHHbIN MOAXOA MOAENUPoBa-
HUS MOXET ObiTb Taloke NPUMEHEH ANA NPOEKTUPOBaHUS Nin-
Heapus3aTopos.
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