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Abstract: terms continuous and discrete correspond to arehog
In this paper, the experimental and the modellindigital are often used in data communications sash
investigation of nonlinear RF power amplifier aredata transmission and signals [5].
presented. A cross-covariance calculation waslfirstin general, any amplifier, when driven into a sgon
being applied to the raw signals sampled at theid®ev nonlinear condition, will generate amplitude andagdn
Under Test (DUT) input and output to cancel theetimdistortion [6]. This is characterized by the amyli¢
delay. The behavioural polynomial model used geas modulation conversion (AM-AM) and phase modulation
the system identification is characterized by theonversion (AM-PM) which represents a variatioritia
Normalized Mean Square Error (NMSE). Thesg@hase and the amplitude of the transfer charatiteds
measurements are performed on a GaAs MESFET powibe power amplifier output level becomes near the
transistor operating in class AB, driven by QPSgnal compression point [7]. The spectrum resulting from
at 1575MHz. To accurately identify the memory effec nonlinear amplification has a stepped appearandd, w
a time delay estimation study based on cross-canveei each step corresponding to a higher order of distor
and Lagrange interpolation, was used to align tipauti  [8]. These steps are known as spectral regrowth
and output raw baseband data. The results showd gsidebands or adjacent channel power (ACP) [9].
agreement  between  measurement, conventionatermodulation distortion (IM), or spectral regittmare
polynomial model, and the orthogonal polynomiatonsidered as the mainly problem of adjacent cHanne
model. interference [10], indeed, transmitter power anmgalif
(PA) linearity is often specified in terms of denaéation

Key words power amplifier, polynomial model, error rates, rather than ACSR (adjacent channeitispe

orthogonal basis, memory effects, numerical stgbili ~ regrowth)[11]. _ _
There are some standard issues that affect theatiquer
| INTRODUCTION and design of any nonlinear power amplifier such as

standard modulation formats encountered in wireless
communications systems. The more used modulation

The cellular revolution is the significant reasanthe . . X
. . . format is ther/4 DQPSK used in the North American
rowth of the mobile phone market. The first getiera - . )
g ‘e p "St9 igital Cellular system (NADC), which present a

wireless phones used analog devices technologdy, : : :
although their inconvenient they demonstrate ompromise beree“ the_ h'_gh channel capacity awd lo
successfully their flexibility with mobile envelope amplitude variation. As mentioned in the

communications system [1]. The actual Wirelesgterature[12][13], it is p(_)ssible to _empl_oy them
nvelope approach to estimate the distortion leivetbe

generation systems are built using digital device o .
technology. The digital system provide much mor F power ampllfler_PA to well gnalyse any modulat|o
traffic, better reception quality and security Ibveé[}??i’pgﬂso2'}!;@3&?53?2?;":Sergj;grraeuj'r)éeduadit
d to th I t 1]-[4]. Th ) _amtd.
compared to the analog systems [L]-{4] © Curremodulatlon (QAM), the quadrature phase shift keying

wireless generation can deliver a wide varietyest/ges : )
by access to the internet services in which camadgpl (QPSK).’ and the 16'Q.AM for mo_b|Ie ra@o sys;emseTh
use of linear modulation format in mobile devicé®io

high information rates for different frequency raagFor _ ; : s

the next generation wireless devices, developmiott e requires a highly I|near_ an_1p||f|cat|on, th_ereforthe

in digital technologies makes use of higher freaiesn major reason fo_r em_ploylng lenear SChe”‘.e. 1.€. narrow

to increase capacity of support. The signal intgrian channel bandvv_ldth is the spectrum eff|_c|ency. Some
systems require the use of multiple channels

analog signal varies in a smooth level over timtheuit §imultaneously such as on traveling wave tube
any discontinuities compared to the digital signa o
y P g g mplifiers (TWTAS) [14].

intensity which keep a constant level for some tim@
period then changes to another level. Indeed, We t



The multicarrier transmitters using a multiple wsvr polynomial model [11]. The input and output power
band carriers for transmitting a high bit rate datlhout amplifier measurements for an excited QPSK signal a
require for an equalizer. The modulation formatdubg used for these Polynomial models. The mathematical
this transmitter is the orthogonal frequency domisi formulation of the conventional polynomial model is
multiplexing (OFDM) which involves many individual given by:

carriers in which everyone can be treated alonéimit

the coherence bandwidth of the channel. The use of

narrow band carriers in sufficient manner can reerite  y(t) = qu(t)|x(t)| )
need for an equaliser [1]. o1

The behavioural model of non linear power amplifier

excited by a wide band WCDMA signal, suffer from Q0 K "

accurate modelling approach. With a simple periodi — i\

signal, a WCDMA signal approximation is did, then,(lsyl'\"p'VI ( ) ;;a” D(( )[I]X(n J)‘ @
excited to the power amplifier PA device as an tppu
then, after deriving the AM/AM and AM/PM data . . .
characteristics and used them as the basis ofdherp YWNere x(n) is the input measurement, y(n) is thepwt
amplifier PA behavioural model the AM/AM measurement, k is the polynomial order, M is the
characteristics issue from a tapped delay-line ()I'DLWemOry depth, and;aare the polynomial coefficients.
power amplifier PA model using linear filters is hen the complex gain of the device under test is

described [2]. Some high speed digital communicatio function of the magnitude of the input signal, we
system needs the wide and ultra wide bandmdt‘ﬂescr'be the envelope memory polynomial model :with

modulation formats in which a linearization schertfes o «

analog and digital) is needed to pre-compensate t i1

signal before the amplification [3]. Recent behava hﬁEMPM ZZ‘% D( [I]X - J)‘ @)
modelling approach for micro-wave non linear power
amplifier using a Volterra series development is
described [4]. The behavioural model of non lineafhe orthogonal memory polynomial model uses a et o
power amplifier driven by a wideband signal using &asis functions to significantly improve the idénttion
memoryless model suffers from memory effectaccuracy by reducing the conditioning of the matmie
Therefore, the need to use another models such-as igverted in the LS identification. The orthogonabael's
vector Volterra and memory polynomial model withoutput is described by:

sparse delay (MPMSD) able to model the memory

effects [15]. Q K i 1

In this paper, we suggest an experimental testbedrty  Youpy ( ) Zza\ EU“ @(n— j) [I}x(n— J)| 4)

out the input output data in which we characterze j=0i=1 I=1

behavioural polynomial model for nonlinear power
amplifier when cancelling the time delay to reacr\‘/vhereU
predistortion taking account with memory effects &
significant linearization.

The organisation of this paper starts in sectiowith an |+| )
overview of theoretical approach of the behavioura'L| [(‘ | forl <i
model characterizing the transfer function of theTD [ |- | +1 I)-

the error and the cross-covariance technique. dtiose fori
[ll, The description of the measurement systempsand

the device under test (DUT). In section IV, the

experimental and modelling results are presentstitev  The identification of the polynomial coefficients given
the significant performances of our proposed studyy the Least Square Method (LS) in transforming
Finally, conclusions are drawn in section V, whiclequations to a matrix form. For the MPM, EMPM and
summarizes all the advantages of this study byngivi OMPM models, it is possible to define a formulatas

some results recommendations

i IS given by:

x(n=j)ix(n- j)|i_l for the MPM model

@, (n)= x(n)[|)<(n—j)|i_1 for the EMPM mod:  (6)

A general model for power amplifier behaviour is W for ti@VIPM model
Volterra series; this model requires a wide numbfer

basic functions. We applied in our work specialesasf

Volterra series [10], several polynomial based newdeWhere the basis function of the orthogonal model is
have been studied. These are namely the envelope

memory polynomial model, the conventional memory

polynomial model, and the orthogonal memory

Il.  THEORITICAL APPROACH
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In the orthogonal polynomial model, the basiis .
referred byW in the whole of the expressions. -
é 0af
@, (x(n)) = x(n)|x(n)[ © %l
03k
y =[y(t) ..., y(t)T w0 ol
. o1 7
X = [x(t) ,..., x(t,)] (1) .
DD 01 02 03 04 05
_ (=)
Q= [Q(X) 1y @ (X)] (12) Fig.1. Conventional polynomial basis
@) = [g X)) - @ XEGNT (13)

The Behavioural Polynomial models can be applietth wi
more accuracy when we compared their performances
versus the output measurement data. To give a
rquantitative measure of the polynomial model acxyra

e Normalized Mean Square Error (NMSE) was used to
assess the performance of the considered models.
The NMSE is given by:

Q K
y(n) =22 & @, (n) (14) Y Jy(t,) - 9(t,)[°
1=0 =1 NMSE (dB) = 10.log ,,| 22—
> Iyl

®" is the Hermitian transpose.
In equation (14), we add the influence of the memo

effect introduced by thermal effect, aging and th
influence of the wideband signal.

an

Where k is the polynomial order, Q is the memorgthe
order, and pare the polynomial coefficients.

The MPM, EMPM, and OMPM models described above
were identified for the device under test under@RSK

. : . Where N is the number of samples in the measured
signal. For all the considered models, the nontibea -
orders and memory depth were set ko=15 and waveforms, y and y are the measured and the

Q=4 respectively. The matrix form of the orthogonafstimated DUT output waveforms respectively.
memory-less and memory polynomial model is given in Many techniques are described in the literatie in

[1_1]' _ our paper we applied cross-covariance technique to
Fig. 1, shows the functionp, (|x|) = |x|* VerSUSle|, estimate the delay between the input and the output

this figure provides that ifk — 0 (tends towards zero) complex waveforms [7].
the basis function @, (x)of the conventional

polynomial model tends towards zero faster thaornah K_n_l(x(k+n) _;() [éyu(k) _ym) forns G

order k superior of 1. — B

We can expres&D, (X) with: Cy (n) =\ ket 0 _
(xm(k—n)—x)[@y(k)—y) forn< Q

®, (x) = O(x") (15) =0 a8)

i.e. lim ((Dk (x)/ ) -a (16) The cross-covariance is described in equation (12),

.e. o e = . .

X where x (k) and y (k) are respectively the input and

output baseband waveforms, and y are the mean
where the constar satisfieso < |a| < « values of X and y waveforms respectivelyy’(k) and

yD(k)denotes the complex conjugate of the sample



x(k)and y(k) respectively andK is the number of The baseband measurement bed uses an ESG 4431B
) signal generator from Agilent Technologies. The ESG
waveforms samplesi (resp. N, ) is the value of the generator deliver a QPSK modulation format signiahw
integer for whichC,_,(n) is maximal, the optimal delay 1 Msps of symbol rate and a 1.575GHz of central
frequency. For a high output power, it is necesdary
insert optimum impedance (Tuner) in the transistor
output with a reflection coefficient equal to OThe roll-
off factor used in this measurement bed for theebasd
U= 1 n (19) digital Nyquist filter is equal to 0.35, the impeda at
rif - ™ the harmonic frequencies 2f 3f) for the DUT input
S output are closed to 50 ohm using pass band filtet
wide band circulator.
Where I' and f; are respectively the up-sampling ratioThe polarization point corresponds for AB classisvpr
and the original sampling frequency. amplifier operation. In table 1, the S parameters a
The time delay between the input and the outpiesented for the MESFET transistor and for the
baseband data waveforms has to be accurately ¢stimapolarization point.
Indeed, the requirement to align input and outjreiasns
is prior than identifying the power amplifier modéh
wideband, the time delay estimation is criticalcdiése  Taple1: S parameters for a transistor Fujitsu FLL107MEhwit
any time delay misalignment causes an extra digpers  operation frequency 1.575GHz (Vgs = -1.7v, Vds %,10

expressed in number of samples where the absddiue v
of the delay in time units is given by:

of AM/AM and AM/PM characteristics of the power Ids = 44mA)

amplifier. The time delay estimation accuracy isnia

carry out by the sample raté,. Such example, if the Su Stz Su S22
sample rate f, is more than 60 Msps, the time Linear 0.89/ | 0.04/ 3.69/ 0.46/
resolution is around 16 ns. Therefore, in practitiad Module/(dB) -0.91 -28 11.34 -6.7
time delay of a power amplifier is lower than 15 ns

where the resolution is larger than the time détayces Phase[’] -140 | 3.29 71 -89

by the PA. Indeed, the sample rate is unable toy cart
the requirement of time delay estimation and shdndd
increased. Consequently, it is shown that the samgié
fully depends on the speed of the analog- to-digita
converters (ADC ). Due to the currently availablB@ The experimental bed is shown in fig.2 which camai
speed and the expenses, it seems difficult to wiveunt passive and active elements; the proposal architect
this limitation. The alternative solution, is toeudigital aims to dynamically extract the input output datanf
signal processing(DSP) techniques. In this worlg ththe Device Under Test (DUT) implemented in the
Lagrange interpolation [7], has been used to isgéhe Mmeasurement bed.

sample rate by 20-30 times, then, a satisfactaneti The use of power amplifier characteristic is présenn
delay estimation achieved and a higher resolutanle the following subsection that is based on measunésne
obtained. The simulations are performed with QPSK modulation
The performance of the memory-less and the Memory using a square root cosine roll-off filter with Iroff
Polynomial model of the Power Amplifier are illested.  factor 0.35 at the transmitter.

in the next section.

IV. RESULTSAND DISCUSSION
IIl. EXPERIMENTAL SETUP

In previous literature, the description of the basi
We consider in this part, the description of thedimnd function implementation with a LUT can generate an
measurement bed architecture and the real testbedejror when a low input value is forced to zero eauBy
fig.2 and fig.3 respectively, which shows the coetpl quantization. In equations (1) and (14) describing
architecture of the measurement system. Which gontanemory-less and memory conventional polynomial
the DUT (Device Under Test), the polarization, themodel, which suffered from a numerical instability
filters and the generator RF source which can pievi problem associatedvith the basis functiow . This
several RF modulation schemes signals. Thastability is shown in fig. 4, by plotting the odition
measurement data are extracted from a GaAs MESFBUmber of the square matriéep“qp) for two cases, the
Fujitsu FLL107ME transistor in which the static
characteristics of the drain current versus theindra
source voltage for different source grille voltagdues
are taken from [6].

memory-less and the memory conventional Polynomial
model, in which the order of the memory depth isadq

to Q = 4, and the order of nonlinearity is K= 15e \Wbte
that, the condition number grows exponentially @sns
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Fig.3. Test bed measurement section for the dapaitiand output) extraction and characterization

as the polynomial order and the delay tap incieése condition numbers. Where the new input data depend
3000 samples. the mean value and the standard deviation of teaki
Our results demonstrate that Memory Polynomial nededescribed by:

led to comparable performance in time domain and

frequency domain. Indeed, the complexity and the x(n) - X
identification robustness comparison of these nmoded X'(n)=——— (20)
given. It was carried out that for the same DeVdcgler o,

Test (DUT), driven by QPSK signal, the power series

model and the Orthogonal Memory Polynomial modejvhere g, : the standard deviation, an’ the mean
have the same parameters (nonlinearity order andIue of the input waveform.

memory depth). As can be seen, the models have tIY-lewever to improve the conditioning of the pseudo-
same number of coefficients and the same numbers Q

basis functions due to their similar formulation. matrix for the orthogonal polynomial models, input
Indeed, the coefficients estimation of the modedgg x(n)
input output samples data lead to numerical inbtploif max|x(nj '

the pseudo-inverse calculation. The result is ineate . N . .
P The result illustrates significant improvement acfeid

when finite precision calculation is needed. Ceugtri . . : X
algorithm and data scaling was applied to avoidhiigé by pre-processing the input samples, while thetivela

signal normalization was use&(n) =



computational complexity evaluation. Furthermore, i
fig. 5, the results carry out the lower conditiarmber of
the Orthogonal Polynomial model, and the robustioéss
the pseudo-inverse calculation compared by thersthe
models, we note that the envelope memory polynomial 0 -
model has the same behaviour in condition numb#r wi
the conventional polynomial model.

Condition number

Condition Number

Fig. 5. Condition number of theW" W) matrix, when K order of

nonlinearity and Q delay tap is used in basis fonobrthogonal
polynomial model (K = 15,Q = 4).

Fig. 4. Condition number of thﬁv”m) matrix, when K order of This delay is mainly due to the sampling rate efitiput
nonlinearity and Q delay tap is used in basis fonatonventional ~ and output waveforms, which is limited by the aakié
polynomial model (K = 15,Q = 4). ADC speed. Indeed, an up-sampling ratio is needed t
accurately estimate the delay between the input and
output data, such a solution for this problem.

It has been shown that the orthogonal polynomi:f[or this test-bed measurement in f|g.2—3_, the actua
condition number is lower than the conventionaPUtPut sample depends only on the actual input Eamp

polynomial one in both memory-less and memory case5e delay alignment sensitivity for our input outpu

We observe that the condition number increaséshSK signal is shown in fig. 6, where the measue a
exponentially as a function of the nonlinearity erd, e model are not synchronous ant the shift is ey
and the memory depth Q and becomes large even fth_§ delay alignment between the input and outpta.da

moderate K and Q. This implies that, in practises t F19-7 and fig.8 shows a comparison between the
. . f be difficult thafw" W) . Fig. 5 Polynomial Model, envelope memory polynomial model,
Inversion o (‘DH‘D) can be difficult thag ) Fig. the orthogonal polynomial model and the measuresnent

shows the condition number for the mati@@" W) for after cancelling the delay between the input anel th

3000 samples. We note that, the condition numb@HtPUL of the power amplifier. In fig.7, the temabr
increases at a much slower rate as K and Q insease waveform 1S plotted (the output Versus samples),
low condition number will ensure better numericar)owever’ fig.8 shows the QPSK constellation (Q wers

stability when finite precision computation of thedel for the models and the measurements.

coefficients is needed. We have carried out from thThe delay alignment influence causes a degradation

analysis of the condition numbers in fig.4 and fg.to the Behaviopral model_performance, whilst, thisagiel
show that the orthogonal polynomial basis igan be considered as kind of the memory effectofer

advantageous to the envelope memory polynomial mo(@emory _effects_ system consideration. . .

and the conventional polynomial model. We note that Irst, a simulation sweep on the DUT nonlinearityley
envelope memory polynomial model and th(,!ﬂnd memory depth was performed _for _both the EMPM
conventional polynomial one have almost the Sangld OMPM models. For each comblnat|0n_of the model
behavior. The delay alignment between the input arfiframeters the NMSE between the estimated model
output data is a significant constraint, therefafat is  outPut and the measured data was calculated.

: ine the goodness of fit of a Polynomial Powe
not perfectly cancelled. The delay alignment causd © examine .
additional dispersion in the AM/AM and Am/PM amplifier PA, when we assume 3000 PA input and

characteristics of the Power Amplifier (PA) and rezs output samples are used, we calculated the modelled

out inaccurate behavioural modelling performances. power amplifier outputaccprding o (2) and the
corresponding NMSE according to (11).
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Fig.9, shows the NMSE when the conventional and
orthogonal basis functions are used. The generafltis

that the NMSE first decreases with increasing
polynomial nonlinearity order K from one hand, and
increasing polynomial memory depth Q in other hand.
After a threshold of a nonlinearity order K, we edhat

the NMSE is almost constant around -40dB. As sa&n a
the delay tap Q increases with the same nonlinearit
order as previous, the NMSE decreases to reach a

significant value compared to the memory-less
conventional polynomial case(Q = 2).
| b
-10 \ \‘ \T\\ :\\\\
20 | \ \ AN :

-30

NMSE (dB)

Fig.9. Polynomial PA modelling errors when K contienal and
orthogonal polynomial order basis functions andefadgtap are used
(K=15,Q = 4).

To study the robustness of the experimental setup
measurement testbed fig.1-2, when it is appliedato
nonlinear power amplifier (PA) biased in class AB

Fig.7. Measured and modelled output waveform afieting the delay Operation which is built using MESFET transistor

alignment between the input and output data
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0.5+

Input

Fig.8. Measured and modelled output constellati®®R without
delay alignments between the input and output data

(Fujitsu FLL107ME) and operates around 1575 MHz.
This amplifier is characterized under a QPSK signal
excitation with a chip rate of 1 Msps. Fig.9, shaivs
AM/PM characteristics of the measure, the conveatio
polynomial model, the envelope memory polynomial
model and the orthogonal polynomial model. It has
shown that the power amplifier exhibits an impottan
nonlinear characteristics explained by its shapke T
AM/PM curve shows a little dispersion due to static
nonlinearity and weak memory effect. The memory
effect attributed mainly to the non-constant fratmue
response around the carrier frequency, the impedanc
variation of the bias circuits and the harmonidaiog of

the power transistors.

The existence of the distortions created by noaliibe

of power transistors and the objective of its reidumc
carry out to apply the memory-less base-band pre-
distortion as a linearization technique, which ppleed

in a load-pull/source-pull measurement system [16].

The input signal bandwidth influences the power
amplifiers behaviour through memory effects. Wéedl
about two kind of memory such as thermal and etedtr
memory effects. Therefore, when power amplifiers ar



driven under narrow band input signals, we findtinga and quantifying the importance of AM-PM effects in

effects that occur at the junction level.

Differentindividual cases.

frequency ranges for the thermal memory effectereh The power series is trotted as a generalized fatioul

the time constant is closed between [10us, 1ms].

for non linear behaviour, but it clearly has some

For wideband signals, electrical memory effects ardémitations, there is no phase component in thedmn
predominant and are mainly due to the frequenayutput term. Therefore, the output would show both
response of the bias circuit over the modulatioamplitude and phase changes from the input sigi.

bandwidth of the input signal.

use of power series is limited additionally by greblem

The effects can be minimized by appropriate desifjn that & coefficient are sensitive (not constant) to change
the bias network. However, they are observed fan the input and output tuning and to the bias les

bandwidth exceeding 10MHz.

input and output. Power amplifiers operating at or

Since WCDMA signal having 5MHz bandwidth perbeyond the compression require different treatment
carrier, the thermal memory effects, are not oletim because the nonlinearities become strong and arise
the behaviour of the device under test. When multthrough the cutoff and clipping behaviour of the

carrier WCDMA signals are used,

resultingransistor. Strongly nonlinear effects refer to the

bandwidth emulates the electrical memory effectthn distortion of the signal waveform that is causedthy
behaviour of the power amplifier. These electricdimiting behaviour of the transistor. It is insttive to
memory effects appear as dispersion in the measuraiiempt to model the PA, because we see the differe

characteristics of the PA. between strong and weak nonlinear effects and
» experience the difficulty to satisfying both witlet same
Ll 1 1 [ weawe model.
P S S S S B Conv. Model || The coefficients of power amplifier model would be
b _ | | | | more variable (not constant) with bias point bué th
] T e il negative sign shows that limiting action will occamd
e ° }' ‘ 1o }; serves to model the saturation of the device asl har
E T rT T e T e H H
: PRIy saturation is approached.
S O
_1465”-3}73”#7”3”7 777777 V. CONCLUSION
a7k - L, - L . l - T: - J In this work, an experimental setup measuremetbes
. for the characterization of nonlinear RF power &figpl
ATt is presented. The measurement system is mainlyteigvo

Pin (dBm)

to mimic a robust power amplifier model. In order t

Fig.10. AM/PM characteristic of the power amplifiesing MESFET ~ deduce the identification of a conventional Polyimm
transistor measure, and models. model, the envelope memory polynomial model and the

orthogonal polynomial model resulting in memorysles

It has been taken that any nonlinearity in the sfem AM/AM and AM/PM characteristics were utilized to-de

characteristic of a power amplifier constitutesralgem embed the raw measurement data. To characterize the

of some kind, but no attempts have been made p®wer amplifier with a Polynomial model accuratedy,

quantify the problem. In cases in which the modotat time delay estimation and cross-covariance caliculat

system varies the amplitude, it would seem to be w@as used to align the input and output raw basebatal

logical extension, or application of thesg, P Py which captured beforehand. Indeed, to evaluate the

transfer characteristic to map the input amplitud@ccuracy and robustness of the Conventional Polialom

variations onto the output plane. This resultingtatited Model, a simple method of baseband memory-less pre-

waveform can then be analyzed for its frequencgistortion was presented and implemented in a fnad-

components, which constitute the spectral distortiosystem [16]. Therefore, to take account of the mgmo

caused by the amplitude nonlinearity of the amglifi effects for the pre-distortion improvements, an

Any amplifier, when driven into a strongly nonlimea application under development in our future work.

condition, will exhibit phase as well as amplitude

distortion. This usually, is characterized in terohAM-

PM conversion, and represent a change in the pblase

the transfer characteristic as the derive levéhéseased

toward and beyond the compression point. It wilsben

that AM-PM in typical solid state amplifiers is a

significant, but rarely a dominant effect. The uteéss

and validity of results that ignore AM-PM are

substantial. The most common manifestation of AM-PM

effects is an irritating asymmetrical slewing ofeth

intermodulation (IM) or spectral regrowth displayhe

precise cause of this effect is the key to undedstey
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