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Abstract— Radio frequency power amplifiers (PAs) play a key
role in transceivers for mobile communications and their
linearity is a crucial aspect. In order to meet thelinearity
requirements dictated by the standard at a reasondb efficiency,
the usage of a linearization technique is requiredin this paper
we propose a linearization by means of a new typef dligital
predistorter, defined directly in the I-Q domain. The architecture
of the proposed predistorter can be understood as na
enhancement of the memory polynomial model (MPM) byneans
of additional I-Q terms. The usage of the proposegredistorter
allows a more robust linearization of the whole RRransmitter
because the enhancement of the model with additiohkQ terms
can guarantee a more versatile compensation whick beneficial
when the distortion comes from the joint contribution of the PA
and the quadrature modulator. The proof of conceptis achieved
by measurements on a commercial PA in GaN technolp@nd the
performance of the proposed predistorter is illustated.

I ndex
memory effects,

predistortion.
MICROWAVE power amplifiers can achieve a highe
efficiency in terms of transmitted power vs. suegli
power if driven as close as possible to the saturgboint.
Unfortunately the more the power amplifier (PA) eggrhes
saturation, the more it behaves nonlinearly andoi¢s not
fulfill the linearity requirements dictated by thmobile
communication standard. Therefore a linearity-éfficy
trade-off arises which RF engineers have to detl fithey
want to have the PA working at a reasonable effiye
Back-off strategies can be used to avoid nonliedfcts in
power amplifiers: the dynamic range of the amplifieput
signal is shifted down to a lower power level sattlthe
amplifier output is not severely affected by noeln
behavior. The solution to avoid a too drastic baffkis the
recourse to a linearization technique. Differeme#rization
methods exist able to reduce the nonlinear distastiwhile
keeping the PA as efficient as possible [1]. Linestion by
digital pre-distortion is a method in which digitaignal
processing techniques are applied to the basehigndl g0
compensate the nonlinear distortions by means dfgaal
system called a predistorter. Common approachek vadda

Terms—power amplifier,
linearization, memory polynomial,

gallium nitride (GaN),
aital

I. INTRODUCTION

Volterra Hammerstein and Wiener models [2],[3]. In order to
lower the computational complexity of such modete t
memory polynomial (MP) model was introduced in gfid
widely used since then because of its reduced ctatipoal
cost [5],[6]. Nevertheless, when using digital pséattion,
one of the difficulties is to define an adaptivedarobust
predistorter architecture not only able to copehwthe
nonlinearities and memory effects of the PA, butcating
also for distortion contributions arising from othsources,
like the quadrature modulator (QM). The compensatid
distortion caused by the QM is a well-known issuthie state-
of-the-art and it has been showed that a Volterredeh
defined in the 1-Q components is suitable for tlaisk [7]. A
solution for a joint compensation of PA and QM was
introduced in [8],[9] with different approaches.

In this paper the proposed predistorter represems
alternative solution to achieve a robust PA comptos able
to cope also with I-Q impairments from the QM. This
advantage can be achieved because the presenthstqter
is enhanced in the I-Q domain and its versatilénigecture

can also handle PM/AM and PM/PM distortion conttibuois

besides the common AM/AM and AM/PM generated by the
RF PA. In the following sections we explain theidation of

the enhanced 1-Q memory polynomial (EIQMP) and hHbow
can be used as a predistorter. Then EIQMP and MP
predistorters are compared by means of measurement
GaN PA and finally the conclusions are outlined.

Il.  ENHANCED I-Q MEMORY POLYNOMIAL MODEL

In this section we describe the model architectemsidered
in this work and whose performance has been cordplaye
means of measurements on commercial amplifiers.

A. Memory Polynomial Model

The memory polynomial model (MPM) is an equivalent
baseband model which has been widely used in fitexgor

both PA modeling and PA predistortion [2]-[6]. Irsi
conventional form [4], it can be formulated as:
P M
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where x(n) = x;(n) + jxg(n) and y(n) = y;(n) +jy,(n) wheref,,, andg, ;. are the EIQMPM complex coefficients,
are the complex baseband envelopes of the RF siggalt) P is the maximum nonlinearity order amd is the memory
andygr(t) that represent respectively the RF input and dutpdepth of the model. The enhancement of MPM to abtai
of the PA,c, nare the MPM complex coefficient®, is the EIQMPM leads to a more adaptable structure, ablmddel
maximum nonlinearity order anMll is the memory depth of and predistort PM/AM and PM/PM distortion effectat are

the model.

B. 1-Q Memory Polynomial Model

If we assume in (1) that M=0, P=3 argl,=1 for every p,
then we obtain the following expression:

yim) = x;(n) + x; (W) |x(M)| + x; (n)xqz(n)

+ x.2(n) @

Yo(m) = xo() + xoM)|x ()| + 2, (M) x4 (n)
+x%(n) 3

From (3)-(4) it is shown that in the MPM we havduady

= fi(x;,x9) andyy = fo(x1,%xq) »

for the terms|x(n)|P~! = J(x,z(n) +x02(m))P~1, p even.
This observation inspires the idea of expandingntioelel (1)
inserting additional monomials of the input I-Q quonents. If
we also keep the dynamic properties of (1), thenobtain a
new model that can be described as follows:

yi() =ZZ Z Gpsma? (=M (= m) (&)
rar
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We here refer to the new topology in (4)-(5) as th@
memory polynomial model (IQMPM). The model (4)-E&n
be expressed in a more compact form introducingstieof
complex coefficientdl, x m = apxm + jbprm:

y(m) =y (n) + jy,(n)
P p M
=D s = myxg (= m)
p=0 k=0 m=0

The usage of a model defined directly in the I-@ponents
has been shown to be beneficial to model and cosgpen-Q
impairments generated in the quadrature modulathf9].
The idea of this paper is to use such a representat be able
to predistort both QM and PA at the same time.

C. Enhanced I-Q Memory Polynomial Model

(6)

In order to achieve an improved compensation ahdurt

innovative step is represented by the inclusio(®)nof all the
terms depending from the samples absolute vhat¢es- m)|.
In such a way we obtain the enhanced
polynomial model (EIQMPM):

P M
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where the functions
fl(x,,xQ) andf,(x;, xo) have a polynomial expression, apart

I-Q memory P~

caused by I-Q impairments in the QM, keeping at shme
time the satisfying performance of MPM when onlgtdition
from PA is produced.

I1l. DIGITAL PREDISTORTIONUSING EIQMPM

The model architectures presented in the previeasion
can be applied as behavioral models for RF PAs taed
performance compared. One of the most used figofreserit
for the evaluation of PA behavioral models is tloenmalized
mean squared error (NMSE). It can be expressedBirasl
follows:

(8)

N_ 19 — 2
NMSE = 10 logy, <Zn=1|y(n) y)| )

n=aly(m)|?

where y(n) is the model output sequencg(n) is the
sequence of | and Q samples measured from the Bgutou
and N is the number of acquired samples. The NMSE
evaluation of the presented architectures when @sedA
models is a very useful information from the pecipe of
digital predistortion, because very often the ags#tion is that
if a model proves to be accurate as an equivalasetand
model of an RF PA, then the same structure caroperivell
as a digital predistorter also.

So once we have a good PA model, the next stepiis/ért
it to obtain a predistorter with a similar stru&urThis
inversion operation has a solid theoretical fouindafor a
particular class of nonlinear models, i.e. Voltdika models
[10]. Moreover from the theory of the"order inverse of
nonlinear systems we know that, in the assumptibra o
Volterra-like nonlinear dynamic system, the posteirse of
the system is identical to the pre-inverse of tixstesn [10].
These theoretical results apply to all our modetsabise,
similarly to the MPM, the IQMPM and EIQMPM can be
understood as derivations of a Volterra model a@efim the I-
Q components, like the one used in [7]. Hence,dlbrthe
considered structures, the predistorter identificatcan be
performed directly without the inversion of any Rfdel.

Assuming the EIQMP architecture defined in (7), the
EIQMP post-distorter is formulated as follows:

P M

xW= ) D foman—m)lzn—m)P!

pP=2 m=0
, ©
F DD G = m)zg (= m)
=0 k=0 m=0
z(n) = z(n) +jzo(n) = %n) (10)

whereG is the voltage gain of the PA ards the complex
envelope of the PA output normalized to the voltgg.

Making use of the theoretical results in [10], vea directly
identify the post-distorter and then use the saoedficients to
define the predistorter (Fig. 1).
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Fig. 1. Block diagram explaining the principle thfe used predistortion

algorithm. In the assumption of a Volterra-like rebaf the PA, its post-
inverse is identified and then used as a pred&tépre-inverse).

This identification procedure is commonly used ik P
predistortion [5], [6] and it is usually addressedthe indirect
learning paradigm. Using the PA input and outpwant Q
samples, the post-distorter parameter extraction bta
performed using the least squares (LS) algorithridR

h=M"M)"*Mx (112)
whereh=[f g] is the vector of coefficients arid is the model
matrix built according to (7). In this work the pameter
extraction was performed using the Moore-Penrosigis
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Fig. 2. Measurement set-up used in this work.A# biasing two external
bias tees HP-11590B were used both at the inpubatmlit ports of the PA.

A. Measurements on PA predistortion

The predistortion results in Fig. 3 show the meedspectra
of the PA input and output signal compared with the
measurements obtained when applying an MP pretistor
(MPPD), an I-Q MP predistorter (IQMPPD) and an Ented
IQMPPD (EIQMPPD) before the PA. In all of the caseset
of 20,000 IQ samples was used to extract the pdemme
according to (11). ACLR (adjacent channel leakagto)

inverse ofM because this technique provides a more robusteasured values are listed in Tab.1 for all theeza3he

solution to the system (11) and avoids instabititparameter
extraction due to the eventual high condition numtfethe
model matrixM.

IV. MEASUREDRESULTS

The predistortion algorithms described in the prasi
sections were applied to a GaN PA from Cree wittominal
gain of 16.8 dB and a saturated power of 35 dBra &Hz.
The measurement set-up in Fig. 2 shows that thizelemder
test (DUT) includes the input and output bias tgéss GaN
PA already showed relevant
characterized using a similar set-up [11]. The measents
were performed using an average input power of & di®dm
the signal generator R&S SMBV100A, so that the Pasw
operating at a gain compression of 3 dB at the pdathe
input envelope. The RF carrier was set to 2 GHz ted
amplifier was biased with a drain biagd/of 28V and a
qguiescent drain curreng lof 100 mA. The input signal used
for the measurements was a WCDMA signal, compheittt
the 3GPP standard and having a bandwidth of 3.84,MH
PAPR of 3.44 dB and using QPSK modulation. | and (
waveforms were acquired from the PA input and oupmsts
using a sample rate of 80 MHz at the signal analyzbe
acquired samples were then time-aligned using e€ro
correlation and used for the predistorter iderdifien. Once
the predistorter is identified, the predistorteghsil is created
and uploaded to the signal generator to be appligtie PA.
The predistortion performance was evaluated in difi@rent
cases:

memory effects whe

results shown in Tab.1 and Fig.3-4 refer to MP, Blknd
EIQMP predistorters defined with a sample rgteof 40
MHz, a maximum nonlinearity order P=3 and a menaapth
M=3. The chosen values for P and M are based diMSE
study. The calculated NMSE when applying the same
structures as PA models is also listed in Tab.ik. dhown that
the EIQMPPD and MPPD achieve similar performance an
both manage to linearize the PA so that it hasadgoargin

of about 15 dB compared to the ACLR of 33dB spedifior
WCDMA handsets by the 3GPP standard [12]. The IQDPP
performs worse due to the lack of the terms inadutethe
EIQMPPD.

* RBW 30 kHz
* VBW 300 kHz

Ref -3.7 dBm * SWT 100 ms
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Fig. 3. Comparison of the measured spectra wpelyiag a 3GPP UMTS
signal. The different traces refer to PA input @IuPA output (red), PA

Span 25.5 MHz

Lutput after MPPD (green), PA output after I-Q MP@iack) and PA output

predistorted using EIQMPPD (magenta). Measuredegahf the upper and
lower ACLR are listed in Tab.1 for all the traces.

TABLE |
MEASUREDPREDISTORTIONPERFORMANCE

Case A) PA distortion. GaN PA excited with a 3GPP
WCDMA signal of 9dBm average input power.

Case BPA distortion and 1/Q impairments. GaN PA excited
with a 3GPP WCDMA signal of 9dBm average
input power and with | offset of 5%, Q offset of 5%

Measurement NMSE EVM Adjacent Alternate
[dB] [%] Channel [dB] | Channel [dB]
Lower-Upper | Lower-Upper
PA Input 0.4 -61.0/-60.8 -67.8/-67.8
PA Output - 2.9 -34.8/-33.8 -56.6/-56.2
MPPD + PA -38.94 11 -49.4/-48.8 -61.3/-61.3
IQMPPD + P£ -36.45 1.2 -44.3-44.¢ -59.0-60.2
EIQMPPD+PA -39.20 1.1 -48.4/-48.0 -60.8/-60.6

and 1/Q quadrature offset of 10 degrees.
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Fig. 5. Comparison of the measured spectra wheiyiag a 3GPP UMTS
signal with 1-Q impairments (I offset of 5%, Q dtsof 5% and quadrature
offset of 10 degrees). The different traces redePA input (blue), PA output
(red), PA output after MPPD (green), PA outputraf® MPPD (black) and
PA output predistorted using EIQMPPD (magenta). $dead values of the
upper and lower ACLR are listed in Tab.2 for aé thaces.

Normalized Input Amplitude

Fig. 4. Measured input vs. output amplitude (ANMPAand input amplitude

vs. phase shift (AM/PM) curves of PA (blue), ENIQNdRedistorter (green)
and predistorted PA (red) using an EIQMPPD w40 MHz, M = 3, P =3.

B. Measurements on PA predistortion with I/Q impairments
In this operational case, the same WCDMA signal agdied

TABLE I
MEASUREDPREDISTORTIONPERFORMANCE WITHI/Q IMPAIRMENTS
Measurement NMSE EVM Adjacent Alternate
[dB] [%] Channel [dB] | Channel [dB]
Lower-Upper | Lower-Upper
PA Input - 8.6 -61.1/-60.9 -68.2/-68.2
PA Output - 7.6 -34.8/-34.1 -58.1/-57.8
MPPD + PA -17.90 8.4 -34.5/-34.5 -44.2/-44.2
IQMPPD + PA -33.59 13 -46.2/-47.5 -61.3/-62.7
EIQMPPD+PA -34.22 1.3 -47.2/-48.5 -60.7/-60.4

to the PA with the described additional 1/Q impadmts from

the dedicated panel of the signal generator, et evaluate PMI”, Project title:

the predistortion performance in a scenario whene tP€
distortion in the RF transmitter is caused by thunt]
contribution of the PA and the quadrature modulaksom
Fig.5 and Tab.2 we can see that in this scenagidctpMPPD
totally outperforms the MPPD whose architecturaas able
to cancel the PA distortion in presence of I-Q impants.
The results in Fig.5 and Tab.2 refer again to mtediers
defined with f,,, =40MHz, P=3 and M=3. The predistorter[3]
identification was performed as in the Case A).

(1]
(2

[4]
V. CONCLUSION
This paper proposes an enhanced 1-Q memory polhalom
predistorter (EIQMPPD), whose novelty consistsrihancing
the MPPD by means of additional I-Q nonlinear terrs
comparison of the linearization performance wasiearout
measuring a commercial GaN PA excited with a WCDMA®!
signal. Measured results show that the EIQMPPDacdueve
a more robust linearization than MPPD. In a scenafijoint
distortion form PA and quadrature modulator, th@ MPPD
allows a compensation which is not possible with RDP (8]
because the additional I-Q terms give the capgbili
compensate PM/AM and PM/PM distortion effects. The
higher versatility of the proposed architectureaéhieved by
means of a higher number of parameters, but suchcasase
in the computational cost is not a problem for thest

f5)

(71

(9]

Nuovo Amplificatore di potenzia 1kW
r il sistema DTMB, presented by Elettronika S.r.|
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