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Abstract — This paper presents a simple and effective ap-
proach for eliminating memory effects in OFDM transmitters. It
uses advantages of OFDM systems to provide pre-compensation
of the frequency-dependent distortions, which are results of the
power amplifiers (PA) memory effects. The process of memory
effects quantification is carried out in this paper by obtaining a
frequency-dependent PA gain, phase shift and intermodulation
products. The memory effects are eliminated at baseband using
equalization of the IDFT signal. Implementation of the equaliza-
tion procedure at baseband makes the process of minimizing
memory effects simple and effective, because no additional RF
components or feedback loops are used. Memory effects are
compensated in DSP part using simple multiplication of the fre-
quency-domain digital signal by coefficients, which are calculated
adaptively for each OF DM sub-carrier frequency and input power.
The approach is tested with Motorola MOSFET MRF9742 power
amplifier model in Advanced Design System (ADS). Simulations
show significant improvement in minimizing memory effects. Re-
ceived constellation of the 16-QAM OFDM signal after implement-
ing baseband pre-compensation technique looks alike ideal one,
whereas without pre-compensation it shows high dispersion due
to the presence of PA memory.

l. Introduction

The real characteristics of power amplifiers often differ
from their polynomial models [5]4{6], [11]. This is caused by
the dependence of PA output not only on the input but also
on the previous input signals, called “Memory Effects” [11].

Memory effects are divided into electrical and thermal
[6], [12]. Electrical memory effects appear because node
impedances depend on frequency and there are several
distortion sources in an amplifier. Therefore, distortion
components produced by the different nodes have fre-
quency-varying baseband, fundamental, second, third and
other harmonics, which form the frequency-dependent
behaviour of the amplifier. Thermal memory effects are
caused by the fact that self-heating and environmental
changes modify the temperature-dependent electrical
characteristics of transistors. In other words, varying sig-
nal strength and environmental temperature causes ther-
mal memory effects [6], [13].

Works [3], [6], and [13] show, that thermal memory af-
fects low modulation frequencies and electrical memory
influences the high-frequency performance. It means that
the impact of thermal memory is more important for nar-
row-band systems. For wideband systems such as WiMax
the main frequency-dependent distortion is caused by the
electrical memory effects [13].

Current work aims to minimize memory effects in
OFDM WiMax system. Therefore, advantages of OFDM
system, such as IDFT, are used. Section 2 describes the
process of quantifying memory effects in a real power
amplifier system. It determines frequency-dependent gain
and phase shift, which are used for calculating equaliza-
tion function to minimize memory effects by digital opera-
tions with baseband IDFT signal. Section 3 describes the
adaptive baseband equalization approach for minimizing
memory effects in OFDM transmitters. It uses transistor-
level model of a MOSFET power amplifier in ADS simula-
tions for verification performances of the considered
method.

Il. Quantifying Memory Effects

To quantify memory effects several methods have
been proposed [3-6], [11-12]. Dependence of the magni-
tude and phase of intermodulation products IM3 on tone
spacing as well as a gain dependence on the modulation
frequency indicates the presence of memory. Distortion of
a constellation diagram at the PA output when it operates
in a linear mode is also a consequence of memory effects.

This paper presents a quantification and elimination of
memory effects for a power amplifier using the developed
baseband equalization approach. To demonstrate per-
formance of the proposed method, ADS transistor-level
model of a MOSFET power amplifier MRF9742 has been
used for simulations. The current section presents results
of MRF9742 simulations. It demonstrates presence of
memory effects by a frequency-dependent gain, IMD and
distorted constellation in a linear mode. Section 3 de-
scribes the proposed baseband equalization approach
and verifies it by simulations.

Matlab-ADS co-simulation system has been used for
simulations. Motorola MOSFET model showed on Fig. 1
was used as an active device in ADS analog circuit for a
PA exhibiting memory effects. OFDM signal source was
implemented in Matlab code and called from ADS. Such
approach allows providing convenience and flexibility in
generation any kind of input signal by using Matlab signal
source, where desired equalization approach can be eas-
ily implemented.
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Figure 1. Motorola MOSFET model for ADS
simulations

Results of the simulations are presented on Fig. 2-7.
Fig. 2 shows gain dependence versus output power at
different input frequencies for the investigated power am-
plifier. MRF9742 has a 12-dB gain and a 25-dBm com-
pression point. In order to quantify only memory effects
but not a saturation, the power range for further simula-
tions has been chosen as Pout = 0...15 dBm. The tone
difference for two-tone tests was taken in range of 10 kHz
— 30 MHz. Variation of the gain over frequency indicates
presence of memory effects. This is more visually demon-
strated on Fig. 3, where the gain versus frequency is pre-
sented. This distortion also depends on a power level. For
Pout = 0 dBm the gain is almost independent of the modu-
lation frequency whereas for Pout = 15 dBm it is signifi-
cantly varying. In a memoryless amplifier there is no

2008 18th Int. Crimean Conference “Microwave & Telecommunication Technology” (CriMiCo’2008). 8-12 September, Sevastopol, Crimea, Ukraine
272 © 2008: CriMiCo’2008 Organizing Committee; CrSTC. ISBN: 978-966-335-166-7. IEEE Catalog Number: CFP08788

Authorized licensed use limited to: University of Westminster. Downloaded on June 2, 2009 at 07:59 from IEEE Xplore. Restrictions apply.



phase change for the fundamental signal and intermodu-
lation products IM3 [4]. Moreover, IM3 magnitude is pro-
portional to the input power only and is independent of
frequency. Therefore, varying phase and IM3 magnitude
are often used to quantify memory effects [4]-[6].

Fig. 4 demonstrates a variation of the fundamental
signal phase over modulation frequency due to memory
effects.
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Figure 2. Simulated MRF9742 gain for different
modulation frequencies (10 kHz - 30 MHz)
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Figure 3. Simulated MRF9742 gain variation due
to memory effects
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Figure 4. Simulated MRF9742 phase variation
due to memory effects

3D-plots of the IM3 magnitude and phase are shown
on Fig. 5 and Fig. 6 respectively. The variations over fre-
quency indicate memory effects. Finally, a received con-

stellation for 16-QAM signal at Pin=-5 dBm is presented
on Fig, 7. The constellation is distorted due to memory
effects because the power amplifier operates in a linear
mode and all the other components are taken ideal.

IM3 magnitude (dBc)

Figure 5. Simulated MRF9742 IM3 magnitude
versus power and frequency

IM3 phase (degrees)

Figure 6. Simulated MRF9742 IM3 phase versus

power and frequency
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Figure 7. Received constellation distortion due
to the memory effects (Pin=-5 dBm)

lll. Baseband Equalization Method

Power amplifiers with memory effects are usually
modelled by a filter and a non-linear element connected in
series [1], [7-11]. If the filter precedes the non-linear block,
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this is a Wiener model; otherwise it is a Hammerstein TABLE |

model. In this work a Wiener model for a power amplifier Voltage and Power Levels for Simulations

is considered (Fig. 8). The non-linear block is usually rep-

resented by the polynomial model described in [14]. The mag(l), | mag(Q), | mag(Vbb), | mag(Pbb),
filter characterizes source of a frequency-dependent be- \ \ \ dBm
haviour or memory effects. Therefore, to compensate for 0.12 0.12 0.03 -20.81
st 5 frequency response. whih dapends on e nput 012 | 03 | o014 088
power level H(f, Pin). 0.36 0.36 0.26 -1.73

To compensate for the memory-related distortions,
equalization is usually used. Advantages of OFDM signals 1.01
such as IDFT allow to make this equalization at baseband by
simply multiplying the IDFT inputs by 1/H(f, Pin) [2, 7, 8].
0.97 \

5N
0.95 \\

Figure 8. Wiener model for PA N
0.93 -
There are several challenges in this approach, which 0 10 20 30
need to be solved before implementing this method to a Modulation frequency (MHz)
particular amplification system.
First of all, H(f, Pin) should be normalized in order not Figure 9. Magnitude of the normalized frequency

to affect the mean power level. response Hnorm(f, Pin) for 3 power levels
Secondly, to make the equalization system adaptive to of 16-QAM

the input power level, the frequency response of the filter
at all possible power values should be calculated and
stored in an index table.

Then the frequency response H(f, Pin), corresponding
to the input power level will be taken from the index table
for pre-compensation. In the case of 16-QAM there are 4
possible levels of | and Q signals (-3, -1, 1, 3). As base-
band power is proportional to I>+Q?, there are 3 possible
values of the input power corresponding to: 1%+12, 3%+1?
and 3%+3%. For the case of 64-QAM there are 8 levels for |
and Q signals and therefore, 10 possible values for the
input power. For those values frequency response of the
filter should be tabulated.

For the case of considered MRF9742 power amplifier
the process of baseband equalization is described bellow
with an example of 16-QAM input signal. 10 20 30

The magnitude and phase of the normalized filter fre- Modulation frequency (MHz)
quency response are extracted from the gain and phase ’
curves for MRF9742 (Fig. 3, 4). The baseband signal Figure 10. Phase of the normalized frequency
levels chosen for the simulation are presented in Table I. response Hnorm(f, Pin) for 3 power levels
At these levels, the amplifier exhibits memory effects, of 16-QAM
but it is not in saturation. As a 16-QAM input is
considered, baseband signal has 3 possible magnitude 4
values (Tab. I).

The WiMax 64-OFDM 16-QAM system is used. For 3 * * ¢ < )
baseband power Pbb=-20.8 dBm, -6.8 dBm and -1.7 dBm
the normalized complex values Hnorm(f, Pin) are calcu-
lated using the obtained gain and phase dependences 1+ . . . .
(Fig. 3, 4). Magnitude and phase of the normalized fre-
quency response for the considered 16-QAM modulation o
are presented on Fig. 9, 10 respectively. A

To compensate for the memory effects, the complex
baseband signal was multiplied by 1/Hnorm(f, Pin). After -2 1
that, IDFT was performed and an OFDM waveform was
created. It passed MRF9742 amplifier at a mean input
power level of -5 dBm. The received constellation was 4 . . . . . . .
obtained (Fig. 11). Comparing with the constellation at A B S T I N
Fig. 24, dispersion due to the memory effects is almost . . . .
eliminated, which characterizes that the frequency re- Figure 11. Simulated received constellation for
sponse Hnorm(f, Pin) is calculated accurately and the MRF9742 using baseband equalization
baseband equalization is performed correctly. (Pin=-5 dBm)
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IV. Conclusion

A baseband equalization approach for minimizing
memory effects has been presented in this paper. It uses
digital pre-compensation of the input signal at baseband
before IDFT in OFDM waveform. The proposed method
was verified by Matlab-ADS co-simulation of the trans-
ceiver based on Motorola MOSFET MRF9742 active de-
vice. Simulation results proved good performance of the
method in eliminating memory effect of the power ampli-
fier. Quantification of the memory effects was performed
by obtaining frequency-dependent gain, phase and IM3
performances of the PA. It was shown, that memory ef-
fects have high influence on the dispersion of the received
constellation. After implementing proposed approach,
significant improvement in received constellation for the
same power level has been achieved. The baseband
equalization method is a simple, low-cost, easily imple-
mented technique, which is performed at DSP part and
does not require additional components or hardware
change in RF part. Described advantages make the
method favourable for minimizing memory effects in
OFDM systems.
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AHHOmayus — [JaHHas cTaTbs ONMCHIBAET NPOCTOWA U 3d-
EKTUBHBIN NOAXOA ANA YCTPaHEHWUst achdeKToB NamATh B ne-
pepardmkax OFDM. MpexmMyLLecTBa OPTOrOHaNLHON YaCTOTHOM
MOZYNALUMM MCNOMb3YIOTCA ANA NPEeKoMneHcauun 4acToTHO
3aBUCHMbBIX UCKaXEHWIA, ABNAIOWMXCS pesynbTaToM addekTos
namaTM B ycunutensx mowjHocTu. lNpouecc konu4ecTBeHHoW
oLeHkn 3ahEKTOB NAMATH BbINOMHEH B CTaTbe NyTem noslyde-
HUS YaCTOTHO 3aBUCHMbIX XapaKTEpPUCTUK yCcuneHus, hasoBoro
CABMra W UHTEPMOAYNALMOHHBIX NPOAYKTOB. JdbekTbl NaMsATH
YCTPAHSAOTCA C NOMOLLBIO YaCTOTHOTO BbIPAaBHUBAHWS [UCKPET-
Horo OMNM® mogynupytowero curHana. Peanusauus npoueaypb!
Ha ypoBHE MOAYNMPYIOLLEro curHana ynpowgaet v agenaet 6o-
nee abeKTUBHLIM NPOLIECC YCTpaHeHWUs 3deKToB namsTy,
MOCKOMNbKY He MUCMOMb3yTCA AONONHUTENbHbIE PY KOMNOHEH-
Tbl U uenu obpaTHom ceasu. B Gnoke LIOC nponssoguTcs npo-
CTOE YMHOXEHWE B YaCTOTHOWM obnactu curHanos Ha ko3chdu-
LMEHTBI, KOTOpblE aAanTUBHO PaCCYMTLIBAIOTCS ANA KAKAOro
3HAYEHMA YacTOTbl U BXOAHOW MOLLUHOCTW BCMOMOraTensHon
Hecywen OFDM. MMpepnoxeHHbIW MeTog NpOTECTMpPOBaH Ha
MOAENN yCUNUTENs MOLLHOCTU komnaHum Motorola, nocTpoer-
HOro Ha nonesom TpaHauctope ¢ MOMM-cTpykTypot MRF9742 B
nporpamme ADS. PesynbtaThl MOAENWPOBAHWA NOKasanu cy-
LyecTseHHoe yMeHbLieHne addekToB namsaTu. Mocne sHeape-
HUSt METOAA YaCTOTHOIO BbIPaBHUBAHUA MOAYNUPYIOLLIErO cur-
Hana BuA NpUHATON 3BE3AHOW Auarpammbl curHana 16-QAM
OFDM 6nu3ok k vpeanbHoMmy, B TO BpeEMS kak 6e3 npumeHun
faHHoro Metopa HabniopaeTcs 3HauuTenbHOE pacceuBaHve
3BE3[HOW AnarpamMbl U3-3a Hannunsa 3pheKToB NaMsATY.
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