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Measurement Technique for Characterizing Memory
Effects in RF Power Amplifiers

Joel H. K. Vuolevi, Timo Rahkoneember, IEEEand Jani P. A. Manninen

Abstract—Memory effects are defined as changes in the AN
amplitude and phase of distortion components caused by changes
in modulation frequency. These are particularly important in
cancelling linearizer systems, e.g., when distortion is reduced N
by similar distortion in the opposite phase. This paper begins ACP N /N
by describing electrical and electrothermal causes for memory [ ‘\1
effects. A three-tone test setup is then constructed to measure the
phase of third-order intermodulation distortion products. This
paper also presents the measured results for a bipolar junction (@ (b)
transistor and a MESFET amplifier.
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Fig. 1. (a) Spectrum of amodulated signal. (b) Two-tone test with varying tone
Index Terms—Electrical memory effects, predistortion, thermal  difference and amplitude.
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. INTRODUCTION

HE adjacent channel power ratio (ACPR) is a commonly

used figure-of-merit to describe linearity in modern
telecommunication systems. It is defined as the power ratio
between a wanted signal and unwanted distortion, measured
over the signal band, as presented in Fig. 1(a). @)

In power amplifier design, the ACPR is often used as a IM3L two-tone M3H

figure-of-merit for linearity [1], [2]. However, designers of signals
gure-of-me y
power amplifiers need to understand the mechanisms that ‘ - Q\T T /5\\
generate the ACPR. Therefore, a two-tone test signal with 4 7\ \ 4 7T \

tone diff. (w2-w1)

varying tone spacings and amplitudes, as presented in Fig. 1(b), \\ 7 predist. \\ _ 7/ freq.
has to be employed to find out how distortion responds to signals -
changes in amplitude and tone spacing. If the amplifier behaves (b)

properly over the tone-difference range of the two-tone signal. 2. Definition of memory effect and limited cancellation performance.
over a wide range of amplitudes, the amplifier can be expected

to also behave correctly with wide-band signals. wherea, — a,, are complex coefficients. If a two-tone signal
Section Il of this paper discusses modulation bandwidth
limitations (i.e., memory effects) and identifies electrical and x=A-cos(wy -t) + A cos(wz - 1) (2)

electro-thermal causes of memory. Section Il introduces.a . . .
. : o is, applied, the amplitude for both the lower and upper third-
new technique for measuring the memory of an amplifier and ;. ; : .
) L . arder intermodulation (IM3) sidebands can be written as
discusses the advantages and limitations of the method. Flna?ly,
Section IV presents the measured results for a bipolar junction IM3 = 3/4 - a3 - A>. ©)
transistor (BJT) and a MESFET amplifier with an analysis of _ _
the relationship between node impedances and memory effectdt can be seen from (3) that IM3 sidebands are not functions
of tone spacing in (1). Furthermore, the amplitude of IM3 side-
bands increases exactly to the third power of the input ampli-
tude. Unfortunately, power amplifiers do not behave like this.

Amplifiers are traditionally modeled with a memorylessrhejr behavior is explained in more detail in Fig. 2(a), where

Il. MEMORY EFFECTS

input-output relation, which can be written as the phase of the IM3 tone is presented as a function of the tone
) 5 difference of a two-tone signal.
y=aotar-r+a-2°+az-x ) Equation (3) yields a straight line as a function of tone dif-
ference, as shown by the dashes in Fig. 2(a). The solid curve
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memory effects. It is important to emphasize that distortion it- A R

self is not a memory effect, but any nonconstant distortion be- I’ ! ’

havior at different modulation frequencies (tone spacings) can i Ll L i

be regarded as one. NN freq.
Smooth memory effects are not harmful for the power ampli- @

fier itself. A phase rotation of 820 or an amplitude change

of less than 0.5 dB has no dramatic effect on the device’s ACPR

performance. However, the situation changes completely when

linearization is used to cancel IM sidebands. Predistortion, for

example, is a linearization method that produces signal compo-

nents that are of equal amplitude and opposite phase compared

to the distortion products. This is demonstrated in Fig. 2(b). b)

Since IM3 sidebands rotate back and forth with changes in mod-

ulation frequency, but predistortion signals usually have a cof9- 3. (a) Spectral components produced by nonlinearities up to the third

. . . ... order. (b) Composition of IM3.

stant phase, it is evident that memory effects seriously limit the

maximum achievable cancellation performance of the method.

Unfortunately, the majority of other linearization methods alsénearities of the circuit components can be considered as cur-

suffer from the same defect. As a consequence, memory effd@it sources, their voltage waveforms can be affected by node

render the use of linearization ineffective for a number of applimpedances [4]. The composition of IM3 in the real power am-

—

A2nd order

- [
2nd order ' (harmonic)
(envelope) |

Im(IM3L)

total

—

- 3rd order

Re(IM3L)

cations. plifier device is sketched in Fig. 3(b) with nonlinearities up to
the third order. The greatest part of the distortion is produced by
A. Electrical Memory Effects third-order distortion mechanisms, which are affected by fun-

To determine the causes of memory effects, it is important §gmental impedance. However, second-order mechanisms gen-
investigate why the real power-amplifier device differs from thgrated by the envelope and second harmonic frequencies (and

polynomial model. We shall first turn our attention to electricdMPedances) also have a significant effect on IM3 distortion.
causes of memory. Node impedances consist of two parts: internal impedance

The principle of modeling nonlinear behavior by mean@f the transistor and external impedance. External impedance
of a polynomial is insufficient because it fails to take tw@ISO comprises two parts: the impedance of the matching net-

additional factors into account. Firstly, although (1) models tH&ork and that of the bias network. The combined effects of these
input—output relation, the relation in its plain form neglects tHg'Pedances must be considered in the design of well-behaving

fact that distortion components in one node create higher ord@de impedances.

ones, and so on. For example, the nonlinearity of base—emittefF'€ctrical memory effects are caused by varying envelope,
resistance (rpi) in bipolars causes nonlinear responses at ffaamental or second harmonic impedances at different modu-

base of the transistor, and these nonlinear responses gendfi frequencies. Of these, fundamental impedance can easily
new products either in the rpi or other nonlinearity mech&€ kept constant over the entire modulation frequency range
nisms. Secondly, (1) does not hold because there is aMag-scause it deviates maximally 1% from the center freguencym
more than one nonlinearity mechanism present in the transistoPSt RF systems. The range of the second harmonic impedance
amplifier. Thus, to gain an insight into distortion mechanismi$ &!S quite narrow, and matching is simple if harmonic traps
the transistor amplifier will be considered as a cascade of nffy atténuating harmonic responses are avoided. Such traps
polynomials (still highly simplified). The first polynomial can ¢3UsS€ huge impedance variations and are a 5|g_n|f|cant source
be regarded as a nonlinear transfer function betwearand ©f memory. As fundamental and second harmonic impedances
vbe, and the second betweehe andiout. play a minor role, the major part of the memory is produced

Fig. 3(a) presents the output of the first block [or (1)], and thY €nvelope impedances. Envelope frequency varies from dc to
amplitude of the IM3 component can be calculated from (3¢ Maximum modulation frequency, which can be as high as
This multitone signal is the input signal for the second block féw megahertz. The output impedance, for example, must be
and the output IM3 now combines with other frequency comp&9NStant or very low over this region in order to avoid memory
nents. For example, the envelope signat£w1) and the upper effects. Smcg node |mped§mce consists pf bias impedance,
two-tone signal¢2) will be mixed with the second-order non-2nd & large time constant is needed in bias networks as an
linearity of the latter block, which results in the generation of &f€rgy storage, memory effects are unavoidable. However,

IM3 signal. Similarly, the second harmonic of the upper ianWith careful design, electrical memory effects can be limited

signal @w2) and the lower input signal from the negative frel® those caused by bias networks. A thorough analysis of

quency side £w1) will produce an IM3 signal. As a result, distor.tion mechanism; lies beyond the scope of this paper, but
IM3 sidebands are affected not only by fundamental voltada€ distortion mechanisms and memory effects of the BJT are
waveforms, but also by the voltage waveforms of the differe@fi@lyzed in detail in [3] and [4].

nodes at the frequency of the envelope-{w1). In addition,

the second harmonicg#1 and2w2) also affect the IM3 side- B- Thermal Memory Effects

bands. The question is how to control the voltage waveforms ofThermal memory effects are caused by electro-thermal cou-
the different nodes and frequency components. Since the nptings, and these affect low modulation frequencies up to a few



VUOLEVI et al: MEASUREMENT TECHNIQUE FOR CHARACTERIZING MEMORY EFFECTS IN RF POWER AMPLIFIERS 1385

Chip paigs L
Th Packa-

H
ge
Te o o % electr. node Oy
: Heat X power node
T sink Ta Ppiss= kn?

thermal node

Ta 1
() (b)

Fig. 4. Heat flow from the device. (a) Physical and (b) electrical lumped-

element models. K =7z T thermal filter T
¢
. R

megahertz. The dissipated power of the BJT, for example, can
be expressed as Fig. 5. Block diagram of TPF.
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whereuw, is the collector voltage and is the collector—emitter
current. Since two first-order (fundamental) signals are multi .
plied together, the spectrum of the dissipated power always il
cludes second-order signal components (envelope and secc
harmonics). Temperature variations caused by the dissipat
power are determined by thermal impedance, which describ . . .
the heat flow from the device. Due to the finite mass of the com 0 lo° 100 10
ponent, thermal impedance in the active device is not purely re- modulation frequency
sistive, but instead, it forms a distributed low-pass filter with a @ ()

wide range of time constants. This means that the temperatBige6. Representation of: (a) IM3 caused by distortion of the basic amplifier
changes caused by the dissipated power do not occur insta §4.TPF and (b) linearity deterioration caused by TPF at low modulation
neously; rather, frequency-dependent phase shifts always exist e
Moreover, the surface of silicon reacts surprisingly quickly, a
temperature fluctuations of several degrees can be seen o
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ntgmperature and the gain of the amplifier. In this paper, only the

: . in of the amplifier is considered to be temperature dependent.
bandedth from 100 .K. ol M More detailed analyses can practice, however, output conductance and capacitances, for
found in [5]-[8], and itis suffice to say here that the m"J‘gn'tUdgxample are also temperature dependent. Some of the circuit
of Zth is significant up to hundreds of kilohertz, and that n !

o ) arameters of the transistor are always a function of tempera-
o.nly the silicon chip, b.Ut also the layers .Of the package and h &Ie, and since temperature-compensated external bias networks
smlg have to be considered, as shown in Fig. 4. . __.__are insensitive to junction temperature, they are far too slow to

Since only the dc and envelope components of the d'SS'paE% pensate for its effects. Thus, no improvement can be ex-
power fit into the passband of the thermal filter, the temperat '

f the chi s the followi imole form: Uﬁ%cted in terms of TPF.
otthe chip gets the following simple form: A two-tone input signal is modulated by gain variations at the

T = Tans + R - porss (d6) + Zrn (w1 — ws) envelope frequency, thereby genergtlng IM3 S|de_b_ands. Since
the phase response of the thermal filter at the positive envelope
poiss(wi —wz). (5) (causing higher third-order intermodulation (IM3H) product)

The temperature of the chip consist of three com onen- :opposite tp that at the negative envelop(_a (lower third-order
peratu P ! P I':iiétermodulatlon (IM3L) product), the IM3 sidebands are pro-

first, the temperature is directly proportional to the ambie - A .
temperature. The other two components are the ther ced by TPF spin in opposite directions as a function of mod-
ation frequency, as shown in Fig. 6. A linearity decrease of

resistance multiplied by the dc power dissipation, and t | decibels is ob datl dulation f . d
envelope component multiplied by the thermal impedance fveral decibels 1S observed at 'ow moduiation freguencies, an

that frequency. It is interesting to note that the third term in (? € symmetry . ”"'Od“".i“"”
includes frequency, which means that the temperature at %quenmes. D_ue tq that, proplems_caused. by TPF are consider-
top of the chip changes dynamically with the signal applied. y more serious in connection with predistorters. For a more
any of the electrical parameters of the transistor are affect (atalled analysis of TPF, see [6] and [8].
by temperature, thermal memory effects are unavoidable. This
mechanism in which dynamic self-heating causes electrical
distortion is known as thermal power feedback (TPF). Memory effects are rather difficult to measure. Spectrum ana-
A block diagram of TPF is shown in Fig. 5, and the basic antyzers may be used to measure sideband amplitudes, but they do
plifier is considered as a memoryless polynomial stage. Thernmait provide phase information. Although a system comprising
impedance describes the relationship between dissipated potwer network analyzers is capable of yielding phase information
and temperature and bloégk describes the relationship betweerabout the fundamental signals in a two-tone test, as explained

Ill. M EASURING MEMORY EFFECTS
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(1s) output of the power combiner vanishes. The phase shift of these
Spectrum two equally spaced frequency components is fixed and depends
%wz @ analyser only on the phase shift of the cables and power splitters, which
o P » can be easily measured and calibrated. After that, the amplitude
. and phase of the IM3L signal is adjusted again, until the IM3L
%wl @ ’X‘ component at the output of the amplifier disappears. In this way,
Spectrum the phase difference between these two situations in which the

3\ analyser . . .
180 signal component vanishes gives the phase of the IM3L compo-
wl nent of the amplifier (although the calibration of the cables has
vvvvz ) Q:Q @ to be considered). On the other hand, the amplitude of the IM3L

generated by the stage is much easier to obtain because the atten-
Fig. 7. System for measuring memory effects. uation of the cables and power splitters/combiners is easy to take
into account. The IM3H of the stage can also be measured simi-

. ] ] larly, either simultaneously or separately. The fourth signal gen-
in [9], these measurements only produce information about thgyior for the IM3H can by applied for the simultaneous mea-

memory effects of the fundamental signal. As explained in Seggring of both the lower and upper IM3 sidebands. After all,
tion I, this procedure does not provide complete informatiofye sigebands can be measured independently by changing the
about the memory effects of the IM components, which is @equency of the IM3L signal generator to the frequency of the

point of primary interest in terms of linearization. ~IM3H and by changing the frequencies of the lower and upper
Some systems for measuring the phase of the harmonics hgys.ione signals.

been developed [10] and at least one for the IM3 relative phase
[11]. These are based on a diode that is used as a refereBceccuracy and Automation

nonllneant_y, producing a constant-phase_ IM3_compqnent OVETA test setup was constructed for the LabView environment
a modulation band. In [11], a two-tone signal is applied to the

. . : 0 automatize the measurements. The setup was designed to be
device-under-test (DUT) and reference nonlinearity, and t P g

outout sianals are added toaether. This sum consisting of tﬂﬁely automatic with no need for manually tunable attenuators
P 9 9 ) ung. I phase shifters. All tuning for the IM3 sidebands and fun-
constant-phase reference IM3 and measured IM3 is tried

) ; ! 2mental signals was performed by means of three RF signal
cancel by tuning manual attenuators and phase shifters in or &herators. In addition. two spectrum analvzers were used to
to find the phase of the IM3 component at the output. T ' ' P y

drawback of the method is that onlv a relative phase ir]formm_easure the amplitudes of the IM3 sidebands and envelope. All
y P Jeasurement equipment was controlled via an HP general-pur-

e e e, ros s e Mrace b (GPI)caleEach measurment ok abou
P % min, and a complete series of measurements over a range

that must be an @eal third-order distorter to aqu the €105t modulation frequencies lasted a few hours. The optimization
Further, no tone-difference sweep was reported in [11].

of search algorithms will reduce the duration of each individual
measurement to less than 5 min.

The accuracy of the measurements is an important consid-
The measurement system introduced in Fig. 7 can be eamation. There are two different kinds of measurement errors:
ployed for measuring both the amplitude and phase responiesse that cannot be calibrated (systematic errors) and those
of IM signals in order to characterize the memory effects of tithat can be taken into account by careful calibration. System-
amplifier. The key idea behind the measurements is that an H¥lc errors are dominated by the cancelled IM3 amplitude. For

distortion signal is applied together with a two-tone signal to thexample, if an IM3 level of~-40 dBc is detected at the output
input. By adjusting the amplitude and phase of the test signaf,the stage, and it can be cancelled-t@0 dBc, this 30-dB
the output IM3 can be cancelled. Furthermore, memory effectancellation performance requires amplitude or phase error to
can be measured by sweeping the tone difference of the two-ttrgeless than 0.25 dB or’ J12]. The cancelled IM3 level is
signal over a range of modulation frequencies. The test setgually limited by the noise floor of the spectrum analyzer or
presented here does not actually measure the IM3 compongimise noise of the signal generator. As a result, high-perfor-
at the output, but it instead measures the optimum input sigmaance measurement equipment have to be used to significantly
that creates maximum cancellation to the output. Thatis a highlgduce the errors. Unfortunately, errors of more thamvére
significant advantage because it allows the measurement resoltiserved, and calibration was required to improve the perfor-
to be used directly as required characteristics for predistortiorance of the test setup. It was found that the phase of some
circuits. inexpensive RF signal generators is a slight function of the am-
The calibration of the measurements is somewhat compbhtude, and that more serious phase jumps occur at fixed ampli-
cated. The basic idea s that two downconverted signals are cdade steps when switching the attenuators to the RF path inside
pared to detect the phase of the IM3 signal. A two-tone inptlte signal generator. Nevertheless, these phase errors can be cal-
signal is mixed down to the envelope frequency, along with thigrated, and by using a high-performance RF signal generator,
lower signal of the two-tone signal and the IM3L signal. Thedheir role can be diminished. Furthermore, some signal genera-
two are brought to a resistive power combiner, and by adjustitays suffer from a very low-frequency phase drift. The effects of
the amplitude and phase of the IM3L signal, the signal at tlieis defect can be avoided by rechecking the cancelling phases

A. Test Setup and Calibration
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Fig. 8. Measured: (a) amplitude and (b) phase of optimum predistortion %_10 |
signals for the Philips BFG 11 common-emitter amplifier. T
[82]
=2
. _-20%
at the end of each measurement. Also, any test setup will ex- 2 |
hibit a degree of unwanted IM so that, even if a signal generator = ” I
is not applied at IM3, signal components can still be observed ) ppe e o
there. When measuring very linear stages, this may turn out to Mod. freq. [He]
be a real problem, but, fortunately, the test setup itself could be @)

calibrated by measuring it without the DUT. The level of un-
wanted IM responses was found to b&0 dBc, but the use of

)
high-quality mixers, power combiners, power splitters, and ca- 8
bles can easily reduce the figure by more than 10 dB. z
=
IV. MEASUREDRESULTS & -
=
A. Memory Effects in a BJT Stage - -
A Philips BFG 11 amplifier designed according to the data 10° 10° 107
sheet [13] provided by the manufacturer was measured at the Mod. freq. [Hz]
supply and bias voltages of 3 V and 740 mV, respectively. The (b)
tone spacing of the fundamental tones was swept from 32 kEg. 10. Measured: (a) amplitude and (b) phase of the optimum predistortion
to 32 MHz around the center frequency of 1.8 GHz. signals for the Infineon CLY2 common-source amplifier. [(a) also shows the

. . . . . . achieved cancellation with memoryless RF predistortion.
The amplitude (in decibels relative to carrier at the input com- y P ]

pared to the input signal) and phase of the IM3 components are

given in Fig. 8. As expected, the amplitude of the required caf@uses the large phase jump in the IM3 phase. Itis interesting to
celling signal at the input is directly proportional to the IM30te that this phase jump was not detected in simulations using
level at the output. However, the phase of the IM3 is interestint® SPICE BJT model due to inadequate output conductance

at high modulation frequencies (above 500 kHz), the phases&pdeling.

both sidebands were equal, but at low modulation frequencies, .

the phases started to deviate such that ‘apP@se offset was % Memory Effects in a MESFET Stage

detected at 32 kHz. Since no electrical time constant of thatDuring this part of the research, an Infineon CLY2 ampli-

size existed in the circuit, it is evident that these low-frequendigr [14] was designed and measured. Its drain bias voltage and

memory effects were caused by TPF. current were set to 3 V and 20 mA, respectively, and the tone
A phase jump was also observed at 1 MHz in the modulatisipacing of the fundamental tones was swept from 32 kHz to

response. A schematic of the amplifier is presented in Fig. 9(2§) MHz at the center frequency of 1.8 GHz.

and the collector impedance at the envelope frequency is give he amplitude (in decibels relative to carrier at the input) and

in Fig. 9(b). It was verified by varying theC product in the phase of the IM3 components are given in Fig. 10. The ampli-

bias network that it actually is the basebdr@resonance that tude of the required cancelling signal remains nearly constant
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+1.0 Memory effects can be divided into two classes: electrical
and electro-thermal effects. Thermal memory effects affect low
modulation frequencies up to a few megahertz, while purely
electrical memory effects are usually caused by the source and/
or load impedances at the envelope frequency. Some of the non-
linearity mechanisms generating memory effects are quite com-
plicated and, due to inadequate device modeling, commercial
circuit simulators cannot always be used to characterize them.
Memory effects can be characterized by measurements, which
provides information about the expected cancellation perfor-
mance, while also revealing from which frequencies the effects
are generated. The test setup presented in this paper is capable
of providing not only amplitude, but also phase information
of the distortion sidebands. The measurements demonstrated
-1.0 the effects of the low-frequency source and load impedance on
Fig.11. Measured gate and drain node impedance of the CLYZampIifierfrc;pwe modulation response. The measurements also Showed good
32 kHz to 32 MHz Znom = 50 €. agreement between memory effects and cancellation perfor-
mance of a memoryless predistorter. It can be concluded that

impedances have to be considered very carefully when designing

3:/8: the entlreﬁmotdu(ljf_;lélontband. T_P;]S dohes notfr':;lealr’:}lQO\;vellg sily linearizable power amplifiers. The measurement tech-
at memory etiects did not occur. 1he phase ot the stalftiue presented in this paper is capable of providing information

;O dzvtlate ??O\{ZOlM'\f_'HZ’I an(;j d?tl' phase d|ffet:rr]enhc e of dwg,s i that can be used to optimize design and, more importantly, to
oundtoexista Z.In addition, a Smooth phase devialig, , ., wterize the requirements for a predistortion device.

of 10° around 500 kHz was also detected, as seen in Fig. 10.
Thermal memory effects were not detected at low modulation
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