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Abstract  —  The introduction of frequency dependence in
system level nonlinear behavioral models is of prime
importance as wideband signals are going to be massively
used with nonlinear SSPA . This paper describes an
improved technique to model envelope memory effects for
amplifiers exhibiting both high and low frequency memory.

I. INTRODUCTION

With the development of new characterization tools [1-
3], new possibilities have been offered towards black box
modeling of nonlinear circuits driven by modulated
signals.

The major advantage of  the use of black box models at
system or subsystem level, is the model simplicity
allowing to simulate more complicated structures like
satellite payload solid state power amplifiers (SSPA) [6]
with complex modulated signals (NPR, QPSK …).

The classical well established method consisting of
using AMAM AMPM curves for narrow band system
level simulation is no more suitable for simulation of
wideband signals because the frequency response
(memory) of the amplifier has to be taken into account.

 However finding an accurate technology independent
relation between input and output ports of the nonlinear
device is a great dilemma when nonlinear memory has to
be introduced in the model. This problem has found some
solutions in the case of traveling wave tube amplifiers
(TWTA) [7-9] exhibiting only High Frequency memory
(due to frequency limiting matching circuits). Problem
becomes more difficult when both High and Low
frequency Memory (due  to biasing circuits) are mixed
together like in solid state high power amplifiers [4][5].

Recently a new behavioral model based on Dynamic
Volterra formalism  has been introduced [10] for the
representation of both High and  Low Frequency Memory.
However based on a linear mixer extraction principle of
the kernels [11], this model has proved to be limited to
mildly nonlinear regions (25dBc of IM3 and better) for
amplifiers exhibiting strong nonlinear low frequency
memory. In this article is presented an improved
extraction principle of the model kernels for a better

modeling accuracy in very nonlinear multicarrier
conditions.

II. PRINCIPLE OF MODEL EXTRACTION

At system level, low pass equivalent signals are used
and real signals are replaced by the associated input/output
complex envelopes   (Fig. 1.) :

As formerly described in [10] the output of a nonlinear
system with memory could be expressed  as following :
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memoryless part of the model, in fact the classical AMAM
AMPM model.  ),)((1 ftXH
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Dynamic Volterra Kernels accounting  for nonlinear
memory effects, expressing the distance from the real
response to the purely static one (without memory).

Extraction of dynamic Kernels is based on a two-tone
signal. The first tone, has a fixed frequency chosen at
center of the amplifier bandwidth. The second tone has the
same amplitude, and frequency can be swept around the
first, from the left to the right for covering the amplifier
band. As opposed to the extraction principle suggested
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Fig.1: Nonlinear system with memory

dfefXeftXH

dfefXftXH

etXYtY

BW

BW

tj

BW

BW

tj

j
dc

tX

tX

−

Ω−Φ

−

Ω

Φ

−+

+

=

2/

2/

*2
2

2/

2/
1

)(),)((  

)(),)((  

))(()(

)(

)(

���

���

���

0-7803-6540-2/01/$10.00 (C) 2001 IEEE



previously in [10] [11], amplitude of both frequencies must
be swept from linear to strongly nonlinear region of the
amplifier, as shown in Fig. 2 :

The objective of the extraction is to find the two
nonlinear and complex characteristics of 2 variables

),)((1 ftXH ∆
��  and ),)((2 ftXH ∆−

�� . For a given frequency

distance ∆f, Kernels become dynamical functions of the
instantaneous envelope of the input signal. However
envelope of the input signal is strongly time varying.
Thus, a given magnitude can be reached by different ways,
depending on the amplitudes and phase between the two
input tones 1X̂  and 2X̂ as shown in Fig. 3 :

Fig. 3 : Time Domain Amplitude of Input Signal

Therefore the characteristics 1H
�

 and 2H
�

 as a function
of the envelope magnitude )(tX

�  can be found only in a

minimum least square fitting sense, by considering all
possible combinations ( )2ˆ,1ˆ XX and time.  One could do
this by considering any functional decomposition of the
characteristics. For computational efficiency reason, we
propose here a piece-wise linear decomposition. The
principle is as shown in Fig.4, the segments of the piece-
wise characteristics are constructed recursively, starting
form small signal region up to large signal.

 The principle is that, for a given couple of input signal
( )21

ˆ,ˆ XX , input instantaneous envelope verifies :

( ) max21
ˆˆ XXXtX =+≤        (2)

The first segment from 0 to 1
maxX  is computed by

optimization of kernels values at 1
maxX , with the

objective that the model reproduces in a two-tone
simulation the output spectrum (phases and amplitudes) of
the two tones and third order intermodulation products
measured on the HPA. With the first segment constructed,
the second segment from 1

maxX to ( )
221max

ˆˆ2 XXX +=

is now computed the same way. This procedure is
repeated forth, to cover the complete amplifier input
power range,  and for each frequency tone distance ∆f.

Fig. 4 : Determination of ( )1ĤRe  point after point.

An efficient optimization procedure will yield  smooth
characteristics 1H

�

 and 2H
�

 versus X
�

 or ∆f

The advantages  of this method is that no  a priori
supposition is made on the curves 1H

�

 and 2H
�

 versus X
�

or ∆f. In the same way, no limitation is imposed on
amplitude or phase repartition of the output spectrum : in
particular low third order intermod (2f1-f2) could have a
different amplitude than the high intermod (2f2-f1).

The principle of extraction, is fully applicable to data
coming from circuit level simulation, when a system level
representation is rewarded. Indeed amplitudes and phase
of each tone at input or output of the HPA are perfectly
known in a commonly used Harmonic balanced
simulation.

However, situation is more difficult for an experimental
extraction, because absolute measurement of scattering
wave  namely in terms of phase in multicarrier signals
necessitates very specific measurement systems [1-3].

II. EXPERIMENTAL SETUP

For experimental extraction the proposed method is
based on a modified Vector Network Analyzer (VNA),
used in receiver mode, calibrated with a classical SOLT
and a power calibration [11].

In this mode the analyzer can be used to measure ratios
in amplitude and phase of tones at f1 and f2. For third order

Fig. 2 : Signal setup for model extraction
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intermodulation (IMD), amplitude is directly measured by
the VNA using the internal power reference.

However, as there is no input power at 2f1-f2 and 2f2-f1,
ratios could not be done at this frequencies between input
and output of the DUT. To resolve this problem, we have
constructed a reference signal composed of all necessary
tones and which is kept constant during the measurement,
for a given ∆f. With this technique, evolution of phase on
IMDs versus input power could be stored. But the starting
point of IMD phase curve versus input power (absolute
phase) is not known because it is only a differential
measurement. An effective de-embedding technique for
absolute phase of IMDs has been found and is presented
below.

III. DETERMINATION OF THIRD ORDER IMDS PHASE IN
SMALL SIGNAL

The solution found to resolve this absolute phase
problem is based on observations made on various
nonlinear simulations of HPA, as well as measurement
made with VNA.

The first observation is that input/output phase shift on
second tone f2 has an approximately constant negative
slope Sf2  when it is shifted away from f1 (f1 remaining
constant). The reason is that an amplifier has an
approximately constant group delay in its bandwidth. This
result is found on circuit level simulation of the HPA as
well as with VNA measurements on f2.

The second observation is that the phase slope of the
third order IMDs are approximately related to slope on
carriers as follows :

S2f2-f1 = 2*Sf2-Sf1    and      S2f1-f2 = 2*Sf1-Sf2    (3)
But as f1 is kept constant :

S2f2-f1 = 2*Sf2         and       S2f1-f2 = -Sf2           (4)

The last observation is that phase of IMDs for tones
very close to each other, can be considered equal and
calculated using the memoryless AM/AM AM/PM Model.

Thus by exploiting these three above observations, it is
possible to de-embed the absolute phase of the third order
IMD tones. Fig.6 shows the comparison of phases found
using harmonic balance simulation on the design circuit of
an HPA and the above described technique. The difference
observed is very small (less than 10%) over +/- 250 MHz.

Fig. 6 : IMDs Phase for a Small Input Power (absolute phase)

For the experimental exploitation, AM/AM AM/PM
curves  and the slope Sf2 are directly measured on HPA,
with VNA. Absolute phase on third order intermods is
then calculated in small signal conditions. By adding the
differential value versus input power measured using
setup Fig. 5, it is possible to have a good approximation of
absolute phase on IMDs for each input power.

IV. APPLICATION TO A C-BAND 10W HPA

Extraction of the model has been applied to a C-Band
HFET based nonlinear amplifier of 10W output power.
This amplifier exhibits nonlinear memory effects.

The method has been first applied to the circuit design
using HB simulation. Center frequency is 3.8 GHz.
Results are given in Fig. 7 where a very good agreement
between HB simulations and  behavioral model is shown.
In particular low frequency variations of IM3 are very
well modeled.

The method has been then applied to the real circuit
using experimental data from setup Fig.5 An
approximation of absolute phase of IMDs has been
determined using method described  section III. Fig. 8
gives a comparison of IM3 measured on the circuit
module and IM3 given by the model in a system level
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two-tone simulation. A good agreement is found, in
particular nonlinear resonance are well reproduced.

Fig. 7 : IM3 of HPA Model / HB simulation

Fig. 8 : IM3 of HPA Model / Measurements

Finally to validate the approach the Noise Power Ratio
(NPR) over a 20MHz bandwidth of the circuit has been
simulated using the behavioral model, and has been
compared to measurements as well as to the classical
AMAM AMPM Model (Fig.9 ). The new model exhibits
an improved accuracy for NPR simulation.

V. CONCLUSION

An improved behavioral modeling technique based on a
Dynamic Volterra Formalism has been presented. With
this method frequency nonlinear behavior of a C-band
HPA has been reproduced with a good accuracy using
data coming from circuit level simulation as well as data
coming from direct measurements of HPA module.
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