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Abstract In recent years, nonlinear circuit analysis techniques have been extensively investigated.
One of the most important reasons is the application development of solid-state devices at microwave
frequencies. Different methods have been used to analysis large signal behavior of these devices. In
this paper load-pull curves (one of design requirement) are obtained using Volterra series. The main
advantage of this technique is shortening the time of computations for weak nonlinear analysis in
cases such as Class A power amplifiers. The proposed procedure has been coded in MATLAB. Using
iterative methods, loads with constant output power have been obtained. Finally the results are
compared to experimentally measured values and a fair degree of calculation between them is
observed.
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ﭼﮑﻴﺪﻩ ﺩﺭ ﺳﺎﻟﻴﺎﻥ ﺍﺧﻴﺮ ﺗﻮﺟﺔ ﺑﻴﺸﺘﺮﻱ ﺑﻪ ﻣﻮﺿﻮﻉ ﺗﺤﻠﻴﻞ ﻣﺪﺍﺭﺍﺕ ﻏﻴﺮﺧﻄﻲ ﻣﻲﺷﻮﺩ ﻛﻪ ﻳﻜﻲ ﺍﺯ ﻣﻬﻤﺘﺮﻳﻦ ﻋﻠﻞ ﺁﻥ
 ﺗﺤﻠﻴﻞ ﺍﻳﻦ ﻋﻨﺎﺻﺮ ﺩﺭ ﺳﻴﮕﻨﺎﻝ ﺑﺰﺭﮒ ﺑﻪ ﺭﻭﺷﻬﺎﻱ.ﻛﺎﺭﺑﺮﺩ ﻗﻄﻌﺎﺕ ﺣﺎﻟﺖ ﺟﺎﻣﺪ ﺩﺭ ﻓﺮﻛﺎﻧﺴﻬﺎﻱ ﻣﺎﻳﻜﺮﻭﻳﻮ ﺍﺳﺖ
 )ﻳﻜﻲ ﺍﺯ ﻣﻠﺰﻭﻣﺎﺕ ﻃﺮﺍﺣﻲ( ﺑﻪ ﻛﻤﻚ ﺳﺮﻱ ﻭﻟﺘﺮﺍload-pull  ﺩﺭ ﺍﻳﻦ ﻣﻘﺎﻟﻪ ﻣﻨﺤﻨﻲ ﻫﺎﻱ.ﻣﺨﺘﻠﻔﻲ ﺻﻮﺭﺕ ﻣﻲﮔﻴﺮﺩ
 ﻋﻠﺖ ﺍﺳﺘﻔﺎﺩﻩ ﺍﺯ ﺳﺮﻱ ﻭﻟﺘﺮﺍ ﻣﺰﻳﺖ ﺁﻥ ﺩﺭ ﻛﻢ ﺷﺪﻥ ﺯﻣﺎﻥ ﻣﺤﺎﺳﺒﺎﺕ ﺑﺮﺍﻱ ﺗﺤﻠﻴﻞ ﻣﺪﺍﺭﻫﺎﻱ.ﺑﺪﺳﺖ ﻣﻲﺁﻳﻨﺪ
Matlab  ﺩﺭ ﻣﺤﺎﺳﺒﺎﺕ ﺗﺤﻠﻴﻞ ﻣﺪﺍﺭ ﺍﺯ ﻧﺮﻡ ﺍﻓﺰﺍﺭ. ﺍﺳﺖAﻏﻴﺮﺧﻄﻲ ﺿﻌﻴﻒ ﻣﺎﻧﻨﺪ ﺗﻘﻮﻳﺖﻛﻨﻨﺪﻩﻫﺎﻱ ﻗﺪﺭﺕ ﻛﻼﺱ
ﺍﺳﺘﻔﺎﺩﻩ ﺷﺪﻩ ﺍﺳﺖ ﻭ ﺑﻪ ﻛﻤﻚ ﺭﻭﺷﻬﺎﻱ ﺗﻜﺮﺍﺭ ﺑﺎﺭﻫﺎﻳﻲ ﻛﻪ ﺑﻪ ﺍﺯﺍﻱ ﺗﻄﺒﻴﻖ ﻭﺭﻭﺩﻱ ﺗﻮﺍﻥ ﺧﺮﻭﺟﻲ ﺛﺎﺑﺘﻲ ﺭﺍ ﻧﺘﻴﺠﻪ
 ﺩﺭ ﺍﻧﺘﻬﺎ ﻧﺘﺎﻳﺞ ﻣﺤﺎﺳﺒﺎﺕ ﺑﺎ ﻣﻘﺎﺩﻳﺮ ﺍﻧﺪﺍﺯﻩ ﮔﻴﺮﻱ ﺷﺪﻩ ﻣﻘﺎﻳﺴﻪ ﺷﺪﻩ ﻭ ﻧﺰﺩﻳﻜﻲ. ﺑﺪﺳﺖ ﺁﻭﺭﺩﻩ ﺷﺪﻩ ﺍﺳﺖ،ﻣﻲﺩﻫﺪ
.ﺧﻮﺑﻲ ﺑﻴﻦ ﻧﺘﺎﻳﺞ ﻣﺸﺎﻫﺪﻩ ﻣﻲﺷﻮﺩ
1. INTRODUCTION
For years, nonlinear circuits have been an
attractive and popular topic for researchers, as
clearly shown by the large number of related
technical papers [1]. The main reason for this
increasing popularity is the advances of solid-state
circuits in microwave frequencies.
The design of power amplifier matching circuit
(one of the main tasks of the designer) requires the
information about transistor input and output
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impedance in large signal behavior [2]. To access
the input or output impedance of nonlinear circuits,
measurement techniques such as "load-pull"[7] are
used. In this method special characteristic of power
amplifier is obtained by load value changing (both
amplitude and phase of load). Another kind of
load-pull methods is using dummy load where a
second signal is injected at the output instead of
variation of the amplitude and phase of the load. In
this method, signals with the same frequency but
different in magnitude and phase are injected to the
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output. However, if a precise and complete large
signal model of transistor is accessible, there is no
need for excessive time and costly measurements.
Previously, harmonic balance method has been
used in load-pull curve simulation [3]. In this paper
load-pull curves are obtained using Volterra series.
The main advantage of this technique is its
computational speed for analyzing weak nonlinear
circuits such as Class A power amplifiers. Lack of
need for any iterative approach is another
advantage of this method. In addition, maximum
output power of the power amplifier will be
obtained using Volterra series.
In this paper a review of nonlinear analysis
methods is first presented. Then calculated and
measured load pull curves are compared. In this
paper RTC-126 BJT transistor has been used. The
frequency band is C (3.7-4.2GHz), which is used
in satellite telecommunication systems

analyzed in the frequency domain so that the time
consuming transformation between frequency and
time domains are avoided and the number of
independent frequencies is not limited.
However, modeling of nonlinear devices is the
weakest point of the frequency domain approach.
Because nonlinear components are traditionally
modeled in the time domain by using algebraic
equations to describe the nonlinear effects. Such a
model can easily be converted to the frequency
domain by polynomial expansions. But,
approximation of strongly nonlinear functions with
power series requires a large number of terms in
the series, which excessively extend computational
time. So this procedure is restricted to relatively
weak nonlinear circuits. One of the most widely
used frequency domain methods is "Volterra
series” method that “Electronic WorkBench”
software uses this approach.

2.2 Hybrid Methods In hybrid methods linear
2. NONLINEAR ANALYSIS METHODS
Generally, power amplifiers are nonlinear circuits.
To analyze a nonlinear circuit it is separated into
two linear and nonlinear subcircuits.
:
2.1 Time Domain Methods In this method
both linear and nonlinear subcircuits are analyzed
in time domain. The advantage of time domain
analysis is that semiconductor devices are usually
described in time domain. However, such methods
generally suffer from a major drawback, i.e.
numerical efficiency. The analysis based on time
domain equations would typically spend most of
its computational effort on transient state
evaluation, while most of the user's interest is
concentrated on steady state information. An
example of a computer aided analysis technique
using this approach is the popular software
SPICE[4].

2.2 Frequency Domain Methods

In this
method both linear and nonlinear subcircuits are
analyzed in frequency domain. Hence, with
increasing reactive elements, analysis will not be
complicated. Frequency domain methods do not
suffer from the limitation of harmonic balance.
That is, both linear and nonlinear subcircuits are

132 - Vol. 17, No. 2, June 2004

and nonlinear subcircuits are analyzed in frequency
and time domain respectively. Steady state
conditions of this approach are determined directly
(with respect to time domain) [5]. The well known
"harmonic balance" method is in this group.
Harmonic balance simplifies nonlinear circuit
analysis to a nonlinear algebra system. In this
method, discrete Fourier transform is used to
transform a linear frequency domain solution to a
nonlinear time domain solution and vise versa.
Discrete Fourier transform, DFT,[6] may cause
errors that reduce the accuracy. APLAC software
uses harmonic balance in nonlinear circuit
analysis.
Harmonic balance methods have been matured
in analysis of nonlinear microwave circuits.
However, when the circuit has several excitation
frequencies, the analysis becomes impractical due
to the long computation time. Even with only two
independent tones, the analysis may be very slow.
In 1910 Volterra introduced functional
expansion that could be used with a large class of
nonlinear systems [7]. Weiner further developed
his work in 1950's for the expansion of functions
in term of orthogonal polynomial series.
Weiner's functional expansions, is now known as
Volterra nonlinear transfer functions [8]. It can
handle frequency dependent systems with single
valued input-output characteristics. Unfortunately,
IJE Transactions A: Basics

Volterra nonlinear transfer function analysis is, in
general, restricted to weakly nonlinear systems.
This is caused by the algebraic complexity of
determining high order Volterra nonlinear transfer
functions (as required by strongly nonlinear
systems or large signals). Because of this, systems
are described by typically third order Volterra
series. Lack of need for any iterative approach is
another advantage of this method.
In summary, if one is interested in transient
response, a time domain method is suggested. But
if circuit is driven by a periodic signal and only we
are considered with the harmonics contend,
harmonic balance method is more effective.
Finally, for the weak nonlinear circuits, if the
applied signals are not harmonically related,
Volterra series method is the most effective
technique.

3. LOAD-PULL METHOD
IMPLEMENTATION USING VOLTERRA
SERIES
Practically, one can access output impedance of
large signal nonlinear circuit such as power
amplifiers in different approaches. One of these
methods is the load pull method where graphical
representation of circuit characteristic parameters
such as gain, efficiency, intermodulation and
output power versus source and/or load impedance
is observed. In this method different load
impedances applied to the DUT (Devise Under
Test), The device characteristic at any point is
measured and pointed out on Smith Chart. So one
can easily view areas of load that have special
characteristics. However, without suitable
instruments, the error may be too high and takes
a long time. Generally amplifier behavior
investigation on load tolerance (load-pull)
using measurement, require a lot of time and
experimental cost.
In this paper load-pull method is realized using
Volterra series by MATLAB. Transistor nonlinear
behavior is modeled by five nonlinear elements
as can be seen in Figure 1. In Volterra series
analyzing each nonlinear element should be
described by a nonlinear current source, which
describes nonlinear current element in the power
IJE Transactions A: Basics

Figure 1. Nonlinear transistor model with source and load
impedances.
TABLE 1. Calculated and Measured Results Comparisons
at 4GHz.

Calculated
Measured

Pout(max)
427mw
415mw

Load (in Pout(max))
3.5-j16
5.5-j18

series and via voltage(s) of circuit nodes.
One of the measurement load-pull methods is
using dummy load where a second signal is
injected at the output instead of variation of the
amplitude and phase of the load.. In this method,
signals with the same frequency but different in
magnitude and phase are injected to the output. In
this paper this measurement system result is used
[9].
In Table 1 at 4GHz frequency, available powers
for RTC-126 transistor that is accepted from
calculation and from measurement are compared
(permitted from [9]). Calculated output power is
427 mw and measurement result is 415 mw. The
error is less than %3. In this table, optimum load
impedance is also shown for maximum power.
This load determines the output matching element
values. In this situation maximum output is given
to real load (usually 50Ω). In Figures 2 and 3
calculated and measured load-pull curves in
250mw and 350mw output powers are compared.

4. CONCLUSION
By varying output and input impedance in large
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Figure 2. Load-pull curves at 4 GHz and in 250 mw:
Calculated: ____ Measured: ∆ ∆ ∆ (permitting from [5]).

approach needs less time but requires precise
measurement instrument and test line.
In this paper load-pull curves using Volterra
series is obtained. This method is analyzed in
MATLAB. Using iterative methods loads are
obtained that lead to constant output power and
have been showed on Smith chart (load-pull
curves). Beside this work, maximum output power
of transistor is obtained (table 1). As has been
shown, using nonlinear analysis of transistor
output power is available with satisfactory and low
output error (less than %3), so maximum output
power of transistor with adequate precision by
using Volterra series is accessible.
Use of this method is recommended where the
designer is restricted to control and depressing
harmonics and intermodulation in power amplifier
output.
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