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ABSTRACT
This paper describes an original way of dealing with the measuring and modeling of microw
transistor nonlinear behavior. Although generalizations are possible, the method described i
particular paper deals with transistor behavior under a large signal one-tone excitation, w
arbitrary impedance terminations for the fundamental and the harmonics. First the mathema
theory of the “nonlinear scattering functions” is described. Next the measurement set-up an
actual extraction of the model parameters is highlighted. Finally the model is implemented
commercial harmonic balance simulator. Using the simulator, model verification is performe
comparing measured and modeled behavior.

INTRODUCTION
There is a growing number of applications relying heavily on microwave technology: G
CDMA cellular phone, Local Multipoint Distribution Service, Japanese PCS and PDC,
CDMA, Wireless Local Loop,... The design of the power amplifiers used in these systems is
one of the toughest problems to solve. Powerful CAD tools potentially save a lot of time.
important, however, to be aware that these simulators can only be as accurate as the math
models that are used. As a consequence a lot of time is spend on constructing good models
components used. Especially constructing models that can accurately describe the large
hard-nonlinear behavior of power transistors is far from trivial. The state-of-the-art is to
technology dependent analytical models (e.g. Curtice Cubic, Materka, Statz, Tajima,...) or
general “small signal measurement based” models like the HP-Root model [1]. Despite th
that a lot of effort goes into building models for power transistors, the result is often not acc
enough to satisfy the designer. In this case time consuming loadpull measurements are bein
(often these loadpull measurements need to be iterated a few times during the design cycle
In this work another modeling approach is proposed, based upon the use of a black-box freq
domain model. The method is called “nonlinear scattering functions” and can be considered
extension of “scattering parameters” into hard nonlinear behavior. The model can accu
simulate the behavior of a power transistor under large-signal one-tone excitation at the
with any arbitrary impedances present at the output (fundamental and all harmonics). The
parameters are extracted based upon a relatively small set of measurements performed
experimental loadpull set-up build around a “Nonlinear Network Measurement System”
These measurements are actually a combination of passive and active harmonic lo
measurements.
There are mainly two reasons why one can expect this approach to be more simple and ac
Firstly one has the advantage that the model parameters are directly extracted from large
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loadpull measurements, which are very close to the actual working conditions of the device
implies that the behavior of the model in the simulator will be consistent with the meas
harmonic loadpull behavior. Classical modeling approaches are based upon many small
and DC measurements, which are far from the actual operating conditions. This often res
inconsistency between measured and modeled loadpull behavior.
Secondly all parasitic effects are automatically included in the black-box model, while
parasitic effects have to be explicitly identified with the other models. This makes the “nonli
scattering functions” really technology independent. A drawback of the method is of course
the model will only be valid for one-tone excitation, with a frequency corresponding to
frequency used to extract the model.

MATHEMATICAL THEORY
Mathematical notations

Extending the concept of “scattering-parameters” [3] in order to describe nonlinear behav
not trivial. One needs to go back to the basics. “Scattering parameters” are called this way be
they relate incident and reflected (or scattered) travelling voltage waves at the signal ports, th
completely describing the behavior of a linear microwave device. The “nonlinear scatte
functions” have the same purpose: relating incident and reflected travelling voltage waves.
necessary mathematical notations and concepts are introduced in the following.
Incident voltage waves will be denoted by the symbol “a” and reflected voltage waves wi
denoted by the symbol “b”. In many cases travelling voltage waves (and the correspond
parameters) are defined in a characteristic impedance of 50 Ohm. When dealing with non
behavior, however, it may be convenient to use different characteristic impedances.
characteristic impedance used for the definition of the waves will be indicated between bra
as a subscript. When the impedance is not indicated it is assumed to be 50 Ohm, or that th
is irrelevant for the given formula. The relationship between voltage “v”, current “i” (defined
being positive when flowing into the device-under-test, called DUT, signal port) and the trave
voltage waves is given by

 . (1)

As mentioned in the introduction, we will describe the device behavior under sinusoidal (
tone) excitation. Excluding subharmonic and chaotic behavior, all signals appearing at the
ports will have the same periodicity (= the reciprocal of the fundamental frequency). The per
signals will be described by their complex Fourier series coefficients, which are commonly c
the “spectral components” of the signal. Each “spectral component” has an associated “har
index”, which denotes the ratio between the associated frequency and the fundamenta
“harmonic index” will be indicated by the last subscript. An “harmonic index” equal to z
corresponds to DC. The first subscript indicates the respective DUT signal port. Port 1
typically correspond to the input (gate, base) and port 2 with the output (drain, collector) o
DUT. Some examples:
• a(10)21 refers to fundamental of the incident voltage wave at port 2, defined with

characteristic impedance of 10 Ohm.
• b13 refers to the third harmonic (with frequency equal to 3 times the fundamental frequenc

port 1, defined with a characteristic impedance of 50 Ohm.

a Z( )
v Zi+

2
---------------= b Z( )

v Zi–
2

--------------=



ase
nents
nt

)

mplex
ents.

n. The

ding

ses,
r

the

This

le of
l fitter
The black-box model

Conceptually, writing down the black-box model equation is trivial. First thing to do is to “ph
normalize” all signals by applying a time delay (applying a phase shift to the spectral compo
proportional to the harmonic index) such that a11 has zero phase. This way all spectral compone
phases are uniquely defined. This is done as follows:

, with superscript “NN” denoting “not normalized”. (2

One can then simply write
. (3)

This equation simply states that the scattered voltage wave spectral components are co
functions of the real and imaginary parts of all the incident voltage wave spectral compon
The functions “Skp” are called the “nonlinear scattering functions”. Note that Im(a11) does not
appear in the equation since this value is always zero because of the phase normalizatio
modeling problem is now transformed in identifying the functions Skp, for all scattered spectral
components. In practice it will be sufficient to consider a limited number of harmonics (inclu
up to the 4th harmonic has been enough for all practical cases investigated until now).
Generally speaking identifying the functions Skp would imply the identification of a set of
multidimensional nonlinear functions, which is practically very hard to do. In many ca
however, signal conditions are such that the functions Skp can be simplified. For a power amplifie
with one dominant tone at the input, all harmonic signals will be relatively small compared to
fundamental signals. It is then possible to expand the functions Skp into a MacLaurin series [7] for
all harmonic components (excluding the fundamental components at both signal ports).
results in

 . (4)

In this equation N represents the highest harmonic index considered. Fkp, Gkpij and Hkpij are
functions of Re(a11), Re(a21) and Im(a21) (= fundamental components) ,they are given by

. (5)

This reduces the problem to fitting a set of three dimensional functions. A practical examp
this approach, based on harmonic balance simulations, is given in [4]. The three dimensiona
used in [4] is a simple linear grid interpolator.

akp akp
NN a11

NN

a11
NN

------------
 
 
  p–

=

bkp bkp
NN a11

NN

a11
NN

------------
 
 
  p–

=











k p,∀

bkp Skp Re a11( ) Re a12( ) Im a12( ) Re a13( ) ... Re a21( ) ..., , , , ,,( )=

bkp Fkp GkpijRe aij( )
i 1 2,=

j 2 ... N, ,=

∑ Hkpij Im aij( )
i 1 2,=

j 2 ... N, ,=

∑+ +=

Fkp Re a11( ) Re a21( ) Im a21( ),,( ) Skp Re a11( ) Re a21( ) Im a21( ) 0 0 ..., , , ,,( )=

Gkpij Re a11( ) Re a21( ) Im a21( ),,( )
Re aij( )∂

∂Skp

ars 0 r∀; s∀ 1>,=

=

Hkpij Re a11( ) Re a21( ) Im a21( ),,( )
Im aij( )∂

∂Skp

ars 0 r∀; s∀ 1>,=

=
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As will be illustrated by the actual measurements, it is possible to further simplify (5) with
significant reduction of the application domain. The idea is that power amplifier designer
particularly interested in the transistor loadpull behavior in a limited area of the Smith chart.
area corresponds to a limited range of output impedances, typically around a certain va
When Z is present at port 2 it is obvious that a(Z)21 is equal to zero (by definition, cf. (1)). For
impedances deviating a little from Z, a(Z)21 will be small enough in order to linearize Skp also in
the variables Re(a(Z)21) and Im(a(Z)21) (the fundamental at signal port 2). Practical experien
learns that the resulting model is valid for output impedances ranging from 0.5 times Z to 2
The modeling approach as described by (5) is only valid for fixed biasing settings.
dependencies on the biasing can simply be included in the model as extra nonlinear param
This finally results in the black-box model described by

, (6)

with all F, G and H being complex functions of Re(a11), and the independent bias settings. The
bias settings are typically base current and collector voltage (bipolar technology), or gate v
and drain voltage (FET technology).
Several approaches are possible in order to fit these F, G and H functions with three
arguments. The simplest approach is to use straight interpolation between measured point
on a three dimensional grid, as applied in [4]. Since it is not trivial to measure exactly on a
we looked for fitters allowing to get input data on random samples. Good results were obt
with feedforward artificial neural nets (ANN) ([5] and [6]).

On the artificial neural nets used to model the “nonlinear scattering functions”

A lot of literature is available on using artificial neural nets as multidimensional function fitter
short introduction, focused on the one particular type of neural nets we used, is given in
follows.
Suppose one wants to model a set of M output functions (denoted by “yi”) having R inputs
(denoted by “xi”), and suppose one knows that their is quite some correlation in the behavi
the M different functions. For the type of neural net we use, the fitted function then has
following mathematical form:

, with (7)

. (8)

In (7) and (8), model parameters are the matrices Wij and Vjk and the vectorsαi andβj. Note that
the vector hj (containing Q elements) is only used as an intermediate variable. The func
“sigm” is the so-called sigmoid function, defined as

. (9)

This function is often used for constructing ANNs. It is a very smooth function, go
asymptotically to 0 for negative values, and to 1 for positive values. The fact that the cla
functions described by (7) and (8) can fit any smooth multidimensional function can be expl

bkp Fkp Gkp21Re aZ( )21( ) Hkp21Im a Z( )21( ) GkpijRe aij( )
i 1 2,=

j 2 ... N, ,=

∑ Hkpij Im aij( )
i 1 2,=

j 2 ... N, ,=

∑+ + + +=

yi Wij sigm hj( )
j 1=

Q

∑ αi+=

hj V jkxk
k 1=

R

∑ β j+=

sigm x( ) 1
1 e x–+
-----------------=
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as follows.
The output function is written as a linear combination, with offset, of the functions sigm(hj), being
equal to

. (10)

This function is constant on all hyperplanes (a plane with dimension R-1) parallel with the
described by

. (11)

As such, this function divides the R-dimensional input spaces into two regions, separated
hyperplane, being equal to 1 in one region, and being equal to 0 in the other region, with a s
transition between the two regions (cf. (9)). It is not hard to imagine that about every sm
function can be approximated by a superposition (with offset) of such functions. Rigorous p
exist in literature.
An ANN is often represented by a schematic, as shown in Fig. 1. Each point in the schem
called a node, the nodes in the middle are called the hidden layer, the vectorsαi andβj are called
the node biases and the matrices Wij and Vjk are called the weights of the node connections. T
problem is then to start from a random set of measured input values and associated output
and to calculate values of the matrices Wij and Vjk and the vectorsαi andβj resulting in a good
correspondence between measured and modeled data. In order to do this we used a Lev
Marquardt algorithm [8]. Further optimization is performed by a pruning technique ca
“Optimal Brain Surgeon”, described in [9]. The pruning technique selectively removes n
connections, thereby simplifying the model. The algorithm is implemented using the so-c
”Neural Network Based System Identification Toolbox” of Magnus Nørgaard [5].
For our application, one ANN is trained (= fitted) for each Fkp and each set (Gkp1j, Gkp2j, Hkp1j,
Hkp2j). So there are two classes of ANN’s: the ones describing the Fkp’s, having three input nodes
(Re(a11) and the two bias settings) and two output nodes (real and imaginary part of Fkp), and the
ones describing the G and H’s, having three input nodes and 8 output nodes (real and ima
parts of Gkp1j, Gkp2j, Hkp1j, Hkp2j). Although other arrangements are certainly possible, the
chosen is a good practical compromise between model complexity and ease of fitting.

MEASUREMENT SET-UP AND MODEL EXTRACTION
In order to identify the model, a measurement set-up is needed allowing to apply suffi
excitation signals to the DUT, and to accurately measure the spectral components (both a
b’s). The set-up realized is depicted in Fig. 4. The NNMS system, an advanced version o
system described in [2], automatically performs the accurate measurement of all sp
components needed for the model (system bandwidth at present is 20 GHz). The bias is con
and accurately measured by an HP-4142B semiconductor parameter analyzer. The
contains two microwave synthesizers. “Synth 1”, connected to a ZHL-42 power ampl
generates the a11signal. “Synth 2”, connected to a switch, diplexers and power amplifiers, allo
the generation of all other incident spectral components (one at the time). The tuner deter
the fundamental impedance range to be covered by the model. For this particular case Z
about 10 Ohm. When the synthesizer is set to the fundamental frequency and its output is d
towards port 2 active loadpull occurs, thereby synthesizing impedances deviating from the o

sigm Vjkxk
k 1=

R

∑ β j+
 
 
 

V jkxk
k 1=

R

∑ 0=
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by the tuner. The impedance range covered is about 5 Ohms to 20 Ohms.
The actual model extraction of a DUT is illustrated by example. The example DUT is a sil
BJT power transistor. First the tuner is set such that the fundamental impedance (frequenc
was 1.88 GHz) seen by the collector is lying within the interesting part of the Smith chart, in
case about 10 Ohm. Next the values of all F, G and H’s under consideration (6) are determi
a random set of “large signal settings” within a certain range. The “large signal settings” ar
amplitude of a11, and the independent biasing parameters: base current and collector voltag
randomly chosen settings where used. The peak-amplitude of a11 ranged from 0.5 V to 5.7 V, base
current ranged from 0.12 mA to 6 mA, and collector voltage from 2 V to 5 V. Once the value
G and H at all sampled “large signal settings” points are measured (this will be explained i
next paragraph), a set of ANN’s is trained in order to fit the data.
The values of F, G and H, at one particular setting of a11, base current and collector voltage, a
measured by keeping the “large signal settings” constant while sending small signal devi
a12, a13, a14, a(10)21, a22, a23 and a24 towards the DUT, and measuring all a’s and b’s und
consideration. These small signal deviations are generated by “synth 2” (Fig. 4). Six realiza
of each deviation are performed, each time randomizing the phase relationship betwee
“synth 1” fundamental signal and the signal of “synth 2”. The values for all F, G and H’s for
particular “large signal setting” are found by performing a least-squares-error fit on the mea
data. For all 500 “large signal settings” this implies a total of 21.000 measurements, which
about 4 hours.
Fig. 2 gives an idea about the behavior of the “nonlinear scattering functions” by plotting
magnitude of F21 versus base current and Re(a11), with a constant collector voltage of 4.5 V. Not
that F21 can be interpreted as the value of b(10)21(this is the fundamental output) with all ajk equal
to zero (except of course the stimulus a11). This corresponds to a 50 Ohm load seen by
harmonics and a 10 Ohm load seen by the fundamental at the output. One notes that the fu
is very smooth, being very small for zero biasing current, and increasing for increasing valu
base current and stimulus a11, as one can expect.
Harmonic distortion information is also present in the model. This is illustrated by Fig. 3. Un
the same matching conditions as those used in Fig. 2, all harmonic distortion information (i
example up to the third harmonic) is present in F21, F22 and F23, evaluated at a specific bias poin
Note that the model tends to behave abnormal for small input powers, in the sense th
amplitude does not roll off with the expected constant slope. This is an artifact of the neura
which, by construction, does not respect the typical polynomial asymptotic behavior if a11 goes to
zero (cf. Volterra theory [10]). Although this fact should not be a problem for typical pow
amplifier design, designed to work at rather high input power, progress is being made in g
correct asymptotic model behavior, combining VIOMAP techniques [11] with neural nets.

MODEL VERIFICATION
The model extracted was integrated into an harmonic balance simulator and comparison
made between actual measured and modeled data. One example of this is given by Fig.
figure represents an overlay of the measured and modeled current and voltage waveforms
transistor signal ports, for one point in the measured range. The reflection coefficient o
fundamental seen by the collector has a magnitude of 0.63, at an angle of 135 degree
reflection coefficients of the second, third and fourth harmonic are significant. Modeled o
power is 419 mW, with a power-added-efficiency (PAE) of 76%, while measured output pow
392 mW with a measured PAE of 71%. The model was validated in a similar way over the w
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range. The model predicts PAE and output power with acceptable accuracy in most o
validation range. It should be noted, however, that this particular model does a bad j
predicting the power absorbed at the input. This is probably due to ill-conditioning, caused b
high fundamental reflection coefficient at the base (a11 and b11 are 50 Ohm quantities). The
absorbed input power is as such equal to the difference of two relatively large num
Expressing a11 and b11 in another carefully selected characteristic impedance can probably s
this problem.

CONCLUSIONS
“Nonlinear scattering functions” can accurately be measured with an automated set-up cont
a “Nonlinear Network Measurement System”. The corresponding model describes the beha
the hard-nonlinear microwave component under a large-signal one-tone excitation (rela
small harmonics may be present), and can be integrated in a commercial harmonic b
simulator.
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Fig. 1 Schematic representation of an ANN

Fig. 2 Magnitude of F21 as a function of Re(a11) and Ibase, with Vcollector = 4.5 V
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Fig. 3 Harmonic distortion analysis with Ibase = 5 mA and Vcollector = 4.5 V

Fig. 4 Measurement set-up
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Fig. 5 Modeled and measured time domain current and voltage waveforms
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