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Ⅰ. Introduction

Today’s amplifier design is a tough task, fighting a 
lot of different requirements: Compact design, high 
efficiency (small losses between DC input power and 
RF output power), high bandwidth, best performance by 
means of high modulation performance and low ad- 
jacent channel power, and last but not least low design 
costs and complexity in integration and usage.

Over the last decade, the demands became higher 
and higher, so that the goals can typically not be used 
without any digital enhancements in the transmitter 
chain. Digital Predistortion (DPD) techniques are a very 
common used and powerful mechanism to make the 
amplifier fit the requirements better or even meet the 
requirements.

This article should give an overview of the necessary 
steps in measuring and realizing all steps towards a 
better amplifier performance matching all requirements. 
In addition, the steps executed by the Rohde & Schwarz 
FS-K130PC Distortion Analysis Software are described 
to show the steps executed and used for best measure- 
ment performance and modeling capabilities.

Ⅱ. What is distortion?

Before starting to describe the process of distortion 
and predistortion, we should first have a look at what 
distortion is.

The most common RF device which we are looking 
at in the context of distortion is an amplifier. An RF 
amplifier in an ideal way amplifies the given input 
signal linear with a constant gain. When we –for 
example– use an amplifier with a gain of 20 dB and 
apply an input signal at 0 dBm (1 mW), the expected 
output is a signal with 20 dBm (100 mW) power. 
Applying a signal that is modulated in amplitude and 
phase is expected to leave the amplifier with the same 
phase curve shape and this given gain.

It is very clear that the gain cannot be the same for 
all input powers due to the fact of limited supply power 
and also physics of the amplifier. Applying a signal 
with 30 dBm (1 W) will not result in 100 W output 
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power if the supply power is only provided with a 
maximum power of 1 W for example.

So, the amplifier will start reducing the gain –what 
we call compression–at a certain input level and 
converge towards a maximum output power, mainly 
limited by the supply power and the physics.

The figure below shows the behavior of the output 
power versus the input power (‘DUT Output’), which 
we call the AM (amplitude modulation) curve because 
this curve can also be seen as a (wanted) amplitude 
modulation relation.

The task is to get the mathematic rule that describes 
this curve best and also to find a predistortion function 
(‘DPD Output’) as some sort of ‘inverse’ function that, 
applying to the original input of the DUT, results in an 
ideal linear behavior of the DUT (‘DPD –DUT output’). 

   

Ⅲ. Required Steps

All distortion and predistortion measurements and 
improvements and be broken down to these steps:

1. Select the set of test signal(s).
2. Apply the signal to the Device Under Test (DUT) 

and record the DUT response. This is the 1st 

practical measurement.
3. ‘Synchronize’ input and output.
4. Decide which class of function to use to describe 

the DUT model.
5. Evaluate the parameters of the descriptive function 

OUT1 = f (IN)  the model function.
6. Decide which class of function to use to describe 

the DPD.
7. Evaluate the parameters of the predistortion 

function OUT2 = g(IN)  the DPD function. This 
function must best match the rule f(g(IN)) =c* 

IN, where c is only a constant factor.
8. Check the DPD effect (EVM / ACP performance) 

of step 7 by a 2ndpractical measurement.
The following chapters will describe this steps more 

in detail.

Ⅳ. Test Signal

15 years ago, distortion measurements where per- 
formed mainly by 2 different test methods:

1. Power-sweep a single tone and record output 
amplitude and phase difference (Standard mea- 
surement using e.g. a network analyzer).

2. Applying a 2-tone signal with variable tone 
spacing and record the 3rd, 5th, … order products.

Both methods have some disadvantages which makes 
there measurements more and more problematic for 
using in modern context:
∙The signal bandwidth of method 1 is very small 

(depending on the sweep speed maximum some 
100 Hz).
∙The crest factor (difference between peak and 

average signal level over time) is very low (for 
method 2 3 dB; for method 1 nearly 0 dB when 
observing a small interval in time).

Unfortunately both signal crest factor and bandwidth 
have a very high influence on the behavior of high- 
efficiency amplifier with special designs (Doherty with 
2, 3 or even more amplifiers combined, Class S, …) for 
3rd or 4th generation mobile communication.

This is the reason why the best signal to use for 
testing the amplifier is a signal with properties are close 
to the properties of the signal in real operation. Espe- 
cially, bandwidth, crest factor and duty cycle (ratio bet- 
ween power ON and power OFF area for pulsed 
signals) should match the ‘real signal’.
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The most flexibility can be reached by using special 
test signals which are OFDM-like (so some 100 carriers 
with constant amplitude but pseudo-random phase). By 
carefully selecting the carrier phase, a wide range of 
crest factors can be set, and by varying the number of 
used carriers, the bandwidth can be set.

Ⅴ. Input Signal Generation - Output Signal (1st) 
Measurement

With this signal present as a complex Inphase- 
Quadrature (IQ) signal, an arbitrary (ARB) waveform 
generator can be programmed together with a RF signal 
generator to transmit this signal at a given RF fre- 
quency and level.

This signal is then applied to the amplifier, and the 
output signal is then recorded with a signal analyzer to 
get the signal at the output of the amplifier, mixed to 
RF to baseband and then stored also as an IQ signal. 
The recording bandwidth and clock rate should be –as 
a rule of thumb– at least 5 times the bandwidth of the 
input signal in order to capture the nonlinear compo- 
nents generated by the amplifier.

Both input and output signal can be recorded at 
different sampling rates. This can be useful to e.g. keep 
the input IQ signal short by terms of samples (because 
otherwise the input signal of e.g. 1 MHz bandwidth 
must be generated with a clock rate of 5 MHz to match 
the requirement of a output signal samples with 5 times 
the input signal bandwidth).

Ⅵ. Synchronize Input and Output

A key factor of the distortion measurement (and also 
all other IQ based measurements) is that both input and 

output signal are sampled at exactly the same instance 
in time.

Even if
∙The reference frequency oscillators (typically 10 or 

100 MHz) of both signal generator and analyzer 
are coupled and
∙The signal generator triggers the recording start 

with an additional trigger connection cable
The resolution of the trigger mechanism is not high 

enough to match the requirements of ‘same instance in 
time’ for a good post-processing of the signals for 
distortion measurement.

This can easily be seen as a baseband signal re- 
corded with an oversampling factor of 2 can change the 
phase between 2 samples by 180 degree, so even a 
trigger precision of 1/100 of a samples still leaves a 
phase uncertainty of nearly 2 degree which is definitely 
too much for a precise modeling.

To precisely match the signal, a data-added (DA) 
synchronization and correction is executed. The key 
idea is that the reference signal is very well known and 
can be used to estimate all “imperfections” between the 
reference and measurement signal ‘matching’.

The FS-K130PC estimated and compensates 7 para- 
meters: Frequency offset, timing delay, gain, amplitude 
droop, IQ imbalance, IQ offset and gain imbalance.

This estimation is very robust against non linear 
effects, so the parameters can be estimated very pre- 
cisely even in the presence of heavy non linear effects 
of the DUT.

By using this digital synchronization, reference fre- 
quency and trigger connection must not be used; this 
makes the setup easier to use.

After this synchronization step, there is already one 
result available: the error between reference and mea- 
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surement signal. Typically, the mean Error Vector Mag- 
nitude (EVM) is used as a number to indicate the dis- 
tortion effect in just one compact result and also as a 
first idea on how the DUT behaves.

Also a number of other numerical and graphical 
results can already be displayed and analyzer after this 
synchronization step, for example AM/AM (out put vs 
input amplitude) and AM/PM (phase difference between 
output and input vs input amplitude) curve, gain com- 
pression, EVM, constellation diagram,…

The synchronized signals can also be exported to 
other tools like MATLAB for further processing.

Ⅶ. Model Function - Describe the DUT

Before starting the predistortion process of the 
amplifier, the first step is to establish a model that 
describes the relation between input and output signal of 
the amplifier.

The selection of the model and also the predistortion 
function depends on some parameters and design requi- 
rements. To get a closer understanding of this process, 
we first look at the different types of models that can 
be used.

The key factors that these models describe are the 
relation between input amplitude and output amplitude 
(AM distortion) and the relation between input amp- 
litude and the phase shift between input and output 
signal (PM distortion). The models may describe (or 
can be configured to describe only) AM or PM distor- 
tion or both seen as separate effects or even combine 
them by using complex value coefficients.

We also separate between models where the output 
signal value at a certain time depend only on the same 
input signal value at the same moment in  time (which 

we call memory-free models) and models where the 
past signal value(s) (typically the past samples when we 
talk about a time-discrete digital signal processing) also 
have an influence to the output signal value at one 
specific moment in time (which we call memory models).

The commonly used types of models are:

7-1 Polynomial Model

This model is the simples and oldest memory –free 
model. It describes the relation between input and 
output by using simple polynomial equations of the 
form

y(t) = a0 + a1x(t) + a2x2(t) + a3x3(t) +…+ aKxK(t)

separate for AM and PM or combined as one complex 
polynomial function.

Modeling parameters are the maximum order(s) K of 
the polynomial equation(s) that are used.

7-2 Spline Model

This model is identical to the polynomial model, the 
only difference is that spline functions are used instead 
of polynomial equations.

The spline model can be used if e.g. 2 amplifiers 
with memory-free polynomial behavior are cascaded 
and form one memory-free behavior with a curve shape 
that cannot be described by a single polynomial func- 
tion.

Modeling parameters are the type of the spline, the 
number of spline segments and the number of inter- 
polation points per segment. As an addition, the number 
of segments can be divided equidistant or on such a 
way that ‘critical’ parts of the curve have smaller 
segments to describe them more detailed.
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7-3 Memory Polynomial Model

This model as the simplest memory model introduces 
the dependency of the output on not only one but many 
input signals at difference (past) signal values/samples.

For formula is:

 





 



  


Modeling parameters are the maximum order K of 
the polynomial equations and the maximum number Q 
of past signal samples to include in the calculation.

7-4 Volterra Model

This model is the most complex standard model that 
can address a wide range of amplifier types, but unfor- 
tunately is also the most complex one in calculation 
effort and number of coefficients to estimate.

The formula is:
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The difference to the memory polynomial model is 
that here also mixed products between different points 
in time are allowed which is not the case for memory 
polynomial models where only products between sam- 
ples at the same point in time are allowed.

Modeling parameters are the maximum order K of 
the polynomial equations and–for EACH individual 
polynomial –the number of past signal samples to 
include in the calculation.

Beside these models, a big number of different 
modified or altered models exists which are published 
in the literature. These models address special amplifier 
architectures or design requirements better than the 
standard models.

One common method for all models is to try leaving 
factors away (which are e.g. not significant compared to 
others or cannot be present by the theory of the physical 
behavior of the DUT) in order to reduce the complexity 
of the equations.

Ⅷ. DPD Function - Improve the DUT Performance

After having the best model for the DUT, the last 
mathematical step is to calculate a predistortion func- 
tion. This function is used to modify the input signal 
that is applied to the amplifier in such a way that the 
output of the amplifier changes towards a more ideal 
signal.

The figure in the first chapter already shows this 
with the green curve, looking like the mirrored red 
curve that describes the DUT behavior. If both curves 
are combined, the DUT output is ideal again.

This can also be tested graphically very easy: Take 
one point at the X axis, get the corresponding Y value 
which is described by the green (DPD) curve, use this 
value as new X axis point to get the (resulting cor- 
rected) output of the amplifier by using the red (DUT 
behavior) curve. It can be seen that this new Y value 
is exactly the original X axis value (in these curves, the 
Y value is typically divided by the linear gain to get a 
curve with a 45 degree steepness).

For systems with memory, this task is more com- 
plicate and results in complex estimation problems which 
may take some time to calculate.
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Ⅸ. DPD Verification - 2nd Measurement

With all steps done, the pre-distorted signal can be 
applied to the DUT. If everything was done correct, a 
significant improvement in output signal performance 
(modulation quality, suppression of unwanted signal 
power in adjacent channels) should be seen.

As an example, the result of a predistortion is shown 
in the following picture. The test signal bandwidth is 20 
MHz, and is can clearly be seen that the ‘leakage 
power’ in the adjacent channel to the main channel is 
reduced by around 15 dB between the original (blue) 
and the pre-distorted (black) curve.

The next steps in implementing the findings of this 
evaluation in a real hardware environment would be 
evaluating the influence of temperature, center fre- 

quency, production variation, signal bandwidth and so 
on to the DUT behavior and transferring the models to 
the real target hardware structure.

Ⅹ. Rohde & Schwarz FS-K130PC

The Rohde & Schwarz FS-K130PC is the ideal tool 
to support the process of measurement and predistortion 
of amplifiers and other non-linear devices. All steps 
described before can easily be performed and configured. 
A huge range of import and export formats are provided 
to test with custom signals, make use of synchronized 
data streams and export models and DPD functions as 
MATLAB files. A modern user interface gives a lot of 
possibilities for analysis and data display to the user.
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