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Gökhan CANSIZ

ABSTRACT

MODELING OF TIME DOMAIN REPRESENTED SIGNALS WITH
MULTITONE SIGNALS

Cansız, Gökhan
M. Sc., Department of Electrical and Electronics Engineering
Supervisor: Prof. Dr. Şimşek Demir
March 2014, 121 pages

Signals in certain systems, such as the transmitted signal in a cellular communication
system, are strongly time dependent, non-deterministic and stochastically not well
defined. Predicting the performance of the transmitter with such a signal at its input
is important for efficient operation. Therefore, it is crucial to model a given time
dependent waveform by multi-tone signals, which enables analytical derivations.
In this thesis, multi-tone representation is employed to model the varying envelope
arbitrary waveforms. Number, amplitude, phase of the tones and spacing between
tones are considered as parameters for the multi-tone stimuli. To prove the validity of
the multi-tone representation, CCDF curve is considered as a figure of merit for
comparison. Different nonlinear amplifiers are excited with an arbitrary waveform
and its multi-tone representation in the simulation environment. At the output of the
amplifier, similar nonlinear behaviors such as, in-band and out of band distortion
powers are observed. After proving that original and model signal have similar
nonlinear responses, modulation performance of the arbitrary waveform and model
signal in a transmitter chain is investigated for different drive levels.
Keywords: Multi-tone signals, Modeling, Arbitrary Waveform
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ÖZ

ZAMAN DÜZLEMİNDE TANIMLANMIŞ BİR SİNYALİN ÇOK TONLU
SİNYALLER İLE MODELLENMESİ

Cansız, Gökhan
Yüksek Lisans, Elektrik ve Elektronik Mühendisliği Bölümü
Tez Yöneticisi: Prof. Dr. Şimşek Demir
Mart 2014, 121 sayfa

Mobil haberleşme sistemlerindeki iletim sinyallerinde olduğu gibi belirli bazı
sistemlerde zaman düzleminde tanımlanmış, rastgele ve stokastik olarak iyi
tanımlanmamış sinyaller kullanılır. Bu tarz bir işaretle çalışan bir göndericinin
performansını öngörmek, verimli bir çalışma için önem arz etmektedir. Bu yüzden,
zaman düzleminde tanımlanmış işaretleri, çok tonlu sinyaller ile ifade edebilmek,
analitik çıkarımları mümkün kıldığı için önemlidir.
Bu tezde, değişken zarflı rastgele sinyalleri modelleyebilmek için çok tonlu gösterim
kullanılır. Tonların sayısı, genliği, fazı ve tonlar arasındaki mesafe çok tonlu
gösterim için parametre olarak alınır. Çok tonlu sinyalin geçerliliğini kanıtlamak
amacı ile, bütünleyici birikimli dağılım fonksiyonu karşılaştırma amacı ile başarım
ölçüsü olarak kullanılır. Farklı doğrusal olmayan yükselteçler, simülasyon ortamında
rastgele sinyal ve onun çok tonlu modeli ile uyarılmıştır. Yükselteç çıkışında bant içi
ve bant dışı bozunum gücü

gibi benzer doğrusal olmayan

davranışlar

gözlemlenmiştir. Sinyallerin benzer doğrusal olmayan davranışlara yol açtığını
gösterdikten sonra, bir gönderici bloğu altında rastgele sinyalin ve onun çok tonlu
gösteriminin modulasyon performansları farklı giriş seviyeleri için araştırılmıştır.
Anahtar Kelimeler: Çok tonlu sinyal, modelleme, Rastgele Sinyal
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CHAPTER 1

INTRODUCTION

Today's communication systems use various types of modulation techniques.
Spectral efficiency, i.e., highest possible transmission data rate for a given channel
bandwidth, error detection capability, power efficiency, ease of demodulation are the
critical parameters for modulation techniques. Modulation techniques can't satisfy all
of the parameters above and usually choice of the appropriate modulation techniques
is a tradeoff between these parameters.
In other words, "one technology fits all" approach is not sufficient in the present
telecommunication markets, instead the most appropriate topology is chosen for a
particular application.
These modulation techniques can be grouped in two parts. One of them is Constant
Envelope Modulation Techniques, such as FSK, GFSK, MSK, GMSK, and CPM.
Constant Envelope Modulations offer less Inter Symbol Interference (ISI), better
BER (Bit Error Rate) performance, better immunity to random noise and fluctuations
due to fading. They also enable the power amplifier in the transmitter side to operate
at or near saturation levels, meaning better power efficiency and longer battery life.
These properties make Constant Envelope Modulation techniques attractive for use
in mobile communication systems. However, bandwidth efficiency is low when
compared to the modulation techniques with fluctuating envelopes.
Examples to linear modulation are BPSK, QPSK, M-PSK, QAM, and M-QAM. In
linear modulation, amplitude of the transmitted signal varies linearly with the
modulating signal. Non-constant envelope modulation techniques require linear
1

amplification in order to preserve the signal shape. Both out-of-band (Adjacent
channel) and in-band distortion are created due to nonlinearities. Adjacent channel
power causes the expansion of the bandwidth occupancy of the signal. In-band
distortion is like an additional noise in the system and it is very troublesome. Strict
requirement of linear amplification is simply achieved by operating the amplifier in
high back-off considering the peak to average ratio of the input signal. However
energy efficiency of the amplifier drops with the increase in the back-off.
Considering the multi-carrier modulation techniques such as WCDMA, CDMA,
OFDM and their derivations, in which very high peak to average ratio is obtained,
backing of the input power as much as the peak to average ratio is not a very
reasonable solution. At this point, linearization techniques are employed which lets
the amplifier to operate close the compression points and at the same time presenting
a good linearity behavior.
Frequently used linearization techniques are Feed-Forward, Envelope Elimination
and Restoration (EER), Predistortion and Linearization with Nonlinear Components
(LINC). Each linearization technique has its own advantages and drawbacks.
Complexity, efficiency, bandwidth and distortion cancellation performance are
critical parameters, which the designer should consider for a specific application.
Furthermore, Doherty amplifier techniques allow large back-off for the input power
of amplifier without significantly affecting the efficiency performance. With some
form of correction and linearity enhancements such as digital predistortion, doherty
amplifiers present significant advantages especially for the applications with high
peak to average ratio input power.
For non-constant envelope communication signals (with high PAPR) like WCDMA
and CDMA, it is almost impossible to analytically express the stimuli. To estimate
final performance of efficiency enhancement and linearization techniques under
multicarrier signals, which is arbitrary and noise like excitation, obtaining
representative signals is crucial. It provides the designer understanding of the final
performance of the system. In [1], arbitrary waveforms are modeled using multitones and estimation and analyze of final performance of the feedforward system
under an arbitrary waveform is accomplished using simple multi-tone models. In [2],
2

ACPR performance of a nonlinear amplifier under pseudorandom digital modulation
is compared with ACPR performance of the same amplifier driven by multi-tone
signals. Under which circumstances better results are obtained is depicted.
In this thesis, response of a nonlinear system to an arbitrary input waveform is
approximated by multi-tone modeling. Since the system is nonlinear, output of the
arbitrary excitation can't be expressed as the superposition of elementary outputs.
One can claim that once the characteristics of multi-tone model signal and arbitrary
excitation are approximated better, the final regime of the system under arbitrary
excitation is predicted better by replacing the arbitrary excitation with multi-tone
model. Moreover, since it is easy to create, handle and express the multi-tone signals,
making analytical derivations are easier.
The validity of the multi-tone modeling is tested by comparing responses of the same
nonlinear amplifier to the arbitrary excitation (e.g. a sample of a multi user
communication signal) and its multi-tone model. After the response to arbitrary
excitation is approximated for a specific nonlinear amplifier configuration, it is
shown that multi-tone model is amplifier independent and the model can be used
under any nonlinear amplifier configuration. To prove this validity, multi-tone model
and arbitrary waveform are investigated for different amplifier models in the
simulation environment.
In Chapter 2, Amplifier characteristics will be discussed and typical nonlinear
behaviors in an amplifier will be mentioned. Then popular amplifier models will be
briefly discussed. In Chapter 3, multi-tone modeling concept will be introduced.
Next, how multi-tone model parameters are chosen and how each parameter effects
the results are explained in detail. In Chapter 4, different multi-tone models with
different number of tones for a WCDMA signal and a CDMA signal is presented.
Modeled multi-tone signals are applied to a single stage amplifier and results are
compared with the amplified original signal results. Improvement in resemblance of
the model signal with increasing number of tones is proved. In Chapter5, modulation
performance of the multi-tone models and original signals are compared. BER (Bit
Error Rate Analysis) and EVM (error vector magnitude) results for both original
signal and modeled signal is given and resemblance between them is discussed.
3
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CHAPTER 2

POWER AMPLIFIER CHARACTERISTICS AND MODELING

2.1 Power Amplifier Characteristics
An ideal, linear, power amplifier is characterized by a constant complex gain. The
input-output relation of a linear amplifier is modeled as below;

Vout= G ⋅ Vinput   

(2.1)

Where G is the complex gain including both voltage gain and linear phase relation.
With the expression in (2.1), it is assumed that amplification characteristics is
independent of input voltage level, however, this type of behavior is a conflicting
fact for a real amplifier. That is why modeling of the RF Power Amplifier has
become a quite interesting and intense research area. Different amplifier models were
introduced in the past for both solid state and tube amplifiers. Several studies were
published for behavioral modeling and equivalent circuit device modeling. In [3],
time domain and frequency domain behavioral models are addressed for microwave
transistors. In [4], semi-physical behavioral model to characterize a solid state high
power amplifier is proposed. In [5], a behavioral model capturing both memory
effects and nonlinear behavior of a PA is introduced.
In order to model an RF Power Amplifier, it is important to know certain parameters.
These parameters include intermodulation products, intercept and compression
points, Adjacent Channel Power Ratio, efficiency characteristics under typical input
power levels and AM-AM, AM-PM relations.

5

2.1.1 Intermodulation Products
Input-output characteristics of a nonlinear amplifier could be expressed with a Taylor
series

Vout = G1 ⋅ Vinput + G 2 ⋅ V 2input + G 3 ⋅ V 3input + ... + G n ⋅ V n input

(2.2)

Where G1 ,G 2 ,G 3, ... G n are the complex gains. Main nonlinear contributions of the

V ⋅ cos ( ωt ) is
PA can be extracted from (2.2). Assume a single-tone, Vinput =
presented to the amplifier as an input.
Vout
= G1 ⋅ V ⋅ cos(ω t) + G 2 ⋅ V 2 ⋅ cos 2 (ωt) +
G 3 ⋅ V 3 ⋅ cos3 (ωt) + ... + G n ⋅ V n ⋅ cos n (ωt)

(2.3)

Now, examine the second and the third terms.

cos 2 ( ωt ) = 0,5 ⋅ (1 + cos ( 2ωt ) ) and cos3 ( ωt=
) 0, 25 ⋅ ( 3 ⋅ cos ( ωt ) + cos ( 3ωt ) )
Rearranging (2.3) up to the 3rd order term

V=
G1 ⋅ V ⋅ cos ( ωt ) + G 2 ⋅ V 2 ⋅ 0,5 ⋅ (1 + cos ( 2ωt ) ) +
out
G 3 ⋅ V 3 ⋅ 0, 25 ⋅ ( 3 ⋅ cos ( ωt ) + cos ( 3ωt ) )
=
Vout G 2 ⋅ V 2 ⋅ 0,5 + cos ( ωt ) ⋅ ( G1 ⋅ V + 0, 75 ⋅ G 3 ⋅ V 3 ) +
cos ( 2ωt ) ⋅ ( G 2 ⋅ V 2 ⋅ 0,5 ) + cos ( 3ωt ) ⋅ ( G 3 ⋅ V 3 ⋅ 0, 25 )

(2.4)

(2.5)

As seen from (2.5), apart from the fundamental component, a DC component, a
second harmonic component and a third harmonic component emerge at the output
of a nonlinear amplifier. The DC, second harmonic and third harmonic components
could be filtered out easily by placing a band-pass filter at the output of the amplifier
since they are out of the band.
In the case of a two-tone signal, the output expression is more complicated. Now,
assume Vinput = V1 ⋅ cos ( ω1t ) + V2 ⋅ cos ( ω2 t ) is presented to the amplifier as an input.
The second term in (2.2) can be expressed in the case of a two-tone signal as follows,
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2
G=
G 2 ⋅ ( V1 ⋅ cos ( ω1t ) + V2 ⋅ cos ( ω2 t ) )
2 ⋅ V input

2

 V12 ⋅ cos 2 ( ω1t ) + V2 2 ⋅ cos 2 ( ω2 t ) + 
= G2 ⋅ 

 2 ⋅ V ⋅ V ⋅ cos ( ω t ) ⋅ cos ( ω t )

1
2
1
2


2
2
= G 2 ⋅ (V1 ⋅ 0,5 ⋅ (1 + 2 ⋅ cos ( ω1t ) ) + V2 ⋅ 0,5 ⋅ (1 + 2 ⋅ cos ( ω2 t ) ) +

(

V1 ⋅ V2 cos ( ( ω1 − ω2 ) t ) + cos ( ( ω1 + ω2 ) t )
=

)

(2.6)

 cos ( ( ω1 − ω2 ) t ) + 
+
G 2 ⋅ ( 0,5 ⋅ V12 + 0,5 ⋅ V2 2 ) + G 2 ⋅ V1 ⋅ V2 ⋅ 
 cos ( ( ω1 + ω2 ) t ) 



G 2 ⋅ 0,5 ⋅ ( V12 ⋅ cos ( 2ω1t ) + V2 2 ⋅ cos ( 2ω2 t ) )

From (2.6), the second term causes a DC term, a second harmonic component and
intermodulation products. Since all of these products are far away from the
fundamental component, these products could be filtered out easily. Hence in
general, one can claim that the even terms in (2.2) are not troublesome, since they
could be filtered out easily.
The third term in (2.2) is the problematic term and it could be expanded as below
G 3 ⋅ V 3input =G 3 ⋅ ( V1 ⋅ cos ( ω1t ) +V2 ⋅ cos ( ω2 t ) )

3

( 0,5 ⋅ V12 +0,5 ⋅ V2 2 ) +



=G 3 ⋅ ( V1 ⋅ cos ( ω1t ) +V2 ⋅ cos ( ω2 t ) ) ⋅  V1 ⋅ V2 ⋅ (cos((ω1 -ω2 )t)+cos ( ( ω1 +ω2 ) t ) )+ 


0,5 ⋅ ( V12 ⋅ cos ( 2ω1t ) +V2 2 ⋅ cos ( 2ω2 t ) ) 


(0,5 ⋅ V13 ⋅ cos ( ω1t ) +0,5 ⋅ V2 2 ⋅ V1 ⋅ cos ( ω1t ) + 
 2

 V1 ⋅ V2 ⋅ 0,5 ⋅ cos ( ( 2ω1 -ω2 ) t ) +cosω2 t +



+
=G 3 ⋅  V12 ⋅ V2 ⋅ 0,5 ⋅ cos ( ( 2ω1 +ω2 ) t ) +cosω2 t +


0,25 ⋅ V13 ⋅ ( cos ( 3ω1t ) +cos ( ω1t ) ) +



0,25 ⋅ V1 ⋅ V2 2 ⋅ ( cos ( ω1 +2ω2 ) t+cos ( 2ω2 -ω1 ) t ) 

(
(

)
)

(0,5 ⋅ V23 ⋅ cos ( ω2 t ) + 0,5 ⋅ V12 ⋅ V2 ⋅ cos ( ω2 t ) +

 V2 2 ⋅ V1 ⋅ 0,5 ⋅ cos ( ( 2ω2 -ω1 ) t ) + cosω1t +

G 3 ⋅  V2 2 ⋅ V1 ⋅ 0, 5 ⋅ cos ( ( 2ω2 + ω1 ) t ) + cosω1t +

0, 25 ⋅ V23 ⋅ ( cos ( 3ω2 t ) + cos ( ω2 t ) ) +

0, 25 ⋅ V2 ⋅ V12 ⋅ cos ( ( ω2 + 2ω1 ) t ) + cos ( 2ω1 -ω2 ) t


(
(

)

)

(

7

)












(2.7)

As seen from (2.7),

(

the third order term produces cos ( 2ω1 − ω2 ) t

)

,

cos ( ( 2ω1 + ω2 ) t ) , cos ( ( 2ω2 − ω1 ) t ) , cos ( ( 2ω2 + ω1 ) t ) , cos ( 3ω2 t ) , cos ( 3ω1t ) and
additional fundamental components cos ( ω1t ) and cos ( ω2 t ) .

Figure 2-1 Output of a nonlinear amplifier under a two-tone input [6]

cos ( ( 2ω1 + ω2 ) t ) , cos ( ( 2ω2 + ω1 ) t ) , cos ( 3ω2 t ) , cos ( 3ω1t ) are out of band
components and could be eliminated by a band pass filter as depicted previously.

(

)

(

)

However, cos ( 2ω1 − ω2 ) t and cos ( 2ω2 − ω1 ) t terms are in band components and
requires very sharp filter to eliminate, which is extremely difficult to realize.
Moreover, some components at the exact frequencies with the fundamental tones but
having different coefficients also appear in the spectrum and these are also included
in to the in-band distortion. If (2.2) is expanded up to higher terms under two-tone
input condition,

m ⋅ f1 ± n ⋅ f 2 harmonic

components are produced at the output of the

amplifier.
2.1.2 Intercept Points
When considering multi-carrier modulation schemes like WCDMA, odd order
distortion components will exist at the output of the amplifier and they will limit the
8

linearity of the amplifier. Among these odd order distortions, the 3rd order
intermodulation products are the most troublesome since they are very closely placed
to the fundamental components as seen in Figure 2-1. 2 ⋅ f1 − f 2 and 2 ⋅ f 2 − f1
components are usually characterized by the 3rd order intercept point either referred
to the input (IIP3) or to the output (OIP3).
The most important fact with the 3rd order intermodulation products at 2.f1 − f 2 and
2 ⋅ f 2 − f1 is that with the 1 dB increase in the input power in the linear zone of the

amplifier, the power of the intermodulation products increase 3 dB. This is shown in
Figure 2-2.

Figure 2-2 Demonstration of intercept points of a typical amplifier [7]
The point where the third order line intersects with the linear gain is called IP3 and
the point where the second order line intersects with the linear gain is called IP2.
Second order intercept points are not troublesome, since second order products could
be filtered out without considerable effort.
9

2.1.3 Compression Points
Another figure of merit of amplifier nonlinearity is 1 dB compression point. It is
defined as the point where the difference between linear gain and compressed gain is
exactly 1 dB. In Figure 2-2, 1 dB compression point, P1dB is clearly observed.
Beyond the P1dB point, linearity of the amplifier weakens very rapidly and this kind
of operation is not recommended for applications requiring linearity. 3 dB
compression point, P3dB, is also defined by most of the amplifier manufacturers.
Usually driving an amplifier beyond the P3 dB point could damage the amplifier in
long term use.
2.1.4 AM-AM and AM-PM Conversion Rate
AM-AM and AM-PM conversion rates are also very critical parameters defining the
nonlinear behavior of an amplifier. AM-AM conversion is widely known as the
amplitude dependent amplitude distortion. AM-AM distortion is usually observed for
the input power levels that will compress the output of the amplifier. AM-AM
distortion is strongly dependent on the amplifier bias. For a hard biased amplifier,
like class A, it is possible to avoid AM-AM distortion by backing off the amplifier
from the compression points. However, for a soft biased or under biased amplifier
like class-E, class-F and class-C, AM-AM distortion is also observed at several dBs
below the compression point, since incoming RF signal also biases the amplifier up
to a certain power level. Amplifier clipping effect is a result of AM-AM distortion.
AM-PM conversion is a figure of merit for phase deviation caused by the amplitude
variations. AM-PM conversion rate is usually defined as the change in the output
phase with 1 dB power increment and it is expressed in degrees per dB, °/dB. For an
ideal power amplifier, output phase is independent of the input power level. AM-PM
conversion rate is very critical for the systems that uses angular modulations, such as
FM, QPSK. One of the main contributions of the Bit Error Rate (BER) in
communication systems is undesired phase deviation caused by AM-PM conversion.
Beyond the compression points of the amplifier, AM-PM conversion worsens
rapidly, however several dBs below the compression point it could be still
problematic depending on the amplifier bias type.
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Figure 2-3 AM-AM characteristics of a typical amplifier [8]

Figure 2-4 AM-PM distortion of a typical amplifier [9]
2.1.5 ACPR
Another figure of merit to characterize a PA is ACPR. Many power amplifier
manufacturers give ACPR results to show the linearity performance of their products
as a proof. “ACPR is the ratio of the power in a bandwidth away from the main
11

signal to the power in a bandwidth within the main signal” [10]. Figure 2-5, is a good
illustration for ACPR measurements. Considering IMD measurements, ACPR may
be related to the 3rd order products. However, IMD measurements cannot be used for
complex multi-carrier modulation schemes. Therefore, ACPR measurements became
inalterable. Bandwidth definitions and locations for ACPR measurements may differ
for different signal types, which are shown in Figure 2-6.

Figure 2-5 Spectral regrowth in lower and upper adjacent channels [11]

Figure 2-6 Bandwidth definitions and locations for different types of signals [10]
2.1.6 Efficiency
Efficiency is also a critical parameter to characterize a power amplifier. Efficiency is
the ratio of the power delivered to the load to the power drawn from the supply.
Power amplifiers are categorized into different classes according to their efficiency
characteristics. Class A is the most linear but also least efficient one. Class A
12

amplifiers are highly biased amplifiers (full conduction angle) and maximum
efficiency that could be obtained is 50%. Class B amplifiers show better efficiency
but less linear characteristics when compared to Class A type. Class AB could be
placed between class A and class B amplifiers in terms efficiency and linearity
characteristics, and it is the most common amplifier topology. Maximum theoretical
efficiency that a Class AB amplifier could reach is 78.5%. Switch mode amplifier
types like class E and class F show superior efficiency characteristics to any
amplifier topology but they suffer from linearity. Ideally they can present 100%
efficiency. For the constant envelope schemes, driving the amplifier up to and maybe
beyond the compression points is possible. This property of the constant envelope
modulation techniques allow use of highly efficient but less linear amplifier types
like class E and class F. For linear modulation techniques, using switch mode
amplifiers are not possible and usually highly linear class A biased amplifiers are
preferred. However, they are very inefficient especially at large back-off power.
Recently some linearization techniques combined with a switch mode amplifiers
have been a quite interesting research area. GaN Doherty amplifiers implemented
with some linearity improvements has been researched in [12] and [13] and very
promising results have been obtained. Moreover in the study [12] and [13], very
good efficiency characteristics under a large back off power have been obtained.
For linear modulations having high peak to average input power ratio, to get rid of
the clipping effect of the amplifier and to reduce the bit error rate, usually driving the
amplifier at an output power level Peak to Average Power Ratio less than the
maximum output power level is preferred. In other words, crest factor of the input
signal affects the tolerable maximum output power level. Here, the word tolerable is
used because how often the peaks are encountered is as important as crest factor.
Depending on the encounter rate of the peaks, tolerable maximum output power level
may be increased, which affects efficiency and heat dissipation. In [14] and [15],
clipping effect of the amplifier on the performance of OFDM technique is
investigated.
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2.2

Power Amplifier Models

Modeling of an RF power amplifier could be accomplished either by equivalent
circuit modeling or behavioral modeling. Equivalent circuit modeling requires a deep
knowledge on the component side and hence it is very difficult. On the other hand,
behavioral modeling is interested in the input output characteristics of the amplifier.
In the behavioral model, characteristics of model amplifier are associated with the
characteristics of real amplifier by mathematical functions of gain and phase.
Behavioral modeling is also divided into two parts. These are frequency dependent
and frequency independent modeling. In this thesis, frequency independent models
are used. Frequency independent models are only interested in swept tone
measurements for amplitude and phase. In other words, mathematical expressions for
amplitude and phase for different power levels are searched. Most popular frequency
independent amplifier models are Polynomial Model, Saleh Model, Rapp Model and
Ghorbani Model. For the brief description of these models assume that input signal is
represented by [16]
=
x ( t ) r ( t ) ⋅ cos ω0 t + Ψ ( t ) 

Where

(2.8)

ω0 is carrier frequency, r(t) is modulated envelope and Ψ(t) is modulated

phase.
Output signal is represented by [16]
y ( t ) A  r ( t )  ⋅ ω0 t + Ψ ( t ) + φ ( r ( t ) ) 
=

(2.9)

A(r) represent AM-AM relation and ϕ(r) represents AM-PM relation.
2.2.1 Polynomial Model
A finite order polynomial is fitted for both AM-AM and AM-PM relations.
Amplitude conversion function A(r) and phase conversion function ϕ(r) could be
written as

A ( r ) = a 0 + a1 ⋅ r + a 2 ⋅ r 2 + a 3 ⋅ r 3 ...

(2.10)

φ(r) =
b0 + b1 ⋅ r + b 2 ⋅ r 2 + b3 ⋅ r 3 ...

(2.11)
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Coefficients of A(r) and ϕ(r) could be found by some approximation techniques such
as least squares approximation. However, in this thesis, phase conversion function
will be ignored and coefficients of the amplitude conversion function will be found
from intercept points of RF power amplifiers. [17]
To achieve this, output of the amplifier is expressed as widely used Taylor series
polynomial model.

y=
( t ) a1 ⋅ x ( t ) + a 33 ⋅ x 3 ( t ) + ... + a n ⋅ x n ( t )

(2.12)

In (2.12), x(t) is two-tone input in the form

x ( t ) = A ⋅ ( cosω1t + cosω2 t )

(2.13)

When (2.13) is substituted in (2.12),
y (=
t ) a1 ⋅ A ⋅ ( cosω1t + cosω2 t ) + a 33 ⋅ A 3 ⋅ ( cosω1t + cosω2 t ) +
3

... + a n ⋅ A n ⋅ ( cosω1t + cosω2 t )

n

(2.14)

is obtained, which consists of a dc term, fundamental tones, harmonic terms,
intermodulation products that fall apart from the main tones and that fall in the
vicinity of the main tones .By filtering, it is possible to get rid of the dc terms,
harmonic terms and some of the intermodulation products. Hence the filtered signal
y'(t) could be expressed as [17]

cos ( ω1 - 2ω2 ) t 
y' ( t ) = b1 ⋅ [ cos ω1 t+ cos ω2 t ] + b3 ⋅ 
 + ...
ω
ω
+
cos
2
t
(
)
1
2


   n-1   n+1   
+ b n ⋅ cos  
ω1  - 
ω2   t 
  2
 
  2
   n+1   n-1   
ω1  - 
ω2   t 
+ b n ⋅ cos  
  2
 
  2

(2.15)

In (2.15), bn coefficients for odd n could be found as [17]

1

b n = ( n −1)
2

 n 
⋅  n + 1  ⋅ a n ⋅ An


 2 

(2.16)
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 n 

 gives number of different combinations for (n+1)/2 elements chosen from n
 n +1 
 2 
elements.

Figure 2-7 Nth order intercept point [17]
As shown in Figure 2-7, at the intercept point, power of the fundamental tone and Nth
order term is equal. If the input and output impedance of the two port network are
taken as =
Zin Zout
= R , then fundamental power and Nth order product power at
the intercept point could be expressed as [17]

 a1 ⋅ A 2 103 
Po= 10 ⋅ log 
 dBm
 ⋅
 2  R 

(2.17)

 b n 2 103 
n +1 
 n −1
P
ω1 −
ω2 = 10 ⋅ log 
 dBm
 ⋅
2
 2

 2  R 

(2.18)

When (2.16) is substituted in (2.18)


 n 
 1 ⋅

 ⋅ a ⋅ An
 2n −1  n + 1  n

3
n +1 
10 
 n −1



2
dBm
ω1 −
ω2 = 10 ⋅ log 
⋅
P
2
R 
2
 2








(2.19)

At the intercept point, intermodulation product power and fundamental power should
be equal. When (2.19) and (2.17) are equated [17]
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 (n −1) 
2
  a1 
A (n −1) 
=
⋅

 n    | an | 


  n +1  


 2 

(2.20)

If scale is changed from dBm to dBw

 a12 ⋅ A 2 
Po= IPn= 10 ⋅ log 

 2R 
 a n −1 ⋅ A n −1 
2
=
⋅10 ⋅ log  1 n −1 
n −1


 2R 2 

(2.21)

After substituting (2.20) into (2.21)



20
=
=
⋅ log 
Po IPn
(n − 1)

 an





a1n ⋅ 2n −1


n


n −1


2 
⋅ n + 1 ⋅ 2R 



 2 

(2.22)

G

After substituting a1 = 10 20 into (2.22), a n can be obtained from (2.22) as [17]
n ⋅G −( n −1)⋅IPn

20
10
⋅ 2n −1
| a n |=
 n 
n −1

 ⋅ ( 2R ) 2
n
1
+


 2 

(2.23)

(2.23) is valid for odd n, for n>3. To realize the gain compression characteristics an
values are considered negative. In (2.23), IPn is the output intercept point in dBw,
and G is the linear gain of the amplifier. If reference impedance is taken as R=50
ohm, then a3, a5, and a7 could be found as
a1

G


= 10 20 

(2.24)
 3⋅G − 2⋅IP 3 

20



−2
a=
⋅10
3
3R

(2.25)
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 5⋅G − 4⋅IP5 

20



−2
a5
=
⋅10
2
5⋅R

(2.26)

 7⋅G −6⋅IP7 

20



−8
a7
=
⋅10
3
35 ⋅ R

(2.27)

Where intercept point IPn could be found as [17]
IPn =

n ⋅ Pt − IMPn
n −1

(2.28)

In (2.28), Pt is fundamental tone power at the output of the amplifier and IMPn is the
nth order intermodulation product power. By including the terms up to 7th order,
polynomial model could define the nonlinearity with good precision. Polynomial
model with coefficients obtained from intercept points is simple but effective model
to define the amplifier nonlinearity and this model is widely used in DPD. Drawback
of this type of polynomial model is that it doesn't include phase distortion. Thus, this
model can't reflect the AM-PM conversion characteristics of an amplifier. This
model will be used during the analysis in Chapter 3 and Chapter 4.
2.2.2 Saleh Model
Saleh model was originally developed for travelling wave tube amplifiers, but it
could be applied to solid state amplifiers as well. It’s AM-AM and AM-PM
conversion functions could be expressed as [19]

A (r) =

αa ⋅ r
1 + βa ⋅ r 2

(2.29)

αφ ⋅ r 2
φ(r) =
1 + βφ ⋅ r 2

(2.30)

It uses parameters α a , βa , α φ , βφ to fit the polynomial to the measured data.
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Figure 2-8 AM-AM and AM-PM curves for Saleh model [18]
2.2.3 Rapp Model
Rapp model approach is different from other frequency independent amplifier
models since it assumes the phase distortion is negligibly small. Therefore, ϕ(r) is
assumed to be 0. Its AM-AM conversion characteristics could be described as [19]
A(r) = s ⋅

r

(2.31)

1/ 2p

  s ⋅ r  2p 
1 + 
 
  y  

φ(r) =
0 ( neglected )
In (2.31),

s

(2.32)

represents the small signal gain of the amplifier, y represents the limiting

output amplitude and p controls the transition smoothness from the linear region to
saturation region. With increased p , transition occurs faster as shown in Figure 2-9.
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Figure 2-9 Rapp model AM-AM conversion characteristics [16]
2.2.4 Ghorbani Model
Ghorbani model uses similar approach with Saleh model but it is more suitable for
solid state power amplifiers. Since solid state power amplifiers have smaller roll-off
and phase distortion at saturation than TWTA. It uses four parameters to fit
conversion characteristics of AM-AM and AM-PM to the measured data. It’s AMAM and AM-PM conversion characteristics could be described as [19]
=
A(r)

x1 ⋅ r x 2
+ x4 ⋅ r
(1 + x3 ⋅ r x 2 )

(2.33)

=
φ(r)

y1 ⋅ r y 2
+ y4 ⋅ r
(1 + y3 ⋅ r x 2 )

(2.34)

x1, x2, x3, x4 and y1, y2, y3, y4 are unknown coefficients.
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Figure 2-10 Ghorbani model AM-AM and AM-PM conversion characteristics [18]
Ghorbani model developed from AM-AM and AM-PM measurements of real
amplifiers will be used for BER and EVM analysis in Chapter 5.
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CHAPTER 3

MULTI-TONE MODELLING

In communication systems, complex modulation techniques evolved due to demand
for high data rate and spectral efficiency. However, design and implementation of
complex and random signals are challenging. Simulation tools like Advanced Design
System and Microwave Office put more emphasis on the communication systems
toolbox by involving examples of commonly used complex modulated signals. These
simulation tools offer great flexibility to designers by including receiver and
transmitter blocks of various types of modulated signals. However, to understand the
effect of each component in transmitter or receiver block, designers may still need
analytical tools and calculations.
Dealing with the complex modulated signals in analytical expressions is almost
impossible. Therefore, designers need more practical signals that will sufficiently
characterize the nonlinear behavior of the complex signals. By this way, the designer
may have better understanding of the system and its requirements. In the past,
characterization of the nonlinear RF systems was realized using single or two-tone
measurements. However, limited data could be obtained by single and two-tone
measurements.

To sufficiently predict the nonlinear system behavior and final

operation regime of the system, more involved analysis is needed. Therefore,
representing the complex and digitally modulated communication signals by multitone signals for better nonlinear system characterization has become a quite
important research area. Various studies have been done and promising results have
been obtained. In [2], multi-sine excitations were used to approximate ACPR
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performance of digitally modulated signals. In [2], it is depicted that better ACPR
results could be obtained if PAPR of the multi-sine excitation and digital signal get
closer. In [20], a complex enveloped signal is modeled by multi-tones. Then, model
is used in feedforward circuit analysis to ease the analytical calculations. In [21],
analytical expressions are developed for a 3rd order memoryless microwave circuit
under constant amplitude, equally spaced tones with correlated or uncorrelated
phases. In [21], it is also pointed out that a sufficiently large number of equally
spaced but uncorrelated tones is similar to band limited white noise. In [22], linearity
of high power amplifiers is investigated by intermodulation analysis. Load-pull
characterization of microwave transistors under N-tone (2≤N≤32) excitation is
studied. In [23], new closed form expressions are developed to predict the in-band
and out-of-band intermodulation distortion of fifth order memoryless RF circuits
excited by phase aligned or random phase multi-tones. In [23], an efficient algorithm
is presented to calculate the steady state response of nonlinear circuit under multitone excitation.
In this part, first multi-tone concept is explained. Then, parameters and how the
parameters are chosen for multi-tones are emphasized by showing the effect of each
parameter. Next, amplifiers used throughout simulations will be introduced. Finally,
characteristics of the communication signals that will be modeled are depicted.
3.1

Properties of Multi-Tone Stimuli

One of the main properties of the multi-tone signal is that it allows the user to obtain
signals with different PAPR. Consider an in-phase, equal amplitude two-tone signal

Vin ( t ) = V ⋅ cos ( ω1t ) + V ⋅ cos ( ω2 t ) = V1 ( t ) + V2 ( t )

(3.1)

Peak power (Pp) and Average power (Pm) expressions are expressed for this two-tone
signal as
2

V 
 V
2
+


( V1,rms + V2,rms )
2 ⋅ V2
2
2
Pp = 
=
=
R
R
R
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(3.2)

Pm =

2
V1,rms
+ V2

2,rms

R

V2 + V2 V2
=
=
2.R
R

(3.3)

Where R is the reference circuit impedance and will be accepted as 50 ohm in this
thesis.
Peak to average ratio for an in-phase, two-tone, equal amplitude signal is 3 dB, as
expected. Now, consider an in-phase multi-tone signal with different amplitude
coefficients. [1]

Vin=
( t ) V1 ⋅ cos ( ω1t ) + V2 ⋅ cos ( ω2 t ) + V3 ⋅ cos ( ω3 t ) + V4 ⋅ cos ( ω4 t ) + ...

(3.4)

Or it could be written as
 p

Vin ( t )= V ⋅  ∑ M n ⋅ cos ( n ⋅ ωm t )  ⋅ cos ( ωt )
 n =1


(3.5)

Peak power for the signal in (3.5) is expressed as

V2  p
=
⋅ ∑ M n 
Pp
2 ⋅ R  n =1


2

(3.6)

Mean power for the signal in (3.5) is expressed as

V2  p
=
⋅ ∑ M n 2 
Pm
4 ⋅ R  n =1


(3.7)

Hence, peak to average ratio of an in-phase multi-tone signal has the following form.

 p

Mn 
∑

P
n =1

Ψ = p = 2⋅  p
Pm
∑ M 2n

2

(3.8)

n =1

By choosing different sets of

M n coefficients, signals having different PAPR could

be obtained. In (3.8), p is the number of the tones forming the multi-tone signal.
Maximum crest factor that could be obtained is 2p. Different choices of the

Mn

coefficients may result in same crest factor, however, different intermodulation
distortion and other nonlinear parameters may be produced by a nonlinear amplifier.
In other words, modeling an arbitrary waveform by multi-tones may give
unpredicted results if only crest factor is considered as a factor of resemblance.
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Power complementary cumulative function provides very critical information about
the signal. It also includes a quantitative value for the crest factor. CCDF curves
define the power characteristics of the signal. Basically, a CCDF curve tells how
much time the signal spends at or above a given power level. The lines 1, 2 and 3 on
Figure 3-1, represent the power levels above the average power. The amount of time
at or above given power level 1, 2 and 3 is related to the probability of encounter rate
of that power level. Instead of time domain plot, probability vs peak to average ratio
plot is used for CCDF.

Figure 3-1 RF envelope of a typical CDMA signal [25]
The x-axis in Figure 3-2 is scaled to dB. By placing a vertical line on a desired point
in x-axis, probability of having a sample at or above the corresponding power level
could be read. For example, line 2 in Figure 3-2 refers to a power level of 7.5 dB
above the average power level. By observing the Figure 3-2, one can conclude that
for %1 of the envelope duration, the signal exceeds the average power level by at
least 7.5 dB. Furthermore, interception of the CCDF curve with the x-axis is the crest
factor of the input stimuli.
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Figure 3-2 CCDF curve of the CDMA signal with corresponding power levels in
Figure 3.1 [25]
CCDF curve gives statistical information about the input signal, and it is more
reasonable to use CCDF curve instead of crest factor. Since, all the emphasis of the
crest factor is placed on to the instantaneous peak value. Apart from the CCDF
curve, a designer should also consider in-band distortion, out of band distortion,
instantaneous nonlinear power distribution, channel power and bandwidth to have
more accurate model.
3.2

Parameters of the Multi-Tone Model

To better represent the nonlinear behavior of an arbitrary waveform, multi-tone
signals should be generated carefully. In telecommunication applications, multi
carriers modulated with non-null information signals are used. Hence, these signals
have finite bandwidth. One way to model these kind of signals is to use combination
of various tones, i.e., multi-tone signals. According to the central limit theorem,
when the number of tones is increased, and the phases of the tones are uncorrelated,
resultant signal tends to a narrowband noise excitation. In other words, large number
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of tones with uncorrelated phases resemble to a band limited noise as shown in
Figure 3-3.

Figure 3-3 Comparison of CCDF curves of AWGN and different number of multitone signals [25]
In [24], large number of constant amplitude tones with correlated or uncorrelated
phases is examined. Analytical expressions are given to predict the response of third
order microwave circuits under the multi-tone signal. In the past, Noise Power Ratio
measurements and Co-Channel distortion measurements used to be accomplished by
creating this kind of multi-tone stimuli. In [1] and [20], in phase, equally spaced
variable amplitude multi-tone signals were used to model an arbitrary waveform.
Later, model input was used for analytical expressions of feed-forward linearizers. In
[2], ACPR measurements of a nonlinear device excited with multi-sine signals are
compared with ACPR measurements of digital modulation employing quadrature
phase shift keying. It is concluded that when the crest factor of digitally modulated
signal and multi-sine signal are comparable, better ACPR results are obtained.
In this thesis, to better represent an arbitrary waveform, multi-tones with variable
tone spacing, phase and amplitude are used. Furthermore, for analytical expressions,
amplifier nonlinearity is assumed to be third order. Before starting to model an
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arbitrary waveform, effect of number of tones, amplitude variation of tones, spacing
between tones and phases of the tones will be emphasized. Moreover, properties of
the non-linear amplifiers used throughout characterization and modeling are given in
this part of thesis.
3.2.1 Effect of Phase Variations of Tones
Phase relations of the tones strongly affect the CCDF curve. Resultant multi-tone is
summation of each tone. Changing the phases of the tones affects whether they sum
constructively, meaning increasing the crest factor, or destructively, meaning
decreasing the crest factor. Furthermore, it is a common belief that increasing
number of tones means increasing crest factor. However, it is possible to obtain
higher crest factor with fewer number of tones by adjusting the phases as shown in
Figure 3-5.

Figure 3-4 Effect of phase variation on CCDF curve [25]
To obtain the highest crest factor, phases of the tones should be aligned.
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Figure 3-5 Comparison of CCDF curves of a 4-tone signal and a 64-tone signal. [25]
Phase distributions of the tones also affect the intermodulation products. Although
IMD products depend heavily on the phase distributions of tones, IMD is not
strongly correlated to phase relationships in statistical sense. In other words, by
observing the IMD products of one phase set distribution, it is not possible to predict
the IMD products of another phase set. Therefore, it is more reasonable to give
average results of IMD products with different phase contributions.
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Figure 3-6 Intermodulation products under 3- tone excitation with equal phases

Figure 3-7 Intermodulation products under 3-tone excitation with different phases
(300, 90 and 40 degrees respectively)
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In Figure 3-6, intermodulation products under 3-tone equal phase excitation are
shown. In Figure 3-7, spacing between tones and amplitude of tones are not changed
but phases of the tones are adjusted to 300, 90 and 40 degrees. From Figure 3-6, it is
clear that changing phases of the tones may significantly affect the IMD products.
Marker 6 reading from Figure 3-6 and Figure 3-7 differ about 14 dB.
3.2.2 Effect of Spacing between Tones
First of all, spacing between tones affects the periodic behavior of the multi-tone
signal. For p tones, there are p-1 tone spacing parameter. The period of the resultant
signal is related to largest common denominator of the spacing between tones. For
example, if 3 tones are used and spacing between tones are made Δ1=Δ2=0.5 MHz,
then period of the multi-tone signal is 2 µs. If spacing between tones are chosen as
Δ1=0.2 MHz and Δ2=0.4 MHz, then period of the multi-tone signal is 5 µs. Effect on
the period is also seen at peak occurrence rate. When period is decreased, peaks are
encountered more for a given specific time interval. Spacing between tones also
affects the crest factor and CCDF curve of the input signal. With equally spaced
tones, higher crest factor is obtained. Another effect of the tone spacing is position of
both fundamental and IMD products in frequency axis. To model a signal with
known center frequency and bandwidth more precisely, tone spacing may be
arranged in such a way that, all fundamental tones drop in bandwidth limits of the
modeled signal.
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Figure 3-8 Effect of spacing between tones on periodic behavior of signal

Figure 3-9 Effect of tone spacing on CCDF curve
In Figure 3-9, two 5-tone signals are examined. Magnitude and phase of the tones for
WAVEFORM1 and WAVEFORM2 are made equal. Only difference between
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WAVEFORM1 and WAVEFORM2 is that one of the tones in WAVEFORM2 is
shifted 0.05 MHz to the left. Effect of this shifting on CCDF curve is clearly
observed, which proves that tone spacing is a very strong parameter.
3.2.3 Effect of Amplitudes of Tones
Modeling an arbitrary waveform starts with a specific input power level of that
signal. Amplitude coefficients of the multi-tone signals are arranged in such a way
that, channel power of the original signal and multi-tone signal resembles each other.
Once the modeling is achieved in a specific power level, it is expected that
resemblance between multi-tone model and the arbitrary waveform continues with
equal amount of power increase in both signals. Furthermore, change in the
amplitude of the tones also causes change in in-band and out-of band components.

Figure 3-10 Output of 3rd order polynomial model amplifier under in-phase, equally
spaced and -16 dBm equal amplitude 5-tones
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Figure 3-11 Output of 3rd order polynomial model amplifier under in-phase, equally
spaced and -11 dBm equal amplitude 5-tones
By examining Figure 3-10 and Figure 3-11, it is observed that when tone amplitudes
are increased 5 dB, fundamental tones at the output increase approximately 5 dB. Inband distortion power levels and 3rd order IMD component power levels increase
approximately 15 dB, as expected.
In Figure 3-12, two 5-tone signals with same channel power, tone phases and
spacings are obtained. These 5-tone signals have different characteristics as shown in
Table 3-1 and Figure 3-13.
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Figure 3-12 Effect of amplitude of tones on CCDF
Table 3-1 Characteristics of two 5-tone signal with same channel power, tone phases
and spacings
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Figure 3-13 CCDF curves of two 5-tone signal having very similar channel power
and identical tone phases
3.2.4 Effect of Number of Tones
To determine the adequate number of tones, crest factor of the arbitrary waveform is
considered. It is known that by using p tones, maximum crest factor of 2p (or
10xlog[2p] in dB) could be obtained. For example, to model an arbitrary waveform
with 7 dB crest factor, at least 3 tones should be used (10log[6]=7.78 > 7). Increasing
the number of tones provide more choices and more accurate results for multi-tone
solution. It is important to note that while modeling a random excitation, several
solutions with different number of tones, phase settings and tone spacings may exist.
In Figure 3-14, it is shown that a 4-tone signal could have maximum PAR of 9 dB
with equal amplitude, phase and tone spacing settings, whereas a 2-tone signal with
same settings could have maximum PAR of 6 dB.
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Figure 3-14 Effect of number of tones on the peak to average ratio for equal
amplitude and equi-spaced tones.
3.3

Parameter Selection Criteria

In previous part, parameters of multi-tone signal are mentioned. In this thesis, none
of the multi-tone parameters will be restricted. To better represent final regime of a
nonlinear system operating under an arbitrary stimuli, multi-tone modeling should be
given utmost importance. While choosing multi-tone parameters, there are some
critical design parameters that should be considered carefully.
CCDF is one of these design parameters. CCDF curve tells designers the probability
of encounter rate for a specific power level and also presents the PAPR. However,
this parameter is not enough to correctly mimic the nonlinear behavior of arbitrary
signal.
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Other design parameter to decide the multi-tone signal arguments is distribution of
instantaneous nonlinear power at the output of a nonlinear amplifier [1]. Assume the
amplifier nonlinearity is restricted to third order.

=
Vout a1 ⋅ Vin + a 3 ⋅ Vin 3

(3.9)

Where a1 and a3 are expressed as
G
 

a1 = 10 20 

(3.10)
 3⋅G − 2⋅IP 
3

20 

−2 
=
⋅10
a3
3R

(3.11)

Where G is the linear power gain, IP3 is the third order intercept point referred to the
output of the amplifier and R is the reference circuit impedance.
Power relation at the output of an amplifier could be written for 1 ohm reference
impedance as [1]
Vout 2
Pout
= =
2

( a1 ⋅ Vin + a 3 ⋅ Vin 3 )

2

(3.12)

2

1
3
9 2 6
Pout = ⋅ a12 ⋅ V12 + a1 ⋅ a 3 ⋅ V14 +
⋅ a 3 ⋅ V1
2
4
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Where

(3.13)

V1 is the instantaneous envelope voltage of Vin.

In (3.13), the term 1 ⋅ a12 ⋅ V12 is referred as instantaneous linear power, whereas the
2

term 3 ⋅ a1 ⋅ a 3 ⋅ V14 + 9 ⋅ a 32 ⋅ V16 is referred as instantaneous nonlinear power.
4
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Throughout this thesis, instantaneous nonlinear power will be referred as S.

9
3

S = abs  a1 ⋅ a 3 ⋅ V14 + ⋅ a 32 ⋅ V16 
32
4


(3.14)

Expression S, includes both in-band and out-of band distortion. Term 3 ⋅ a1 ⋅ a 3 ⋅ V14
4

is responsible for in-band products and term 9 ⋅ a 32 ⋅ V16 is responsible for out-of
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band products. Now, consider that samples are taken from the envelope voltage with
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specific time intervals. When the instantaneous envelope voltage increases,
instantaneous nonlinear power also increases. In other words, samples close to the
peak value of the envelope signal are troublesome. These samples drive the amplifier
into nonlinearity. When the power of the input signal is increased, S values for all of
the samples start to become more significant. Hence, although modeling an arbitrary
waveform starts with a certain power level, modeled multi-tone signal should be
valid for any power level.
Another design parameter is K, which represents the overall distortion power. [1]

K
=

∑ Si ⋅ Ni

(3.15)

i

Where S is instantaneous nonlinear power, and

Ni is the corresponding number of

samples. Since instantaneous nonlinear power includes both in-band and out-of band
products, so does parameter K. To calculate K, first S values are quantized for a
specific number of levels. Each sample of S drops in to certain level and by this way
Ni values for each level are calculated.
Average of calculated S values could be other design parameter. M, can be expressed
as [1]

M=

1
⋅ ∑S
N i i

(3.16)

In expression (3.16), N is the total number of samples. Similar to the parameter K, M
also includes in-band and out of band products.
Comparing adjacent channel power results of multi-tone signal and original signal
also tells designers resemblance between multi-tone signal and original stimuli. Since
ACP measurements includes only out-of band products, parameter K and M are not
useful while calculating ACP values. Only, the term 9 ⋅ a 32 ⋅ V16 is considered while
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calculating out of band products. This calculation is closely related to ACP
calculation. In this thesis, instead of ACPR measurements, an alternative parameter F
will be defined. [1]
=
F

∑

OUT − OF − BAND

3

FFT  ⋅ a 3 ⋅ V13 , N 
4


2

(3.17)
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Throughout this thesis, design parameters K, M, F, CCDF curve and distribution of S
will be used to select the parameters of multi-tone stimuli.
3.4

Properties of the Amplifiers Used in Simulations

Communication signals are unpredictable. They can't be expressed in terms of
elementary outputs easily. Therefore, expressing response of a non-linear system to
those arbitrary inputs is very challenging task. For those kinds of nonlinear systems,
it would be very useful to be able to predict the final response. Here, the importance
of multi-tone modeling comes out. It makes possible to express the output of the
nonlinear system in terms of the tones forming the input excitation. Therefore, it is
possible to say that once an appropriate multi-tone model is obtained for a
telecommunication signal, which is unpredictable and arbitrary in practice, then final
response of the system could be estimated. Here, unpredictable and arbitrary
excitation is emphasized, because it is important to show multi-tone model could be
employed to represent any kind of waveform.
In this thesis, nonlinear amplifiers are employed as nonlinear systems. To verify the
multi-tone modeling, nonlinear amplifier is excited by the communication signal and
its multi-tone model. Nonlinear parameters S, K, F, M, CCDF curve, channel
bandwidth and channel power are compared. To prove that multi-tone model is valid
under any nonlinear system, amplifiers with different AM-AM, and AM-PM
characteristics are used. As communication signal, first digitally modulated RF
signal which has the modulation characteristics of 3GPP (WCDMA) signal is used.
To prove that modeling could be accomplished for any kind of input, a digitally
modulated RF signal which has the modulation characteristics of base-station CDMA
signal is also modeled and verified. Frequency for both of the communication signals
is set to 1.95 GHz and amplifiers are characterized for 1.95 GHz. Nonlinear
amplifiers used for verification are

GVA-63+ and PMA-545G1+ from Mini-

Circuits.
The GVA-63+ is a wideband amplifier operating from 0.01 GHz to 6 GHz. It is
fabricated using InGap HBT technology. This amplifier offers high gain and
dynamic range over a broad frequency range. GVA-63+ has about 20 dB small
signal gain, 18.6 dBm P1dB and 32.2 dBm OIP3 at 2 GHz as stated in manufacturer's
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datasheet. The amplifier works with 5 volt supply voltage. Gain, P1dB and OIP3 are
obtained for the board designed for GVA-63+. Intermodulation distortion products
are measured for different power levels and from these measurements OIP3 is
calculated using (3.18).

 dBm 
IMD 

 Tone  + P  dBm 
OIP3 ( dBm )
=

out 
2
 Tone 

(3.18)

Moreover, P1dB and linear gain is calculated from AM-AM measurement.

Figure 3-15 AM-AM characteristics of the amplifier GVA-63+
From Figure 3-15, it is observed that 1 dB decrease from linear gain, which is 20.4,
occurs for input power of about -0.1 dBm. At this point gain is found as 19.41 dB.
Therefore P1dB point for the amplifier GVA63+ is calculated as 19.31 dBm at 1.95
GHz. Moreover, for the same frequency under overdrive conditions, maximum
power of the amplifier is found as approximately 20.7 dBm. As depicted before, for
linear modulation schemes, operating an amplifier beyond the 1 dB compression
point may result in corrupted signal at the output.
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Figure 3-16 AM-PM characteristics of the amplifier GVA-63+

AM-PM conversion characteristics of the amplifier GVA-63+ shows an excellent
performance up to 1 dB compression point, almost no phase corruption at all.
However, beyond the 1 dB compression point, output phase changes more than 1
degree for 1 dB increase in the input power. If constellation diagram is observed for
the M-QAM input signal and amplified output signal under over drive conditions,
significant deviation is observed from the desired diagram, which results in
undesired BER.
Intermodulation products are calculated for different power levels, from linear zone
to beyond compression points. Intermodulation distortion test is run at 1.95 GHz
carrier frequency with a 2-tone signal. Tones are separated by 1MHz. To have
symmetrical distortion products, amplitude of the tones are made equal. By using
(3.18) for the input power level of -10 dBm,

 dBm 
IMD 

 Tone  + P  dBm  = 49.23 + 7.58 =
OIP3 ( dBm ) =
32.195 dBm
out 

2
2
 Tone 
43

OIP3 value specified by the manufacturer's datasheet is 32.2 dBm for 2 GHz
operating frequency, which is very close to calculated value.
Table 3-2 Intermodulation distortion products under two equal amplitude tone with 1
MHz tone spacing for the amplifier board GVA-63+

For the simulations, amplifier nonlinearity is assumed be third order. After finding
OIP3 and linear gain, amplifier polynomial coefficients

a1 and a 3 could be found

using (3.10) and (3.11).
G 


 20 

 20.4 


 20 

10
= 10.47
a 1 ==
10
 3⋅G − 2⋅IP3 




−2
a3 =
⋅ 10 20
3⋅ R

 3⋅20.4− 2⋅( 32.195−30 ) 

20



−2
=
⋅ 10
3 ⋅ 50
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= −9.224

Throughout the simulations, calculated a1 an a3 value will be used to compare the K,
M and F values of modeled multi-tone signal and original signal.

Figure 3-17 3rd order intermodulation products for different power levels of
GVA-63+
Ideally, when 3rd order Intermodulation components are observed, 3rd order IMD (in
dBc) should increase 2 dB for 1 dB increase in the input power. However, in a real
amplifier condition, increase in 3rd order IMD (in dBc) may reach to 4 dB for 1 dB
increase in the input power at specific power levels.
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Figure 3-18 5th order intermodulation products for different power levels of
GVA-63+
From Figure 3-18, a notch for the 5th order products are clearly observed. For
specific power levels, increasing the input power level may decrease the IMD
products. These operating points are called as sweet spot. Ideally, the slope of the
curve in Figure 3-18 should be 5, however, for GVA-63+ at certain power levels, 5th
order IMD increase may reach to 7 dB for 1 dB input power increase.
Another amplifier used for verification of multi-tone modeling is PMA-545G1+ from
Mini-Circuits. PMA-545G1+ is E-PHEMT based low noise MMIC amplifier
operating from 0.4 to 2.2 GHz. According to the manufacturer’s datasheet, amplifier
has 26.1 dB small signal gain, 22.6 dBm P1dB and 33.6 dBm OIP3 around 2.2 GHz.
The amplifier works with 5 volt supply voltage. Gain, P1dB and OIP3 are obtained
from the board designed for PMA-545G1+. Intermodulation distortion products are
measured for different power levels. From these measurements, OIP3 is calculated
using (3.18). Moreover P1dB and linear gain is calculated from AM-AM
measurement given in Figure 3-19.
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Figure 3-19 AM-AM characteristics of the amplifier PMA-545G1+

1 dB gain decrease from linear gain, which is 26.3, occurs for input power level of -2
dBm. For this input power level, gain is measured as 25.3 dB. Thus, P1dB point is
calculated as 23.3 dBm. When amplifier is driven beyond the 1 dB compression
point, saturated output power is calculated as 23.6 dBm.
PMA-545G1+ exhibits adequate phase distortion characteristics up to P1dB
operating point. After this point, output phase increases more than 2 degrees for 1 dB
input power increase. It could be concluded that although PMA-545G1+ exhibits
adequate phase performance below the compression points, under over drive
conditions it performs worse than GVA-63+ amplifier in terms of output phase
characteristics. Thus, amplifier PMA-545G1+ is expected to have more corrupted
constellation diagram than GVA-63+ for the power levels close to the compression
points.
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Figure 3-20 AM-PM characteristics of the amplifier PMA-545G1+
Table 3-3 Intermodulation distortion products under two equal amplitude tone with 1
MHz tone spacing for the amplifier board PMA-545G1+
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Intermodulation products are calculated for different power levels, from linear zone
to beyond compression points. Intermodulation distortion test is run at 1.95 GHz
carrier frequency with a 2-tone signal having 1MHz tone spacing. To have
symmetrical distortion products, amplitude of the tones are made equal. By using
(3.18) for the input power level of -5 dBm,

 dBm 
IMD 

 Tone  + P  dBm  = 29.575 + 17.86 =
OIP3 ( dBm ) =
32.66

out 
2
2
 Tone 
OIP3 value specified by the manufacturer's datasheet is 33.6 dBm for 2.2 GHz
operating frequency, which is close to the calculated value. After finding OIP3 and
linear gain, amplifier polynomial coefficients

a1 and a 3 could be found using (3.10)

and (3.11).
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= −63.67

Throughout the simulations, calculated a1 an a3 value will be used to compare the K,
M and F values of multi-tone signal and original signal.

Figure 3-21 3rd order intermodulation products for different power levels of
PMA-545G1+
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From Table 3-3 and Figure 3-21, it is observed that IMD increase with 1 dB input
power increase is not always 2 dB. IMD curve slope is not constant. Furthermore,
from Figure 3-22 effect of sweet spot is clearly observed.

Figure 3-22 5th order intermodulation products for different power levels of
PMA-545G1+
3.5

Properties of Waveforms Used in Simulations

Throughout this part, the arbitrary waveform that is being modeled is called as
original waveform and multi-tone signal that represents the original signal is called
as model signal. Original signals are available in Agilent Advanced Design Systems
library. Two signals from ADS library will be used. These signals have different
bandwidth, peak to average ratio and CCDF characteristics. Purpose of modeling
different types of signals is to show that any arbitrary waveform could be modeled
by using multi-tone signals.
The first signal that will be modeled is RF carrier modulated by 3GPP uplink signal.
This signal generates a digitally modulated RF signal that has the modulation
characteristics of WCDMA signal. This source is implemented by interpolating data
from a stored data file instead of recalculating the source for every simulation. The
data file consists of 1 frame of 3GPP data (38400 chips at 1/3.84 us per chip). Frame
length is 10 ms. Each frame is divided into 15 slots with each slot having 2560 chips
at the chip rate of 3.84Mcps. To simulate the source properly, there are critical points
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that should be taken into account during envelope simulation. To prevent the data
interpolation between data samples, simulation time step should be set to 1/ 3.84 / 4
us, in other words, taking four samples per chip. Recommended controller setup
provided by Agilent and WCDMA signal properties are shown in Figure 3-23.

Figure 3-23 RF carrier modulated by 3GPP uplink signal and its properties
After arranging the envelope simulation settings, baseband spectrum of the input
carrier and output carrier are obtained as in Figure 3-24. Spectral regrowth in
adjacent and alternate channels are clearly observed. Channel bandwidth is 3.84
MHz as specified in the settings. Magnitude of carrier is also shown in Figure 3-25.

Figure 3-24 Spectrum of the input (left) and output (right) carrier for 3GPP uplink
signal
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Figure 3-25 Magnitude (left) and phase (right) of the input carrier for 3GPP uplink
signal.

Figure 3-26 Main, upper, lower channel band definitions and measurement equations
for channel power calculations

Figure 3-27 Simulated band characteristics of WCDMA input signal
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Figure 3-28 CCDF characteristics of WCDMA signal and WGN
Envelope peak to average power ratio of WCDMA signal is 3.228 dB. This value is
considerably low when compared to the crest factor of WGN, which is
approximately 8 dB. CCDF of WGN performs a smooth characteristics, on the other
hand, CCDF of WCDMA signal is very steep. When CCDF of WCDMA signal is
examined, it is seen that encounter rate of samples with more than 0 dB PAPR is
50%. Furthermore, encounter rate of samples with more than 2 dB PAPR is 5.5%.
This steep characteristic of WCDMA signal indicates that although PAPR is low, it
will not be possible to represent the CCDF characteristics of WCDMA with few
tones, which will be discussed in detail later.
Second signal that will be modeled is a digitally modulated RF signal. It has the
modulation characteristics of a base station CDMA signal. CDMA technique permits
several users communicate simultaneously over the same bandwidth. To achieve this,
a pseudo random code (orthogonal spreading factor) is assigned to each user and
information data modulates the pseudo random code. After modulation of the
resulting signal with a carrier, it is broadcasted. During the reception, same
despreading factors are applied to received sum signal. By this way, signal from all
other participants in the system appears as noise for the relevant user's receiver. One
of the most important properties of the CDMA signal is that it has high peak to
average ratio. CDMA signal that will be used during the envelope simulations is
implemented by interpolating data from a stored data file which is generated by
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Agilent ESG series signal generator. This CDMA signal has 1.2288 MHz channel
bandwidth. To simulate the source properly and to prevent data interpolation
between data samples, it is important to make simulation time step equal to
0.25/1.2288 MHz, in other words, taking four samples per bit. Recommended
controller setup provided by Agilent is shown in Figure 3-29.

Figure 3-29 RF carrier modulated by a CDMA signal and its properties
After arranging the envelope simulation settings, spectrum of the input and output
carrier are obtained as in Figure 3-30. Spectral regrowth in adjacent and alternate
channels are clearly observed. Channel bandwidth is 1.2288 MHz as specified in the
settings.

Figure 3-30 Spectrum of the input (left) and output (right) carrier for CDMA signal
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Figure 3-31 Magnitude (left) and phase (right) of the input carrier for Fwd Link
CDMA signal.

Figure 3-32 Main, upper, lower channel band definitions and measurement equations
for channel power calculations
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Figure 3-33 Simulated band characteristics of input CDMA signal

Figure 3-34 CCDF characteristics of CDMA signal and WGN
Envelope peak to average power ratio of CDMA signal is 5.628 dB, which is lower
than the peak to average ratio of WGN (8 dB). However CCDF curve of CDMA
signal exhibits steeper characteristics than that of WGN. The CCDF curve in Figure
3-34 implies that encounter rate of samples with more than 4 dB PAPR is about 0.9%
and encounter rate of samples with more than 5 dB PAPR is 0.05%, which is very
rare. Hence, it could be deduced that although peak to average ratio is high, peak
occurrence rate is rare for the CDMA signal.
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CHAPTER 4

VERIFICATION OF MULTI-TONE MODELS WITH AMPLIFIERS

In this part of the thesis, multi-tone models will be presented for the communication
signals introduced in previous part. First signal that will be modeled is WCDMA
signal. It has a bandwidth of 3.84 MHz. This signal has maximum envelope peak to
average ratio of 3.228 dB, which is not very high for a multi user communication
signal. To model this signal 3-tone, 5-tone, 7-tone and 9-tone models with variable
tone spacing, amplitude and phase will be used. The purpose of using 3, 5, 7 and 9
tones signals is to show that with increasing number of tones better representations
could be obtained. Here, using odd number of tones doesn't have a specific meaning.
To emphasize the effect of number of tones on modeling clearly, number of tones is
increased by two. Then, WCDMA signal and multi-tone signal are applied to a
nonlinear power amplifier model in ADS, whose parameters are obtained from
measurements of Mini-Circuits GVA-63+ demo board. Results are discussed in
detail. Next, WCDMA signal and multi-tone models are applied to second amplifier
whose parameters are obtained from Mini-Circuits PMA-545G1+ demo board.
Purpose is to show that validity of the model signals are independent of the amplifier
properties. Second signal that will be modeled is a CDMA signal. Its crest factor is
5.628 dB. CDMA signal is modeled with 5-tone, 7-tone and 9-tone signals. Using
odd number of tones for models doesn't have a specific meaning. It is just to
emphasize the effect of number of tones on modeling more clearly. Next, multi-tone
signals and CDMA signal are applied to a nonlinear amplifier. Strong sides of each
model are depicted. Similar to WCDMA case, CDMA signal and its models are also
applied to a second amplifier to show that validity of the model signals doesn't
depend on amplifier properties.
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4.1

Multi-Tone Models for WCDMA Signal

In this part, a 3-tone, 5-tone, 7-tone and 9-tone models are developed to characterize
a WCDMA signal with certain statistical and channel properties. To find the
coefficients of the tones, channel power, channel bandwidth, CCDF curve and
nonlinear parameters K, F, M are considered. Results for each model are discussed,
compared and strong sides of the different models are expressed with reasoning.
4.1.1 3-Tone Model for WCDMA signal

Figure 4-1 3-tone model schematic prepared in ADS
As seen in Figure 4-1, power of the tones are -13.75, -7.5, -12.5 dBm and phase
coefficients are 210, 60, 30 degrees. One tone is placed 0.9 MHz left of the center
tone and the other is placed 1.3 MHz right of the center tone.
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Figure 4-2 Baseband spectrum of 3-tone model (left) and amplified (with GVA-63+
amplifier) 3-tone model (right)
From Figure 4-2, it is possible to observe distorted output signal with in-band and out
of band components. As the input drive level increases, in-band and out of band
products become more significant at the output.

Figure 4-3 CCDF curves of 3-tone model and WCDMA signal
From Figure 4-3, 3-tone model has crest factor of 4.309 dB, whereas WCDMA
signal has crest factor of 3.228 dB. Moreover CCDF curve of 3-tone model does not
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approach the CCDF curve of WCDMA signal. This implies that number of samples
specific amount above the average power level is different for two signals. From
Table 4-1 and Table 4-2,

it could be concluded that although 3-tone model

represents WCDMA signal in terms of channel power , K and M parameters
correctly , parameter F ,which is related to the out of band products, is higher for the
3-tone model. Moreover, channel bandwidth of 3-tone model is narrower than
channel bandwidth of WCDMA signal. Table 4-1 and Table 4-2 also show that
3-tone Model is valid in terms of channel power, K and M parameters for different
input power levels. Figure 4-4 is a histogram showing the distribution of
instantaneous nonlinear power for WCDMA signal and its 3-tone model. Histogram
shows that number of samples for low level and high level of S are different for two
signals.

Figure 4-4 The distribution of instantaneous nonlinear power for WCDMA signal
and its 3-tone model
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Table 4-1 WCDMA parameters for different drive levels of GVA-63+

Table 4-2 3-tone model parameters for different drive levels of GVA-63+
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Table 4-3 WCDMA parameters for different drive levels of PMA-545G1+

Table 4-4 3-tone model parameters for different drive levels of PMA-545G1+
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Table 4-3 and Table 4-4 are obtained for the same signals applied to a different
amplifier. From the tables, it is clear that output channel power, K and M parameters
are still comparable for WCDMA and its 3-tone model for different input drive
levels. This shows that model validity doesn't depend on the amplifier characteristics.
In short, 3-tone model represents the WCDMA well enough in terms channel power,
parameter K and M. When CCDF, distribution of instantaneous nonlinear power,
channel bandwidth and parameter F are taken account, it could be said that better
representative multi-tones could be found with increasing number of tones.
Furthermore, it is important to emphasize that this is not the only 3-tone model for
WCDMA signal. There could be other 3-tone models with different amplitude, phase
and tone spacing that represent the WCDMA signal closely, maybe better than the
presented 3-tone model in terms of some of the parameters mentioned above.
4.1.2 5-Tone Model for WCDMA signal

Figure 4-5 5-tone model schematic prepared in ADS
From Figure 4-5, power of the tones are -13.5 dBm, -12 dBm, -10 dBm, -13.25 dBm,
-14.5 dBm, and phase coefficients are 220, 40, 10, 80, 70 degrees. Two of the tones
are placed 0.6 and 1 MHz left of the center tone and other two tones are placed 0.4
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and 1 MHz right of the center tone. Tones are placed in such a way that all of the
tones fall in to the 3.84 MHz channel bandwidth.

Figure 4-6 Baseband spectrum of 5-tone model (left) and amplified (with GVA-63+
amplifier) 5-tone model (right)
From Figure 4-6, it is clear that channel bandwidth of the 5-tone model is narrower
than channel bandwidth of WCDMA signal. From Figure 4-6, it is also possible to
observe distorted output signal with in-band and out-of-band components. As the
input drive level increases, in-band and out of band products become more
significant at the output.

Figure 4-7 CCDF curves of 5-tone model and WCDMA signal
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Figure 4-8 The distribution of instantaneous nonlinear power of WCDMA signal and
its 5-tone model
From Figure 4-7, crest factor of 5-tone model (3.326 dB) and crest factor of
WCDMA signal (3.228 dB) are very close to each other. Moreover, CCDF curve of
5-tone model shows better characteristic than that of the 3-tone model, however
CCDF curves are still not close enough to each other. In Figure 4-8, distribution of
nonlinear term S is plotted for WCDMA and 5-tone model. Distribution of term S for
5-tone model shows better characteristic than that of the 3-tone model. However for
very low values of S, WCDMA and 5-tone model nonlinear term distribution are still
different.
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Table 4-5 5-tone model parameters for different drive levels of GVA-63+

Similar to 3-tone model, 5-tone model also has very close channel power, K and M
values as shown in Table 4-5. Moreover, parameter F shows an improvement when
compared to that of the 3-tone model. When Table 4-5 is compared with Table 4-1, it
is clear that modeling is valid for all input drive levels.
Table 4-6 5-tone model parameters for different drive levels of PMA-545G1+
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When Table 4-6 is compared with Table 4-3, it is observed that for all input drive
levels, channel power, crest factor, K and M parameters have very similar values,
which shows modeling is independent of the amplifier properties. It could be
concluded that 5-tone model is superior to the 3-tone model when peak to average
ratio, parameter F and distribution of instantaneous nonlinear power are considered.
Furthermore, presented 5-tone model is not unique. Different 5-tone models
presenting similar performance or better representative 5-tone models for some of the
parameters mentioned above could be found.
4.1.3 7-Tone Model for WCDMA signal

Figure 4-9 7-tone Model schematic prepared in ADS
From Figure 4-9, power of the tones are -15 dBm, -14 dBm, -13.5 dBm, -15 dBm,
-11 dBm, -15.1 dBm, -13.75 dBm and phase coefficients are 155, -55, 45, 125, 60,
165 and 150 degrees. Three of the tones are placed 1.8, 1.2 and 0.6 MHz left of the
center tone and other three tones are placed 0.3, 1.2 and 1.8 MHz right of the center
tone. Tones are placed in such a way that all of the tones fall in to the 3.84 MHz
channel bandwidth.
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Figure 4-10 Baseband spectrum of 7-tone signal (left) and amplified (with GVA-63+
amplifier) 7-tone signal (right)
From Figure 4-10, it is possible to observe distorted output signal with in-band and
out of band components. As the input drive level increases, in-band and out of band
products become more significant at the output. It is also important to note that
7-tone model represents the channel bandwidth of WCDMA signal better. 7-tone
model presented here has a channel bandwidth of 3.6 MHz which is close to 3.84
MHz.

Figure 4-11 CCDF curves of 7-tone model and WCDMA signal
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Figure 4-12 The distribution of instantaneous nonlinear power of WCDMA signal
and its 7-tone model
As shown in the figure, crest factor of 7-tone model (3.224 dB) and crest factor of
WCDMA signal (3.228 dB) are very close to each other. Moreover, CCDF curve of
7-tone model shows better characteristic than that of the 5-tone model. 7-tone model
and WCDMA CCDF curves come closer to each other, but curves are still distinct. In
Figure 4-12, distribution of nonlinear term S is plotted for WCDMA and 7-tone
model. Distribution of term S for 7-tone model shows better characteristic than that
of the 5-tone model. For very low values of S, there is clearly an improvement with
respect to 5-tone model.
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Table 4-7 7-tone model parameters for different drive levels of GVA-63+

Similar to 3-tone and 5-tone model, 7-tone model also has very close channel power,
K and M values as shown in Table 4-7. Moreover, Parameter F shows an
improvement and gets closer to F values calculated for WCDMA signal. When Table
4-7 is compared with Table 4-1, it is clear that modeling is valid for all input drive
levels, as expected.
Table 4-8 7-tone model parameters for different drive levels of PMA-545G1+
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When Table 4-8 is compared with Table 4-3, it is observed that for all input drive
levels, channel power, crest factor, K and M parameters have very similar values,
which shows modeling is independent of the amplifier properties. To sum up,
presented 7-tone model is superior to the 5-tone model in terms of CCDF curve,
distribution of instantaneous nonlinear power and parameter F. 7-tone model
presented here is not unique. It is possible to find 7-tone models that present
comparable performance. Moreover, while obtaining the 7-tone model, phase
coefficients and tone spacing are not arranged in a sensitive way. For example, in the
tuning process of the phase coefficients, 5-degree step is used and in the tuning
process of the tone spacing, 0.1 MHz frequency step is used. Hence, it may be
possible to obtain better representative 7-tone models than the presented 7-tone
model by decreasing the phase and frequency steps.
4.1.4 9-Tone Model for WCDMA signal

Figure 4-13 9-tone model schematic prepared in ADS
From Figure 4-13, power of the tones are -16.5 dBm, -15.25 dBm, -13.25 dBm,
-14.5 dBm, -12.25 dBm, -15.35 dBm, -14.5 dBm, -15.5 dBm, -17 dBm and phase
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coefficients are 0, -30, 45, 145, 60, -180, 30, 120 and -180 degrees. Four of the tones
are placed 1.8, 1.2, 0.9 and 0.3 MHz left of the center tone and other four tones are
placed 0.3, 1.5, 1.2 and 1.8 MHz right of the center tone. Tones are placed in such a
way that all of the tones fall in to the 3.84 MHz channel bandwidth.

Figure 4-14 Baseband spectrum of 9-tone model and amplified (with GVA-63+
amplifier) 9-tone signal
From Figure 4-14, both undistorted 9-tone model and distorted 9-tone model could
be observed. When input power is increased the distortion also increases. In the
output spectrum it is possible to see both in-band and out of band components.
Furthermore, similar to the 7-tone model, 9-tone model also represents the channel
bandwidth of WCDMA signal well enough. 9-tone model presented here has a
channel bandwidth of 3.6 MHz which is close to the 3.84 MHz.
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Figure 4-15 CCDF curves of 9-tone model and WCDMA signal

Figure 4-16 The distribution of instantaneous nonlinear power of WCDMA signal
and its 9-tone model
As shown in Figure 4-15, crest factor of 9-tone model (3.245 dB) and crest factor of
WCDMA signal (3.228 dB) are very close to each other. Moreover, CCDF curve of
9-tone model shows better characteristic than that of the 7-tone model. 9-tone model
and WCDMA CCDF curves come very close to each other for the samples with low
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power levels (samples with more than 7 dB less power than average power level, i.e.,
left of -7 dB in the x-axis ). CCDF curve of 9-tone model also follow the CCDF
curve of WCDMA signal well above the average power level (i.e., right side of 0 dB
in x-axis). Between the -7 dB and 0 dB in the x-axis, curves are distinct, but still
better than 3, 5 and 7-tone model. In Figure 4-16, distribution of instantaneous
nonlinear power is plotted for WCDMA and 9-tone model. Distribution of term S for
9-tone model shows better characteristic than that of the 7-tone model. For very low
values of S, there is an improvement with respect to 7-tone model. 9-tone model S
distribution follows that of the WCDMA signal accurately. By comparing the Figure
4-15 and Figure 4-16 with Figure 4-11, Figure 4-12, Figure 4-7, Figure 4-8, Figure
4-3 and Figure 4-4, it could be concluded that with increasing tone number, more
accurate models could be obtained in terms of CCDF and instantaneous nonlinear
power distribution. Since, with increasing tone number more parameters are revealed
which makes the multi-tone design more flexible.
Table 4-9 9-tone model parameters for different drive levels of GVA-63+
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Table 4-10 9-tone model parameters for different drive levels of PMA-545G1+

Similar to 3-tone, 5-tone and 7-tone model, 9-tone model also has very close channel
power, K and M values as shown in Table 4-9. Moreover, Parameter F shows an
improvement and gets closer to F value calculated for WCDMA signal. When Table
4-9 is compared with Table 4-1, it is clear that modeling is valid for all input drive
levels, as expected. Furthermore, when the same 9-tone model is applied to a
different amplifier, results continue showing good agreement and this could be
observed by comparing Table 4-10 with Table 4-3. Presented 9-tone model is not
unique and models that will present similar performance could be found. Moreover,
by decreasing the phase adjustment and tone spacing resolution, it is possible to
obtain better 9-tone models for WCDMA signal.
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4.2

Multi-Tone Models for CDMA Signal

In this part of the thesis, 5-tone, 7-tone and 9-tone model are developed to
characterize a CDMA signal with certain statistical and channel properties. To find
the coefficients of the tones, channel power, channel bandwidth, CCDF curve and
nonlinear parameters K, F, M are considered. Results for each model are discussed
and strong sides of the different models are depicted with reasoning.
4.2.1 5-Tone Model for CDMA signal

Figure 4-17 5-tone model schematic prepared in ADS
From Figure 4-17, power of the tones are -13 dBm, -13.25 dBm, -11 dBm, -12.8
dBm, -12.3 dBm, and phase coefficients are -25, 5, 40, -180 and 15 degrees. Two of
the tones are placed 0.25 and 0.55 MHz left of the center tone and other two tones
are placed 0.3 and 0.6 MHz right of the center tone. Tones are placed in such a way
that all of the tones fall in to the 1.2288 MHz channel bandwidth.
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Figure 4-18 Baseband spectrum of 5-tone model (left) and amplified (with GVA-63+
amplifier) 5-tone signal (right)
From Figure 4-18, it is clear that channel bandwidth characteristics of the CDMA
signal are represented well with 5-tone model. 5-tone model has a channel bandwidth
of 1.15 MHz which is close to the 1.2288 MHz channel bandwidth of CDMA signal.
Both un-distorted 5-tone model and distorted 5-tone model could be observed from
Figure 4-18. When input power is increased, the distortion also increases. In the
output spectrum it is possible to see both in-band and out of band components.

Figure 4-19 CCDF curves of 5-tone model and CDMA signal
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Figure 4-20 The distribution of instantaneous nonlinear power of CDMA signal and
its 5-tone model
When Figure 4-19 is examined, it is observed that 5-tone model has a smaller crest
factor (4.806 dB) than the CDMA waveform (5.628 dB). Moreover, CCDF curve of
5-tone model can't follow the CCDF curve of CDMA signal well below the average
power level (i.e., left side of 0 dB in x-axis). In Figure 4-20, distribution of nonlinear
term S is plotted for 5-tone model and CDMA signal. It is observed that maximum
value of the S is a lot smaller for 5-tone model, from which it could be extracted that
S term of the model signal focuses on its mid values. One can claim that with a better
model, improved S distributions could be obtained as it will be proved with 7-tone
and 9-tone model S distributions.
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Table 4-11 5-tone model parameters for different drive levels of GVA-63+

Table 4-12 CDMA signal parameters for different drive levels of GVA-63+
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While finding the suitable model, one of the main purposes is to make the channel
power, channel bandwidth, average nonlinear power, total nonlinear power, out-of
band power and crest factor as close as possible to those of original waveform as it is
told in previous sections. From Table 4-11 and Table 4-12, it could be observed that
K and M parameters for 5-tone model are made very similar to those of CDMA
signal for all input power levels. However while achieving K and M parameters'
resemblance, crest factor of the 5-tone model and channel power are reduced. To get
the same average and total nonlinear power, channel power is reduced approximately
0.4 dB. Furthermore, despite the decrease in channel power and crest factor, an
increase in parameter F is also observed. To sum up, it could be said that 5-tone
model preserves its validity when total and average nonlinear power is considered,
but it can't satisfy the out-of-band power, instantaneous nonlinear power and CCDF
characteristics of CDMA signal well enough.
Table 4-13 5-tone model parameters for different drive levels of PMA-545G1+
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With the same 5-tone model applied to a different amplifier configuration, it is
expected to have similar results. When Table 4-13 and Table 4-14 are compared
similar behaviors are observed, which proves validity of the model signal is
independent of amplifier.
Table 4-14 CDMA signal parameters for different drive levels of PMA-545G1+
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4.2.2 7-Tone Model for CDMA signal

Figure 4-21 7-tone model schematic prepared in ADS
From Figure 4-21, power of the tones are -14.75 dBm, -14 dBm, -12.75 dBm, -13.55
dBm, -13.3 dBm, -14 dBm, -14.5 dBm and phase coefficients are 10, -5, 60, -130,
10, -45 and 120 degrees. Three of the tones are placed 0.25, 0.55 and 0.3 MHz left of
the center tone and other three tones are placed 0.15, 0.2 and 0.6 MHz right of the
center tone. Tones are placed in such a way that all of the tones fall in to the 1.2288
MHz channel bandwidth.

Figure 4-22 Baseband spectrum of 7-tone model (left) and amplified (with GVA-63+
amplifier) 7-tone model (right)
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In Figure 4-22, baseband spectrum of the developed 7-tone model and amplified
7-tone model are shown. In band and out of band distortion are clearly observed for
the amplified signal. It is important to note channel bandwidth of the 7-tone model
(1.15 MHz) is approximated to channel bandwidth of the CDMA signal
(1.2288 MHz) well enough similar to the 5-tone model case.

Figure 4-23 CCDF curves of 7-tone model and CDMA signal

Figure 4-24 The distribution of instantaneous nonlinear power of CDMA signal and
its 7-tone model
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With 7-tone model, crest factor of the model is made very close to crest factor of
CDMA waveform as it is observed in Figure 4-23. Furthermore when 7-tone model
CCDF curve is compared with 5-tone model CDDF curve, it is clear that CCDF
curve of the 7-tone model follows the CDMA CCDF curve better, but still they are
distinct for the samples with low power levels (left of -2 dB in the x-axis). When S
distribution of 7-tone model (Figure 4-24) is compared with S distribution of 5-tone
model (Figure 4-20), it is observed that maximum value of S is made closer to the
maximum value of S of the original waveform. Moreover, 7-tone model S
distribution follows the CDMA S distribution better.
Table 4-15 7-tone model parameters for different drive levels of GVA-63+

When Table 4-15 is compared with Table 4-11, it is observed that crest factor is
made very close to the crest factor of CDMA waveform. Furthermore, difference
between channel powers of the multi-tone model and CDMA signal is decreased. K
and M values also agree with the K and M values of the original waveform as in the
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case of 5-tone model. Out of band power doesn't show an improvement with 7-tone
model with respect to 5-tone model.
Table 4-16 7-tone model parameters for different drive levels of PMA-545G1+

With different amplifier configuration, 7-tone model shows still good agreement with
CDMA signal, which could be clearly observed when Table 4-16 and Table 4-12 are
compared. This shows validity of the model doesn't depend on amplifier properties.
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4.2.3 9-Tone Model for CDMA signal

Figure 4-25 9-tone model schematic prepared in ADS
From Figure 4-25, power of the tones are -16.5 dBm, -13.5 dBm, -13.8 dBm, -15.55
dBm, -14.85 dBm, -14.5 dBm, -15.25 dBm, -16.25 dBm, -14 dBm and phase
coefficients are 10, -5, 20, -150, 70, -50, 145, -170 and 20 degrees. Four of the tones
are placed 0.15, 0.2, 0.4 and 0.55 MHz left of the center tone. Other four tones are
placed 0.15, 0.25, 0.35 and 0.55 MHz right of the center tone. Tones are placed in
such a way that all of the tones fall in to the 1.2288 MHz channel bandwidth. In
Figure 4-26, baseband spectrum of the 9-tone model and amplified 9-tone model are
shown. In band and out of band distortion are clearly observed. It is important to note
that channel bandwidth of the 9-tone model (1.1 MHz) is approximated to channel
bandwidth of the CDMA signal (1.2288 MHz) well enough similar to the 5-tone and
7-tone models.
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Figure 4-26 Baseband spectrum of 9-tone model representing CDMA signal and
amplified (with GVA-63+ amplifier) 9-tone signal

Figure 4-27 CCDF curves of 9-tone model and CDMA signal
CCDF curve of 9-tone model follows the CCDF curve of the CDMA signal with
good agreement. Crest Factor of the 9-tone model (5.544 dB) is very close to the
Crest Factor of the CDMA signal (5.628 db). When compared the 7-tone model
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CCDF curve, an improvement is clearly observed for the samples with low power
levels (left of -2 dB in the x-axis). Moreover, when Figure 4-28 is examined,
instantaneous nonlinear power distribution of the 9-tone model shows good
agreement with S distribution of the CDMA waveform, with only maximum value of
S is about 10% smaller for 9-tone model. To sum up, if CDMA waveform is tried to
be represented with more than 9-tone signal, it is obvious that better CCDF curves
and S distributions could be obtained. However, it is important to note that with
increasing number of tones, model complexity also increases, which makes
analytical calculations more difficult. Furthermore, presented multi-tone models are
not unique. With different sets of phase, amplitude and tone spacing, similar
performances could be obtained. It may also be possible to obtain better models by
adjusting the phase and spacing of tones more sensitively in the tuning process.

Figure 4-28 The distribution of instantaneous nonlinear power of CDMA signal and
its 9-tone model
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Table 4-17 9-tone model parameters for different drive levels of GVA-63+

Table 4-18 9-tone model parameters for different drive levels of PMA-545G1+
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When Table 4-17 is compared with Table 4-15, it is observed that K, M, F and crest
factor exhibit similar results. Only improvement is in the channel power. 9-tone
model channel power is closer to CDMA channel power than that of the 7-tone
model. Actual improvement with increasing number of tones lies behind the CCDF
curve and instantaneous non-linear power distribution. As in the case of previous
models, 9-tone model also shows similar results with different amplifier
configuration, which is clearly observed when Table 4-18 and Table 4-14 are
compared.
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CHAPTER 5

EVM & BER MEASUREMENT

In previous parts, to measure the validity of the multi-tone signal, measurements for
nonlinearity have been investigated for a single amplifier configuration. Histogram
of nonlinear terms, complementary cumulative distribution function, adjacent
channel power measurements have been emphasized for different signals. Although
these types of measurements provide very critical information, they can't provide
detailed information on modulation performance. It is very critical to know the effect
of peak to average power ratio reduction, adjacent channel power increase at the
output of an amplifier on communication signal modulation performance. Therefore,
to obtain more detailed information in communication performance of the model
signal, modulated signal analysis is necessary. There are many published researches
to achieve extensive test coverage for communication signals by performing error
vector magnitude and bit error rate measurements. In [26], EVM is used as figure of
merit for effective evaluation of link quality. In [27], BER performance analysis on
modulation techniques of WCDMA signal is investigated. In [28], analytical
expressions are derived to compute the performance of 8-PSK signal in the presence
of amplitude and phase distortion by calculating EVM, SER and SNR. In [29], EVM
is offered with remarkable advantages as a conceptual figure of merit to characterize
the distortions caused by elements of receiver's RF frontend.
In previous part of thesis, a WCDMA and CDMA signal have been modeled by
using multi-tones with varying amplitude, phase, tone spacing and tone number. The
purpose of the modeling was to make histogram of nonlinear terms, CCDF curves,
channel bandwidth and channel power similar to each other. By making these
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properties similar for multi-tone models and original waveform, it should possible to
obtain similar modulated signal performance. For this purpose, RMS EVM, Peak
EVM and BER performance of the multicarrier communication signals and their
multi-tone models are compared for transmitter channel consisting of a single
amplifier.
As shown in Figure 5-1, EVM is measure of the difference between expected
complex voltage value of demodulated symbol and actual received symbol on
constellation diagram. It is expressed in dB or percentage. BER is fractional number
of errors in a transmitter chain. It just gives pass or fail result for transmitted
sequence. Although both BER and EVM tell about transmitter quality, it is possible
to say that EVM gives more detailed results for system performance. For large
number of transmitted symbol sequence BER could be very small or bit error could
not be observed during the analysis. Therefore, immunity of the system performance
for different environments could not be estimated by just looking at the BER
measurements. However, even if no bit error is observed, a certain level of EVM is
measured due to several impairments and immunity of the system performance could
be estimated under more severe conditions.

Figure 5-1 Magnitude and phase error components of error vector [28]
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In this chapter, BER and EVM Analysis are performed in Matlab software and
during the analysis noise contribution is ignored. It is also important to note that error
correction algorithms are not performed during the analysis. Amplifier GVA-63+,
which is used for simulations in previous chapter, is modeled by Ghorbani amplifier
model by using the measured AM-AM and AM-PM characteristics of the amplifier.
Modeled amplifier characteristics and measured characteristics are shown in
Figure 5-3 and Figure 5-4. During the Matlab analysis following block diagram is
used for BER and EVM measurement.

Figure 5-2 Block diagram representation for BER and EVM measurements
Input signal in Figure 5-2 is obtained from transient analysis of the waveforms in
Agilent ADS simulation software. The sampled input waveform is exported from
ADS and used in Matlab. Next, input signal is quantized by addressing the min level
of the input signal as 0 (000000) and max level of the input signal as 63 (111111).
Next, symbols are modulated using 64-QAM and presented to the amplifier. The
reason for choosing high data rate modulation scheme is to perform the analysis
under strict conditions. Since for low density constellations, immunity of the system
to impairments such as amplifier nonlinearity is low. Moreover, multicarrier signals
like WCDMA usually use high data rate modulation schemes due to bandwidth
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efficiency. By using 64-QAM modulation, more realistic approach is obtained and
symbols are made more susceptive to amplifier clipping effects.
It is known that the envelope of the input signal is varying with a certain envelope
PAPR. Hence, for different drive levels and for different samples of the input signal,
gain presented by the amplifier to that sample may differ according to closeness to
the compression points. Therefore, normalization for gain is applied. In other words,
gain is calculated for each sample of the input and maximum of that is made equal to
1. Gains of other samples are adjusted accordingly. By this way, for samples close to
or above the compression points, gain is reduced and clipping effect of the amplifier
is modeled. In the next step, amplified signal is demodulated and compared with the
input stream presented to the amplifier for EVM and BER measurement. Indeed,
BER and EVM measurements for the block diagram in Figure 5-2 include only
amplifier clipping effect, but this would be adequate to compare the BER and EVM
values of signals.

Figure 5-3 Comparison of the AM-AM characteristics of the GVA-63+ application
board and model amplifier
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Figure 5-4 Comparison of the AM-PM characteristics of the GVA-63+ application
board and model amplifier
In the previous chapter, WCDMA signal is modeled by using 3-tone, 5-tone, 7-tone
and 9-tone models. CDMA signal is modeled by using 5-tone, 7-tone and 9-tone
models. EVM and BER performance of all models are computed and compared to
each other. EVM parameters could be provided in either % or dB. In this thesis,
EVM parameters are given in %. RMS EVM is calculated with below formulation.

=
RMS EVM

1 N
( ek )
N∑
k=1
1 N
Ik 2 +Q k 2 )
(
∑
N k=1

⋅100

(5.1)

In (5.1), 𝑒𝑒𝑘𝑘 is the error vector for the kth symbol and defined as

ek = ( Ik -I'k ) + ( Q k -Q'k )
2

2
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(5.2)

Ik

is the in-phase measurement of the kth symbol and

measurement of the kth symbol.
symbol and

Q'k is

Q k is the quadrature-phase

I'k is the in-phase measurement of the kth

received

the quadrature-phase measurement of the kth received symbol.

EVM is calculated for each symbol and maximum value is called as Max EVM.
According to the 3GPP standards Max EVM should not exceed 17.5%. Percentile
EVM is the EVM value below which x% of all EVM values lie. Throughout the
EVM calculations, Percentile EVM is calculated according to 95% value. This value
is chosen based on the standards for WCDMA signal.
5.1

SIMULATED BER and EVM RESULTS
Table 5- 1 EVM and BER results for CDMA signal for different power levels

96

Table 5-2 EVM and BER results for 5-tone model of CDMA signal

Table 5-3 EVM and BER results for 7-tone model of CDMA signal
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Table 5-4 EVM and BER results for 9-tone model of CDMA signal

Figure 5-5 RMS EVM values of multi-tone signals and CDMA signal for different
power levels
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Figure 5-6 Max EVM values of multi-tone signals and CDMA signal for different
power levels

Figure 5-7 Percentile EVM values of multi-tone signals and CDMA signal for
different power levels
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In general, Max EVM could be related to crest factor of the signal. It is possible to
say that if the channel powers of the two signals are the same, the one with lower
crest factor should have smaller Max EVM value. In the previous chapter crest factor
of the 5-tone model of CDMA signal was given as about 4.806 dB, whereas crest
factor of the CDMA signal was given as 5.628 dB. Hence it is expected that 5-tone
model has smaller Max EVM value when compared to CDMA signal. When RMS
EVM value is considered, 5-tone model has larger RMS EVM value despite it has
smaller crest factor. This is related to CCDF distribution of the waveform. Moreover,
since the crest factor is less for the 5-tone model, bit error is observed for higher
power levels. When input power is increased with 0.5 dB steps, bit error is observed
first for -5.5 dBm power level for CDMA signal, whereas for 5-tone model, bit error
is first observed for -4.5 dBm power level. 7-tone and 9-tone model crest factor is
very close to the crest factor of the CDMA signal .When max EVM values in Table
4.3 and Table 4.4 are compared with max EVM values in Table 4.1, it is observed
that they are close to each other. RMS EVM and percentile EVM values of the
7-tone and 9-tone model are also close to each other but 9-tone model is superior.
Moreover, 9-tone model is superior to 7-tone model when bit error observation
power level is considered. For 9-tone model, bit error rate is first observed
at -5.5 dBm input power level as in the case of the CDMA signal, on the other hand,
for 7-tone model bit error is observed first at -5 dBm power level. To sum up, it
could be easily said that both 7-tone and 9-tone model could represent the
modulation performance of the CDMA signal successfully with slight improvement
on behalf of 9-tone model.
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Table 5-5 EVM and BER results for WCDMA signal for different power levels

Table 5-6 EVM and BER results for 3-tone model of WCDMA signal
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Table 5-7 EVM and BER results for 5-tone model of WCDMA signal

Table 5-8 EVM and BER results for 7-tone model of WCDMA signal
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Table 5-9 EVM and BER results for 9-tone model of WCDMA signal

Figure 5-8 RMS EVM values of multi-tone signals and WCDMA signal for different
power levels
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Figure 5-9 Max EVM values of multi-tone signals and WCDMA signal for different
power levels

Figure 5-10 Percentile EVM values of multi-tone signals and WCDMA signal for
different power levels
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In the previous chapter, it was stated that 3-tone model of the WCDMA signal has
higher crest factor than that of WCDM signal. That is why 3-tone model has higher
Max EVM values for same level of input power. Due to same reason, observation of
bit error rate occurs for lower level of input power. In 3-tone model, bit error is first
observed for the power level of -4 dBm, whereas for WCDMA signal bit error is first
observed for the power level of -3.5 dBm. 5-tone, 7-tone and 9-tone signals have
almost identical crest factor with WCDMA signal. Therefore, max EVM value is
similar for both 5-tone, 7-tone and 9-tone signals, but it could be said 9-tone model is
superior in terms of max EVM. When RMS EVM values are compared, acceptable
values are observed for 5-tone, 7-tone and 9-tone model when compared to RMS
EVM value of the WCDMA signal, but again 9 tone signal is one step ahead. When
bit error observation power level is considered, 9-tone model shows better
characteristics. Bit error rate is first observed for -3.5 dBm power level for both
WCDMA and 9-tone model. The reason why 9-tone model is one step ahead when
compared to other models is that its CCDF curve is better approximated to CCDF
curve of WCDMA signal than other models. Although 9-tone model shows better
characteristics in terms of modulation performance, 5-tone and 7-tone model also
exhibit acceptable performance up to a point.
In short, if channel power and crest factor are represented well enough for the model
signal, it is possible to say that Max EVM characteristics of the model signal will be
very similar to that of the original waveform. With increasing number of tones, better
models are found in terms of RMS EVM, however, with a fewer number of tones
RMS EVM may also be represented within an acceptable range. Hence, when
modulation properties of a waveform are considered, models with a fewer number of
tones may be sufficient.
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CHAPTER 6

CONCLUSION & FUTURE WORK

In this thesis, difficulties in analytical implementation of complex and random
signals are mentioned.

To overcome the analytical implementation problem,

utilization of multi-tone signals that would sufficiently characterize the behavior of
complex and random signals is suggested.
A CDMA and a WCDMA signal that have different characteristics are modeled by
multi-tone signals with variable amplitude and phase coefficients by using Agilent
Advanced Design System simulation program. The purpose of using two different
types of signals is to show that any signal's behavior could be approximated by
multi-tone signals no matter how hard it is. Moreover, number of tones and spacing
between tones are also proposed as parameters for the multi-tone signals. Effect of
each parameter to model signal is investigated. It is emphasized that choice of
number of tones has utmost importance as starting point of proposed models. For
both CDMA and WCDMA signal, models with different number of tones are
proposed. It is proved that with increasing number of tones better results could be
obtained. However it is important to note that with increasing number of tones
complexity of the multi-tone signal also increases. In other words, analytical
expression of the output of a complex system with multi-tone signal excitation
becomes difficult with increasing number of tones.
To decide the validity of the proposed multi-tone models, CCDF curves, channel
bandwidth and channel power of the proposed model signals are compared to those
of CDMA and WCDMA signal. Furthermore, in-band distortion power, out of band
distortion power and total distortion power of the multi-tone model signal in a
nonlinear amplifier configuration are tried to made as close as possible to distortion
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powers of CDMA and WCDMA signal in the same nonlinear amplifier
configuration. Two different amplifiers' performance are measured by making single
and 2-tone measurements. From these measurements, linear gain, P1dB, Psat and
OIP3 values are calculated. These parameters are embedded into the amplifier unit
provided by Agilent ADS simulation program. Simulations are made for different
power levels to prove that model signals are valid for any power level. Moreover, the
purpose of using two different amplifiers with different characteristics is to
demonstrate validity of proposed model signal is independent of the amplifier.
In the final part of the thesis, modulation performance of the proposed models is
investigated by BER and EVM analysis in a noise free, single amplifier
configuration. Transient simulations for different power levels are made in Agilent
ADS. Input and output waveforms are exported and used in the developed Matlab
script. Amplifier is modeled by using Ghorbani memoryless model. To decide the
model parameters AM-AM and AM-PM performance of a real amplifier are
measured. By this way, compression characteristics and output phase shift with
increasing drive level are included in the analysis. Analysis are made from large back
off input power levels to the input power levels that would highly saturate the
amplifier. For both CDMA and WCDMA signal, multi-tone models with different
number of tones are analyzed. It is demonstrated that modulation performance of the
model signal increases if CCDF curve is approximated more closely.
To get rid of the amplifier clipping and nonlinearity effect, the simplest but most
inefficient solution is to operate the amplifier at least peak to average ratio less than
maximum output power. For large peak to average ratio signals, this results in
excessive heat dissipation and short lived battery issues. Recently, for mobile devices
new transmitter topologies have been investigated especially for high peak to average
ratio communication signals like CDMA and WCDMA. One of the basic ideas
behind these topologies is to convert the varying envelope high peak to average ratio
signal to a constant envelope signal before the amplification stage. Cartesian
transmitter and polar transmitter topologies employ this procedure. In a polar
transmitter, envelope of the signal is passed through a Delta Sigma modulator to
obtain a constant envelope signal. Then, carrier is modulated by phase of the signal
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and product of constant envelope signal with phase modulated carrier is sent to the
amplification stage. Since input of the amplifier is constant envelope signal, it allows
the amplifier to operate in saturation region without loss of information. After
passing through the amplified signal from a band pass filter, a replica of the input
signal could be obtained. In this study, it is shown that envelope characteristics of
CDMA and WCDMA signal could be modeled with a certain success by using
sufficient number of multi-tone signals. This is proved in Chapter 4 by providing
complementary cumulative distribution functions of model and original signals. In
other words, by arranging the parameters of multi-tone signal, how often a certain
power level is encountered could be mimicked from the original signal. Therefore if
some statistical information and some channel properties are provided for an
arbitrary communication signal, such as histogram, CCDF curve, channel power,
center frequency and channel bandwidth, it is possible to obtain a multi-tone signal
that has same statistical information and channel properties. After modeling the
arbitrary communication signal with multi-tones, it could be used in a polar
transmitter architecture. The performance of the polar transmitter with multi-tone
input waveform gives enough information about final performance of the polar
transmitter with communication signal that is trying to be modeled.
Another topology to operate an amplifier beyond the compression points is Envelope
elimination and restoration (EER) technique. In this technique envelope information
is extracted from the input signal by an envelope detector and the detected signal is
used to modulate the supply which feeds the drain of the output stage amplifier. EER
technique presents good linearity behavior with high efficiency over a broad input
power range. Since envelope statistics of a communication signal could be modeled
within acceptable range by multi-tone signals, performance of the EER with
multi-tone stimuli gives certain information about the performance of the EER with
communication signal that is trying to be modeled.
In summary, possible future research activities could include investigation of
performance of polar transmitter and EER architecture with multi-tone excitation that
represents a communication signal with known statistical properties and channel
characteristics.
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APPENDICES

MATLAB SCRIPTS

Script#1: Obtaining CCDF curves from simulated Envelope signals
clear all;close all; clc;
a=load('CDMA_ESG_REV_mag_vin[1].txt');
%load magnitude of Envelope of CDMA signal obtained from Agilent ADS
Software
mag=a(:,2);
c=load('9Tone_mag_vin[1].txt');
%load magnitude of Envelope of 9 Tone Model obtained from Agilent ADS
mag_model=c(:,2);
[dimx,dimy]=size(mag);
%Calculate power with reference impedance 1 ohm for CDMA and 9 tone model
refpower_wave=mag.*mag;
refpower_wave_model=mag_model.*mag_model;
sum_power=0;
sum_power_model=0;
for k=1:dimx
sum_power=sum_power+refpower_wave(k);
end
for k=1:dimx
sum_power_model=sum_power_model+refpower_wave_model(k);
end
%Calculate Peak Power and Mean Power for CDMA and its 9 tone Model
peak_pow=max(refpower_wave);
peak_pow_model=max(refpower_wave_model);
mean_pow=sum_power/dimx;
mean_pow_model=sum_power_model/dimx;
peaktoaverage=0.5*(db(peak_pow)-db(mean_pow));
peaktoaverage_model=0.5*(db(peak_pow_model)-db(mean_pow_model));
db_norm_refpower_wave=0.5*db(refpower_wave/mean_pow);
db_norm_refpower_wave_model=0.5*db(refpower_wave_model/mean_pow_mo
del);
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Script#1 continues
span=16;
span_aralik=0.1;
point=span/span_aralik;
x_axis2=[max(db_norm_refpower_wave_model)point*span_aralik:span_aralik:max(db_norm_refpower_wave_model)];
x_axis1=[max(db_norm_refpower_wave)point*span_aralik:span_aralik:max(db_norm_refpower_wave)];
count=0;
probability_vector=zeros(point+1,1);
probability_vector_model=zeros(point+1,1);
for t=1:point+1
count=0;
for k=1:dimx
if db_norm_refpower_wave(k) >= x_axis1(t)
count=count+1;
end
probability_vector(t)=count/dimx;
end
end
%Count the number of samples for each interval and calculate probaility vector
for CDMA signal
for t=1:point+1
count=0;
for k=1:dimx
if db_norm_refpower_wave_model(k) >= x_axis2(t)
count=count+1;
end
probability_vector_model(t)=count/dimx;
end
end
%Count the number of samples for each interval and calculate probaility vector
for 9 Tone Model
%Plot and Compare CCDF curves of CDMA signal and its 9 Tone Model
plot(x_axis1,probability_vector(:,1),'r',x_axis2,probability_vector_model(:,1),'b')
xlabel('dB');
ylabel('Probability');
title('CCDF Curves of 9 Tone Model and CDMA Signal');
legend('CDMA','9 Tone Model');
grid on;
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Script#2: Obtaining histogram for instantaneous nonlinear power, S
clear all; close all; clc
array1=load('CDMA_S_Term.txt');
%Load S values from ADS software for CDMA and 9 tone model signal
array2=load('9Tone_S_Term.txt');
CDMA_S=array1(:,2);
MultiTone_S=array2(:,2);
[Total_Sample_Count,n] = size(array1);
%Find minimum and maximum values of S for CDMA and 9 Tone Model and
%calculate increment value for S for CDMA and 9 Tone Model and segment S
%with calculated increment value to obtain data_start_CDMA_S and
MultiTone_S
min_CDMA_S=min(CDMA_S);
min_MultiTone_S=min(MultiTone_S);
max_CDMA_S=max(CDMA_S);
max_MultiTone_S=max(MultiTone_S);
data_segment=50;
data_start_CDMA_S=zeros(1,data_segment+1);
data_start_MultiTone_S=zeros(1,data_segment+1);
count_sample_CDMA_S=zeros(1,data_segment);
count_sample_MultiTone_S=zeros(1,data_segment);
increment_CDMA_S=(max_CDMA_S-min_CDMA_S)/data_segment;
increment_MultiTone_S=(max_MultiTone_Smin_MultiTone_S)/data_segment;
data_start_CDMA_S(1)=min_CDMA_S;
data_start_MultiTone_S(1)=min_MultiTone_S;
display_array_CDMA_S=zeros(Total_Sample_Count,data_segment);
display_array_MultiTone_S=zeros(Total_Sample_Count,data_segment);
for a=2:data_segment+1;
data_start_CDMA_S(a)=data_start_CDMA_S(a-1)+increment_CDMA_S;
data_start_MultiTone_S(a)=data_start_MultiTone_S(a1)+increment_MultiTone_S;
end
data_start_CDMA_S(data_segment+1)=data_start_CDMA_S(data_segment+1)+
1;
data_start_MultiTone_S(data_segment+1)=data_start_MultiTone_S(data_segmen
t+1)+1;
%Calculate the number of samples for each segment for CDMA signal
for j=1:Total_Sample_Count
for k=1:data_segment
if data_start_CDMA_S(k)<=CDMA_S(j) &&
CDMA_S(j)<=data_start_CDMA_S(k+1)
count_sample_CDMA_S(k)=count_sample_CDMA_S(k)+1;
display_array_CDMA_S(j,k)=CDMA_S(j);
end
end
end
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Script#2 continues
for j=1:Total_Sample_Count
for k=1:data_segment
if data_start_MultiTone_S(k)<=MultiTone_S(j) &&
MultiTone_S(j)<=data_start_MultiTone_S(k+1)
count_sample_MultiTone_S(k)=count_sample_MultiTone_S(k)+1;
display_array_MultiTone_S(j,k)=MultiTone_S(j);
end
end
end
data_start_CDMA_S(data_segment+1)=data_start_CDMA_S(data_segment+1)1;
data_start_MultiTone_S(data_segment+1)=data_start_MultiTone_S(data_segmen
t+1)-1;
%Calculate the percantage of samples for CDMA signal and its 9 Tone Model
percantage_sample_CDMA=zeros(1,data_segment);
percantage_sample_MultiTone=zeros(1,data_segment);
for i=1:data_segment
percantage_sample_CDMA(i)=(count_sample_CDMA_S(i)/Total_Sample_Coun
t)*100;
percantage_sample_MultiTone(i)=(count_sample_MultiTone_S(i)/Total_Sample
_Count)*100;
end
%Obtain the x-axises for plots for CDMA and its 9 Tone Model
x_axis_CDMA=zeros(1,data_segment);
x_axis_MULTITONE=zeros(1,data_segment);
for i=1:data_segment
x_axis_CDMA(i)=data_start_CDMA_S(i+1);
x_axis_MULTITONE(i)=data_start_MultiTone_S(i+1);
end
%Plot number of samples and percentage of samples vs S for the signals
figure;
plot(x_axis_CDMA,count_sample_CDMA_S,'r',x_axis_MULTITONE,count_sa
mple_MultiTone_S,'b');
title('number of Samples vs S');
legend('CDMA','MULTITONE');
xlabel('S');
ylabel('number of Samples');
grid on;
figure;
plot(x_axis_CDMA,percantage_sample_CDMA,'r',x_axis_MULTITONE,percant
age_sample_MultiTone,'b');
title('Percantage of Samples vs S');
legend('CDMA','MULTITONE');
xlabel('S');
ylabel('Percantage of Samples');
Script#3:
grid
on; Calculation of BER, SER, Max EVM, RMS EVM and Percentile EVM
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Script#3 Modulation Performance Analysis
close all;clear all;clc;
%Ghorbani model parameters for ampliftude
x1f = -44.5938;
x2f = 3.9688;
x3f = 7.7813;
x4f = 10.5313;
%Ghorbani model parameters for phase
y1f = -131.8516;
y2f = 3.5898;
y3f = 8.4805;
y4f = 1.8242;
%Load simulated transient data for CDMA signal
message = load('Pin is -10 dBm.txt');
wave = message(:,2);
[dimy,q] = size(message);
ampv = zeros(dimy,1);
ampp = zeros(dimy,1);
clear message;
%Obtain amplified signal using Ghorbani Model Parameters
for i = 1:dimy
if wave(i)>= 0
ampv(i) = (x1f*(wave(i).^x2f))/((1+x3f*wave(i).^x2f ) )+
x4f*wave(i);
ampp(i) = (y1f*(wave(i).^y2f))/((1+y3f*wave(i).^y2f ) )+
y4f*wave(i);
else
wave(i) = -1*wave(i);
ampv(i) = (x1f*(wave(i).^x2f))/((1+x3f*wave(i).^x2f ) )+
x4f*wave(i);
ampv(i) = -1*ampv(i);
ampp(i) = (y1f*(wave(i).^y2f))/((1+y3f*wave(i).^y2f ) )+
y4f*wave(i);
ampp(i) = -1*ampp(i);
wave(i) = -1*wave(i);
end
end
%Calculate Gain For Each Sample
gainvector = zeros(dimy,1);
for i = 1:dimy
gainvector(i) = ampv(i)/wave(i);
end
clear ampv;
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Script#3 continues
%Normalize the Gain to make maximum gain equal to 1
maxgain=max(gainvector);
for i = 1:dimy
gainvector(i)=gainvector(i)/maxgain;
end
Tx_Message=wave;
q=6;
%Quantize the waveform with 2^q levels
stepp = (max(wave)-min(wave))/(2^q);
min_val = min(wave);
max_val = max(wave);
new_level = zeros(1,2^q);
for i = 1:2^q
new_level(i) = i-1;
end
quantization_level = zeros(1,2^q+1);
quantization_level(1) = min_val;
quantization_level(2^q+1) = max_val;
for a=2:2^q;
quantization_level(a) = quantization_level(a-1)+stepp;
end
for j=1:dimy
for k=1:2^q
if quantization_level(k)<=wave(j) && wave(j)<=quantization_level(k+1)
Tx_Message(j)=new_level(k);
break;
end
end
end
bin_Tx_message = de2bi(Tx_Message,q,'left-msb');
% M-QAM MDOULATION
h_qam_mod = modem.qammod('M', 2^q, 'PHASEOFFSET', 0,
'SYMBOLORDER', 'GRAY','INPUTTYPE', 'INTEGER');
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Script#3 continues
%Constellation Diagram
hScope = commscope.ScatterPlot; % Create a scatter plot scope
hScope.Constellation = h_qam_mod.Constellation;
h_qam_Demod = modem.qamdemod(h_qam_mod);
Modulated_Tx_Message = modulate(h_qam_mod,Tx_Message);
clear Tx_Message;
% update(hScope, Modulated_Tx_Message)
%Amplified Signal in Phasor Domain
amplified_message=zeros(dimy,1);
for j=1:dimy
amplified_message(j) =
Modulated_Tx_Message(j)*gainvector(j)*(cosd(ampp(j))+1i*sind(ampp(j)));
end
clear ampp;
update(hScope, amplified_message)
%Receiever Part
Rx_Message=transpose(demodulate(h_qam_Demod,amplified_message));
% measurements, and symbol count
hEVM = comm.EVM('MaximumEVMOutputPort',true,...
'XPercentileEVMOutputPort', true, 'XPercentileValue', 90,...
'SymbolCountOutputPort', true);
[RMSEVM,MaxEVM,PercentileEVM,NumSym] =
step(hEVM,Modulated_Tx_Message,amplified_message)
clear Modulated_Tx_Message;
clear amplified_message;
bin_Rx_message = de2bi(Rx_Message,q,'left-msb');
clear Rx_Message;
[Total_False_Bits,BER] = biterr(bin_Tx_message,bin_Rx_message)
[Total_False_Symbols,SER] = symerr(bin_Tx_message,bin_Rx_message)
clear bin_Tx_message;
clear bin_Rx_message;
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