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ABSTRACT

MODELING OF ASYMMETRIC INTERMODULATION DISTORTION AND MEMORY
EFFECTS OF POWER AMPLIFIERS

YUZER, Ahmet Hayrettin
Ph.D, Department of Electrical and Electronics Engineering

Supervisor : Assoc. Prof. Dr. Simsek DEMIR

May 2011, 157 pages

This dissertation is focused on developing a new passband behavioral model in order to ac-

count for asymmetric intermodulation distortion resulted from memory effect.

First, a measurement setup is prepared to measure the AM/AM, AM/PM distortion, magni-
tudes and the phases of intermodulation (IMD) and fundamental (FUND) components which
are created by the amplifier where phase is calculated only by measuring magnitudes. Then,
responses of a sample amplifier are measured for different excitation situations (center fre-

quency and tone spacing are swept).

A new modeling technique, namely Odd Order Modeling (OOM), is proposed which has un-
equal time delay terms. The reason of unequal time delay addition is the change of effective
channel length according to the average power passing through that channel. These unequal
delays create asymmetry in the IMD components. General Power Series Expansion (GPSE)
model is also extracted, OOM and GPSE model performances are compared by using NMSE
metric. In order to improve model performance, even order terms with envelope of input are
added. It is mathematically proven that even order terms with envelope of the input have

contribution to IMD and FUND components’. This improved version of modeling is named

v



as Even Order modeling (EOM). EOM model performance is compared with the others’ per-
formance for two-tone excitation measurement results. It is shown that EOM gives the most

accurate result. Model performance is checked for unequal four-tone signal as well.

EOM model is applied to baseband DPD circuit after making some modifications. Model lin-
earization performance is compared with the performances of the other memory polynomial

modeling techniques.

Keywords: Phase measurement, Behavioral modeling, Intermodulation distortion, unequal

time delay, thermal modeling, even order contribution
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GUC YUKSELTICILERINDE ARAKIPLEME BOZULUMUNDAKI BAKISIMSIZLIGIN
VE HAFIZA ETKISININ MODELLENMES]

YUZER, Ahmet Hayrettin
Doktora, Elektrik ve Elektronik Miihendisligi Boliimii
Tez Yoneticisi : Dog. Dr. Simsek DEMIR

Mayis 2011, 157 sayfa

Bu tezde hafiza etkisinin sebep oldugu asimetrik arakiplenim bozulumunu modellemek igin
gecirme bandinda ¢alisan bir davranigsal modelleme gelistirmeye odaklanilmis ve asagida

ozetlenen sonuglar elde edilmisgtir:

Ilk olarak, gii¢ yiikselticinin olusturdugu AM/AM ve AM/PM bozulumu ile temel bilesenin
ve bozulumun biiyiikliik ve fazinin dl¢iilebilmesi icin dl¢iim sistemi hazirlanmigtir. Karmagik
sayilarin toplami kuramina dayanan bir denklem ile sadece biiyiikliik degerleri Olciilerek aci
hesaplamasi yapilmaktadir. Sonrasinda, degisik uyarim durumlarinda 6rnek bir gii¢ yiikseltici
cevabi Ol¢iilmiistiir (farkli merkez frekansina ve farkli tonlar arasi frekansina sahip uyarim

isaretleri).

Tek terimli modelleme (OOM) olarak isimlendirilen modelleme yontemi Onerilmistir ki bu
yontem esit olmayan zaman gecikmesi terimlerine sahiptir. Zaman geciktirme terimleri asimetri
olusturmak i¢in eklenmistir. Es olmayan zaman gecikmesi eklemenin sebebi sudur; tran-
sistorun etkin kanal uzunlugu iizerinden gecen giiciin ortalama degerini gore degismektedir.
Genel iissel seri acilim model (GPSE) parametreli de elde edildikten sonra GPSE ve OOM

model bagarimlar1 NMSE 06l¢e8i yardimiyla karsilagtirilmistir. Model bagarimini arttirmak
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icin Cift dereceli terimlerin IMD’ ye ve FUND’ e herhangi bir etkisi yoktur. Giris isaretinin
zarfi ile beraber modelleme denklemine eklenen cift dereceli terimlerin IMD’ ye ve FUND’
e etkisi matematiksel olarak ispatlanmugtir. Gelistirilen bu modele ¢ift dereceli modelleme
(EOM) ismi verilmistir. Iki ton uyarimi sonuclarina gore EOM model basarimi diger mod-
elleme bagarimlari ile karsilagtirilmisti. EOM modelleme tekniginin en dogru sonucu verdigi
gosterilmistir. Sonra EOM basarimi bir 6nceki paragrafta belirtilen degisik uyartim durum-
lar1 igin alinan ol¢tim sonuglart ile kargilastirllmig ve modelin gegerlilik bolgesi fy £ %20
olarak gozlemlenmigstir. EOM model basarimi eg olmayan biiyiikliik degerine sahip dort onlu

uyartim isareti i¢in de kontrol edilmistir.

Bazi degisikliklerin/uyumlastirmalarin ardindan EOM model taban bant DPD devresine uygulanmaigtir.

Modelin bagarimi diger iki hafiza etkisi modelleme yontemlerinin bagarimlari ile karsilagtirilmigtir.

Anahtar Kelimeler: Faz 6l¢limii, davranigsal modelleme, arakipleme bozulumu, esit olmayan

zaman gecikmesi, 1s1sal etkinin modellenmesi, ¢ift terim katkisi
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CHAPTER 1

Introduction

1.1 Motivations and Objectives of This Study

There is a growing demand for amplifier characterization in these days because more infor-
mation about amplifier behavior such as gain compression, saturation power, adjacent channel
power ratio (ACPR), asymmetry in the intermodulation distortion (IMD) etc.,are required in
designing complicated systems involving amplifiers. Amplifiers introduce nonlinearities es-
pecially when operating near or beyond 1 dB compression point (P4p); however numerous
amplifiers used in telecommunication applications are operated in a weakly nonlinear regime
due to linearity requirements [1]. Many researchers are working on linearization techniques
which can be used to decrease effect of nonlinearities of amplifiers. First step of lineariza-
tion may be to have a behavioral amplifier model. The better amplifier model we have, the
more success we will have in linearization. There is inherent asymmetry in the fundamental
components (FUND) and inter-modulation distortion(IMD) components at the output of an
amplifier when excited with more than one tone [2]. One of the main aims of this dissertation
is to develop a model which can represent asymmetry in both magnitude and phase of FUND

and IMD components.

Amplifier models are used to estimate/calculate the spectral components (FUND, IMD etc.) at
the output of an amplifier. A computer is used to calculate these components when behavioral
model is used in simulation. FPGA or microprocessor is used to calculate these components
when behavioral model is used in a circuit (Feedforward Linearizer, DPD, ...). In the de-
sign process, simple calculations are preferred. Therefore, behavioral model order should

be as small as possible to decrease the calculation time. Another aim of this dissertation is



decreasing the nonlinearity order of modeling/that is decreasing the model complexity.

1.2 Organization of This Dissertation

In the first part of the second chapter of this dissertation, explanation about memory effect
types, passband and baseband modeling techniques are given. Then in the second part, liter-
ature review of common modeling techniques is outlined. In the third chapter, measurement
setup preparation steps are explained. AM/AM and AM/PM measurement procedure and
phase calibration technique are explained in detail in this chapter as well. In the forth chapter,
firstly, theory of modeling techniques, extraction procedure are explained with asymmetry
creation mechanism. Secondly, comparison results of extracted models are given for verifica-
tion purpose. Finally, EOM validity range investigation results are given. In the fifth chapter,
baseband DPD application results of proposed model are given. Finally, in the sixth chapter,

conclusion of the research is summarized and some future work are listed.

1.3 Original Contributions

The issues of modeling asymmetric intermodulation distortion is presented in this disserta-
tion. In order to find model parameters, amplifier response must be measured. In addition
to AM/AM measurement, AM/PM measurement is needed for successful model extraction.
AM/PM measurement is difficult for passband signal. Therefore, a measurement setup is
prepared which has ability to measure AM/AM, AM/PM distortion, magnitudes and phases
of intermodulation (IMD) and fundamental (FUND) components and magnitudes of unequal

four-tone signal. This is the first original contribution of this dissertation.

Proposed modeling technique is based on power series expansion. Time delay terms are added
to each order of polynomial terms to create asymmetry between IMDL and IMDU. Unlike the
memory polynomial models, time delay values are not equal for each order term. So, unequal
time delay terms are used in modeling equation, thus new modeling technique is proposed
which gives more accurate result than GPSE. This is another original contribution of this

dissertation.

Unless any modification is applied, even order terms do not have any contribution to IMD and



FUND components. There is no paper in literature which shows the even order modification
to get contribution to the IMD and FUND for passband modeling. It is mathematically proven
that even order term can contribute to the IMD and FUND components as long as envelope of

input signal is added to that term. This is another original contribution of this dissertation.

When amplifier is excited with GSM signal thermal memory is dominated. So, a modeling
technique is needed having thermal memory modeling ability to construct DPD system for
base station. Proposed modeling technique is applied to baseband DPD circuit after making
some modification. This is the first time, thermal memory effect is modeled with a polynomial
modeling technique. Forward modeling, Inverse modeling and linearization performance is

better than other techniques.



CHAPTER 2

Memory Effect of Power Amplifier and Linear-Nonlinear

Modeling

2.1 Introduction

There are perfectly good transistor characterization techniques. However, utilizing these mod-
els towards an amplifier design is also a complicated process. Low noise amplifier and power
amplifier have different utilization methods. Similarly wideband amplifiers and high gain am-
plifiers or high linearity and high efficiency amplifiers have contradicting requirements. When
considering system design the detailed amplifier circuit is not required, but its performance as
a function of frequency, type of excitation, input power level etc. becomes critical. So, there is
a growing demand for amplifier characterization. Information about amplifier behavior such
as gain compression, saturation power, adjacent channel power ratio (ACPR), asymmetry in
the intermodulation distortion (IMD) and so on are required in system designs. Usually most

challenging amplifier designs are power amplifiers.

Power amplifier models can be divided into two parts; physical modeling and behavioral mod-
eling. Designer should have knowledge about the elements used in the power amplifier while
trying to get a physical modeling. Output power can be calculated by using mathematical
definition of components and transistor’s nonlinear relation. This type of power amplifier
modeling is used in circuit level simulation which takes long time. Behavioral models are
used in system level simulation. There is no need to have knowledge about the elements
which are included to the power amplifier circuit while trying to get behavioral model of it.
While tying to characterize amplifier, it should be taken into account that PA’ s are designed

to be used generally in telecommunication systems. But, "DSP/telecommunication engineers
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do not work with the deterministic standard RF metrics” [3] such as quiescent point, bias
circuit, number of section used in the input matching circuit, ... . They generally work with
statistical metrics and data. So, there is a gap between DSP/telecommunication engineers and
RF engineers. This gap is resulted from the nature of the design specifications in between two

disciplines. Properly managed and well defined behavioral model can bridge that gap [3].

Behavioral model accuracy depends on parameter extraction techniques and model structure.
Moreover, behavioral model parameters depend on excitation type and condition. Therefore,
there are a number of behavioral models in literature. These models are often built from
observed/measured data and relate the results of a process to its stimuli with a purely math-
ematical relationship. Behavioral Modeling is therefore often thought to be merely a form
of multidimensional curve fitting [4]. Behavioral model black box structure is as given in

Figure 2.1.

x(t) Behavioral (0

model

Figure 2.1: Structure of Behavioral model

2.2 Memory Effect

If the instantaneous time output of the system is effected by the input of the previous time, it
is said that this system has memory. This is the shortest/basic definition of memory. There
is another definition given in literature as “distortion itself is not memory effect, but only
non-constant distortion behavior at different modulation frequencies can be regarded as one
[ST°. Memory Effects are seen at the output of an amplifier as asymmetry in between lower
band IMD (IMDL) and upper band IMD (IMDU) components. FUND and IMD components’
creation are explained in section 2.3 on page 8. Most of off-the-shelf amplifiers have mem-
ory effect and memory is the main source of degradation in the performance of PA. Memory
characterization and canceling the effects of memory are not resolved yet and these are active
research areas. Memory can be due to mainly two reasons; Electrical Memory Effect and
Thermal Memory Effect. Sources of memory effect for power amplifier are illustrated in Fig-

ure 2.2 [6]. Bias circuit, matching circuit, excitation signal having wide bandwidth, matching



circuit and transistor are the main sources of Electrical (Short Time) Memory Effect. Elec-
trical Memory Effect can be reduced (minimize) while designing bias circuit and matching
circuit. Heat sink, excitation signal having narrow bandwidth and transistor can be some of
the reasons for Thermal (Long Time) Memory Effect. Minimizing the Thermal Memory Ef-
fect which is caused by transistor temperature dependent electrical parameter is very difficult.
In order to visualize the Thermal Memory Effect at the output of amplifier Boumaiza [7] et
al. excited the 90-W peak lateral double-diffused metal-oxide-semiconductor (LDMOS) PA
with two tone having different frequency spacing then measured the magnitude of IMD?3 for
different frequency spacing for a constant input power level. Magnitude of IMD3 is given in
Figure 2.3 [7]. Tornblad et al. also [8] investigated IMD3 power level versus output power
for three specific tone spacing (20MHz, 1MHz and 5kHz) for Infineon product PTFA191001E
(1.9GHz, 100W amplifier). IMD power level versus output power level graph is showed in
Figure 2.4.

Short Term Memory (STM)

‘V

N

L Matching
~Hocreuit

| Biasing

.‘~\ network ;

Thermal Effects
Trapping Effects

coupling

Long Term Memory (LTM)

Figure 2.2: Memory sources in integrated circuit of power amplifier [6]

2.2.1 Electrical Memory Effect

As it is stated in the previous section, a power amplifier may have both electrical and thermal

memory effects. The major source of electrical memory effect is variation in the terminal
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Figure 2.3: IMD3 amplitude versus frequency spacing [7]

impedances with respect to bandwidth of input signal [7].

When the output spectra of amplifier is investigated, in some cases, Thermal Memory Effect
is dominated by Electrical Memory Effect. If power amplifier is excited with a modulated
wide band signal such as WCDMA or just a two-tone having wider tone separation, IMD
at the output of amplifier is mostly affected by electrical memory effect. As it is shown
in Figure 2.4a, there is asymmetry in between IMDL and IMDU for wide band excitation
signal. This asymmetry is caused by frequency dependent baseband impedance. Since mem-
ory effect is created by frequency dependent baseband impedance for wide band signal, it
affects the IMDL and IMDU components in different amounts which create asymmetry in
between IMDL and IMDU. There are a number of electrical memory modeling techniques
in literature. Some of those modeling techniques, considering Electrical Memory Effect, are

explained shortly in section 2.5.

2.2.2 Thermal Memory Effect

Gain variation caused by temperature dependent transistor parameter is the major source of
thermal memory effect. Electrical Memory Effect is dominated by Thermal Memory effect
when amplifier is excited with a modulated signal having narrow bandwidth such as GSM
or a two-tone signal having narrow frequency separation. Considering Figure 2.3, it can

be said that thermal memory effect on IMD level decrease when the frequency separation



increase. For example, there is approximately 10dB asymmetry in between IMDL and IMDU
components when the amplifier is excited with a signal having SkHz tone spacing as shown in
Figure 2.4c [8]. Moreover, there is no specific frequency separation limit for thermal memory

effect creation, it depends on amplifier and environment structure.

Physical and lumped element representation of heat flow diagram from the device are given
in Figure 2.5 [9]. Tornblad reported that time constant for die and for package are ~ 90us
and ~ 370us respectively. This means that temperature response of amplifier lag in the signal
passing through amplifier approximately 3kHz and 10kHz due to die and package structure.

Delayed temperature value effect the temperature dependent transistor parameter [10].

2.3 Amplifier Nonlinearities

Behavioral modeling was defined as relation between input and output previously. Each mod-
eling technique has own modeling function and mathematical bases. Therefore, before start-

ing explain modeling techniques, it had better give some basic nonlinear definitions.

Behavioral modeling function, input-output relation, can be classify as static function part
or dynamic function part. In static function, output is defined according to the instantaneous

input. Static function may be either linear or nonlinear as given in (2.1) and (2.2), respectively.

Viinear(t) = G - x(2) 2.1)
Vnontinear(t) = f(G) - x(1) (2.2)

where x(t) is time domain input signal, y(t) is time domain output signal, G is constant and

f(G) is the function contains powers of G as well as first order.

Static function does not has any relation between previous time input and current time output.
In contrast, dynamic function has a relation between current time output and previous time
input as well as current time input. In other words, having previous time dependency means
dynamic function has memory effect. Dynamic function may also be either linear or nonlinear
as given in (2.3) and (2.4) .

Wiinear(t) = G - x(t — ¢¢) (2.3)

Ynontinear(t) = f(G) - x(t — f(dc)) 2.4)
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Figure 2.5: Heat flow from the device. (a) Physical and (b) electrical lumped element [9]

where ¢¢ represents the phase of G.

In order to visualize the linear and nonlinear amplification effect on amplifier output, a project
is prepared in ADS2009. Amplifier is excited with one-tone Continuous Wave (CW) signal
and then gain vs input power, output power vs input power and phase of output power vs input
are plotted for linear and nonlinear amplification case as given in Figure 2.6 and Figure 2.7,
respectively. In these graphs, blue colored trace represents the gain of amplifier, red colored
trace represents the magnitude of output signal and purple colored trace represents the phase
of output signal. Gain and phase are constant for all excitation levels for linear amplification
case as seen from Figure 2.6a and Figure 2.6b. Gain is decreasing when input power level
exceed Py4p point for the nonlinear amplification case. Although phase is approximately
constant for the power level lower than P} 4p, phase starts change when the input power exceed
Pi4p. If the system has memory, output power level of PA becomes as given in Figure 2.8b

and corresponding gain become as given in Figure 2.8a.
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Figure 2.6: Simulation results for a) Gain & magnitude of Pout vs Pin and b)phase of Pout vs
Pin for linear behavior of sample amplifier designed in ADS2009
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behavior of sample amplifier#2 measured at iradio lab. University of Calgary

Hereafter, modeling with static function will be named as memoryless modeling and mod-
eling with dynamic function will be named as modeling with memory in this dissertation.
Also, finding the coefficients of model equations will be named as model extraction/model
coefficient extraction. Because almost all power amplifier models are composed of nonlinear
equations, model coefficients can not be extracted arithmetically easily. Therefore, model

extraction procedure/technique is important/needed step.
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One-tone and two-tone excitation signal can be represented mathematically as given in (2.5)
and (2.6), respectively. Output representation of linear modeling becomes as given in (2.7)

and (2.8) after substituting (2.5) and (2.6) into (2.1).

X1Tone(t) =V - cos w,t (2.5

XTone(®) = Vi - coswit + Vy - cos wat (2.6)
Y1Tone(t) = G - V - cos w,t (2.7)
VoTone(t) = G - Vi -coswit + G -V, - cos wat (2.8)

If the nonlinear function f(G) given in (2.2) is taken as power series, as given in (2.9), output
representation of nonlinear modeling become as given in (2.10) and (2.11) after substituting
(2.5) and (2.6) in to (2.2).

y= ay - x* (2.9)

M=

k=1
ViTone(t) = ay -V - coswet + ay - V2. cos? Wet + . +ag - VE - cosK w, 1 (2.10)
VoTone(t) =ay - Vi -coswit+ay - Vo -coswyt+ap - (Vi -coswit+ V; - cos wzt)2 )11

+..+ag- (V] -coswit+ Vz-coswzt)K 10

Frequency spectra of continuous wave input and corresponding output both for one-tone and
for two-tone are given in Figure 2.9a, Figure 2.9b, Figure 2.10a and Figure 2.10b, respectively.
The components placed at f = f; is named as lower band fundamental (FUNDL) signal
and the other one placed at f = f, is named as upper band fundamental (FUNDU) signal
in Figure 2.10. Similarly, the component placed at f = 2f; — f> is named as lower band
intermodulation distortion (IMDL) and the other one placed at f = 2f, — f is named as upper

band intermodulation distortion (IMDU) in Figure 2.10b.

Frequency spectra of WCDMA input and corresponding output for one carrier is given in

Figure 2.11a and Figure 2.11b respectively.

Magnitude or/and phase of components showed on frequency spectra are measured in order
to find model coefficients, a;. Generally, model coefficients are found by equating model
function with measurement result. When the model function is not linear as given in (2.11),
model coefficient can not be found arithmetically. Optimization, iteration, active learning and
pseudo inverse are some of the techniques to find the model coefficients. Almost all technique

use curve fitting.
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2.4 Amplifier Behavioral Modeling Types

Behavioral modeling is defined as finding the mathematical relation between input and output
as stated previously. Because of this definition, behavioral modeling can be thought as a multi

dimensional curve fitting process. Modeling procedure can be summarized as follows:

o Excite the PA with desired signal type ( one - tone, two - tone, multi-tone or modulated

signal).
e Measure the input and output signal/spectra.
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e Extract model parameters by equating measurement values with model equations.

Behavioral models can be placed in one of two types of modeling techniques according to
excitation and output signal; Baseband Model and Passband Model. Baseband model sup-
presses the carrier frequency component and only interested with envelope signal. In contrast

to this, passband model depends on each cycle of carrier frequency as well as envelope signal.

2.4.1 Baseband Behavioral Modeling

Envelope of the signal or distortion of envelope signal can be modeled with this type of
modeling technique. Therefore, this type of modeling technique is appropriate for the system
with baseband signal. On the other hand, harmonic distortion of the carrier can not be modeled
with this modeling technique because there is no term representing the RF frequency in the
modeling equation. Baseband signal is composed of two scalar numbers I(t) and Q(t), defined
as in-phase and quadrature components. Time domain complex baseband signal mathematical

representation is as given in (2.12).

Vi) = Ii(t) + jOi(n) = [Vi(DILVi(1) (2.12)

When it is needed to simulate the whole transceiver system including baseband model, base-
band to passband conversion is required since transceiver system is working with high fre-

quency signal. Passband to baseband conversion is explained shortly in 2.4.3 [3].
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Output signal for baseband modeling can be represented with Memory Polynomial modeling

(MPM) as given in (2.13).

M-1 K

Volnl = > " axn - Viln = m] - |Viln — ]! (2.13)

m=0 k=1

where V; and V,, are the input and the estimated output baseband complex discrete signal, and
akm, M and K are the model coefficients, memory depth and the nonlinearity order respec-

tively.

2.4.2 Passband Behavioral Modeling

Both RF frequency and envelope signal can be represented in passband modeling. Hence, both
harmonic distortion of carrier and distortion of envelope signal can be modeled with passband
modeling technique. But, since passband model has a number of cycles related with only RF
signal for one cycle of information (Envelope) signal, time domain simulation of passband
modeling consumes much more time than the time needed for baseband modeling simulation.
Therefore, carrier frequency based analysis, harmonic balance analysis preferred to simulate
passband modeling. Time domain two-tone input excitation signal can be represented in
passband as given in (2.14).

Vi(t) = V. cos w.t X V,, cos w,,t
(2.14)

V.V VeVin
= L2 X €08 (We — W)t + —

X coS (W, + W)t

where V, represents maximum value of magnitude of carrier signal, V,, represents maximum
value of magnitude of message (Envelope) signal, w. represents carrier frequency in radian
per second and w,, represents envelope signal’s frequency in radian per second. Time domain
output signal for passband modeling can be represented as given in (2.15) for power series
modeling technique.

V(1) = a1 Vi(t) + a3V (1) + as V> (1) (2.15)

2.4.3 Relation Between Baseband Coeflicient and Passband Coeflicient

The coeflicients which are extracted by using passband signal cannot be used in baseband

model directly. After making some transformation, these coefficients can be used in baseband.
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A signal having high frequency term can be represented in terms of baseband signal as given

in (2.16).

rf(t) = I(t) cos wt + Q1) sin w.t

= Re{[I(¢) + jO(¥)] X [cos w.t — jsin w,t]}

‘ (2.16)
= Re([I(r) + jO(1)]e™ ")
1 . —jw, . jw,
= 5 {0 + joW1e™ ™ + (1) + jOn]e)
Considering the (2.16), passband signal can be rewritten as follows:
rf(t) = C(H)e /" + C*(r)e/! (2.17)

where C(t) = I(t) + jO(r). C*(¢) represents complex conjugate of C(t). Then, after substituting
(2.17) in to the (2.15), passband modeling and baseband modeling became as given in (2.18)
and (2.19) respectively [11].

3 5 , .
Vo(Olw, = k1 + A—Lk_zIC(t)l2 + gkslc(t)l4] [C(n)e™ ! + C*(1)e’™'] (2.18)

3 5
Vo(Dlgg = [ki + Zkﬂcmﬁ + §k5|C(t)|4] - C(t) (2.19)

2.5 Common Nonlinear Behavioral Models

Behavioral model is represented as a black box as given in Figure 2.1. So, user only need to
know model equation/function, whatever that system contains is not of interest. If it is aimed
that 2"¢ and 3" harmonic shouldn’t be at the output of amplifier, it can be filtered out easily.
Therefore, while trying to get model, it is assumed that output is filtered around carrier fre-
quency. The signal which is at the active and adjacent channel are out of interest. Conversely,
hence IMD is an in-band distortion, it is much more difficult to filter out. Therefore, it is fo-
cused on modeling of IMD signal in this dissertation just like most of the researchers do who
are working on amplifier modeling. While trying to propose a new behavioral model, three
subjects should be explained/determined carefully; model structure, measurement setup and
model parameter extraction algorithm. Although user do not have to have information about
what the system contains, researchers have to have knowledge about PA structure/circuit to
capture most properties of that system. The more knowledge we have about amplifier non-

linear behavior and sources of nonlinearity, the better model we can develop. In addition to
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this, although user don’t have to have detailed information about structure, s/he had better
to have knowledge about DUT (PA) behavior. For instance, if the amplifier has memory ef-
fect, a model with memory terms should be used. Otherwise, if memoryless model is used,

performance of the system having that model wouldn’t be as good as wanted.

After choosing appropriate model having ability to get good estimation performance for the
system to be modeled, model parameters should be extracted. Measurement type and mea-
surement setup are another important issues for successful model parameter extraction step.
Measurement setup is prepared by considering what kind of measurement is required for
model extraction. While one-tone measurement is enough for some modeling types, some
other modeling types require different measurement types such as two-tone, multi-tone, base-
band signal measurement. Model performance depends on extraction success and model ex-
traction success is depend on fitting performance [12]. Common and mostly used nonlinear
behavioral models and extraction algorithms which are previously reported in literature are

explained in next section.

2.5.1 Memoryless Nonlinear Modeling
General Power Series Expression (GPSE)

Power series function is the workhorse of the most of the behavioral modeling techniques.
GPSE is developed by simplifying the Volterra-Series modeling [13]. After simplification,
memory effect representation ability has been lost. Therefore, GPSE is defined as memoryless
version of Volterra-Series modeling. Moreover, this simplification resulted in limited usage
of this technique for PA behavioral modeling [14]. In contrast, GPSE modeling can be usable
as long as the PA doesn’t has memory effect or has a negligible amount. Indeed power series
is frequently used in modeling combined with other techniques. GPSE modeling is used both

for bandpass modeling and passband modeling.

Mathematical definition of GPSE is as follows:

K
Vo(t) = D anicy - (Vi) ™! (2.20)

k=1

where V; and V, represent time domain input and output signals respectively. az;—; are the
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model coefficients. if ay;_; coefficients are assumed as real-valued, only AM/AM or AM/PM
nonlinear behavior of PA can be modeled; it is impossible to model both AM/AM and AM/PM
characteristics. Huang at al. [15] used power series to estimate only AM/AM behavior with
real-valued model coefficient. Arno at al. [16] used two different power series function having
real-valued model coeflicients to model both AM/AM and AM/PM nonlinear behavior. One

of the power series function is used for AM/AM and the other one is used for AM/PM.

In order to model AM/PM nonlinear behavior as well as AM/AM nonlinear behavior with
using only one power series expression, a1 coeflicients should be chosen as complex num-
bers [17], [18], [13]. if (2.6) is substituted into the GPSE modeling equation, (2.20), we will

get the result as given in (2.21) considering K=3.

V() =a; (Vi cos(wit) + Vo cos(wart)) + az (Vi cos(wit) + Vs cos(a)zt))3
2.21)

+ as(Vy cos(wit) + Vo cos(cuzt))5

If we expand (2.21), we will get (2.22). Hence (2.22) contains higher order trigonometric
function, it is difficult to calculate distortion and fundamental components. Simplified version

of (2.22) is given in (2.23a).

2

V,(t) =as V15 cos’ w1t + Sas V?Vz cos? w1t cos wyt + 10as V13 V22 cos’ w1t Ccos” wot

+ as V13 cos’ w1t + 10as V12 Vg cos’ w1t cos’ wat + 3aj V12 %) cos’ w1t Ccos wyt
(2.22)

+ S5asV, V;' cos wltcos4 wot + 3az V) V22 cos cultcos2 wrt +a;Vycoswit

+ as Vg cos’ wrt + az V;’ cos’ wyt + a;Vp cos wat

In order to facilitate phasor domain representation, (2.23a) is rewritten in the form as given
in (2.23b). The terms having ” cos(w1¢)” multiplier (terms having red colored font) named as
Vrunpr and the terms having ” cos(2w;t — wyt)” multiplier (terms having blue colored font)
named as Vyypr (See the section 2.3 at the page 14 for the definition of FUNDL, FUNDU,
IMDL and IMDU).
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3 3
V,(t) =Viaj cos wit + Vray cos wot + ZVfag coswit + ZVgag COs wot
1 5 1 5
+ ZVISa3 cos 3wt + gias coswit + ZVSag, cos 3wat + §V25a5 cos wot

5 1 5
+ 1—6V15a5 cos 3wt + 1—6V15a5 cosSwit + 1—6V25a5 cos 3wot

1 s 3 2 )
+ szas cos Swat + EVI Vias cos wit
3 2 15 4 15 4
+ Evl Vaas + cos wyt + gvl Vyas cos wit + ng Vaas cos wyt

3 3
+ ZVI V22a3 cos (w1t — 2wsrt) + ZVl V22a3 cos (w1t + 2wat)

3 3
+ ZVIZV203 cos 2wt + wat) + ZV%VQCQ cos 2wt — wat)

5 5
+ ZV1 V§a5 cos (w1t —2wsrt) + ZVl V§a5 cos (wit + 2wat)

5 5

+ ZV?Vzas cos Quit + @) + 5 + V{Vaas cos Qwit — wat) (2.23a)
5 5

+ 1—6V1 V§a5 cos (wit — 4wyt) + Evl V§a5 cos (w1t + 4wyt)
5 5

+ 1—6VfV2a5 cos (4wt + wyt) + EVfVZaS cos (4wt — wyt)

15 15 5
+ ZV?V%% cos wit + ZV%VS% COS wyt + ZVfV§a5 cos 3wt

5 15
+ ZV%VS% cos 3wt + §V12V23a5 cos Qwit + wat)

15 15
+ §V13 V22a5 cos(wit — 2wot) + §V13 V22a5 cos (w1t + 2wyt)

15 5
+ §v5v3a5 cos Qwit — wat) + gvagas cos Qwit — 3wat)

5 5

+ giV§a5 cos Qwit + 3wyt) + §V3V22615 cos Bwit — 2wyt)
5

+ §V13 V22a5 cos Bwit + 2w»t)

Vo(t) =VrunpL - cos(wit) + Veynpu - cos(wat) + Viypr - coswit — wat) (2.23b)
+ Vimpu - cosQuat — wit) + Vapr - cosQwi) + Vapy - cosQwat) + ...

Passband model works on the signal having high frequency components, so magnitude and
phase of frequency components are measured to extract model coefficients. Working with
phasor domain is easier than working with time domain for passband modeling because time
domain measurement is much more difficult for the signal having both high and low frequency
component. At this point, new phasor domain definition is needed since phasor domain is
defined on one-frequency but there are more than one frequency components in (2.23a). In

order to overcome this problem each components are represented in phasor domain w.r.t. its
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own frequency. In other words, Vryypr is represented in phasor domain w.r.t. w; radian
frequency and Vjypy is represented in phasor domain w.r.t. 2w; — w» radian frequency. Phase
of FUNDL component is defined w.r.t. w; frequency and phase of FUNDU component is
defined w.r.t. w; frequency. Hence, phase representation of 1 nsec time delay” is different
for both FUNDL and FUNDU. Considering this definition, phasor domain representation of
IMDL, IMDU, FUNDL and FUNDU components are as given in (2.24).

3 5 15
VimpL = Za3V12V2 + as (vavz + §V12V2%) (2.24a)
3 5 15
Vimpu = Za3V1 V3 +as (ZV1V§ + §V13V22) (2.24b)
3 3 5 15 15
Vrunpr = a1V + a3 (ZVf 5V V22) +as (§V15 + gV Vi + ZVfVZZ) (2.24¢)
3 3 5 15 15
Veunpu = a1Va + a3 (ZVS + EVIZVZ) +as (gvg' +gVivat vavg) (2.24d)

If equal amplitude excitation is assumed, V; = V;, IMD components will be of equal ampli-
tude, Viypr = Vimpu- This means that there is no asymmetry in the IMD expression,(2.24a)
and (2.24b). However, as demonstrated in Figure 2.10b and Figure 2.11b at page 15, there is
an inherent asymmetrical distribution of IMD components. This is the disadvantage of this

modeling technique.

In order to extract the coefficients, magnitude of IMD and FUND components are measured

and then measurement values and (2.24) is equated.

2.5.2 Nonlinear Modeling with Memory

2.5.2.1 Volterra Series

Volterra Series Method for behavioral modeling is one of the oldest techniques for nonlinear
circuit analysis. Vito Volterra reported this technique in 1959 in ”Theory of Functionals and of
Integro-Differential Equations” [19]. Then Wiener stated that this technique could be applied

to the time invariant nonlinear circuit. Volterra Series modeling mathematical representation
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in the passband is as follows :

NOEDIPHE
n=1

V) = f (e = T1)Vi(rdn

(%)

+f f ho(t — 11,1 — T2)xi(T1)xi(T2)dT1dT) (2.25)

+ f f f h3(t — 11,1t — 12, t — T3)xi(T1)x;(T2)xi(T3)dT1dTOdT3 + . ..
:f f f G S I B S

where x and y represents time domain input and output signal, 4 (t — ), hy(t — 71, —T2) are

called the n™ order Volterra Kernel or n”” order impulse response.

Maas et al. [20] used Volterra series to examine analytically intermodulation distortion of
heterojunction bipolar transistors. Nonlinear currents are used to explain the reason of in-
termodulation distortion. Nonlinear currents are represented by Volterra series. In order to
investigate cascading effect on intermodulation distortion, Volterra series is used again [21].
Volterra series can be used for cascaded systems to estimate IMD as long as amplifier is work-
ing in weakly nonlinear regime. Carvalho ef al. [22] used Volterra series modeling technique
to estimate third order IMD and explain asymmetry. Carvalho represented power amplifier
model in mildly nonlinear behavior with a circuit having voltage dependent nonlinear resistor
and capacitance as well as linear components. Volterra kernels can only be found by making
specific measurements for each of them separately. When model order increase, measure-
ment of Volterra kernel is getting more difficult. Therefore, Carvalho limited his work with
third order IMD. Roy et al. [23] tried to develop a iterative technique to overcome this mea-
surement requirement. He developed a method but, unfortunately the method was prone to

measurement noise.

Boyd et al. [24] proposed a number of procedures to measure kernels directly from frequency
measurement. But he has to limit his work in weakly nonlinear regime with third order. Evans
et al. [25] proposed an improved method. They designed input signals to measure Volterra
kernels in a short time period but they encountered practical problems to test it on nonlinear

systems.

Wang et al. [26] defined nonlinear s-parameter based Volterra series. Nonlinear gain is es-
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timated successfully for wide frequency band for weakly nonlinear regime, but there is not
enough information about IMD asymmetry estimation performance. Verbeyst et al. [27] used

Volterra series to estimate load impedance curve related to output power or gain of amplifier.

Magqusi [28] tried to characterize nonlinear distortion in cable television system. He simplified
the Volterra Series in order to diminish the number of kernels to be find by measurement.
Magqusi’s simplified version is as given in (2.26). He reported that, when the Volterra series is

simplified, model estimation accuracy is diminished too.

To sum up, “The Volterra series analysis is well suited to the simulation of nonlinear mi-
crowave devices and circuits, in particular in the weakly and mildly nonlinear regime.” [29].
Volterra series has two main disadvantages;it works well in weakly or mildly nonlinear regime

and Volterra kernels could be find by making special measurements.

() = () (2.26a)
n=1

ya(t) = f ) hp(T)X"(t = T)dr (2.26b)
0

2.5.2.2 Wiener, Hammerstein and Wiener-Hammerstein Models

Wiener and Hammerstein modeling techniques can be used to represent nonlinear IMD since
they can create asymmetry. Both models have one memoryless nonlinear function and one
dynamic linear function. Nevertheless, another modeling technique is also reported namely
Wiener-Hammerstein (3-box Modeling) which is composed of by merging the Wiener and the
Hammerstein method. Block diagrams of Wiener, Hammerstein and Wiener-Hammerstein
are as given in Figure 2.12. In these block diagrams f(e) represents memoryless power series
(static nonlinear function), H(S) and K(S) represent linear filters. Hence memory effect is

defined frequency dependent, it can be modeled with linear filter.

Static nonlinear box describes the AM/AM and AM/PM nonlinear behavior at the center fre-
quency of excitation signal. The linear filters, H(S) and K(S), describe the frequency depen-
dent deviations at the AM/AM and AM/PM behavior w.r.t. AM/AM and AM/PM behavior
described at center frequency. Mathematical representation of static nonlinear function is as

follows:
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x(t) (o) v(t)

(a) Wiener Model

x(t) f(s) v(t)

(b) Hammerstein Model
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(c) Wiener-Hammerstein (3-box)

Figure 2.12: Block diagram of a) Wiener, b)Hammerstein and c)Wiener-Hammerstein Models

n

w(t) = Z apk (£ (2.27)

k=1
In order to represent AM/PM nonlinear behavior as well as AM/AM behavior a; coefficients
given in (2.27) are chosen as complex numbers as stated in section 2.5.1 on page 19. Input
excitation signal at center frequency can be represented as given in (2.28a) in time domain

and as given in (2.28b) in phasor domain.

x.(t) = Acos2n f.t + 0) (2.28a)

£ = Ael? (2.28b)

where A represents the maximum amplitude value of signal, f, represents center frequency,
X. represent phasor representation of x., and 8 represents the phase w.r.t t=0. Corresponding

output mathematical representation is as follows:

(n=1)/2
o= > @t ()%™ Hi(f)Ha(fo) e
k=0
(n=1)/2

(2.29)

2%+1 )6
axy+1A™" e’

k=0

where apiy represents model coefficients. Although, filters are normalized to center fre-

quency, H{(f.) = 1 and Hy(f,;) = 1, value of filters are not equal to one for other frequencies.
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For example, when excitation signal at f; frequency, output signal is as given in (2.30).
(n-1)/2 - .
Se= > aner [Hi()AN ™ [Ha(f)] e Omon o) (2.30)
k=0
where Ae/? = %, OH, () and Og, (s, represents the phase response of linear filter Hy and H>

respectively.

Since the static nonlinear function represents AM/AM and AM/PM behavior memoryless
modeling explained in section 2.5.1, model coefficient extraction procedure is very similar.
Memoryless function coeflicients are extracted for center frequency excitation. Linear filters

are extracted by using numerical fitting. Linear filters are described as given in (2.31).

HYS
H(f) = ﬁ (231a)
Hy(f) = |Hyu(f)] €9~ 4Hsl) (2.31b)

where ¢ is equal to (HHI( 1)+ Oy f)), H(f) and Hy,(f) represent small-signal response and
saturation response of PA and these responses are measured over the interested frequency

band in linear region and at the P45 point, respectively with using network analyzer.

Hammerstein method is used in [30] and in [31] with baseband signal. [31] used an itera-
tive method to find model coefficients. Greblecki [32] and Billings et al. [33] used Wiener

modeling to characterize amplifier with baseband signal.

3-box modeling technique is used with both baseband signal and passband signal. Bai [34]
used 3-box modeling to get model of nonlinear behavior of amplifier with baseband signal.
Model coeflicients are found in two steps. The first one is the least square algorithm and the
other one is the singular value decomposition. A matrix is composed at the first step and then
it is solved at the second step to find coefficients values. Crama et al. [35] used the 3-box

modeling with passband signal.

Sano et al. [36] and Taringou et al. [37] used 3-box modeling in baseband predistorter. Sano

found coefficient with iterative technique.

Ghannouchi ef al. [38] used a model which is a bit different than 3-box modeling. He con-

nected both models in parallel instead of merging them. So, this new model has 4 boxes as
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given in Figure 2.13. In this figure, Hammerstein modeling placed at upper branch and wiener
modeling placed at lower branch.The number of coefficients are increased with this new mod-

eling and model performance improved by 3dB.

£ Dy (n) H, iy (n)

J i(n)
x(n) NP
Hw fw
Dy (n) iy, (n)

Figure 2.13: Dual Branch Wiener-Hammerstein model Structure

To sum up, disadvantages are resulted mainly from dynamic linear filters’ limitations. Dy-
namic filters used for asymmetry creation are designed according to one-tone measurement re-
sults. So, filter behavior doesn’t have flexibility to adopt frequency changes. Moreover, since
filters are designed according to passband one-tone measurement result, long term memory
effect can not be modeled with this technique. There is a small frequency separation relative to
the working frequency between IMDL and IMDU. So, in order to create so much asymmetry

between magnitude of IMDL and IMDU, filter order should be high.

2.5.2.3 Parallel Wiener Model

Ku et al. [39] proposed a new modeling namely ”Parallel Wiener Modeling” in order to cap-
ture long time memory effect as well as short time memory effect. The model is an improved
version of the Wiener modeling. Block diagram of Parallel Wiener Model is as given in Fig-
ure 2.14. In this diagram, F;(e) is a complex-valued polynomial function and H;(w) is a linear

filter same as in Wiener modeling.

The first branch line is chosen as a memoryless model, so Hj(w) is chosen as in time domain
hi(¢) = 6(r). Coefficient of F'i(e) is extracted from AM/AM and AM/PM responses to the one
tone excitation. The other linear filters H;(w,,), (i = 2,..., p) are extracted using the cross-
correlation function of the input called r(¢) and the error function g;_;. r(t) is defined as the

envelope of the two-tone input signal as given in (2.32) and &;_; is defined as the difference
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Figure 2.14: Block diagram of Parallel Wiener Model

between the output of the i/ nonlinear branch(¥;(¢)) and frequency-dependent complex power
series F(r,wy,) as given in (2.34). Coeflicients of F;(e) are chosen such that mean square
error, s?, is minimized. New branches are added until the value of 81.2 become less than a

predefined threshold.

it is reported by the author that this modeling technique is also used in DPD. Better than 10dB
improvement is seen in the ACPR for low power amplifier, but due to more memory effect the

DPD performance for high power amplifier is worse.

(t) = A cos wp(t) (2.32)
p
() = ) i)
i=1
p
= > Fiz(0) (2.33)

g =F (r(t), wp) — 5i(?)
j (2.34)
=F (r(t), wm) = ) 3s(0), i=1,...,p.

s=1
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2.5.2.4 Multi-Slice Behavioral Modeling

Walker et al. [10] give a new modeling technique named as Multi-Slice Behavioral Model-
ing based on Wiener-Hammerstein Modeling. Structure of the proposed model for two-slice
is as given in Figure 2.15. In this model, each slice is added to represent a specific ampli-
fier behavior. ”The first slice captures single-nonlinearity effects present in the system under
investigation which can include both even and odd-ordered effects. Additional slices cap-
ture nonlinearities in series such as even-order baseband upconversion, thermal effects, or
other memory effects” [10] on page 72. This means that each slice has a memoryless non-
linear function and linear filters for specific frequency band similar to Wiener-Hammerstein
Model. So, this structure can be named as a modified Wiener-Hammerstein model. f(e) is
odd-ordered polynomial function which represents memoryless nonlinearity and g(e) is even-
order polynomial function which represents memoryless nonlinearity. H(s) and K(s) is pre-
and post-linear networks respectively. H(s) and K(s) should capture memory effects since f(e)

and g(e) not have memory effects.

This modeling technique requires the following measurement:

e One-tone AM/AM and AM/PM behavior, frequency is swept over band of interest.

e Magnitude and phase of IMD for constant frequency separation, while two-tone power

level is sweeping.

e Magnitude and phase of IMD for constant frequency separation, while two-tone power

level is sweeping.

Parameter extraction is performed after making an assumption that, contributors are inde-
pendent for different slices. Therefore, at first, first slice parameters are extracted by using
one-tone measurement result. Then, second slice parameters are extracted by using two-tone
measurement result. Disadvantages of this modeling is the too much measurement results

requirement.

Jang et al. [12] tried to simplify the ”Multi-Slice Behavioral Model”. Structure of simplified
version of Multi-Slice modeling is as given in Figure 2.16. Dynamic linear filters are omitted
from the first slice, and model performance is deteriorated. It is required to increase model

order to the 17" even for one-tone AM/AM and AMP/PM modeling, while dynamic range for

29



A 4
A 4

Slicel{ M0 s B ey —20 4 i)

2 2t ot
S|iC62{ H(S) u (E g(.) ! L(S) 54@_(') K(S) Vz(t)

Figure 2.15: A two-slice nonlinear system behavioral model

A 4
A

AM/AM is approximately 14dB and total phase change is approximately 1.5°. First slice is
used to estimate odd-order fundamental response, so the nonlinear block in the first slice, NL,
was extracted from single tone AM-AM and AM-PM characteristics at the center frequency.
The second slice is used to represent baseband memory effect which result in asymmetric
spectral regrowth. Coeflicients of even-order polynomial, NL,, are found by using same

procedure applied to NLi, but this time two-tone excitation measurement results are used.

() Ly ?~ Vit
[ NG H | %@

|

Figure 2.16: Modified Multi-Slice Behavioral Modeling

2.5.2.5 Memory Polynomial Models

Memory Polynomial Model (MPM) consists of delay taps and a nonlinear static function
which is similar to GPSE. There are two different MPM models in literature w.r.t. delay
types; MPM with unit delay and MPM with sparse delay. Block model representation for
these two modeling types are as given in Figure 2.17 and Figure 2.18. These models are de-

veloped by truncating the Volterra Modeling. Both models are defined on passband.

Unit delay considers only diagonal element of Volterra Series, and thus the number of coeffi-
cients used in modeling is reduced [40], [41]. Ding et al. [40] reported that the advantage of
memory polynomial is keeping the number of coefficient on the order of M x K. However it

was MX for Volterra Series.
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Figure 2.17: Structure of Memory Polynomial Model with unit delay
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Figure 2.18: Structure of Memory Polynomial Model with sparse delay

Mathematical representation of MPM with unit delay is as follows:

M-

K
il = Y ) agglxln—qlf™" - xin - g] (2.35)
q=0 k=1

—_

where x[n] and y[n] represents discrete input and output complex baseband signal respec-
tively, a4 represents the complex-valued polynomial coeflicients, K represent the polynomial
function order, and M represents the memory depth (the number of delay taps). Maximum
delay value which will be applied to the input signal is equal to the number which is one less
than the number of delay taps. If the number of delay taps is chosen as 5, total number of
unknown coefficients will be 5 X K. So, it is almost impossible to get model of long time

memory effect.

Hence memory delay value is known for the model, extraction of model consists of finding the

values of ay, coefficients. ai, values can be found by following the procedure given below
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for MPM model with unit delay. As a first step, (2.35) is rewritten in matrix form as given in

(2.36).

F=dxi (2.36)
where ¥, d and ¥ are defined as follows:
o ¥=[y1) --- yN)]' ,Nisthe number of samples
® d=[ap ayo -+ axo -+ agm-1]
Bio(1) .-+ Bio(N)
Byo(l) -+ Byo(N)
[ ) )?:
Bgo(l) -+ Bgo(N)
Bgm-1(1) -+ Brm-1(N)

where Bx - 1(N) = |x(N = (M = D) x (N = (M - 1))

After calculating ¥ and ¥ matrices, model coefficients can be calculated by using (2.37).

d =y x pinv (%) (2.37)

where pinv (¥) is pseudo inverse of ¥.

Zhou et al. [42] used memory polynomial with sparse delay technique in DPD circut. Coeffi-

cients are extracted by using adaptive RLS algorithm.

Mathematical representation of MPM with sparse delay is as follows:

M-

K k—1
=3 arg ]x[n - dE,M)]] xln - d™] (2.38)
q=0 k=1

—

where dgM) is the sparse delay values for the M branches. Coefficient extraction algorithm
is similar to MPM model with unit delay. Moreover, this time sparse delay value should be

found as well. To do this, the definition of By, used in X is updated as given in (2.39). dgM) is
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chosen as a random number and then model estimation error is calculated by using the metric
MEMR suggested by Ku ez al. [43]. If MEMR value is better than a predefined threshold, the

delay value is stored.

B = (v =) (- ) 2:39)

Nan et al. [44] used memory polynomial modeling with sparse delay technique in DPD

circuit. He reported that sparse delay gives better result than unit delay.

Since this modeling has gained ability to have higher delay value, this model can be represent
long term memory. However, thermal memory is mostly effected by the first order or may be
the third order depending on amplifier die and physical size. So, time delay value of the first
order and the third order shouldn’t be equal for good model performance. But, it is impossible

to apply unequal time delay with this modeling.

2.6 Summary

Amplifier nonlinear behavior representation is an intriguing area for the system designer.
Since the behavior is not linear, special techniques are required to investigate and predict the
effects of an amplifier within a complex system. One of the properties of an amplifier to be
considered is its memory effect. Memory effect types and sources of them are explained.
There are a number of techniques in literature and the frequently used ones are outlined in
this chapter. Besides the advantages, disadvantages are summarized. Some of disadvantages
are related with the working frequency band (baseband or passband) and some of them are
related with the modeling structure (special measurement requirement for the each parameter
extraction, unable to model one of the memory effect types or application problem for real

system).

33



CHAPTER 3

Measurement Setup and Measurement Results

3.1 Introduction

Amplifier characterization is an important issue especially in the design of amplifiers and
systems involving amplifiers such as linearizers and wireless communication systems. Be-
havioral modeling is one of the characterization techniques where a mathematical relation be-
tween input and output is constructed. There are a number of behavioral modeling techniques
published in the literature. First step of modeling is the measurement of the magnitudes and
phases of the signals at the input and the output of the amplifier. When an amplifier is excited
with a one-tone signal or a multi-tone signal, AM/AM and AM/PM distortion at the output.
When an amplifier is excited with a multi-tone signal, inter-modulation distortion (IMD) com-
ponents are observed at the output of the amplifier as well. Magnitudes and phases of these
signals are needed to extract an accurate model. Several measurement setups [45] - [49] are

proposed to measure these quantities.

In this chapter, a new measurement technique is introduced which is used to measure both the
magnitudes and the phases of signals generated by the amplifier. The measurement setup
given in Figure 3.1 is prepared to measure AM/AM, AM/PM distortion, magnitudes and
phases of intermodulation (IMD) and fundamental (FUND) components which are created by
the amplifier. Indeed this measurement setup can be used for general phase measurement pur-
poses. However, before starting measurement, input dynamic range, working frequency and
frequency separation for phase measurement for multi-tone and maximum excitation power
level should be investigated carefully. There is some limitation for the measurement setup

such as AWSG sensitivity limits the maximum frequency separation for in-phase four-tone
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generation. Phase measurement setup has been constructed to calculate/measure phase dif-
ference by measuring only magnitudes. An equation is derived based on complex number

addition to calculate phase difference.

3.2 Measurement Setup

Measurement setup as given in Figure 3.1 is prepared to measure both magnitude and phase
of one-tone and two-tone signals, because those measurement results are needed to get be-
havioral model of the power amplifier. In order to measure AM/AM response for one-tone,
one signal generator(E8257C, "SGA”) and one spectrum analyzer(E4408A, "SA”) is added
to the measurement setup and to measure AM/AM response for two-tone, one more signal
generator (E8257D, ”SGB”) is added. There are two signal generators at the measurement
setup since each signal generator has one-tone generation ability and one power combiner
is added to the measurement setup to create two-tone signal in order to combine the signal
generated by "SGA” and "SGB”. Power level of the signal created at the output of amplifier
is decreased by adding attenuator for SA safety. Value of attenuation is given as an example,

actual attenuation amount is determined by measurements.

In order to measure phase, one more signal generator (E8267D, "SGC”) for phase reference,
digital attenuator (Hittite HMC472LP4) for wider dynamic range and one more power com-
biner are added to the measurement setup. The 10M Hz reference signal generated by "SGC”
is transferred to others for phase lock. A computer on which ”Agilent VEE” program is work-
ing is added to the measurement setup and is connected to each instrument via GPIB cables

to take data quickly for repetitive measurements.

A sample amplifier has been taken from "ASELSAN A.S.” under the project titled as ”Giic
Yiikselticinin Davranigsal Modelinin (GUYDAM) Belirlenmesi”. This sample amplifier whose
maximum gain is 45.7dB around working frequency, saturation peak power is more than
390W (56dBm) and output Pp is 53.35dBm, is examined in this dissertation. The amplifier
is composed of more than one stage (driver and main amplifier) and has push-pull output.
ASELSAN company preserves the right to keep the other parameters and circuit schematic

confidential.
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Figure 3.1: Schematic representation of Measurement setup
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Figure 3.3: Photograph of Amplifier
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3.3 AM/AM Measurement

One-tone AM/AM measurement procedure is straight forward.

There are some important points to perform reliable two-tone AM/AM measurement. Fre-
quency of "SGA” is set equal to the FUNDL frequency and frequency of ”SGB” is set equal
to the FUNDU’s frequency. After setting the frequency of signal generators, power level
of signal generators are adjusted. Since excitation frequencies are known, center frequency
of SA is adjusted to the average value of the signal generators’ frequencies. Span of SA
is adjusted equal to 5 times of frequency separation among fundamental tones. After two
sweeps, SA sweep function is stopped, and then four magnitude (IMDL, IMDU, FUNDL and
FUNDU) values are measured at the same screen. As a result, measurement error due to SA
sweeping and time difference is minimized by measuring all magnitudes at the same sweep
screen. Then, just after readout, signal generator output is disabled in order to prevent over-
warming the amplifier. At this time, measured values are stored to an excel table and signal

generators are adjusted for the next power level measurement.

3.4 Phase Measurement

Phase measurement is performed based on complex number addition. The signal at the output
of the amplifier is assumed as the first complex number and the signal created by "SGC” is
assumed as the second complex number. Then, after measuring the magnitudes of these signal
by ”SA”, output of both signal generators are enabled at the same time and then magnitude
of the signal at the output of second combiner is measured. This data gives information about
the combined power level. Phase difference between the signal at the output of the amplifier

and the "SGC” can be calculated mathematically by using (3.2).

Magnitude of the signal at the output of the amplifier and the magnitude of the signal created
by "SGC” are named as mgg|, msgz and the phases are named as ¢, ¢», respectively. Then,
magnitude of the combined signal is named as m;,,; and phase is named as ¢,,,. (3.1) is valid
for this measurement setup since the signal at the output of second combiner, namely 27,
can be represented with a complex number. Phase difference can be calculated(measured)

by measuring only magnitudes of signal with "SA” by using (3.2). Intermediate steps of
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derivation from (3.1) to (3.2) are given in Appendix A.

msG1£1 +msG2 L¢P = Mot Lor (3.1)
m2 —m% . —m>
1 = ol = cos™ | H—SE (32)

2-mgG1 - msG2

Flow chart for one-tone phase difference measurement procedure for a predefined power level
is as given in Figure 3.4. It is not expected that, there will be a phase difference among
”SGA”,”"SGB” and ”SGC” in a short time since the phases of instruments are fixed w.r.t. each

other with the 10M Hz reference cable.

A special setup as given in Figure 3.5 is designed to check this phase difference calculation
theory. Firstly, phase difference between signal generators (E8257C and E8267D) are set
as 180° by following the flow chart given in Figure 3.4. Secondly, phase of second signal
generator (E8267D) is increased 1°, then phase difference calculated by using (3.2). Second
step is repeated for 360 times and phases are stored as 8;, i = 1,2, --- ,360. Third, latter step
phase difference is subtracted from the former step phase difference and plotted as given in

Figure 3.6 (i.e. 6; — 6;_1).

It can be said by considering the results given in Figure 3.6 that, phase difference can be
calculated by using this technique successfully. Since ”cosine” function is used to calculate
phase difference, sign of calculated phase difference should be reversed when the actual phase
difference value greater then 180°. In other words, while actual phase is 181°, cosine func-
tion gives 179°. Therefore at the beginning, sign of phase difference should be investigate
carefully. There is a small error at the phase difference calculation when phase difference is
close to 0°. SA noise and calculator digit number (sensitivity) are disturbing the measure-
ment result when phase difference between signal generators is close to 0°. During the phase

measurement for 360 steps power level of signal generators are not changed.

The phase calculation theory which is mathematically represented in (3.2) is also checked with
the measurement setup in Figure 3.1 while the power level of signal generator are sweeping.
Firstly, PA is replaced with the through line and phase difference between "SGA” and ”SGC”

is adjusted close to 120°. At that time, output power of signal generators are —13dBm. Power
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level of signal generators are increased from —13dBm to 13dBm with 1dB steps without mak-
ing any change in the phase of signal generators. After every increment in the magnitude,
phase difference is measured. Increment in the magnitude of signal generators and phase
measurement process are repeated many times, then results of three cycles are plotted in Fig-

ure 3.7.

Power level versus phase difference measurement is performed for ”SGB” and ”SGC” too.

Results of this measurement are given in Figure 3.8.

Although phases of signal generators were not changed during the measurement period, phase
differences between signal generators for different power levels changed unexpectedly. This
error is different for "SGA” and ”SGB” and, the value of change is bigger than the value of
acceptable error for real measurement setup. Considering three repeated cycles, it can be said
that change in the phase can be recovered by using a Look-Up-Table (LUT). Preparation for

LUT for phase recovery is explained in section 3.6 in detail.

3.5 AM/PM Measurement

”SGA”, ’SGC” and ”"SA” instruments are enough to measure one-tone AM/PM measurement.
Phase difference can be calculated by using (3.2). Frequency and power level of "SGA” is
adjusted, then amplifier is excited. mgg; represents the magnitude of the signal created at
the output of the amplifier and ¢, represents the phase of that signal. mgg, represents the
magnitude of the signal at the output of the digital attenuator. m,,, represents the magnitude
of the signal at the input of "SA” when "SGA” and ”"SGC” output are enabled at the same
time. After measuring the mgsg1, msg2 and my,, we can find |¢; — ¢|” can be calculated by
using (3.2). After increasing the power level of excitation signal, new phase difference value
can be measured. These phase difference values are relative values w.r.t. the phase difference

value measured in the beginning.

Two-tone AM/PM measurement needs one more step since there are more than one tone and it
is needed to measure absolute phase difference between IMDL, IMDU, FUNDL and FUNDU.
Although phase of signal generators are locked to each other with the 10M Hz reference cable,
phase reference is lost when the frequency of signal generator is changed. This means that,

after finishing the phase measurement for IMDL for the whole power level range, absolute
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Figure 3.4: Flow chart for one-tone phase difference measurement for a predefined power
level
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phase difference for IMDU couldn’t be measured since the frequency has been changed. Ar-
bitrary wave shape generator (AWSG 33250) was added to the measurement setup to create
four-tone signal having zero phase difference with each other. Firstly, four-tone signal (1Hz,
2Hz, 3Hz and 4Hz) having zero degree phase difference between each other is generated
mathematically and is downloaded to the AWSG. The desired four-tone signal having fre-
quency separation (1kHz, 1M Hz, ...) can be created by adjusting the repetition frequency of
AWSG, specifically, repetition frequency should be equal to the input excitation tone spacing
namely Ay. Mathematical representation of AWSG output is as given in (3.3). The baseband
four-tone signal created at the output of AWSG is applied to the ”I” input of ”SGC” I/Q mod-
ulator part, eight-tone Double Side Band Suppress Carrier (DSBSC) signal is created at the
output of "SGC”. Let’s assume that phase of the signal created by AWSG is ¢,, and phase of
the signal created by 1/Q modulator section local oscillator is ¢.. Phase of the tones having
greater frequency than f. became ¢, + ¢, as represented in Figure 3.9. In other words, there
is 0° phase difference among upper four-tone of eight tone created at the output of "SGC” as

given in (3.4).

Vo (sco)

Q)C—Q)m ®c+®m

S O L I 0 I

,@ -
Vl/Q @
[ T > (MHz)

Figure 3.9: in-phase four-tone signal creation

Vawsg(t) =cos2rm - Af “t+ ¢y)+cosQm-2- Af “t+ o)
3.3)
+cos2m -3 - Ap-t+¢p) +cosQr-4-Ar-t+dy)

where Af = f» — fi, /> fi.
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4
Vosoo(® = Y [cos(we =2 k- Ap) -1+ ¢ = 60)]
! (3.4)
+ ) [cos(e + 27k Ap) -1+ G + 0]
k=1

where k =1, 2, 3, 4.

First step of two-tone AM/PM measurement is the extraction of the lookup table (LUT) which
is explained in section 3.6 in detail. Flow chart of AM/PM is as given in Figure 3.11. Fre-
quency of "SGA” and ”SGB” are adjusted equal to the frequency of FUNDL and FUNDU
respectively. Baseband data which is needed for in-phase four-tone signal creation is down-
loaded to the AWSG and it is started to run. After being sure that eight-tone signal is seen
at the screen of "SA”, output of "SGC” is disabled. Power levels of "SGA” and "SGB” are
set to the maximum level of desired dynamic range. Two-tone signal which is created at the
output of the first combiner, 1”7, is applied to the amplifier. Four-tone signal is created at
the output of the amplifier. There is no asymmetry in the magnitude of the eight-tone at the
output of "SGC”, but there is an asymmetry in the magnitude of the signal created at the
output of the amplifier. Thus, phase measurement is performed tone-by-tone. First, phase of
IMDL is measured. Center frequency of ”SA” is adjusted to the IMDL frequency and span
is chosen as equal to the two times frequency separation. Before starting measurement, one
more initialization step is needed. In order to measure phase difference more precisely, mag-
nitude of signals (mgg; and mgsg2) should be close to each other and phase difference between
(msg1 and mgg2) should be close to 120°. If there is 120° phase difference and magnitudes
are equal(msg) = msgz), magnitude of combined signal(m;,;) will be equal to the msg; as
shown in Figure 3.10 and as explained mathematically in (3.5). When the initialization pro-
cess is finished, AM/PM measurement can be performed by following the flow chart given in

Figure 3.11.

Mot LPror = MsG1 LP1 and mgGa L
My = Mg - cos(60) + mggo - cos(60) + j(msgy - cos(30) — msgy - cos(30)))

Mtotimggi=msgo = MSG1

(3.5)
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: 5G,cos(30) $Gacos(30);

Figure 3.10: Addition for the signals having equal magnitude and 120° phase difference

A LUT is prepared for 20d B dynamic range, then phase of through line and phase of FUNDL
tone of another sample amplifier having 33dB gain, 27dBm output P45 are measured us-
ing this LUT for 16dB and 20dB dynamic range respectively. Measured results are plotted
as given in Figure 3.12 and Figure 3.13. When input power change, there shouldn’t be any
change in the phase of through line theoretically. There was approximately 15° change in the
phase of through line as given in Figure 3.7 when the power level of ”SGA” and ”SGC” are
increased from —2dBm to —1dBm before phase calibration. Although the same signal genera-
tors are used, there is less than 1° change in the phase of through line for 16dB dynamic range
and there is a small difference for four repetitive measurement results for the whole dynamic
range. There is maximum 0.53° phase difference between repetitive measurements. It is ex-
pected that, this value is being small for successive measurements because, while there are
approximately 128seconds of time difference between two measurements at repetitive mea-
surement results for the same power level, there are 8seconds of time difference for phase
measurement of successive power levels. Phase measurements of PA are repeated with dif-
ferent LUT calibration data which is gathered at different time. Then phase of FUNDL tone
of the sample amplifier is measured when PA is excited with two tone and plotted as given
in Figure 3.13. There are approximately 2° change in the phase of FUNDL tone in 20dB
dynamic range for four repetitive measurements. Although there is a small discrepancy at the
repetitive measurement results for the same power level, shape of phase is very close and this

much of error is in the range of acceptable measurement error.
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3.6 Phase Calibration for Signal Generators

Phase calibration and LUT construction are composed of two parts; training and verification.
In the training part, LUT is prepared by making phase measurement for different power lev-
els without making any change in the phase of signal generators. In the verification part,
when power level of signal generator is changed, phase of signal generator is also set with
corresponding the LUT data in order to get constant phase for through line. Training part is
repeated until the ripple in the phase measurement results for verification part is less than 1°

for the whole dynamic range.

Amplifier is removed from the measurement setup before starting the training part. There
should be through connection instead of PA between power combiners at the measurement
setup. Let’s assume phase correction is needed for 20dB dynamic range from 10dBm to
—10dBm power levels of the signal generators. Frequency of signal generators are set such
that ”"SGA” frequency is equal to FUNDL tone and "SGB” frequency is equal to FUNDU
tone. Then power level of both signal generators are set as 10dBm. Phase of "SGA” is
adjusted until phase difference between "SGA” and "SGC” is equal to 120°. At this time
there might be two situations;either ZSGC — ZSGA = 1800 or LSGC — ZSGA = —180o.
Hence, it should be accounted that absolute phase of ”SGC” is greater than the absolute phase
of ”SGA” (i.e. This time if the phase of ”SGC” is increased 10, phase difference will be 1800.
Conversely, if the phase difference is —1800, after 1o increment in the phase of SGC, phase
difference will be —1790 but the calculated phase difference value will be 1790 due to nature
cosine function. Then power level of only "SGA” is decreased by 1dB from 10dBm to 9dBm
and phase difference is measured. Assume phase difference is decreased to 110°. Inverse
of difference between current phase difference measurement result and 120° is stored to the
LUT as 9dBm power level phase correction value for "SGA”.In other words, when the power
level of ”SGA” is decreased from 10dBm to 9dBm, phase of "SGA” is 10° increased so that
total phase difference for the new situation became 110°. In order to get 120°, when power
level is decreased to 9dBm, phase of "SGA” should be decreased by 10°. Next step is to
find 9dBm power level phase correction for "SGC”. After power level of ”SGC” is decreased
to the 9dBm, phase difference is measured, let us assume measurement result is 95°. 9dBm
power level phase correction value for ”"SGC” is calculated as 15°. This stair-step algorithm

is performed until the corresponding phase correction of whole power levels for the signal
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generators are learned.

Verification part is so similar to the training part. Power level of ”SGA” and ”SGC” are set
as 10dBm and frequency of "SGA” and "SGC” are set as FUNDL and FUNDU, respectively.
Phase of "SGA” is adjusted until phase difference is equal to 120°. While power level of
”SGA?” is decreasing from 10dBm to 9dBm phase of signal generator is also decreased 10°.
At this time measured phase difference between phase of "SGA” and SGC” should be in the
range of 120° + 0.5°. Same operation is applied for "SGC” for 9dBm power level. Phase
correction is checked for the whole power level in the predefined dynamic range. If the ripple
is smaller than 1° in the phase difference for the whole dynamic range, this LUT is accepted

as verified for AM/PM measurement.
Training and verification procedure is applied for ”’SGB” too.

Digital attenuator is added to in the measurement setup as seen in Figure 3.1 in order to widen
measurement setup’s dynamic range. Digital attenuator is preferred instead of ”SGC” since
time versus phase behavior of digital attenuator is more stable. LUT is given in Table 3.1 as

an example.

3.7 Measurement Results

Number of amplifier responses are measured and behavioral model has been extracted un-
der this thesis. Two of those amplifiers have been taken from "ASELSAN A.S.” under the
GUYDAM project. One of them is designed for HF band and the other one is designed for
VHF band. In this thesis HF amplifier is chosen as the sample amplifier and results of HF

amplifier are given in this section.

The amplifier is composed of more than one stage(driver and main amplifier) and has push-
pull output. Saturation peak power for this sample amplifier is approximately 390W (56d Bm),
output Py4p is 53.35dBm and gain is 45.7dB.

Magnitudes and phases of IMDL, IMDU, FUNDL and FUNDU components are measured
for one-tone and two-tone continuous wave excitations. 10MHz is chosen as the working

frequency and 1kHz is chosen as the frequency separation (10M Hz/1kHz) between FUNDL
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Table 3.1: Sample LUT

SGA(dBm) | Corrsga (°) | Dig. Att.(dB) | Corray (°) | SGC(dBm) | Corrsge (°)
10 0.0 0 0 10 0
9 -2.20 1 0.7 9 2.3
8 -4.60 2 2.1 8 -4.6
7 -7.20 3 4.3 7 -7.0
6 -9.50 4 59 6 9.3
5 -11.80 5 8.9 5 -11.7
4 -14.00 6 11.3 4 -14.0
3 -16.20 7 14.6 3 -16.4
2 -18.40 8 15.4 2 -19.2
1 -20.60 9 16.3 1 -21.6
0 -22.80 10 17.8 0 -23.9
-1 -24.90 11 20.2 -1 -26.2
-2 -27.10 12 21.9 -2 -28.6
-3 -29.20 13 25.0 -3 -30.8
-4 -31.30 14 27.4 -4 -33.1
-5 -33.30 15 30.8 -5 -35.4
-6 -35.30 16 314 -6 -37.5
-7 -37.20 17 325 -7 -39.6
-8 -39.00 18 34.1 -8 -20.3
-9 -40.90 19 36.6 -9 -22.6
-10 -42.70 20 383 -10 -24.9

and FUNDU. These measurement results are used for modeling. Magnitudes of fundamental

and IMD tones are also measured for unequal four-tone continuous wave.

Amplifier response for one-tone excitation is as given in Figure 3.14. Amplifier is derived
beyond P45 power level. Amplifier gain is not constant and is increasing when input power
increased until P;,, = 8.7dBm. while the amplifier excitation power level increased from
—10.3dBm to —4.3dBm then to 8.7dBm, gain is increasing from 43.2dB to 43.7dB then to
45.7dB, respectively. Maximum value of gain for this amplifier is 45.7dB. When excitation
power is increased to Py p power level gain is decreased to 44.7dB. If the gain wouldn’t
change in a certain range(e.g. from —10.7dBm to 0dBm) like Class-A amplifier, coefficient

extraction could be easy. This sample amplifier one-tone characteristic makes harder to get a
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simple behavioral model. There is no range where phase is constant as well. Total change in

the phase is 3°.
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Figure 3.14: Magnitude and phase measurement result of one-tone excitation having 10MHz
working frequency

It is stated previously that working frequency is 10M Hz, i.e. frequency of FUNDL tone is cho-
sen as equal to 10M Hz and FUNDU tone is chosen as equal to 10M Hz+ frequencyseparation.
Thus, frequency of "SGA” is set to 10M Hz and frequency of ”SGB” is set to 10.001 M Hz for
two-tone excitation. Magnitudes and phases of IMDL, IMDU, FUNDL and FUNDU are mea-
sured for more than 15dB input dynamic range and are plotted as given in Figure 3.15. There
is small asymmetry between magnitude of fundamental components which can be negligible.
However, there is non-constant asymmetry in magnitudes of intermodulation components.
Asymmetry increases to 10dB when input excitation level is 2.7dBm. While there is 4.45°
change in the phase of FUNDL as shown in Figure 3.15c, it is less than 3°for FUNDU as
shown in Figure 3.15d. Total phase change was 3° for one-tone excitation. It can be said
that high nonlinearity order is required by considering the increasing rate and total change
in the phase of intermodulation distortion (IMD) components as given in Figure 3.15a and
Figure 3.15b. There is 104.8° and 151° total change for the phase of IMDL and the phase
of IMDU, respectively. While asymmetry in between phase of IMDL and IMDU is —25° for

3.7d Bm input power level, it is increased to 47.8° for —1.3dBm input power level. This is the
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most difficult point for behavioral modeling; approximately 10dB asymmetry (non-constant
w.r.t. excitation power level) in the magnitude of IMD components and 151° change in the
phase of IMDU in addition to this, there is more than 47° asymmetry (non-constant w.r.t.

excitation power level) in the phase of IMD components.

IMDL, IMDU, FUNDL and FUNDU will be named hereafter as “four components”. Al-
though, measurement results of two-tone (10MHz/1kHz) are enough for model parameter
extraction, amplifier response for different two-tone excitation scheme(i.e. different cen-
ter frequency and different frequency separation) and four-tone are measured for compar-
ison and model validity range investigation. For this purpose, magnitudes and phases of
four components are measured and plotted for 8MHz/1kHz, OMHz/1kHz, 11MHz/1kHz
and 12MHz/1kHz as given in Figure 3.16 — Figure 3.19 and plotted for 10MHz/300Hz,
10MHz/3.3kHz as given in Figure 3.20 and Figure 3.21, respectively. These measurement
results are compared with the 10M Hz/1kHz excitation measurement result because models is

extracted according to 10M Hz/1kHz measurement results.

There is no big difference between the magnitudes of the four components when the am-
plifier is excited with 8MHz/1kHz frequency separation w.r.t. the measurement result of
10MHz/1kHz frequency separation. Phase behavior of IMDL for 8M Hz/1kHz is very simi-
lar to measurement result of 10M Hz/1kHz. Phase behavior of IMDU for 8M Hz/1kHz is very
similar to measurement result of 10M Hz/1kHz for the excitation power level which is lower
than 1.7dBm. Increasing ratio w.r.t the input power in the phase of IMDU for 8MHz/1kHz is
smaller than the ratio for 10M Hz/1kHz measurement result. Increasing ratio of the phase of
FUNDL and FUNDU for 8M Hz/1kHz is greater than measurement results of 10MHz/1kHz.
In contrast, phase behavior of fundamental tones are very similar. If the other measurement
results (8MHz/1kHz — 12M Hz/1kHz) frequency separation are investigate, similar explana-
tion is valid for those measurement results. There is negligible difference in the magnitudes
and is different increasing ratio. But there is small exception for the phase behavior of funda-
mental tones for the measurement results whose working frequencies are bigger than 10MHz.
While the phases of fundamental tones are always increasing for SMHz & 9MHz, it is con-
stant for 10M Hz and is decreasing for 11MHz & 12M Hz excitation for the input power level
which is greater than 3.7dBm. There is no special meaning(special case) for 3.7dBm power
level for measurement setup. This special case may be related with the transistor properties

and quiescent point.
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If the measurement results for 10M Hz/300Hz frequency separation as given in Figure 3.20
are investigated, It can be said that amplifier behavior changes more than the change for SM Hz
excitation. Asymmetry in the magnitudes of IMD components has been lost. Both magnitude
and phase of IMDL for 300Hz separation is similar to measurement result of 1kHz. But
there is noticeably change for both magnitude of and phase of IMDU as it can be seen from
Figure 3.20b. While input power level is low there is no difference, magnitude IMDU for
300Hz frequency separation is increasing fast than the magnitude of IMDU for 1kHz fre-
quency separation. In contrast, total change in the magnitude is less than the total change in
the magnitude for 1kHz frequency separation measurement result. Moreover, there is a big
change in the phase behavior. Total change in the phase of IMDU for 300Hz frequency sepa-
ration is less than the change in the phase of IMDU for 1kHz frequency separation. Although
there is small difference between the frequency of IMDL and the frequency of IMDU, there
is an unexpected big difference in the phase of IMDL. The reason of this result is one of the
possible future studies. There is a very small change in the phase of FUNDL and magnitude
of FUNDU, conversely there is a big difference in the phase of FUNDU and magnitude of
FUNDL.

Magnitude of both FUNDL and FUNDU for 3.3kHz frequency separation is very close to
magnitude of FUNDL and FUNDU for 1kHz frequency separation. The phase’s behavior
of FUNDL for 3.3kHz frequency separation is similar to phase’s behavior of FUNDL for
1kHz frequency separation. There is small difference between phase of FUNDL for 3.3kHz
frequency separation and the phase of FUNDU for 1kHz frequency separation and this differ-
ence is always lower than 0.5° which is negligible. It is difficult to say that intermodulation
distortion measurement results belongs to the same amplifier by considering Figure 3.15a,
Figure 3.15b, Figure 3.21a and Figure 3.21b. There are small similarities between 3.3kHz
frequency separation phase measurement results for IMDL and 1kHz frequency separation
phase measurement results for IMDL. If the x-axis could be shifted 2dB to the left for the
3.3kHz frequency separation measurement, measurement results would be similar. There is
sweet-spot point in the magnitude of IMDU for 3.3kHz frequency separation, but there isn’t

in the 1kHz frequency separation measurement results.
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(b) Magnitude and phase measurement results of IMDU
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FUNDL@10MHz with 1kHz Spacing
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(d) Magnitude and phase measurement results of FUNDU

Figure 3.15: Magnitude and phase measurement results of a)IMDL, b)IMDU, ¢c)FUNDL and
d)FUNDU for two-tone excitation having 10MHz/1kHz
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IMDL@8MHz with 1kHz Spacing
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FUNDL@8MHz with 1kHz Spacing
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(d) Magnitude and phase measurement results of FUNDU

Figure 3.16: Magnitude and phase measurement results of a)IMDL, b)IMDU, ¢c)FUNDL and
d)FUNDU for two-tone excitation having SMHz/1kHz
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FUNDL@9MHz with 1kHz Spacing
55 121
E 50 - 120 g
) &
a 45 119 2
> z
=) / a
« 40 118 2
o )
S i b
s 35 H—+ 117 ©
£ // —m— Magnitude a
R 4 2
S 30 A - 116 &
S == Phase
25 N 115
m M M MmO MmO MNHO MO MmO MmO 0N MO O N0 N N N NN~ NN
N 4 0 0N O It o N d 00 d N m g n o
FI| FI| ‘_I| 1 1 1 1 1 1 1 1 1 1
Input power of each tone (dBm)
(c) Magnitude and phase measurement results of FUNDL
FUNDU@9MHz with 1kHz Spacing
55 121
E 50 - 120 g
z > En
g 45 119 ©
2
S ] 3
o 40 118 2
5 z
()]
T 35 _ -+ 117 ©
= =& Magnitude g
o P
(T -
s 0 —4—Phase 116 ‘a
25 N N N — 115
mm Mmoo n NN NS”
N - O O 0N O N & M N «1 O O =« &N N < 1n O
‘_I| FI| ‘_I| 1 1 1 1 1 1 1 1 1 1
Input power of each tone (dBm)

(d) Magnitude and phase measurement results of FUNDU

Figure 3.17: Magnitude and phase measurement results of a)IMDL, b)IMDU, ¢c)FUNDL and
d)FUNDU for two-tone excitation having O9MHz/1kHz

60



Magnitude of IMDL (dBm)

IMDL@11MHz with 1kHz Spacing

O T T 1T 17 165
30 =@ Magnitude L 145
20 | =@==Phase 125
10 = 105
0 85
-10 ¢ [ " 65
-20 45

L A A A A A T O T - L1

Q Q@ @ K O v ¥ @ g 9 Q@ O 4 a4 m F n ©

Input power of each tone (dBm)

(a) Magnitude and phase measurement results of IMDL

Magnitude of IMDU (dBm)

IMDU@11MHz with 1kHz Spacing

40 I 180
30 1] =—@=Magnitude { . 150
20 ==@==Phase / 20
i / 1
10 ) 90
0 60
-10 G 30
-20 0

-94-8,4-74-6,4-54-44-3,4-24-1,4-04 06 1,6 2,6 3,6 46 5,6 6,6

Input power of each tone (dBm)

(b) Magnitude and phase measurement results of IMDU

61

phase of IMDL (degree)

phase of IMDU (degree)




FUNDL@11MHz with 1kHz Spacing
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Figure 3.18: Magnitude and phase measurement results of a)IMDL, b)IMDU, ¢c)FUNDL and
d)FUNDU for two-tone excitation having 11MHz/1kHz
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IMDL@12MHz with 1kHz Spacing
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FUNDL@12MHz with 1kHz Spacing
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Figure 3.19: Magnitude and phase measurement results of a)IMDL, b)IMDU, ¢)FUNDL and
d)FUNDU for two-tone excitation having 12MHz/1kHz
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FUNDL@10MHz with 0.3kHz Spacing
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Figure 3.20: Magnitude and phase measurement results of a)IMDL, b)IMDU, ¢c)FUNDL and
d)FUNDU for two-tone excitation having 10MHz/300Hz
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FUNDL@10MHz with 3.3kHz Spacing
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Figure 3.21: Magnitude and phase measurement results of a)IMDL, b)IMDU, ¢c)FUNDL and
d)FUNDU for two-tone excitation having 10MHz/3.3kHz
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3.8 Conclusion

One of the important steps of modeling is to measure amplifier response which is essential
for modeling. One-tone and two-tone AM/AM and AM/PM measurements are needed for
modeling, thus a measurement setup is required to measure these properties of an amplifier.
AM/PM measurement for two-tone excitation is difficult for RF signal, although AM/AM
measurement is relatively easier. To do so, a new measurement setup is prepared. Two signal
generators are used to create two-tone signal and one more signal generator is used as the
reference signal for phase measurement and all instruments are connected each other with
possible shortest cable to transfer the 10M Hz reference signal. A new equation is derived to
calculate/measure phase difference by measuring magnitudes as given in (3.2). This equation
is verified with a through line.While one of signal generator’s phase is increased by 1° steps
until 360°, phase difference was measured. Approximately 1° phase change is observed for
all steps except around 0° phase difference. This error is related with calculation sensitivity of
computer and “cosine” function used in phase calculation equation. Thus, this point has been
considered during for all measurements. New measurement theory is checked for different
power levels of signal generators as well. It is observed that there is a phase change when
power level of signal generator is changed. Since the change in the phase is not random, phase
calibration procedure is developed and a LUT is prepared in order to keep phase constant.
Phase measurement is repeated many times for full dynamic range and results are plotted
in Figure 3.12. There is maximum 0.53° phase difference between repetitive measurements.
This value is smaller for successive measurements because, while there are approximately
128seconds time difference between two repetitive measurements of the same power level,

the time needed for phase measurement of successive power levels is 8second.s.

One Arbitrary Wave Shape Generator(AWSG) is added to the measurement setup in order to
measure the absolute phase difference among four components. Thus, four-tone signal having
zero phase difference at each other could be generated. AWSG is used also for unequal four-

tone creation as an excitation signal for model verification purpose.

One phase measurement cycle has been represented step-by-step in the flow chart as given in
Figure 3.4 and full range phase measurement has been represented in the flow chart as given
in Figure 3.11. A special computer program is prepared using ”Agilent VEE” program to

control instruments and to take data quickly by using these flowcharts. As a result of this, one
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phase measurement cycle has been done in 8seconds. Then, magnitudes and phases of four
components are measured and plotted as given in Figure 3.16-Figure 3.19, for 8SMHz/1kHz-
12MHz/1kHz and plotted as given in Figure 3.20 and Figure 3.21 for I0MHz/300Hz, 10MHz/3.3kHz
frequency separation having 10M Hz working frequency, respectively. While there is small
change in the behavior of the amplifier w.r.t. center frequency of two-tone, there is consider-

able change in the behavior of the amplifier w..r.t. frequency separation of two-tone.
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CHAPTER 4

Theory of Power Series with Unequal Time Delay Behavioral

Model, Parameter Exctraction and Comparison

4.1 Introduction

One of the main aims of this dissertation is to develop a model which predicts asymmetry
between IMDL and IMDU. This asymmetry is resulted from memory effect. So, while trying
to develop a new model, it is always checked that whether the new model has ability to
create asymmetry mathematically between IMDL and IMDU or not. Since one other aim
is simplicity in both model architecture and model parameter extraction procedure, the new

model is based on power series expansion.

Model equation is defined for a passband signal and it is not developed for a special class of
Amplifier. General amplifier behavior was taken in the consideration while trying to develop
this model and the model has been verified with the sample amplifier which was a Class-B
amplifier. This model can be used to get model of most type of amplifiers. In order to cre-
ate asymmetry at the intermodulation distortion and fundamental components, unequal time

delay terms are added to each order terms of polynomial series terms. Unequal time delay ad-

dition to each term is one of the original contributions of this thesis. Order of model function
should be at least 5 in order to create asymmetry. Model order can be increased, if more ac-
curacy is needed. Since model is defined as a time domain power series polynomial function,
there is no limitation to add higher order. In contrast, for model simplicity, it is preferred to

use the least order.

Since, even terms don’t have any contribution to intermodulation distortion (IMD) and to

fundamental (FUND) components, in the beginning only odd order terms are used in the
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model. To prevent confusion with latter developed model, this new modeling technique is

named as ”Only Odd order Modeling” (OOM).

However, although there are a number of work claiming that even order can improve modeling
success, there isn’t any paper in literature which shows even terms’ contribution to IMD and
FUND components in passband by further work, OOM modeling is improved by adding even
terms to the modeling equation and named as EOM. Another original contribution of this
thesis is the development of a modeling technique having even order terms contributing to
the IMD and FUND components. Envelope of the input excitation signal with even terms are
added to the model to represent the baseband effect as well. This addition is vital, especially
for baseband representation. Baseband signal is created as a result of spectral regrowth. after
spectral regrowth. So that the model is capable of modeling the thermal memory effect as

well.

4.2 Model Architecture

Model function is defined in time domain in order to be compatible with all kinds of ex-
citation signals and for ease of the higher-order-term additions. In contrast, it is easier to
study in frequency domain phasor representation for two-tone excitation. OOM mathematical

representation is as follows;

K

Vo(0) = Z az—1 VIt = o) 4.1)
=1

where ”V;” and “’V,” represent time domain input and output signal, respectively. “as;—1”
represents model coefficients to be found. "K” represents the maximum nonlinearity order
and “1y—;” represents time delay for that term. Block diagram of OOM is given in Figure 4.1.
Since it is focused on IMD and FUND tones in this dissertation and even order terms do not
have any contribution to IMD and FUND components, (4.1) contains only odd order terms.
Also, this fact is proved mathematically in (2.23) and (2.24) on page 20 for GPSE modeling
and (4.2) for OOM. Therefore, OOM does not contain any even order terms at IMD and
FUND equations. Continuous wave two-tone signal definition as an input is given in (4.3).
After setting K=5(i.e. model order is 9) and substituting continuous wave two-tone signal

given in (4.3) into (4.1), phasor representation of IMD and FUND components become as
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given in (4.4) (Phasor representation transformation for multiple frequency is explained on

page 21).

a Vit — 12) = a(Vy cos(wi(t — 12)) + Vi cos(wa(t — 12)))>

1 1
= V12a2 + EVlzaz cos 2wt —2w11p) + EVlzaz cos (2wat — 2wr1))

4.2)
+ VZay cos (it + wat — w1 T2 — waT2)
+ Vlzaz cos (w1t — wat — w1T2 + WaT2)
Vi u v Vo
—» U | AW -
T us dz-Us Vs
T Us > as'Us Vs il
|
i : : |
X | | [}
' | | [}
. : ! I
! ! ! ‘
....... ’ rZK—l uZK_l» aZK'l'UZK'l
Figure 4.1: Block diagram representation of OOM
x(t) = V1 - cos(wit) + V3 - cos (wrt) 4.3)
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Vo(Dlk=s = a1 Vit — 71) + azV? (t — 13) + asV?> (t — 75) + a7 V] (t — 77)

(4.4a)
+ Cl9Vl-9 (t—19)
Vo(t) =VrunpL - cos(wit) + Vrunpu - cos(wat) + Viypr - cos(2wit — wyt) (4.4b)
+ VIMDU . COS(2a)2t - a)lt) + VZHL COS(Za)ll‘) + VZHU COS(2a)2l‘) + ...
3 25
ViupL = 7a3Vi £(-Qw1 = w2)T3) + gasvfa—(zwl — w))Ts)
(4.4¢)
735 1323
+ —a7V] £(-Qw — wy)T7) + —=—aoV] L(-Qw) — w2)T9)
64 32
3, 25
Vimpu = Za3vl Z(—Qwz — w)T3) + 3% ViZ4(-Qwy — w)T5)
; (4.4d)
+ 3 VL= = w1)1) + —5=agV) (= Qo = w1)To)
9 50 s
VrunpL = a1V14(-w171) + ZG3V14(—6017'3) + §GSV1 Z(~w1Ts)
(4.4e)
1225 396
+ 6—4a7V174(—a)1T7) + 6—46[9‘/194(—(/)17'9)
9 3 50 s
Vrunpu = a1V1£4(~wyt1) + Z“3V1 Z(~wat3) + §05V1 Z(~waTs)
(4.4f)
1225 - 69 o
+ a a7V| Z(—wyt7) + a agV| Z(—waT9)

The amplifier, measurement setup properties and measurement results are given in Chapter 3.
Amplifier model is extracted by using these measurement results and comparison result with
measurement results given in Figure 4.4. Although OOM modeling success is good in order

to improve model success, even order terms are considered for the model.

If even terms are directly added to OOM, new model equation will be as given in (4.5). As
it is stated previously and mathematically shown in (4.2), even terms, as given in (4.5), do
not have any contribution to the IMD and FUND components. Therefore, some mathematical

manipulation is required to get contribution from even terms to IMD and FUND components.

To do this, a; and a3 coefficients are redefined as given in (4.6). Then if (4.6) is substituted
in (4.1) by omitting prime sign and taking K as 3, modeling equation will become as in (4.7).
The term having 6 order is omitted while (4.8a) is being written. The terms having red color
font represent the contribution of the new added terms. These terms are considered as even
order terms, due to V,,, - V; multiplication. (4.6¢c) represents the two-tone envelope signal.
IMD and FUND components are given in (4.8) after expanding the (4.7). Expanded version

of each order term in (4.8a) is given in Appendix B. Even term contributions to the IMD and
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FUND components can be seen at Appendix B as well.

Although work presented up to now is a passband modeling, this modeling can also be used in

baseband modeling. There is no requirement to make modification on passband model equa-

tion to use in baseband; defining V; and V,, in baseband is enough, some modification may be

applied to improve model performance, but it is not necessary indeed. Another measurement

setup and model extraction procedure should be used.

5

Vo) = > axVit -

k=1

Vo) = a1 Vit = 71) + a2V (t = 12) + a3 V3 (t = 73) + aa Vi (t — 14)

+ asVi5 (t—1s)

ai = ay +ay - Vep(t — 71)
a3 = a3 +ag - Vony(t — 73)
4V, 8V 3V
V(1) =2 2 s (Awt ) — Flcos (2Awt)
n n bis

8V1 SVI
+ 3Sﬂcos BAwt ) + 637rC0S (4Awt)

where Aw = |w) — wy|

K

Vo) = > (@it + o Vot = o D VIt = 7i)
k=1

75

(4.5a)

(4.5b)

(4.6a)

(4.6b)

(4.6¢)

“.7)
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Figure 4.2: Power series with unequal time delay behavioral model with even order terms
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Vo(Olk=3 = (a1+azVen (t — 71)) Vi(t — 11)

(4.8a)
+ (a3+asVen (1 = 13) V2 (t = 13) + a5V} (t = 5)
VimpL = Fanl Z(=Qwy —w2) 1) + ZG3V14(— Qwi — w2) 13)
195 25 (4.80)
+— Vi (= Quwi —w)T3) + —asV3 Z (- Qi — wr) Ts)
357 ! g 1
Vimpu = F@Vl (- Quwy—wp 1) + Za3V1 Z (= Qwy —wy1)73)
192 25 (4.8¢)
+ ani‘z (= Qua — w1 T3) + §a5v54 (- Qwa — w1) T5)
16
Ve =a1Vi £ (—wﬂ']) + %—azvlzl (—wiTy)
9 o 50 (4.8d)
+ —a3V134 (—w1T3) + —cmVﬁZ (—wiT3) + —a5V154 (—wiTs)
4 S5 8
16
ViL = aiVi£ (—waty) + 3—612‘/124 (—wyt1)
g (4.8¢)

9 64 50
+ Za3V13Z (—wrT3) + 5—614‘/?4 (—wrT3) + §a5V154 (—w7Ts)
T

4.2.1 Asymmetry Creation

If the order of OOM model is limited to K=3 and 6" order is omitted, model equation will
be as given in (4.9) and IMD and FUND components will be as given in (4.10) for unequal

two-tone excitation (input signal representation is given in (2.6).

Vo(t) = a1 Vit — 71) + a3 V3 (t — 13) + as Vo (t — 75) (4.9)
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3
Vinpr = ~a3ViVal (- Qi — w2) 73)

4

e
—a
7%

, s
ViV, + Eva; £ (= Quw — w)Ts)

3
Vinpy = =a3ViVaZ (= Quwy — wy) 13)

4

+ —as

_ 3 . ]
Vﬂ§+5Vﬁ§4ﬂ—Qw2—woﬁ)

3
2

3 .
Vrunpr = a1ViZ (~o11) + a3 | > V3 + ZVi V2| £ (~wi13)

+ as

5 15
§W+—w@+

| 4

15
: zrvﬁ@]z(—wﬂg)

3 3

Veunpy = alVaZ (—wat) + a3 | = V3 + ZViVa | £ (—wat3)

+ as

5 5
Vi ViVar Vi

4
15, 15 ,

2

8

1 VS] Z(—wyTs)

(4.10a)

(4.10b)

(4.10¢)

(4.10d)

If equal amplitude excitation is assumed(V| = V,), (4.10a) and (4.10b) become as (4.11a) and

(4.11b), respectively. It is obvious that IMDL and IMDU are composed of two vectors. If

the term containing az named as A and the term containing as named as ﬁ, (4.11) becomes as

(4.12). Magnitudes of A; and Ay are equal but phases are different. In other words, IMDL

and IMDU consist of two vectors. Assume there is a vector, namely ¢, consisting the addition

of other two vectors such as @ and b. It is obvious from geometry that, if the phase of @ or b

is changed, magnitude and phase of new vector will not be equal to ¢.

To sum up, IMDL and IMDU components consist of two vectors such that the vectors of

IMDL has equal magnitude but different phase compared with the of IMDU. Thus, there

should be asymmetry in both the magnitude and the phase of IMDL and IMDU as represented

in Figure 4.3.

This situation is valid for FUNDL and FUNDU components as well.

3 25
VimpL = e ViZ (= Qi —w)13) + 3G ViZ (- Qwi - w)Ts)

3 25
Vimpy = Zagvi*a— Quwy — wy) T3) + gaSVfa— Qw; — w1) Ts)
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Viupr = AL + By

- o (4.122)
=|ALlZ (- Qw1 — w2) 13) + |BL|Z (= Qw1 — w2) T5)
Viupu = Ay + By
_ . (4.12b)
=|AylLa (= Qwy — w1) 13) + |BylLa (- Qwy — w1) 75)
where o = 22290 and |A| = JAy| = 343V}, IBLl = Byl = RasV;.
A
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Figure 4.3: Asymmetry creation mechanism

4.3 Extraction Procedure for Modeling

As it is explained in section 2.1 on page 5 behavioral model is defined as a multidimensional
curve fitting. Model parameter value can be find after a successful curve fitting procedure.
All coefficients given in (4.7) are found at the same time according to extraction procedure
for this new modeling technique instead of one-by-one. In contrast, there is an easier method
which can be applied to limit coefficient value and can reduce the time required for model

extraction. For example; a; value is supposed to be close to the amplifier’s small signal gain.
Two-tone continuous wave is used as an excitation(input) signal. A time aligned two-tone
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signal is created by signal generators which are shown in Figure 3.1. Magnitudes and phases
of IMD and FUND signals are measured from the output signal. After finishing all the mea-

surement, corresponding model parameters can be found.

The coefficients a; and 1, which are used for OOM&EOM modeling are found by equat-
ing the measurement results and (4.4)&(4.8) for both magnitude and phase for four different
components (IMDL, IMDU, FUNDL and FUNDU). Since the equations are not linear, the
coefficients cannot be found arithmetically. Therefore, the coefficients are found by using
optimization tool of MATLAB program. A special program is written for this purpose. One
of the MATLAB commands, ”fmincon” constrained minimization function, is used in order
to use limitation for coefficients. Least mean square cost function is used for optimization
because there are four different components (IMDL, IMDU, FUNDL and FUNDU) which

should be fit at the same time (i.e. using the same coefficient).

Amplifier response for a two-tone excitation signal is measured for approximately 16 dB dy-
namic range as given in Chapter 3. In order to diminish noise effect measurement is repeated
number of times then they are averaged. The coeflicients are listed in table at the succeeded

section.

4.4 NMSE Metric for Model Comparison

Model parameters are found after multi dimensional curve fitting processes. An optimization
technique is used to fit four components’ estimation to the measurement result. A metric is
needed to express the fitting success. There are a number of metrics published in the literature.
The metrics which are mostly used are summarized in [50]; "Normalized Mean Square Er-
ror(NMSE), Memory Effect Modeling Ratio (MEMR), Adjecent Channel Error Power Ratio
(ACPR) and Normalized Absolute Mean Spectrum Error NAMSE)” [50].

In this thesis, NMSE which is reviewed below is used to evaluate the success of the model in

passband.

Normalized mean square error (NMSE) is the metric which indicates the overall accuracy of
a PA modeling for a single tone. In other words, NMSE value represents the model accuracy

for a predefined dynamic range. Mathematical representation of NMSE is given as follows:
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2
Vest ) (4.13)

Vieas —
NMSE = 10log (meanlL

|2
meas

where V,.qs and V. represent the measured and estimated output signals.

4.5 Verification and Model Comparison

Model parameters are found by using optimization tool of Matlab program. Cost function
for optimization is defined as to minimize least mean square error. Although optimization
program suggests a solution this may not be the best one. In other words, optimization may be
trapped to a local minima. Therefore extracted model is verified by comparing other modeling
technique’s results and other excitation situations. GPSE modeling technique is used for

comparison.

GPSE modeling coefficients are tabulated in Table 4.1 which are extracted by using the mea-
surement results of 10MHz/1kHz excitation signal. OOM modeling coefficients are tabu-
lated in Table 4.2 which are extracted by using the measurement results of 10MHz/1kHz
excitation signal. Comparison between OOM model estimations and magnitudes/phases of
measurement results of four components (IMDL, IMDU, FUNDL and FUNDU) are given in
Figure 4.4.

EOM modeling coeflicients are tabulated in Table 4.3 which are extracted by using the mea-
surement results of 10M Hz/1kHzexcitation signal. Comparison between EOM model es-
timations and magnitudes/phases of measurement results, four components (IMDL, IMDU,
FUNDL and FUNDU) are given in Figure 4.5. Comparison between EOM model estimations

and magnitudes/phases of measurement for one tone excitation are given in Figure 4.6 as well.

Table 4.1: The coefficients of GPSE modeling extracted by using measurement results of
10MHz/1kHz

ap a» as a, as a; ag

161.77+171 | O | 73+151 | O | -83-10i | 15+5i | 242i

There is a sweet-spot point in the magnitude of IMDU, but there is not for IMDL for the mea-

surement results of 10M Hz/1kHz excitation. Moreover, although there is a 10dB asymmetry
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Table 4.2: The coefficients of OOM modeling extracted by using measurement results of

10MHz/1kHz
a a as ay as ay ag
161 | 0 [ 7791 | O 137 56.1 8.97
T1(usec) T3(usec) | ts(usec) | T7(usec) | To(usec)
0.00 25.8 4.059 2.717 10.183

Table 4.3: The coefficients of EOM modeling extracted by using measurement results of
10MHz/1kHz

ai a» as aa as as ag

156.2 | 25.2 | 54.38 | -27.67 | 36.02 0 0
T1(usec) T3(usec) T5(usec) | T7(usec) | To(usec)

0.00 34.43 0.272 0 0

between magnitude of IMDL and IMDU, OOM model behavior is similar to the amplifier
behavior as shown in Figure 4.4a and Figure 4.4b. While maximum error for magnitude of
IMDL is 5dB for the considered dynamic range, this maximum error increased to 10dB for
magnitude of IMDU in the high power excitation situation. This error may be decreased by
increasing the model order but this is not a desired solution due to simple model requirement.
There is a small error in the magnitude and phase of fundamental components as shown in
Figure 4.4c and Figure 4.4c. Although there is big error in magnitude of IMDU, error in the
phase is small. Despite all this error, OOM represent asymmetry better than GPSE model
representation. While the NMSE for IMDL of GPSE model estimation approximately 1.3dB
better than the NMSE for IMDL of OOM model, OOM model estimation for IMDU is ap-

proximately 6dB better as shown in Table 4.4.

OOM model improved model estimation, although the improvement is limited. Then EOM
model is developed to improve model estimation noticeably. There is always less than 1.3dB
error for the whole dynamic range, except 4.7dBm input power level both for magnitude
of IMDL and IMDU as given in Figure 4.5. This error is acceptable for the case of 10dB
asymmetry. Phase of IMDL and IMDU estimation of EOM is also very good. There is ap-
proximately 15°error for phase of IMDU for high input power level, but this is not a big error
if it is considered that total change in the phase is more than 150°. Estimation of intermodu-

lation distortion is improved more than 10dB by EOM modeling w.r.t. the GPSE estimation
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as shown in Table 4.4.

In order to visualize the improvement in the estimation of four components, measurement
results and the outputs of three modeling techniques are plotted on the same graph separately
for four components as given in Figure 4.7-Figure 4.10. Although the EOM model is using
lower order than the other modeling technique, EOM always gives the best result. Since
it is focused on to model asymmetry in the intermodulation component in this thesis, the
others sometime gives better result at the estimation of fundamental components then EOM
estimation. But, improvement of EOM’s intermodulation distortion asymmetry modeling
performance is much more better than in the fundamental asymmetry estimation. In order to
emphasize the asymmetry modeling success of EOM, measurement results and EOM model
estimation both for IMDL and for IMDU are plotted in the same graph as given in Figure 4.12.
EOM model gives a small error for high excitation power level. Although there is a small
error, EOM output behavior is similar to the amplifier behavior and behavior of the magnitude
of the IMD estimated by EOM for high power level is follows the measurement result, and is

not diverging to illogical power level.

Effect of even order term addition to modeling equation can be seen from Figure 4.7 and

Figure 4.8.
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Magnitude of IMDL (dBm)

IMDL@10MHz with 1kHz Spacing
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(a) Comparison of magnitude of and phase of IMDL which is estimated by OOM model

Magnitude of IMDU (dBm)
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(b) Comparison of magnitude of and phase of IMDU which is estimated by OOM model
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FUNDL@10MHz with 1kHz Spacing
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(d) Comparison of magnitude and phase of FUNDU which is estimated by OOM model

Figure 4.4: Comparison between magnitudes and phases of measurement and OOM model

outputs for 1I0MHz/1kHz input excitation for a) ImdL b) ImdU c)FundL and d) FundU com-
ponents
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IMDL@10MHz with 1kHz Spacing
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FUNDL@10MHz with 1kHz Spacing
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Figure 4.5: Comparison between magnitudes and phases of measurement and EOM model

outputs for 1I0MHz/1kHz input excitation for a) ImdL b) ImdU c)FundL and d) FundU com-
ponents
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Figure 4.6: Comparison between magnitudes and phases of measurement and EOM model
outputs for 10MHz one-tone excitation
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Table 4.4: NMSE values

Je/Af Component | GPSE | OOM | EOM
IMDL -8.74 | -7.45 | -18.94
IMDU -1.90 | -7.80 | -13.68

10MHz/1kHz

FUNDL | -24.73 | -23.31 | -23.07

FUNDU | -25.37 | -24.55 | -22.88

IMDL -9.03 | -6.10 | -15.53

IMDU -2.04 | -3.22 | -10.31

8MHz/1kHz
FUNDL -14.09 | -14.52 | -14.80
FUNDU -14.66 | -15.50 | -15.90
IMDL -9.53 | -6.52 | -17.34
IMDU -1.00 | -4.92 | -13.27
9MHz/1kHz
FUNDL -13.88 | -14.27 | -14.55
FUNDU -14.41 | -15.17 | -15.57
IMDL -10.34 | -6.42 | -13.41
IMDU 3.93 -1.85 | -2.80
11MHz/1kHz
FUNDL -13.30 | -13.63 | -13.87
FUNDU -13.69 | -14.30 | -14.65
IMDL -10.36 | -5.94 | -9.86
IMDU 7.40 3.16 2.21
12MHz/1kHz
FUNDL -13.18 | -13.47 | -13.72
FUNDU -13.56 | -14.11 | -14.47
IMDL 1.22 4.35 2.70
IMDU -5.75 | -5.37 | -8.75
10MHz/300Hz

FUNDL -17.00 | -17.43 | -18.17

FUNDU | -17.36 | -17.94 | -18.67

IMDL -590 | -1.15 | -3.25

IMDU 0.17 12.83 8.61

10MHz/3.3kHz
FUNDL -18.82 | -20.63 | -20.53

FUNDU | -19.13 | -19.84 | -19.51
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Model Comparison for IMDL
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Figure 4.7: Comparison of three modeling for a)magnitude and b)phase of IMDL component
for 10MHz/1kHz excitation signal
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Model Comparison for IMDU
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Figure 4.8: Comparison of three modeling for a)magnitude and b)phase of IMDU component
for 10MHz/1kHz excitation signal
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Model Comparison for FUNDL
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Figure 4.9: Comparison of three modeling for a)magnitude and b)phase of FUNDL compo-
nent for I0MHz/1kHz excitation signal
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4.6 EOM Model Validity Range

4.6.1 EOM Model Validity Range Investigation for Two-Tone excitation

EOM model coefficients are found according to the measurement results of two-tone exci-
tation. EOM model gives acceptable results for 10M Hz/1kHz two-tone excitation. Firstly,
EOM model outputs for SMHz/1kHz, OMHz/1kHz, 11MHz/1kHz and 12MHz/1kHz are
compared with the measurement results to check model sensitivity to the change of center fre-
quency of excitation signal by using model parameters found according to the 10MHz/1kHz
measurement. Secondly, EOM model outputs for 10MHz/300Hz and 10MHz/3.3kHz are
compared with the measurement results to check model sensitivity for change in the exci-
tation tone’s spacing. Finally, EOM model’s validity is checked by using unequal ampli-
tude four-tone excitation signal. Comparison in between magnitudes and phases of measure-
ment result and EOM model outputs for two-tone excitation results (IMDL, IMDU, FUNDL
and FUNDU) are given in Figure 4.13, Figure 4.14, Figure 4.15, Figure 4.16, Figure 4.17,
and Figure 4.18 for the excitation 8MHz/1kHz, OMHz/1kHz, \1MHz/1kHz, 12MHz/1kH?z,
10MHz/300Hz and 10M Hz/3.3kHz, respectively.

By considering the Figure 4.13-Figure 4.16, it can be said that changing the working fre-
quency from 8MHz to 12MHz (i.e. f, + %20) doesn’t result in noticeable error at the output
of model except magnitude of IMDU for 12MHz/1kHz. Although there are small errors, all

of them are in the acceptable error region.

There are acceptable results for phase of all components for two different frequency spacings
as shown in 1I0MHz/300Hz and 10M Hz/3.3kHz except the phase of IMDU for 10MHz/3.3kHz
excitation. Actually, phase of IMDU for 10M Hz/3.3kHz excitation shows unexpected behav-
ior as an intermodulation distortion signal and behavior of it is not similar to other IMD
signal’s behavior. While total change in the phase of IMDL or IMDU is more than 120°, total
phase change is approximately 80°. Moreover, phase of model shows unexpected behavior.
While phase of model is following the measurement results for IMDL, it couldn’t follow the
phase of IMDU. Model estimation is in the acceptable region for magnitude of FUND com-
ponents and magnitude of IMDU component, while frequency separation is changing. Errors

at the magnitude of IMDL are bigger than expected value.
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Model Comparison for FUNDU
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Figure 4.10: Comparison of three modeling for a)magnitude and b)phase of FUNDU compo-
nent for I0MHz/1kHz excitation signal
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Modeling the Asymetry at the Magnitude of
IMD
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Figure 4.12: EOM modeling asymmetry representation performance for a)magnitude and
b)phase of IMD signals
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IMDL@8MHz with 1kHz Spacing
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FUNDL@8MHz with 1kHz Spacing
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Figure 4.13: Comparison between magnitudes and phases of measurement and EOM model
outputs for 8MHz/1kHz input excitation for a) ImdL b) ImdU c)FundL and d) FundU com-
ponents
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IMDL@9MHz with 1kHz Spacing
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FUNDL@9MHz with 1kHz Spacing
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Figure 4.14: Comparison between magnitudes and phases of measurement and EOM model

outputs for 9MHz/1kHz input excitation for a) ImdL b) ImdU c¢)FundL and d) FundU com-
ponents
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IMDL@11MHz with 1kHz Spacing
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FUNDL@11MHz with 1kHz Spacing
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Figure 4.15: Comparison between magnitudes and phases of measurement and EOM model
outputs for 11MHz/1kHz input excitation for a) ImdL b) ImdU c)FundL and d) FundU com-
ponents
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IMDL@12MHz with 1kHz Spacing
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FUNDL@12MHz with 1kHz Spacing
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Figure 4.16: Comparison between magnitudes and phases of measurement and EOM model
outputs for 12MHz/1kHz input excitation for a) ImdL b) ImdU c)FundL and d) FundU com-
ponents
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IMDL@10MHz with 0.3kHz Spacing
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FUNDL@10MHz with 0.3kHz Spacing
55 136
—@-Mag Meas
*:' =t Phs Meas &
=] )
Z 45 o— Phs Est 132 =
5 — 2
L 40 130
el
2 T %
c wn
o £
8 35 4 128 £
30 126
[e2] m m ™M m ™M [e2] [e2] ™M [e2] ~ ~N ~ N~ ~ N~
F ® N ® W § P TGS AN W T
Input power of each tone (dBm)
(c) Comparison of magnitude and phase of FUNDL which is estimated by EOM model
FUNDU@10MHz with 0.3kHz Spacing
55 137
=& [Vlag Meas
g 50 == Mag Est 135 E
z 80
:r:’ === Phs Meas )' §_
2 45 Phs Est 133 5
2 Q
k] \ 5
o
g 40 . 131 %
3 — — /N °
‘uEn g
35 « 129 <
g P e
30 + 127
DL S R N N S O e S LN S S SRS
Q@ ® Y 9w ¥ 9 g 9 @ o 4 o o 0
Input power of each tone (dBm)

(d) Comparison of magnitude and phase of FUNDU which is estimated by EOM model

Figure 4.17: Comparison between magnitudes and phases of measurement and EOM model
outputs for I0MHz/300Hz input excitation for a) ImdL b) ImdU c)FundL and d) FundU com-
ponents
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IMDL@10MHz with 3.3kHz Spacing
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4.6.2 EOM model Validity Range Investigation for Unequal Four-Tone excitation

The measurement setup given in Figure 3.1 is used to create unequal four-tone excitation and
measure the amplifier response. Asymmetric two-tone signal is created in the Matlab program
and loaded to the AWSG. AWSG output is connected to the I input of I/Q modulator. Four-
tone signal which is created at the output of I/Q modulator is applied to the amplifier. There

is 10dBc power level difference between inner and outer tones.

Frequency spectra of created signal for the sample amplifier is measured and given in Fig-
ure 4.19. Although only a four-tone signal is created at the output of I/Q modulator, adjacent
tones are seen in the measurement results. There are approximately —40dBc power at the
adjacent channels w.r.t. inner tone for the worst case. These unwanted signals in the adjacent
channel may result from imperfection of I/Q modulator which is used for DSBSC signal gen-
eration. Amplifier responses are measured for 18 different input power excitation levels(18dB
dynamic range). Measurement results and model estimations are given in Figure 4.20 for five
different input power levels (power level of outer tones are —8.78dBm, —4.77dBm, —1.76dBm,
0.25dBm and 2.25dBm) as an example. The measurement results and the model estimation
for other excitation are given in Appendix C. Frequency spectral data of measured input and
measured amplifier response to this input for 18 different excitation power levels are tabulated
as given in Table 4.5 and Table 4.6, respectively. Then 12-tone signal is created in the matlab
in time domain using the power levels given in Table 4.5 in order to add measurement setup
imperfections to the model estimation. Amplifier response is calculated in time domain by
using the EOM model equation which is given in (4.7) taking K = 5. Frequency spectra of
model output is calculated using “fft” command of Matlab to be able to compare model esti-
mation and measured output tone-by-tone. While calculating the frequency spectra using "fft”
command, filtering is used in order to get rid of the limited time effect. Calculated frequency

spectra of model estimation is listed in Table 4.7 and NMSE values are listed in Table 4.8.

Although model parameters are found according to the two-tone measurement results, model
estimation errors are in acceptable region for in-band tones as seen in Table 4.8. Region of
interest is shaded with light gray color in that table. Region of interest is determined according
to the maximum power of output signal for that excitation level which shouldn’t be exceed the
55.32dBm power level. Since the maximum total power is 55.32dBm for two-tone modeling.

Thus, while comparing model estimation and measurement results for unequal-four-tone, this
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region is focused first then the region having white background color is interested. There
is always better than —17dB normalized square error in in-band signals. While power level
of the first lower adjacent channel is smaller than the far-off tones in measurement results
as shown in Table 4.8, power level of the first lower adjacent channel in estimated values is
bigger than the magnitude of far-off tones. This is an unexpected behavior and this is neither a
randomly occurred measurement error nor a system noise. Reason of this unexpected behavior
is one of the future works. Thus, normalized square error for the lower band first adjacent
channel (IMDL,) are not as good as expected value. In contrast to this, the errors for both
lower and upper far-off tones are good. While the NMSE value of IMDL for 10MHz/1kHz
was better than the NMSE of IMDU, NMSE of IMDL for 10MHz/300kHz is worse than
NMSE for IMDU. Conversely, NMSE for IMDL for 10M Hz/3.3kHz is better than the NMSE
of IMDU. In other words, when signal separation is decreased, NMSE of IMDU is getting
better,conversely, when frequency separation increased NMSE of IMDL is getting better w.r.t.
the NMSE of 1kHz separation situation as given in Table 4.4. /M DL, mostly effected from
FUNDL, and FUNDL, interactions. Considering the fact that there is S00Hz frequency
separation between FUNDL, and FUNDL, relatively better performance in the /M DU,

than IM DL is expected result.
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Table 4.5: Measured frequency spectra of unequal four-tone signal created by I/Q modulator

P;, in dBm (measured)

() (] (] () v v ) v ) v
w w w) w (q\| ~ (@\| ~ [\ ~
N & N o o S — - o N
o0 [e%e) (@)} (@)} () () () (@) (e (]
N (@) (@) (@) () () (e} (e} (e} (e}
o) S S S S S = S = S
(@)Y (@)} (@)} (@) — — — — — —
5
o
E
= 3 S %) S ) =)
21 3 Q Q S z Z Z Q Q Q
5 = S = = = = = S S =
1 | -87.74 | -91.62 | -80.38 | -12.79 | -22.79 | -22.78 | -12.79 | -83.37 | -87.97 | -83.71
2 | -85.04 | -83.99 | -85.18 | -11.78 | -21.78 | -21.77 | -11.78 | -77.78 | -80.86 | -81.90
3 | -88.97 | -85.64 | -78.76 | -10.77 | -20.77 | -20.77 | -10.77 | -75.90 | -88.14 | -75.02
4 | -84.93 | -85.06 | -84.59 | -9.79 | -19.77 | -19.79 | -9.78 | -74.25 | -83.62 | -80.03
5 | -83.59 | -77.93 | -77.34 | -8.78 | -18.78 | -18.77 | -8.77 | -80.23 | -77.39 | -77.78
6 | -70.80 | -77.52 | -76.03 | -7.78 | -17.77 | -17.76 | -7.77 | -74.64 | -74.90 | -70.84
7 | -74.38 | -74.79 | -68.88 | -6.77 | -16.76 | -16.76 | -6.77 | -65.23 | -74.32 | -75.39
8 | -69.93 | -72.27 | -77.57 | -5.78 | -15.78 | -15.77 | -5.78 | -77.69 | -74.31 | -72.10
9 | -67.64 | -69.81 | -6691 | -4.77 | -14.77 | -14.76 | -4.77 | -77.49 | -69.40 | -71.10
10 | -66.75 | -77.04 | -65.82 | -3.76 | -13.76 | -13.75 | -3.76 | -68.83 | -70.83 | -67.48
11| -71.18 | -76.87 | -66.45 | -2.76 | -12.75 | -12.75 | -2.75 | -68.62 | -69.04 | -70.57
12 | -69.63 | -66.69 | -65.83 | -1.76 | -11.76 | -11.75 | -1.76 | -66.20 | -68.55 | -69.54
13 | -67.87 | -65.63 | -61.81 | -0.77 | -10.77 | -10.74 | -0.76 | -65.32 | -64.53 | -65.03
14 | -60.32 | -60.14 | -61.07 | 025 | -9.74 | 974 | 0.25 | -65.10 | -60.16 | -58.71
15 | -5791 | -57.48 | -60.09 | 1.25 | -8.73 | -8.74 | 126 | -62.46 | -56.58 | -56.04
16 | -55.57 | -55.04 | -58.61 | 225 | -7.74 | -7.74 | 225 | -58.41 | -54.31 | -55.79
17 | -51.39 | -51.92 | -55.28 | 3.25 | -6.75 | -6.73 | 3.26 | -53.83 | -51.78 | -51.37
18 | -48.02 | -49.09 | -52.51 | 426 | -5.72 | -5.73 | 427 | -54.49 | -49.02 | -47.92

109




Table 4.6: Measured frequency spectra of the amplifier response to the unequal four-tone
excitation

P, in dBm (measured)

X

gl . . _ S IR B ) _ . .
83 ~ ~ ~ 9 9 R = ~ ~ ~
1 | -18.80 | -19.64 | -29.21 | 30.22 | 20.22 | 20.22 | 30.22 | -29.10 | -26.93 | -24.40
2 | -14.89 | -16.78 | -22.79 | 31.28 | 21.28 | 21.27 | 31.27 | -23.89 | -23.20 | -24.40
3 |-11.99 | -14.17 | -19.83 | 32.35 | 22.36 | 22.35 | 32.34 | -21.11 | -20.18 | -18.74
4 -9.63 | -11.33 | -17.51 | 33.44 | 23.46 | 23.45 | 33.44 | -17.27 | -16.47 | -14.76
5 -7.08 -9.01 | -14.89 | 34.55 | 24.57 | 24.57 | 34.54 | -15.75 | -13.80 | -12.58
6 -4.82 -6.70 | -12.55 | 35.68 | 25.71 | 25.69 | 35.67 | -12.44 | -12.22 | -9.91
7 -2.14 -4.08 995 | 36.80 | 26.84 | 26.83 | 36.80 | -10.55 | -8.73 -7.55
8 0.10 -1.75 -8.02 | 37.97 | 28.03 | 28.00 | 37.96 | -8.54 -6.64 -5.41
9 2.32 0.30 -5.29 | 39.14 | 29.19 | 29.19 | 39.12 | -5.95 -3.89 -2.82
10 | 4.14 2.48 -3.79 | 40.33 | 30.40 | 30.38 | 40.32 | -4.21 -1.79 -0.56
11 5.89 4.11 -2.01 | 41.52 | 31.60 | 31.57 | 41.51 | -2.36 -0.11 0.90
12 | 7.58 5.59 -0.39 | 42.70 | 32.77 | 32.75 | 42.69 | -0.98 0.75 1.87
13 | 9.06 7.04 0.41 4390 | 33.97 | 33.93 | 43.88 | 0.06 1.52 3.07
14 | 10.44 8.43 1.70 | 45.08 | 35.14 | 35.09 | 45.06 1.36 1.73 3.54
15| 11.69 9.60 234 | 46.25 | 36.27 | 36.23 | 46.22 1.18 0.25 1.31
16 | 12.63 10.59 392 | 4735|3729 | 37.24 | 47.32 | 2.28 -1.01 -9.07
17 | 15.39 | 13.94 | 10.37 | 48.28 | 38.03 | 37.96 | 48.25 | 9.33 12.81 13.13
18 | 21.35 | 20.74 | 17.57 | 49.05 | 38.45 | 38.37 | 49.01 | 17.27 | 21.01 | 21.43
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Table 4.7: Frequency spectra of model output calculated in Matlab by using FFT command
for unequal four-tone excitation

Pestimates iIn dBm (Model estimation; Calculated by matlab)

X

gl . . _ . 3 S S _ . .
84 ~ ~ ~ R R Rk S ~ ~ ~
1 | -17.13 | -19.18 | -16.24 | 31.26 | 21.35 | 21.35 | 31.25 | -17.37 | -20.31 | -18.31
2 | -14.99 | -16.80 | -14.59 | 32.29 | 22.39 | 22.39 | 32.28 | -15.04 | -17.91 | -16.37
3 | -13.08 | -14.87 | -12.25 | 33.32 | 23.43 | 23.42 | 33.32 | -13.05 | -16.53 | -13.91
4 | -10.96 | -12.85 | -10.55 | 34.33 | 24.46 | 24.44 | 3433 | -11.12 | -14.47 | -12.64
5 -8.84 | -10.48 | -8.23 | 35.37 | 2549 | 2549 | 3536 | -9.63 | -12.21 | -10.66
6 -6.18 -8.46 | -6.17 | 36.40 | 26.55 | 26.54 | 36.39 | -745 | -10.20 | -8.31
7 -4.43 -6.34 | -3.77 | 37.44 | 27.60 | 27.59 | 37.42 | -4.81 -8.38 -6.89
8 -2.26 -4.33 -2.29 | 38.47 | 28.63 | 28.63 | 38.44 | -390 | -6.67 -4.97
9 -0.20 -2.32 0.02 | 3952 | 29.70 | 29.69 | 3949 | -2.10 -4.71 -3.20
10 1.71 -0.84 1.81 40.58 | 30.77 | 30.76 | 40.54 | -0.23 -3.37 -1.40
11 3.27 0.72 329 | 41.63 | 31.84 | 31.81 | 41.59 1.06 -2.15 -0.17
12 | 4.90 2.31 458 | 42.68 | 32.90 | 32.87 | 42.62 | 2.01 -1.51 0.91
13| 6.28 3.28 5.68 | 43.73 | 3395 | 33.93 | 43.66 | 2.29 -1.25 1.66
14 | 7.73 4.66 6.50 | 4480 | 35.03 | 3498 | 44.72 | 2.51 -0.09 2.28
15| 9.07 7.45 8.84 | 4586 | 36.09 | 36.02 | 45.77 | 6.74 5.39 4.01
16 | 11.92 | 12.85 14.28 | 4691 | 37.12 | 37.06 | 46.80 | 13.96 | 12.55 9.69
17 | 17.26 | 19.27 | 20.89 | 47.95 | 38.17 | 38.13 | 47.84 | 2097 | 19.37 | 1692
18 | 23.50 | 25.54 | 27.28 | 49.00 | 39.41 | 39.34 | 48.88 | 27.37 | 25.65 | 23.60
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Table 4.8:

Normalized square error of measured value and estimated model output

NMSE (dB)

X

gl . . | 9 3 =) S _ - .
84| ~ ~ ~ Ry K K oY ~ ~ ~
1 |-13.50 | -25.33 | 10.76 | -17.90 | -17.16 | -17.13 | -17.94 | 9.13 1.15 0.14
2 | -38.06 | -54.16 | 393 | -18.12 | -17.38 | -17.21 | -18.15 | 4.95 3.65 3.65
3 | -18.58 | -22.26 | 2.89 | -18.54 | -17.66 | -17.65 | -18.54 | 3.69 -2.56 | -2.56
4 | -1696 | -1590 | 1.80 | -19.37 | -18.28 | -1842 | -19.37 | 026 | -11.18 | -11.18
5 | -14.71 | -16.12 | 1.22 | -20.10 | -19.01 | -19.00 | -20.10 | 0.20 | -12.14 | -12.14
6 | -16.75 | -14.74 | 0.71 | -21.23 | -19.92 | -19.68 | -21.27 | -2.18 | -13.92 | -13.92
7 | -12.71 | -12.81 | 0.31 | -22.34 | -20.77 | -20.75 | -22.55 | -0.56 | -22.15 | -22.15
8 | -12.47 | -11.82 | -0.59 | -24.54 | -22.78 | -22.47 | -24.76 | -3.01 | -25.65 | -25.65
9 | -11.98 | -11.69 | -1.48 | -26.87 | -24.42 | -24.47 | -27.34 | -5.07 | -27.49 | -27.49
10 | -12.25 | -9.96 | -0.87 | -30.83 | -27.29 | -27.21 | -31.87 | -4.69 | -20.67 | -20.67
11 | -11.70 | -9.80 | -1.50 | -38.00 | -30.96 | -30.93 | -40.47 | -6.32 | -18.68 | -18.68
12 | -11.52 | -10.04 | -2.25 | -51.07 | -36.96 | -37.04 | -42.48 | -7.72 | -19.53 | -19.53
13 | -11.24 | -9.08 | -1.57 | -34.01 | -50.45 | -60.64 | -32.15 | -10.65 | -16.51 | -16.51
14 | -11.42 | -9.07 | -2.66 | -30.12 | -38.54 | -38.34 | -28.31 | -16.94 | -17.37 | -17.37
15 | -11.71 | -13.18 | 0.93 | -27.15 | -33.89 | -32.54 | -25.87 | -0.95 | -8.79 | -8.79
16 | -22.12 | -10.54 | 7.22 | -26.09 | -33.96 | -33.43 | -24.62 | 9.07 17.70 | 17.70
17 | -1242 | -1.44 | 7.45 | -28.60 | -35.83 | -34.46 | -26.64 | 9.00 -5.22 | -5.22
18 | -11.04 | -2.65 | 6.28 | -45.34 | -18.67 | -18.58 | -36.07 | 6.85 | -10.91 | -10.91
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FUNDL@10MHz with 3.3kHz Spacing
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Figure 4.20: Comparison between measurement results and model outputs for four-tone input
excitation for five different power levels (—8.18dBm to 2.25d Bm).
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4.7 Summary

Power series expression is used frequently in behavioral amplifier modeling techniques with
additional component having dynamic behavior according to frequency because GPSE doesn’t
have ability to represent asymmetry in IMD and FUND components. Hence there is asym-
metry in the measurement results of magnitude and phase of IMDL and IMDU, behavioral
modeling has to have at least one dynamic component in order to create asymmetry. One
possible solution is to use dynamic linear filter with power series and another way to cre-
ate asymmetry is to add time delay term to the each order term of polynomial like Memory

Polynomial Modeling with unit delay.

Asymmetry creation mechanism depends on vector addition. Equations of IMD components
for EOM modeling are composed of vectors having same magnitude but different phase, it is
expected that there will be asymmetry between IMDL and IMDU. Hence, time delay terms
are added to the each order of power series in order to have asymmetry representation ability
to the model which is developed under this thesis. Unlike the baseband Memory polynomial,
unequal time delay terms are added to each term of polynomial. Effective channel length
is changing according to average power which is carried by that channel. It is obvious that
average power of each term (V;, (), V;(t)) are not equal. So, time delay which is added to the
each order should not be equal. A new modeling technique is developed which has unequal
time delay terms and named as Odd Order Modeling(OOM) since it consists of only odd terms
of polynomial series. This model definition is flexible and model order can be increased but

model order is limited to 9 in this dissertation for simplicity.

An optimization program is prepared to find model coefficients because it is almost impossible
to find them arithmetically. OOM model parameters are extracted according to two-tone
10Mz/1kHz excitation measurement results by optimization program. Model performance
of OOM and GPSE modeling techniques are compared by using NMSE metric. Although
performance of OOM couldn’t be define as perfect, OOM gives better result than GPSE.

As a next step, addition of even order terms to the model equation is considered not only
to improve the model performance but also to simplify the model equation. The way that
is needed to add even order terms to modeling equation has been published previously for

baseband modeling technique. However, there is no modeling technique using even order
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terms in modeling equation for passband modeling. Even order terms’ contribution to IMD
and FUND is proven mathematically for passband excitation signal. Hence this modeling
technique contains even order terms as well as odd order terms, this new technique is named
as Even Order modeling (EOM). EOM order is limited to 5 instead of 9 for a simpler model.
Even though the number of terms are almost equal for OOM (having 9 order) and EOM
(having 5"), EOM is simple model for multi-tone investigation (i.e. expansion of 5 order of

two-tone input is simpler than expansion of 9 order of two-tone input).

EOM model parameters are extracted by using the same optimization program after mak-
ing some modifications, and model performance is compared both with GPSE and OOM.
EOM modeling technique’s estimations are much more better than the others’ estimations for
10Mz/1kHz excitation. Also, EOM validity range is investigated. To do this, model perfor-
mance is investigated for the signals of which center frequency is swept while tone spacing is
1kHz and then tone spacing is swept while FUNDL tone frequency is 10M Hz. Although the
EOM performance is the best for the signal having different frequency(fy + %20), GPSE per-

formance became comparable with EOM for the signal having higher frequency separation.

Although model parameters are extracted according to two-tone measurement result, model
performance is checked for unequal four-tone signal. EOM performance is as good as ex-
pected with one exception. Unexpectedly, error for the lower band first IMD is bigger than

expected value.
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CHAPTER 5

Baseband Applications of EOM Modeling

5.1 Introduction

While EOM modeling is worked on, passband applications are focused on and developed
EOM modeling technique is verified with different passband signals as demonstrated in the
previous chapter. In this chapter baseband application results of EOM modeling are given.
EOM modeling technique required modification for baseband applications. Modified version
of EOM is named as Memory Polynomial with Shaped Delay (MPSD). While extracting the

model parameters and comparing model performance, digitally modulated signals are used.

In the first part, MPSD model is extracted for GSM-EDGE signal. When the bandwidth of
input signal is narrow; the thermal memory effect dominates the electrical memory. When the

bandwidth of the excitation signal is wider, the electrical memory effect dominates[7].

Thermal memory dominates the electrical memory since amplifier is excited with GSM-
EDGE signal having 200kHz bandwidth in the first part. Thermal memory effect is mod-
eled with RC network which represent the thermal resistance and capacitance in [7], [51].

Afterward, MPSD modeling technique is used in DPD application.

In the second part, MPSD model is extracted for WCDMA signal. MPSD models are ex-
tracted for five different excitation scenarios. Memory Polynomial Modeling (MPM) estima-
tion errors and the MPSD estimation errors are compared. Comparison is assessed based on
three different metrics which are Normalized mean square error (NMSE), adjacent channel
error power ratio (ACEPR) and Memory effect modeling ratio (MEMR). NMSE is dominated
by in-band error, ACEPR is dominated by out-of-band error and MEMR represents both in-
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band and out-of-band error.

5.2 Modification on EOM modeling

EOM model definition for passband is given in (4.7) as follows;

K
Vo(t) = Z (@2k=1 + @2k * Veny(t = T2=1)) V1t = To101) (5.1)

k=1
Modification is needed for baseband application of EOM modeling in order to improve model
performance although it is not necessary. The mathematical representation of the modified

version of EOM modeling, namely MPSD, is as follows:

M-1 K

yupsplnl = > i lxin = 7k, HI" - xln - 7(k, 5)] (5.2)

s=0 k=1

where definition of 7(k, s) is given in (5.3).

0 s=0
7(k,s) = (5.3)
avg + e s #£0

where “avg” is the average delay value, 7" is the maximum delay and “a” is the decay ratio.
The ~avg” is related to Drain-Source average channel length that depends on average power

applied to the transistor [52].

Mathematical representation of Memoryless modeling (GPSE), Memory polynomial Model-
ing (MPM) with unit delay and Memory Polynomial Modeling with Sparse Delay are given
in (2.20), (2.35) and (2.38),respectively. These modeling techniques are used to compare with
the MPSD model. Advantage of MPSD model is that, there is no need to add extra delay line
in order to use high delay value. Conversely, if a higher delay value is needed for instance
MPM with unit delay model, extra delay line should be added in that case model becomes

more complex.

5.2.1 Evaluation Metrics

In order to demonstrate the proposed modeling approach performance, some evaluation met-

rics need to be reviewed. Normalized mean square error (NMSE) is the metric which indicates
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the overall accuracy of a PA modeling. NMSE has already been reviewed in Section 4.4.

Another metric, memory effect modeling ratio (MEMR), is defined as the ratio of rms er-
ror that cannot be modeled with M delay tap to the rms error that cannot be modeled with
memoryless modeling. Mathematical representation of MEMR is given as:

||

MEMR = 1
(gl

54

where ||E M )H represents rms error between measured value and estimated value by the model
having M delay tap, ||E (O)” represents rms error between measured value and estimated value
by the memoryless model. "MEMR value becomes 0 when the memory effects are not ac-

counted and becomes 1 when the whole memory effects are modeled” [53].

Adjacent channel error power ratio (ACEPR) is another metric which is used to express the ra-
tio of error at the adjacent channel power to the main channel power. Mathematical definition

of ACEPR is given as:

% (fl;ow ad ch IE(f)|2 + fUp ad ch |E(f)|2)

ACEPR = 10log
ﬁ\/{ain Ch |Ymeas(f)|2

(5.5)

where Y,,..s and E represents Fourier transforms of measured value and error between mea-

sured and estimated signals.

5.2.2 Extraction Algorithm for MPSD

99 9 EX]

Model extraction consists of two stages: 1) delay coeflicient extraction stage ("avg”, 7o

and @) and 2) model coefficient extraction ("ay ;" coefficients). The detail of the proposed
technique is described below. When the MPSD model with memory depth of 2 has been
considered, the first set of memories are set to zero to represent the static nonlinear behavior

of the PA. The second set of the memory terms has been considered as follows:

e Step 1: ”m” values are set to zero for second delay line.

o Step 2: “ay s coefficients are calculated using Least Square (LS) algorithm.

o Step 3: Model estimation error is calculated by using NMSE and MEMR metrics.

122



o Step 4: If NMSE/MEMR value is better than predefined threshold, the delay values are
stored as well as NMSE/MEMR.

e Step 5: "m” value is increased one step and then previous 4 steps are repeated. The

delay value for upper order shouldn’t be greater than the delay value for lower order.

o Step 6: Delay values are sorted in decreasing order according to corresponding NMSE/MEMR

value.

LI ]

e Step 7: The delay value placed on top is chosen in order to find "avg”, ’7¢” and "a”

value by using (5.3).

o Step 8: If Step 7 fails, these values are assumed as irrelevant and then the values placed

at one lower rank in the ordered list are chosen.

The coefficient set which gives the least estimation error has been selected as the model coeffi-
cients. The above procedure have been developed in MATLAB and evaluated in the following

section.

Figure 5.1 shows the shaped memory delay values of the MPSD model which are found by
using (5.3) for the 101-WCDMA signal as an example. The delay values are rounded to the
closest integer values to fit the memory of the discrete model. In Figure 5.1 the blue line
with star marker shows the calculated delay values and the red circles show the rounded delay

values considered in the MPSD model.

Shaped memory Delay Profile
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Figure 5.1: Shaped memory delay values for 101-WCDMA excitation scenario
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5.3 Thermal Memory Effect Modeling and Linearization Application

As it is explain in Section 2.2 thermal memory effect dominates the electrical memory effect
when amplifier is excited with the signal having narrow bandwidth. There is a limit which
defines the boundary of region where thermal memory effect dominates. This boundary may
be different for different amplifier because it depends on amplifier structure such as package,
die size. But, there is a measurement technique to find this limit [8]. In order to separate
the regions magnitudes of IMDL and IMDU are measured while the excitation frequency
separation is sweeping. IMDL and IMDU response of a sample amplifier line up (Class B
driver amplifier and LDMOS-45 W peak power amplifier is in cascade connected) is measured
and plotted as given in Figure 5.2 while tone-spacing of two-tone signal is sweeping from
200kHz to 5.8MHz . Average power level of excitation signal is smaller than Py45. Thermal
memory effect dominates electrical memory effect for this amplifier line-up when frequency
separation is smaller than 480kHz as seen from Figure 5.2. Similarly, electrical memory effect
dominates the thermal memory effect when tone spacing is greater than 2M Hz. It is obvious
that thermal memory dominates the electrical memory effect for this amplifier line-up when
it is excited with GSM-EDGE signal. A modeling technique which has ability to represent
thermal memory effect should be used in order to get accurate estimation, asymmetry in the
IMD is resulted from thermal memory effect. At this point, MPSD model advantage is came

in to the forefront.

Linearization with DPD technique is repeatedly explained [54, 41], and applied with different
modeling technique, so it is straight forward. An amplifier response is shown in Figure 5.3
[54]. Before linearization, an amplifier output is represented as P,,, when the amplifier is
excited with the power level of P;,. If linearization could be done perfectly, the amplifier

output would be Poy;—pa.

In order to prevent confusion, EOM model explained up to now is defined as ”Forward Model”
and the new modeling which distort the input signal in order to get linear output is defined as
“Inverse Model”. Inverse model should increase input power level to P;,_ 4 so that amplifier
output will be Py, pq. Inverse model gain characteristic is given in Figure 5.4 [54]. That’s

why Inverse model is required for DPD application.
Difference between Forward model and Inverse model is just input and output signal defini-
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Figure 5.2: Difference between magnitude of IMDL and magnitude of IMDU to distinguish
the region where thermal memory effect dominates

tion. While Forward model parameters are being extracted, input power of the real-amplifier
is chosen as input and output power chosen as output. However, while Inverse model pa-
rameters are being extracted, a fictitious amplifier is assumed and output of real amplifier is
chosen as input of fictitious amplifier. Similarly input of real amplifier is chosen as output
of the fictitious amplifier. Then, model parameters of the fictitious amplifier is extracted and

defined as Inverse model parameters.

The sample amplifier line-up is excited with GSM-EDGE signal and the output of line-up is
measured at baseband. Then four different forward models are extracted for the different num-
ber of tap by using measurement results. Model performances are listed in Table 5.1. MPM
with unit delay models are extracted for two tap to six tap. There is a very small improvement
when the number of taps is increased from two to six since thermal memory effect is domi-
nant in this measurement and much more previous samples are required to represent thermal
memory effect. MEMR values of the MPM with sparse delay is bigger than the MEMR value
of the MPM with unit delay which means that sparse delay performance is better than the unit
delay performance since sparse delay can take greater delay value. MPSD performance is the

best one as it is seen from Table 5.1. Even though the number of delay taps is chosen as two
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Figure 5.3: DPD and an amplifier output power versus input power [54]
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Figure 5.4: Linearization line-up [54]

for MPSD (line 10 in Table 5.1) and chosen as four tap for MPM with sparse delay (line 9),
performance of the MPSD is better. Afterward, inverse models of four modeling techniques

are extracted and MEMR and NMSE values are listed in Table 5.2. Again MPSD shows the

best performance as seen in Table 5.2.

After inverse models of for four modeling techniques are extracted, the amplifier is excited

with the distorted input. There is improvement in the IMD level of DPD output. Improvement

of MPSD is better than the improvement of MPM with sparse delay model.
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Table 5.1: Forward Models’ performance comparison for GPSE, MPM with unit delay, MPM
with sparse delay and MPSD

Index Polynomial | Number MEMR | NMSE Modeling
Order of Tap Type

1 6 1 0.000 | -38.34 GPSE

2 6 2 0.296 | -39.87 | MPM unit delay
3 6 3 0.298 | -39.88 | MPM unit delay
4 6 4 0.299 | -39.88 | MPM unit delay
5 6 5 0.299 | -39.89 | MPM unit delay
6 6 6 0.299 | -39.89 | MPM unit delay
7 6 2 0.435 | -40.82 | MPM sparse delay
8 6 3 0.447 | -40.91 | MPM sparse delay
9 6 4 0.455 | -40.97 | MPM sparse delay
10 6 2 0.526 | -41.58 MPSD

11 6 3 0.608 | -42.41 MPSD

Table 5.2: Inverse Models’ performance comparison of GPSE, MPM with unit delay, MPM
with sparse delay and MPSD

Polynomial | Number Modeling
MEMR | NMSE
Order of Tap Type
10 1 0.000 | -38.37 GPSE
10 2 0.263 | -39.70 | MPM unit delay
10 2 0.433 | -40.84 | MPM sparse delay
10 2 0.545 | -41.79 MPSD

5.4 Electrical Memory Effect Modeling Application

The proposed MPSD model is evaluated using the modulated WCDMA signals for a high
power (300-W peak power) Doherty PA operating in the 2110MHz - 2170MHz frequency
band. Six different WCDMA excitation signals with up to 4-carrier are used in the model

validation. WCDMA signals along with their corresponding, "avg”, ”7o” and “a” parameters

and the delay values for the different nonlinearity order are listed in Table 5.3.
The delay values corresponding to the higher order terms are always less than the delay values
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Table 5.3: Delay Values

WCDMA | avg T a m
1 0 15 005 |2 (1|1 (111|111 |11 |1]1]1
11 0.6 19 [O011 |3 |22 2222|111 ]1]1]|1
101 14 | 21 07 (4222|211 |11 |1|1|1]1
111 14 | 21 07 (4222|211 |11 |1|1|1]1
1001 148 | 3.02 | 12 | 5|2 (2|2 (21|11 |{1]1]1|1]|1
1111 148 1302 26 [S|2 (11|11 |1 |1]|1[1]|]1|1]1

corresponding to the lower order terms. Since higher order generates very high frequency,
corresponding delay time is decreased. If we assume there is capacitance which result in
memory effect, time constant for the signal having high frequency is smaller than the signal
having small frequency. As the bandwidth of the signal getting wider the “a” became in
increasing order which yields decreasing in the delay value for higher order terms. In contrast,

the delay value for the first term is increasing when the bandwidth of input increases.

Table 5.4: Comparison of the MPM and MPSD Models based on the MEMR, NMSE and
ACEPR values

MEMR NMSE ACEPR
WCDMA
MPM | MPSD | MPM | MPSD | MPM | MPSD
1 0.039 | 0.059 | -43.436 | -43.617 | -53.18 | -53.29
11 0.162 | 0.168 | -42.926 | -42.994 | -51.57 | -51.73

101 0.426 | 0452 | -39.109 | -39.512 | -45.95 | -46.63
111 0414 | 0432 | -39.820 | -40.088 | -46.77 | -46.99
1001 0.293 | 0.327 | -35.323 | -35.746 | -40.22 | -42.86
1111 0.416 | 0437 | -37.444 | -37.763 | -44.69 | -45.14

The MPSD model with two sets of delay taps is compared with MPM model with the same
number of delay taps. The comparison is based on the MEMR, NMSE, and ACEPR metrics

between the estimated output of the model and the measured output signal from the PA.

Table 5.4 lists the comparison results between the MPM and the MPSD models for nonlin-
earity order of 13 (K=13) and the memory depth of 2 (M=2). In this case, the numbers of

coefficients are similar for both models. It can be said that MPSD model estimate the output
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better than MPM model for adjacent channel by considering Table 5.4.
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Figure 5.5: Frequency spectra of model estimation and measurement result for 101_WCDMA
excitation scenario
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Figure 5.6: Zoomed version frequency spectra of model estimation and measurement results
for 101_WCDMA excitation scenario

Considering the MEMR and NMSE metrics listed in Table 5.4, the MPSD model has slightly
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better performance over for the MPM model. Especially for the 1-carrier signal, the MEMR
of the MPSD model is approximately two times better than the MEMR of the MPM model.
MPSD model is developed to improve MPM model error. If the number of delay line is chosen

equal both for MPM and for MPSD model, MPSD model gives better result than MPM model.

The power spectral density (PSD) of estimated output of the MPM and MPSD models are
compared with the measured output of the PA for the 101_WCDMA excitation scenario and
plotted in Figure 5.5. In Figure 5.5 the vertical lines represent the boundary of channels.
Zoomed version of measured and estimated by MPM and MPSD frequency spectra are given

in Figure 5.6.

5.5 Summary

In this chapter, baseband applications of EOM are investigated. At first, modeling equation
is modified. This modified version of EOM is named as Memory Polynomial with Shaped
Delay (MPSD). MPSD model is used to model thermal memory effect and electrical memory

effect.

In the first part of this chapter, Thermal memory effect modeling capability of MPSD is in-
vestigated. After proved that thermal memory effect dominates the electrical memory for the
sample amplifier for the signal having bandwidth is narrower than 480kHz, sample amplifier
response is measured for GSM-EDGE signal. Four different models are extracted by using
those measurement results and compared. MPSD model gives the best result. Then, inverse
models are extracted for DPD application. Again MPSD gives the best estimation result for
inverse modeling. Amplifier output is measured for both with DPD and without DPD cases
and plotted on the same graph. MPSD model decreased the power level of IMD signal more
than MPM.

In the second part, MPM coefficients and MPSD coefficients are extracted for six different
excitation scenarios to model a 300W peak power amplifier. Comparison is assessed by using
three different metrics, MEMR, NMSE and ACEPR. Although both modeling techniques have
same number of delay line and model order, MPSD model estimation error is always lower

than MPM model.
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CHAPTER 6

Conclusion and Future work

6.1 Conclusion

In this dissertation, two different behavioral modeling techniques, namely Odd Order Mod-
eling (OOM) and Even Order Modeling (EOM) are proposed and introduced in order to get
model of asymmetric intermodulation distortion and to represent memory effect. A measure-
ment setup is developed in order to measure magnitude and phase of amplifier response. Then,
one of these modeling techniques, EOM, is used in Digital Pre-Distorter (DPD) application

at baseband.

Representation of a system as a black-box having mathematical relation between input and
output is defined as "Behavioral Model”. Behavioral modeling is important especially for the

designers working in inter disciplinary areas.
Behavioral model should satisfy the requirements of the usage purposes:

Behavioral model should be compact and easy to use. If behavioral model includes so many
operators, it will be difficult to use it in another system. It should make easer to design a
new system having that amplifier instead of making it complicated. Behavioral model should
estimate the output accurately according to the input signal as well. Model estimation error
should be in the range of acceptable region. Acceptable region may be different for differ-
ent applications. These two requirements are the main aim of this dissertation. In addition to
those, there is another aim, the model estimation should be calculated easily. There are a num-
ber of behavioral models in the literature such as General Power Series Expression (GPSE),

Volterra Series, Wiener-Hammerstein Models, Multi-Slice Behavioral Modeling. Each of
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them has some disadvantages such as kernel parameter measurement requirement, compli-

cated transfer function requirement, cannot model asymmetry.

Measurement results of input and output are required to find relation between them. Measure-
ment step is the first and one of the important steps of behavioral modeling since model suc-
cess directly affected by the measurement results accuracy. Thus, a new measurement setup
is developed. One-tone AM/AM & AM/PM, two-tone AM/AM & AM/PM and four-tone
AM/AM response can be measured by using this measurement setup. Hence OOM model
and EOM model defined as passband model, measurement setup is designed to measure fre-
quency spectra of signal instead of measuring the time domain baseband 1/Q data. Two signal
generators are used to create two-tone signal. In order to measure phase, one more signal
generator as a phase reference, one digital attenuator for wider dynamic range are added to
the measurement setup. The 10M Hz reference signal generated by the one of signal genera-
tors is transferred to the others for phase lock. However, phase difference between IMDL and
IMDU couldn’t be measured since phase reference is lost when the frequency of signal gener-
ator is changed. To overcome this problem, arbitrary wave shape generator (AWSG) is added
to the measurement setup to create four-tone signal having zero phase difference between
each other. A computer on which "Agilent VEE” program works is added to the measure-
ment setup and connected to the each instruments via GPIB cables to take data quickly for
repetitive measurements. Phase of signal is calculated by measuring only magnitude instead
of injecting the signal having 180° out—of—phase. While phase calculation technique takes
6second, 180° out—of—phase signal injection requires more than that. This is not acceptable
for phase measurement for excitation signal having wide dynamic range because signal gen-
erator local oscillator’s phase reference is changing over time, slowly. Therefore, the shorter
time we spent for measurement the more correct phase measurement will be done. In order to
get rid of temperature changing bad effect, phase measurement is started after signal genera-
tor running at least two hour. In addition to this, air condition is running during measurement

time.

Another special phase measurement setup is prepared to check phase calculation technique.
Phase of through line is measured while the phase of signal generator is sweeping with 1°
steps for 360° range. 1° phase change is observed for successive step except the region which
close to 0° phase difference. This small error resulted from nature of cosine function used in

the phase calculation equation. During this measurement for 360 steps, the power level of and
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the frequency of signal generators did not changed.

Phase of through line is measured again while power levels of signal generators are sweeping
with 1dB steps by using main measurement setup. Although constant phase difference is
expected, there is change in the measured phase which is bigger than acceptable error. Source
of this error may be the fine power level adjustment unit and the AM/PM behavior of the
amplifier which is used at the output stage of signal generator. Since the change in the phase
is constant according to power level, phase calibration step is added to the phase measurement
process. Look-Up-Table (LUT) which contains the phase change related with power level is
prepared. After finishing the phase calibration step, phase of through line is measured a
number of times for 16dB dynamic range and the phase of FUNDL component of sample
amplifier is measured for a number of times for 20dB dynamic range. Each of repetitive
measurement is performed at different time and by using different LUT. There is a small

difference among repetitive measurement results.

After the measurement setup is prepared, input and output response of sample amplifier are
measured. A sample amplifier having maximum gain is 45.7dB around working frequency,
saturation peak power is more than 390W (56dBm) and output Pj4p is 53.35d Bm, is examined
in this dissertation. This sample amplifier is composed of more than one stage (driver and two

Class AB amplifier is connected in a push-pull structure as a main amplifier).

At the beginning, working frequency is decided as 10M Hz and the frequency separation is
decided as 1kHz for two-tone excitation. Since the amplifier has been designed for 1M Hz
— 30MHz frequency band by manufacturer, amplifier responses are measured at 2.5MHz,
10MHz and 30M Hz. 10M Hz measurement results are given in this dissertation as an exam-
ple. 1kHz has no special meaning. At that frequency separation amplifier response is dom-
inated by thermal memory, and modeling thermal memory with memory polynomial is one
of the original contributions of this thesis. Another measurements are needed for verification.
So, amplifier responses are measured for different working frequency having same frequency
separation and for different frequency separation having same working frequency(f, + %20).
Moreover, amplifier responses are measured for 10MHz/300Hz and 10M Hz/3.3kHz. In ad-
dition to these measurements, amplifier response for unequal four-tone excitation is measured

for 18dB dynamic range.

While measuring amplifier response for any excitation, two propellers were running just be-
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side amplifier in order to hold up environment temperature constant.

Asymmetry at the IMD components may reach 10dB as in 10M Hz/1kH?z excitation measure-
ment result. This asymmetry is resulted from memory effect. Thus, in order to increase DPD
linearizaiton success, behavioral model should have ability to model memory effect. In other
words, there should be asymmetry between output components of model estimation. GPSE
modeling technique is easy to use in any system but it is unable to create asymmetry at the
IMD components. So, introduced new modeling techniques are based on power series mod-
eling technique. Asymmetry at the IMD components can be created by adding time delay to
the each term of the power series expansion. Phase of IMD is determined by multiplication of
frequency and delay term. Asymmetry creation mechanism is based on vector addition having
same magnitude but different phase. As it can be seen from phasor representation of IMDL
and IMDU, IMD components are composed of vectors having same magnitude but different
phase. Asymmetry creation mechanism represented by using vectors as given in Section 4.2.1
in detail. Addition of the same time delay value to the all order terms also creates asymmetry
as it is done in other modeling type, such as Memory Polynomial with Unit Delay or Memory
Polynomial with Sparse Delay. However, Hu et al. [52] proposed that effective channel length
of transistor is affected by the average power transferred by that channel. Average power of
the first order and the third order of input signal are different(i.e. effective channel length for
the signal created by the first order and for the signal created by the third order are different).
Therefore, the time delay values for the each polynomial order are defined as unequal in the
introduced modeling techniques (OOM and EOM). One of the other original contributions
of this thesis is modeling amplifier behavior with power series having unequal time delay
terms. This is the first modeling technique in the literature which uses unequal time delay

terms.

Since even terms do not have any contribution to neither IMD nor FUND components, pro-

posed model is composed of odd order polynomial series having unequal time delay terms.

Model parameters are found by equating the measurement results and IMD & FUND com-
ponent phasor representation equations. Optimization tool of Matlab programme is used to
find model coefficients since phasor representation equation of IMD & FUND are not linear.
Cost function of optimization program is defined to minimize square error between estimated

value and measurement result.
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In order to compare model success, GPSE model is extracted as well. GPSE coefficients are
chosen as complex number in order to has phase modeling ability. At that time a metric is
needed to compare these models. Normalized mean square error (NMSE) metric is preferred
since it is mostly used one by the researchers. Overall performance of OOM is better than

GPSE.

In literature, it is mentioned that even order term improves model success, but there isn’t
any paper which shows even order terms contribution to the IMD and FUND components for
passband modeling. If even order terms are added to the modeling polynomial series directly,
it is impossible to improve model estimation. Since envelope of input signal changes the bias
point of amplifier, it should have positive effect on modeling. So, envelope of input signal is
added to even order terms in order to get contribution to the IMD and FUND components.
This new modeling technique is named as EOM and contribution of envelope term to the
IMD and FUND components is mathematically proved in Chapter B. Polynomial order is
decreased to 5 for EOM modeling for the same amplifier. So, even order terms makes simpler
the model by reducing model order. Although EOM modeling technique is using 5 order, it
has at least 10d4B better NMSE value for IMD components than GPSE which uses 9" order for
10M Hz/1kHz excitation situation. EOM modeling is more flexible to the working frequency
change than GPSE. While frequency separation is decreased, EOM estimation still better,
but when frequency separation is increased, EOM estimation is worse than GPSE. This is
exceptional situation. EOM model can be improved to overcome this exceptional situation.

This is one of the future works as well.

EOM model performance is checked for unequal four-tone, although model parameters are
found by using two-tone measurement results only. EOM performance is good for inband
tones and for far-off tones. First lower band adjacent tone (/MDL;) estimation error is
greater than expected error. This may resulted from misaligned fundamental tones interac-

tions. Model may be modified to satisfy this situation.

Finally, baseband application of EOM model is investigated for both thermal memory effect
dominated and electrical memory effect dominated measurement results situations. At the be-
ginning, EOM model is modified for baseband application and named as Memory Polynomial
with Shaped delay (MPSD). MPSD performance is compared with three other modeling tech-
niques (GPSE, MPM with unit delay and MPM with sparse delay). EOM gives always the
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best result. Moreover, MPSD model is used in DPD circuit to diminish the intermodulation

power level for the thermal memory effect dominated situation.

6.2 Future Research

In this dissertation, a new measurement setup is proposed to measure AM/AM and AM/PM
response of amplifier. Phase is measured/calculated by measuring magnitudes of signals.
Measurement error is always less than 1°. However, if the phase difference is close to 0° error
may increase to 6° due to nature of cosine function used in calculation procedure. One of the
future works would be to improve measurement setup to overcome this problem. There could

be used another function to verify measurement results.

One of the other future research, may be the first one, would be try to understand the reason of
unexpected change in the IMD behavior when frequency separation is changed. After find the
reason, EOM model would be modified to get flexible gain according to frequency separation

change.

Power level of lover band first adjacent tone(/M DL,) is less than the power level of the far-
off tones for unequal four-tone excitation measurement results. Conversely, power level of
IMDL, is greater than the far-off tones at the model estimation. The reason of this diminishing
in the power level of IM DL would be investigated for another amplifiers. If this is general

amplifier behavior, EOM model will be modified to satisfy this behavior.

One of the main goal of developing behavioral model is to use it in linearization system. This
modeling technique is used in DPD for linearizaton and good performance is observed at
baseband. One of the future work would be to use this modeling technique in linearization at

passband with appropriate method.
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Appendix A

Intermediate Steps of Phase Difference Calculation Equation

Derivation

Mot L ror = MsG1 L1 + MsGa L

[ms07| = ImsG1 L1 + msGa Ll

= \/[mSGl-COS (@1) + msga.cos (@2)]* + [msc1.sin (¢1) + msaa.cos (¢2)]’

(o) = [msg1.cos (¢1) + msGa.cos (@) + [msgr.sin (§1) + msga.cos ($2)]”
(i) = (msg1)* . (cos (1)) + (ms2)” . (cos ($2))°
+ 2.msg1.msG.cos (1) .cos (¢2) + 2.msg1.msG2.sin (¢P1) .sin (¢7)
+(msg1)” . (sin (¢1))* + (msc2)” . (sin (¢2))*
= (msc1)* . [(cos (@1))” + (sin (¢1))*| + (ms2)* . [ (cos (@1))* + (sin (¢1))’

+ 2.mgG1.msGa.cos (1) .cos (¢2) + 2.msG1.msGa-sin (1) .sin (¢)
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cos (|1 — o)) = 5
MSG1.M$G2
1 (o)* = (msG1)* = (msGa)?
|1 — 2| = cos 1(
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Appendix B

Expansion for the polynomial order terms

V: = (Vy.cos(wy.t) + V| cos(w,.1))
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|4o V as cos (twy — Tiwy — 3twA + wAT)) — V2a2 cos 2twA — 1wy — tw; — 2wATY)

30

= Via cos GtwA — 11w — tw) — wATY)

5= Viay cos (twy — Tiw) — 3twA + 3wAT))

= Viay cos 2twA — Tyw; — tw) + 20AT)) +
707rV a, cos (T1wy — twy + 3twA + wAT) +

—V a, cos (tw) — Tiw; + 3twA — 3wAT)) + 5= V2a2 cos (twy — Tjw; — 4twA — 2wATY)

126n

84”V a, cos (twy — 11wy — 4twA + 2wAT)) — —V2a2 cos (twr — Tyws — 2twA + 2wAT))
V a; cos (twy — Tjwy + 2twA — 20AT)) + 55- V a; cos (twy — Tiw, — 3twA — wATY)

I40”V a; cos (Tyw; — tw; + 3twA — 3wAT)) — —V a; cos (Tiwy — tw; + dtwA — 2wATY)

L V2a2 Cos (T1wy — tw, + 2twA — 2wATY)

V ay cos (11w — tw; + 4twA + 20AT)) — 3=

126n

£ V24, cos BtwA — 1w, — tws + WATY)

V a5 Cos (Tywy — tws + 3twA — wAT)) + = 5

I40n

63”V a, cos (tw; + Tiw; — 4twA — 4wAT)) — V a, cos (tw + Tiw; — 4twA + 4wATy)

504n

ﬁVlzaz cos (tw, + Tiwy — 3twA — 3wAT)) — V a; cos (tw, + Tiw,y — 3twA + 3wAT))

]40k

ﬁ V]Zag cos (twy + Tywy — 4twA — 2WAT)) — V a, cos (twy + T1wy — 4twA + 2wAT))

252n

262 Viaz cos GtwA — Tiwy — 1wy — 3wAT)) + 33 Vias cos BtwA — Tjw; — twy + 3wATy)

= V2a2 cos (4twA — Tyw| — tw) + 2wWAT))

—V2a2 cos (HwA — T\w; — tw) — 20WAT)) + 5=

2527

ZLV2a, cos 2twA — 1w, — tw; + 2wATY)

WV a, cos 2twA — 1wy — tw,r — 2wAT)) — I

2L V2a2 cos (twy — Tiw; — 4twA + 4wATy)

V az cos BtwA — T1w; — twy — WAT)) + 55~

l40ﬂ

6MV a; cos (tw; — Tyw; + 4twA — dwAt)) + 28”V a; cos (twy — Tiwy — 3twA + 3wAT))

EVI a, cos (twy — T1wy + 3twA — 3wAT)) + 5= V a, cos (tw, — Tiwy — 4twA — 2wATY)

126n

LVzaz cos (twr — Tiwy — dtwA + 2wAT)) + = V a; cos (Tiw; — tw; + dtwA — dwATy)

504n

L V2a2 cos (Tywy — twy + dtwA — 2wATY)

V ay cos (T1wy — twy + 3twA — 3wAT)) — o=

l40ﬂ

I267rV a; Cos (T1wy — twy + 4twA + 2wAT)) — 63”V a; cos (twy + Tiwy — dtwA — dwATy)

V a cos (twy + Tiwy — 4twA + 4wAT)) + == V2a2 cos (4twA — 1wy — tw; — 4wATY)

50471 5047r

(MV a, cos (dtwA — Tiw, — tw; + dwAT)) + —— V2a2 cos (BtwA — 11wy — tw,r — 3wWATY)

]40n

—V a, cos (BtwA — 1w, — tw; + 3wAT)) + EVZaz cos (4twA — 1wy — twy — 2WATY)

V a; cos (4twA — Tyws — tws + 2WAT)) + = Vzaz cos (twr — Twy — dtwA + dwATty)

I26 504ﬂ

4 Vzaz cos (twy — Tiwy + 4twA — 4wAT)) + =1 V2a2 cos (Tywy — twy + dtwA — dwATy)

631 504n

2 V2a, cos (dtwh — 1w, — tw; + 4wAT))

V a; cos (4twA — 1wy — twr — dWAT)) + = o

504n
10”V a, cos (twy + Tiw; — 2twA) — WV] a, cos (twy — Tiw; — 2twA)
2= Viay cos (Tiw) — twy + 2twA) — 5= Via cos (twy + Tjw; — 41wA)
l(lJ—”Vlzaz cos (twy + T1w, — 2twA) — ﬁVlzaz cos (2twA — 1wy — twy)
2=Viay cos (twy — Tiw) — 4twh) — 33-Viay cos (twy — Tw, — 2twA)
7;” Vzaz cos (Tywy — tw; + 4twA) + 30 ' V2a2 cos (T1wy — tw, + 2twA)

= V2a, cos (dtwh — 1w — twy)

2
5‘7‘/1 a, cos (twy + Tywy — 4twA) + —— 567

LVzaz cos 2twA — 1wy — tw,) + —V a, cos (twy, — Tiw, — 4twA)
2=Viay cos (Tiwy — 1wy + 4twA) + 5= Viay cos (dwA — 71wy — tw,)

;Vlzaz cos (twy — T1wy) + ;Vlzaz cos (ta)z - TiWwy)

V3t —11) = az((Vy cos(w (1 — 71)) + Vi cos(wy(t — 11))))?
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= 2Viaz cos (tw) — T1wy) + 2Vias cos (twy — Tyw)) + 3 Viaz cos (Btw; — 31iw))
+ 1Viaz cos (Btw, — 311wy) + 2Vias cos (1w — 2w, — Tyw; + 2T 1w;)
+ 2V3a; cos (twy + 2tw; — Tiw; = 2T1W)) + 3 Viaz cos (2w + tw) — 2T W) — T ws)

+ 3Viaz cos 2w — tw; - 211w + Ty w,)

as (L2 + 2 cos(Awr) + 32 cos(2Awr) + $2t cos(3Awn)) (Vi cos(wi (t = T3)) + Vi cos(a(t — 73)))°

=1-Vias cos (w1 T3 — 2wyt — wit + Awl) — =Viay cos (wit + 2wt + w173 — Awr)
— éVfaz; cos (wit — 2wst + w1 T3 — Awt) + iV“a4 cos 2wyt — w1t + wT3 + Awt)

- Viascos (wif — 2wat + wiT3 — 2Awt)

L4
+ 4_71V1 ay cos (wrt — 2wt + wrT3 + Awt) — 07

— iV“a4 cos (wit — 2wt — w1 T3 — Awt) — EV“M cos (w1t + 2wst + w1 T3 — 2Awt)
— L Viascos (wit + 2wt — w T3 — Awt) + 1=Via, cos (Awt — 2wyt — w1 T3 — W) 1)

+ = 1 V4a4 cos 2wyt — wit — w1 T3 + Awt) + i V4a4 cos (wrt — 2wt — wyT3 + Awt)

+ iV4a4 cos (WyT3 — Wat — 2wit + Awt) — lV4a4 cos Qw1 t + wat + WrT3 — Awr)
— 280” V as cos (wit — 2wst + w1 T3 — 3Awt) — —V4a4 cos (wit — 2wyt — w1 T3 — 2Awt)
— 252 Vias cos (it + 2wt + w1 T3 — 3Aw1) — 5= Vias cos (w1 + 2wat — w1 T3 — 2Awr)

2(1»{ V4a4 cos (w1 T3 — 2wyt — wit + 2Awt) + m V4a4 cos Qwyt — wit + w1 T3 + 2Awt)

+ 50=Viay cos (wat = 2wt + w3 + 2Aw1) + = Vias cos (Awt — w)t — w3 — 2w, 1)

— mem cos w1t + wrt + wyT3 — 2Awt) — —V4a4 coS 2wt + wrt — wyT3 — Awt)

—%V“a‘; cos Qwit — wat + wrT3 — Awt) — V4a4 cos (wit — 2wst — w3 — 3Awr)

280n

— 140” V as cos (wit + 2wyt — w1 T3 — 3Awt) + WV“@ cos (w1T3 — 2wyt — wit + 3Awt)

+ 20”V as cos QAwt — 2wyt — w1 T3 — wit) + 55— V4a4 cos Qwyt — w1t + w1 T3 + 3Awt)

280n

2 V4a4 cos (wrt — 2wit + wyT3 + 3Awt)

+ = Viay cos Quat — wit — w13 + 2Aw0) + T

+ 50m V a4 €08 (ot — 2wt — waT3 + 2Aw0) + 5~ V4a4 cos (wrT3 — wat — 2wt + 2Awt)
— = Vias cos Quit + wat + wyts — 3Awt) — —V4a4 cos Qw1 t + wat — wyT3 — 2Awt)
- 20” V as cos 2wt — wrt + wrT3 — 2Awt) — —V4a4 cos Qwit — wyt — wrT3 — Awt)

5= Viay cos Quat — wit — wi T3 + 3Awt)

+ = Vias cos GAwt — 2wyt — w T3 — wi1) + 3o

1407

—=-Viay cos (wrT3 — wat — 2wit + 3Awt)

V a4 cos (Waf — 2wt — W) T3 + 3AwH) + 17—

l40n

+ 5= 20" V ay cos QAwt — wrt — wyT3 — 2w t) — V ay cos 2wt + wrt — wyT3 — 3Awt)

140n

- 14071 V as cos 2wt — wrt + wrT3 — 3Awt) — V4a4 cos Qwit — wyt — wrT3 — 2Awt)

+ = Vias cos GAwt — wyt — wyts — 2wi1) — 1= Vias cos Qwif — wat — wyT3 — 3Awr)

1407(
—8l V4a4 cos (w1t + wiT3 — 2w, T3 — Awt) — —V4a4 cos (w1t + w T3 + 2w, T3 — Awt)
+ 2 Viay cos (wat = 2w1T3 + waT3 + Awl) + 1= Vias cos (T3 — wif — 2wyT3 + Awt)

L V4a4 cos (wt + wiT3 — 2wy T3 — 2Awt)

- LV“a4 €os (w173 — Wit + 2wy T3 + Awr) — 75~

— 20”V ay cos (wit + wT3 + 2w T3 — 2Awt) + —V4a4 cos (wit — wT3 — 2w, T3 — Awt)
— =Viascos (Wit — T3 + 2waT3 — Awt) — g=Vias cos (waf — 2w T3 + waT3 — Awi)
+ 2= Viay cos (wat = 2w1T3 — w3 + Awl) — 1= Vias cos (st + 2w T3 + waT3 — Awr)
+ = Vias cos (Awt — w1 T3 = 2wyT3 — wit) + 3= Vias cos Quats — w T3 — Wit + Awr)

+ = Viay cos (wat3 — 20173 — wat + Awl) — g=Vias cos Qu T — wal + waT3 + Awt)
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- V as cos (wit + w1 T3 — 2w, T3 — 3Awt) — V4a4 cos (Wit + w1 T3 + 2w, T3 — 3Awi)

280n 140n

+ —V aycos (wit — wiT3 — 2wy T3 — 2Awt) — 55— V4a4 cos (w1t — Wi T3 + 2wsT3 — 2Awt)
— V ay cos (wrt — 2w T3 + wrT3 — 2Awt) + —V4a4 cos (wrt — 2w T3 + W T3 + 2Awl)
+ e Vfa4 €08 (waf — 2w T3 — Wy T3 — Awl) — 51=Via, cos (wat + 2w T3 + o T3 — 2AwE)

Vi cos (w13 — wit — 2waT3 + 2Aw1)

- iVi‘a4 cos (wat + 2w T3 — wyT3 — Aw) + 30

- 40” V ag cos (w173 — it + 2wyT3 + 2A01) + 4 V4a4 cos (Awt — 2w T3 — Wy T3 — Wyt)

— & Viascos QuiTs — wat + wyts — Awi) + —V4a4 cos 2w T3 — wat — WaT3 + Awt)

+ == 280” V ay cos (Wit — w T3 — 2w, T3 — 3Awt) — V4a4 cos (w1t — w1 T3 + 2wy T3 — 3Awt)
— 280” V ay cos (wrt — 2w T3 + wrT3 — 3Awt) + 2830 V4a4 cos (wrt — 2w T3 + wyT3 + 3Awt)
+ o0 V4a4 cos (ot — 2w T3 — Wy T3 — 2AwH) + 7= V4a4 cos (wat — 2w T3 — WaT3 + 2Awt)
— I407r V ay cos (wrt + 2w T3 + wrT3 — 3Awt) — 2(1)” V4a4 cos (wrt + 2w T3 — Wy T3 — 2Awt)
+ = V a4 08 (W1T3 — Wit — 2wy T3 + 3AWE) — 55— V4a4 cos (w1T3 — wit + 2w, T3 + 3Awi)

l40n 2807

+ 20”V a4 cos QAwt — w T3 = 2w T3 — W) + 3o~ V4a4 cos Qwyt3 — wiT3 — wit + 2Awt)
+ mVl ay cos (wrT3 — 2w T3 — Wyt + 2Awt) — m Vf‘a4 cos Qw T3 — wat + wrT3 — 2Awt)
— 7= Viay cos QuiTs — wat + wT3 + 2Aw1) — g=Vias cos Qi Ts — wat — waT3 — Awt)

5= Viay cos (wat — 2w, T3 — waTs + 3Awt)

3 V4a4 cos (wyt = 2w T3 — Wy T3 — 3AwI) + 56—

2807

—=-Viay cos GAwt — T3 — 2wy T3 — Wit)

— V ay cos (wrt + 2w T3 — wHrT3 — 3Awt) + —— Tion

I40n

=-Via, cos (wat3 — 2w, T3 — wat + 3Awt)

V a4 €08 (20,73 — W T3 — wit + 3Aw!) + 6=

280ﬂ

+ mVl as cos QAwt — 2w T3 — wyT3 — wot) — V as cos 2w T3 — wat + wWrT3 — 3Awt)

280ﬂ

- zngfaz; cos 2w T3 — Wyt + w73 + 3Awt) — —Vfa4 coS 2w T3 — Wyt — wrT3 — 2Aw)

—-Viascos BAwt — 2w T3 — w3 — Wat)

+ 7= Viay cos QuiTs — wat — w3 + 2000 + T

5= Viay cos Qs — wat — waTs + 3Awt)

- —V4a4 €0s 2w T3 — wat — Wy T3 — 3AwI) + 55—

2807

—1Vtascos (wif + w3 — Awt) + 2Viay cos (wif — w1 T3 + Awl)

+ 2 Via, cos (w3 — wit + Awt) — = Via cos (it + w T3 — 2Awr)
+ BViaycos (wif — wit3 — Awi) — g=Vias cos (wat + waT3 + Awr)
+ lV{‘a4 cos (Awt — w T3 — wit) — %Vfaz; cos (w1t + wT3 — 3Awt)

+ 3= Viay cos (wit — w13 — 2Awi) + 2 Via, cos (w1t — w3 + 2Aw1)

— }rV{‘a4 cos (wrt + wyT3 — Awt) + e V4a4 coS (wrt — wyT3 + Awt)

11

- Viay cos (w13 — wit + 2001 + £ Viay cos (wyT3 — wat + Awr)

+ # V;‘a4 cos (w1T3 — 3wt + Awt) + 2;8” V4a4 cos (wt — w3 — 3Awr)

+ 22=Viay cos (wit — w173 + 3Awi) — g=Via, cos (it + 3w T3 — Awr)
- % V;‘a4 cos (wrt + wyrT3 — 2Awt) — L Vfa4 cos (wat + wyT3 + 2Awt)

+ 2Vias cos (ot — w3 — Awl) + 55-Vias cos (wiT3 — wit + 3Awr)

280n

+§Vfa4 cos (2Awt — w1 T3 — wt) + 5 V4a4 cos (Awt — 3w T3 — wt)

+ 3= Vias cos (wot3 — wat — Awt) + ;Vfa4 cos (Awt — wyT3 — wat)

+ éVfaz; cos (Awt — w3 — 3wit) — éVfaz‘ cos Bwit + w3 — Awr)

— 2= Viag cos (wit + 3w T3 — 2001 — 33 Viay cos (wat + w3 — 3Awr)
280” V ay cos (wrt + wyT3 + 3Awr) + 362 V4a4 cos (wrt — wyT3 — 2Awt)

+ #-Viay cos (wat — w3 + 2Awi) + 33 Vias cos GAwt — w1 T3 — wi 1)

4(1)” V4a4 cos (wrT3 — wrt — 2Awt) + 1n V4a4 coS (wrT3 — wot + 2Awr)
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Vi cos (T3 — 3wit + 2Aw0)

1
+ % V14(14 CoS (—wrt — wrT3 — Awt) + — on

— 2= Viascos Gt + w T3 — 2Aw1) — g=Via, cos Bwt — w3 — Awr)

s2-Viay cos (wit + 3wty — 3Awr)

+ & Viay cos (wat3 — 3wt + Awt) — 5=

+5-Viay cos (wat — waT3 — 3Awl) + 350~ Viay cos (waf — woT3 + 3Awr)

— & Viay cos (wat + 3wyt — Awl) + - Vias cos QAwt — 3w, T3 — wi1)

407
+ 5= 280“ V ay cos (WrT3 — wat — 3Awt) + 2;3” V4a4 €08 (W T3 — Wyt + 3Awt)
+ 7= Viay cos (—wat — wyT3 — 2Awi) + 2 Vias cos QAwt — w3 — wat)

+ g V;‘a4 cos (Awt — 3wy T3 — Wyt) + 55— V aycos (w1 T3 — 3wt + 3Awt)

280n

+ 7= Viay cos QAwt — w13 = 3wit) + 5= Vias cos (Awt — 3w, T3 — 3w; 1)

+ 2}‘” V4a4 cos Bw 73 — 3wt + Awt) — 2830" V4a4 cos Bwit + w3 — 3Awt)
— 2= Viay cos Gt — wiT3 = 2A01) + 3= Viay cos Gwit — 3w T3 + Awr)

+ Sl—ﬂVj‘cu cos (Awt — wrT3 — 3wyt) — lV4a4 cos Bwst + wyT3 — Awt)

—4# Vias cos (wat + 3wty — 2Aw1) + 5o Vias cos BAwt — 3w T3 — wi 1)
+ 5o 280” V4a4 oS (—wyt — waT3 — 3Awt) + 5 = V4a4 cos (BAwt — wrT3 — wort)
+ 5= Vias cos GAwt — w1 T3 — 3wit) — 555 Vias cos Bwit — w3 — 3Awr)
+ #V{‘m cos Bwt — 3w T3 — Awt) — mV4a4 cos Bwt + 3w T3 — Awt)

+ 7= Viay cos (wyt3 — 3wat + 2Awt) — 4= Vias cos Guwat + wyts — 2Awi)

01

- Sl—ﬂ V;‘a4 cos Bwyt — wyT3 — Awt) — V ay cos (wrt + 3w, T3 — 3Awt)

280n

+ 7= Viay cos QAwt — 3wyt — wa) + 135z Vias cos QAwt — 3w T3 — 3w; 1)

120ﬂ

L V4a4 cos Bwt — 3w 13 — 2Awt)

1L oy4
+ 5oz Via4cos Bwits — 3wt + 2Awh) + -

+1=Viay cos Gwit — 3w T3 + 2Awh) — 55 Vias cos Gwi + 3w T3 — 2Awr)

15. ]20

L V4a4 cos (2QAwt — wrT3 — 3wyt)

V ay cos (wrT3 — 3wyt + 3Awt) + 35—

280ﬂ

-Vias cos Bwats — 3wat + Awl)

+ 51=Viay cos (Awt — 3wyT3 — 3wat) + 51

24rn

- V ay cos Bwyt + wrT3 — 3Awt) —

4
280” 10n V144 cos Bwat — w3 — 2Awt)

40

+ 2-Viay cos Bwat — 3waTs + Awt) + 5= Vias cos GAwt — 3wyTs — wyi)

280n

Z#V4a4 cos BAwt — 3w T3 — 3w 1) + 52— 280” V4a4 cos Bw 73 — 3wt + 3Awt)

+ 7=Viag cos Gt — 3w1T3 — 3Awh) + 5= Vias cos Gwit — 3w T3 + 3Awr)

3 V4a4 cos (BAwt — wrT3 — 3wyt)

- so=Viay cos Gwit + 3w1Ts — 3A00) + 52— 2807

2807

21” Vias cos Bwat — 3wrts — Awt)

V4a4 cos QAwt — 3w,T3 — 3woHt)

- 280“ V ay cos Bwst — wrT3 — 3Awr) +

3= Vias cos Bwat + 3wty — Awh) + 36

]27()” Viay cos Gwat — 3wty — 2Awl)

4_

I207r V as cos Bwrty — 3wst + 2Awt) +

+

EV{‘M cos Bwyt — 3wy T3 + 2Awt) — V4a4 cos Bwyt + 3wy T3 — 2Awt)

120n

5252 Viaa cos BAwt — 3wyt — 3wat) + 555-Viay cos Bwats — 3wat + 3Awr)

4_

280n

4(1)” V4a4 cos Bwyt — 3wy T3 — 3Awt) + 35 V4a4 cos Bwyt — 3wy T3 + 3Awt)

'F

— 5302 Vias cos Guat + 3wy T3 — 3Awr) + 2Viay cos (wif — 2wat — w1 T3 + 2w, T3)

+ f—era4 cos (wit + 2wsrt — w1 T3 — 2w, T3) + gia4 cos Qwt + wrt — 2w1T3 — WL T3)
+8Viay cos Quit — wyt — 2w T3 + wot3) + BVia, cos (wit — wT3)

+ §V4a4 cos (wrt — wyT3) + zV“a4 cos Bwit — 3w 13)

+ 2Viay cos Bwat — BwaTs) + g Vias cos (waf — 2wi1 — 2w, T3 + Wy T3 + Awr)

— A—HV;‘a4 cos (wit — 2wst + w1 T3 — 2w, T3 — Awt) — gTVfaz; cos (wit — 2wst + w1 T3 + 2,73 — Awt)
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+ }—era4 cos (wit — 2wrt — w1 T3 + 2w, T3 + Awt) — #Vfcu cos (w1t + 2wyt + w1 T3 — 2w, T3 — Awt)
—g=Vias cos (wif + 2wt + w1 T3 + 2wiT3 — Awl) + 2 Via, cos (w1 + 2wst — w1 T3 — 2wrT3 + Aw)

+ #Vfa;l cos (w73 — 2wot — Wit — 2wy T3 + Awt) + #Vfaé‘ cos (w13 — 2wt — wit + 2wy T3 + Awt)
+ g Viascos Quat — wit + w1 T3 = 2wrT3 + Awl) + 3-Vias cos (wat — 2w 1 — 2w T3 — WaT3 + Awi)
+ 4L”V4a4 cos (wat — 2wt + 2w T3 — Wy T3 + Awt) + 5 V4a4 oS (wrT3 — wat — 2w T3 — 2wt + Awt)
+ g Vias cos Quits — wat = 2wi1 + waT3 + Awl) — g-Vias cos Quit + waf — 2w T3 + woT3 — Awi)
+7erfa4 cos Qwit + wat — 2w T3 — WyT3 + Awt) — #Vfaé‘ cos Qwit + wyt + 2w T3 + wrT3 — Awt)

+ 1Viay cos Quit — wat = 2w1T3 + waT3 + Awl) — 5= Vias cos (w1t — 2wyt + w T3 — 2wy T3 — 2Awl)
— LV?CM cos (wit — 2wrt + w1 T3 + 2w, T3 — 2Awt) + lVfa4 cos (wit — 2wst — w T3 + 2wy T3 — Awt)

- V4a4 cos (w1t + 2wyt + Wi T3 — 2wy T3 — 2AwE) — W V4a4 cos (w1t + 2wyt + Wi T3 + 2wH T3 — 2Awt)

8—V4a4 cos (w1t + 2wrt — w1 T3 — 2wy T3 — Awt) — —Vfa4 cos (w1t + 2wrt — w1 T3 + 2wrT3 — Awt)

+ &= Viay cos (Awt = 2wyt — w1 T3 = 2wyT3 — wi1) + &= Vias cos Quats — 2wat — w1 T3 — Wit + Awr)
+ 5 V4a4 cos Quwyt — wit — w3 — 2wy T3 + Awt) + —V4a4 cos Quwyt — wit — w3 + 2wy T3 + Awt)
+ mVl ay cos (wrt — 2wt — 2w T3 + wyT3 + 2Awt) + gi‘aA; cos (Awt — wyt — 2w T3 — Wy T3 — 2w 1)
+ #V}‘m cos Qw13 — wot — 2wt — wyT3 + Awt) — LVfa4 cos Quwit + wrt — 2w T3 + wyT3 — 2Awt)

L V4a4 cos Qwt + wyt + 2w T3 + W T3 — 2Awt)

+ £ Viascos Quit + wat — 2w T3 — woT3 — Awl) — -

— ;—”me cos Quwit + wat + 2w T3 — wyrT3 — Awt) + —V4a4 cos Quwit — wrt — 2w T3 + wrT3 — Awt)

- LV;‘a4 cos Qwit — wat + 2w T3 + WL T3 — Awt) — V ay cos (wit — 2wst + w1 T3 — 2w, T3 — 3Awt)

l40n

L V4a4 cos (wit — 2wst — w1 T3 + 2wy T3 — 2Awt)

— V ay cos (wit — 2wart + wi T3 + 2w T3 — 3Awt) + —— o

280n

+—Vfa4 cos (Wit — 2wyt — Wi T3 + 2wH T3 + 2Awt) — V ay cos (Wt + 2wat + w1 T3 — 2w, T3 — 3Awr)

Sn 280n

— 280“ V ay cos (wit + 2wst + wi T3 + 2wrT3 — 3Awt) + —V4a4 cos (wit + 2wrt — w1 T3 — 2wy T3 — 2Awt)

+ £ Via, cos (wit + 2wyt — w1 T3 — 2wrT3 + 2Aw1) — mV4a4 cos (w;t + 2wyt — w1 T3 + 2w, T3 — 2Awt)

+ 40”V a4 €08 (W1 T3 — 2wat — wit — 2wy T3 + 2AwE) + 35~ V4a4 cos (w1 T3 — 2wst — wit + 2wy T3 + 2Awt)
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Appendix C

Unequal Four-Tone Comparison Graphs
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(c) Model estimation and measurement result for Excitation 3
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(e) Model estimation and measurement result for Excitation 6
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(g) Model estimation and measurement result for Excitation 8
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(k) Model estimation and measurement result for Excitation 15
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(m) Model estimation and measurement result for Excitation 18

Figure C.1: Comparison between measurement and model outputs for four-tone
(10MHz/1kH?z) input excitation for five different power levels (—12.8dBm to 4.26dBm).
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