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ABSTRACT

DESIGN AND IMPLEMENTATION OF A BROADBAND I-Q VECTOR
MODULATOR AND A FEEDFORWARD LINEARIZER
FOR V/UHF BAND

Ozkaya Unlu, Aye
M.Sc., Department of Electrical and Electronics iBagring

Supervisor: Assoc. Prof. Dfimsek Demir

February 2010, 77 pages

Considering the requirements of the commercial amiitary applications on
amplitude and phase linearity, it is necessary éduce nonlinearity of the
amplifiers. There are several linearization techegthat are used to reduce
nonlinearity effects. Feedforward linearizationheiciue is known as one of the
best linearization methods due to its superior difgation performance and
broadband operation. Vector modulators which allcamsplitude and phase
modulation simultaneously, is the most importantnponent of a feedforward

system.
In this thesis, first of all a broadband V/UHF w@cmodulator designed and

implemented. Then a feedforward system is invetgdand implemented using

the designed vector modulator for V/UHF band.

Key words: Vector Modulator, Feedforward, Lineatiaa



Oz

V/UHF BANDI ICIN GENIS BANTLI I-Q VEKTOR MODULATOR VE
[ILERIBESLEME DGGRUSALLASTIRMA YONTEMI TASARIMI VE
GERGCEKLENMES

Ozkaya Unlii, Aye
Yuksek Lisans, Elektrik-Elektronik MihendigliBolumu

Tez Yoneticisi: Dog. DrSimsek Demir

Subat 2010, 77 sayfa

Ticari ve askeri uygulamalardaki glmsal genlik ve faz gereksinimleri géz énine
alindginda, yukselteclerin daha gsal calgmasi ihtiyaci dgmaktadir.
Yukselteclerin daha dwousal calgmasini sglayacak bircok dgrusallgtirma
yontemi bulunmaktadirileribesleme yontemi dousallgtirma performansi ve
geng bantl calgabilme ozellgi ile en iyi dgsrusallgtirma yontemlerinden
birisidir. Es zamanl genlik ve faz modilasyonuna izin verentiekodulator ise

ileribesleme yonteminin en énemli elemanidir.

Bu tezde oOncelikle VHF bandinda geriantl calsacak c¢akacak bir vector
modulator tasarlanmive gerceklenmgtir. Daha sonraki samada yine VHF
bandinda cajacak bir ileribesleme sistemi, tasarlagrolan vektor modulator

kullanilarak gerceklenngiir.

Anahtar Kelimeler: Vektor Modulatoileribesleme, Dgrusallgtirma
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CHAPTER 1

INTRODUCTION

The purpose of a power amplifier (PA) is to bobs tadio signal to a sufficient
power level for transmission through the air iraed from the transmitter to the
receiver. This amplification process turned intoc@nfusing problem which

needs solving several contradicting requiremenéstdiuhe increasing number of
users and growing need for spectral efficiency. MVhistorical development of
communication is investigated, it becomes clear thieyproblem is confusing.

In first-generation wired communication systemscsi data rate is not a strict
consideration, frequency modulation (FM) is usddsIpossible to use highly
efficient PAs, consuming as much as 85% of thel teyatem power, in FM

systems because of the fact that no informatioenisoded in the amplitude
component of the signal [1]. So non-linearity tlsaa result of high efficiency is

not such a restrictive parameter for these systems.

Unlike first-generation wired communication systerasnew concept, sharing
available spectrum, is developed with wireless esyst Since spectrum is
limited, increasing the amount of information thedn be carried per unit
bandwidth, namely spectral efficiency, becomes @ #gure. Use of digital

transmission and Time Domain Multiple Access (TDMpartially meet the

increasing spectral efficiency requirement by sufpg increasing number of
users and providing higher data rate. In theseesyst for example Global
System for Mobile Communication (GSM), modulatiarheme retains constant

envelope RF signals as it is in FM modulation solebut to support TDMA



systems with higher linearity are required. Howewaarthe linearity performance
is increased, efficiency of these systems is deggta@/orking only at one time-
slot of the total time compensates the degradaifoefficiency, so for example
GSM handsets achieve very long operating times.o Aty replacing the
modulation scheme of these systems with spectratigre efficient but
nonconstant envelope modulations, higher data rates supported against

increasing linearity requirement [2].

Finally, the third-generation Wideband Code-DiwisioMultiple Access
(WCDMA) systems which allow higher number of users the same radio
channel simultaneously are developed. These syddéfasentiate users only by
their unique, quasi-orthogonal spreading codes. ddheantages offered by the
WCDMA, however, come at the expense of more stnhfeearity requirements
due to the wide range of amplitude changes.

As it is seen in the historical development, thendr is towards multicarrier
transmitters where a single power amplifier handlssveral carriers
simultaneously, in which case the bandwidth, poleeel, peak-to-average ratio

(crest factor) and also linearity requirement iase

In modern communication systems, increasing denfandwo contradicting
properties, linearity and power efficiency, preseohe of the most challenging
design problem. Therefore, the current state ofsausing various linearization
techniques to achieve the goal of designing lifeAts operating as close to
saturation as possible in order to maximize itsicifiicy. Linearization
techniques like feedforward, predistortion, envelaimination and restoration
employs additional external circuitry to enhancedrity performance of a PA by
cancelling the distortion terms, especially by ivwg the third order
InterModulation Distortion (IMD) terms.



Feedforward linearization technique is one of tlestdinearization techniques
with its wideband performance for both constant anwhconstant envelope
signals [3]. So it has re-emerged as one of the ais/e technical topics in the
wireless communication era in recent decades. Beggntinuing attempts to
devise easier and more efficient alternatives,féleelforwvard method appears to
be the most viable approach for making commercial fPoducts which can
handle modern wideband multicarrier signals lirntgaspecifications [4]. Also the
ability of adapting environmental changes, drifdevice and load characteristics
and even changes in the signal environments itsel§n other reason for the

popularity of feedforward linearization technique.

Constraints of the feedforward technique are efficy and the need for accurate
phase and amplitude matching. There should be agmstable element to
compensate for the phase and amplitude simultahefaugproper cancellation of
distortion term independent of temperature, inggha bandwidth and level
changes and also drift in device. For this purposmponents called Vector

Modulators (VM) are used.

An ideal vector modulator moves the input signaatdesired vector location on
the Smith Chart by using amplitude and phase mddualaimultaneously [5].
This is why vector modulators are key componentsifgplementation of a
feedforward system. For this reason design of @aveunodulator which covers
the concerned frequency range is the first issuthisfthesis. There are lots of
alternative vector modulator topologies. Digital cke@ modulator, shifted-
guadrant microwave vector modulator, vector modulatith summation of three
vectors and I-Q vector modulator are most commaegyof vector modulators.
In this thesis, I-Q vector modulator design is eredd, due to ease of

implementation and know-how on this topic.



The goal of this thesis is first to design and iempént a broadband V/UHF
vector modulator. Second to implement a V/UHF feedfrd linearization

system by using this vector modulator.

In chapter 2, first the concept of linearity anmtekrization will be discussed, most
important linearity parameters will be investigatddien some of the popular
linearization techniques feedforward, predistorti@mvelope elimination and

restoration and LINC will be mentioned.

In Chapter 3, usage of vector modulators and wgrkinnciple of an I-Q vector
modulator will described in detail. Components used-Q vector modulator
circuit and parameters effecting the performanceoflulator will be discussed.
Finally simulation of an I-Q vector modulator cirfcand implementation of this
circuit with the results of both simulation and iepentation will be shared.

In Chapter 4, the designed I-Q vector modulatol W used for design and
implementation of a feedforward linearization systén the first part of Chapter
4 Carrier Cancellation Loop (CCL) of a feedforwasgstem will be investigated
with major components which are directional couplenain amplifier, delay
lines and attenuators, and then measurements lifedaCCL circuit will be

shared. In the second part of Chapter 4, Error €ktion Loop (ECL) of a

feedforward system will be handled with its mostportant component error
amplifier. Then the obtained results about the ggarince of the implemented

ECL and the complete feedforward system will beegiv

In Chapter 5, achievement of the system will beuised. Possible recruitments

and practical know-how will be shared for furthesris.



CHAPTER 2

LINEARITY AND LINEARIZATION

In this chapter brief background materials abouedrity and linearization

concepts which are necessary for better understgrafi the following chapters

are provided. The first section covers linearitpypdamentals and define linearity
parameters which are used most commonly. The separtdwill present what

linearization is and most common linearization tegbes; feedforward,

predistortion, LINC and envelope elimination andtogeation will be explained.

Also advantages and disadvantages of these systdirbe discussed.

2.1 Linearity Concept

An amplifier is said to be linear if it has a cardt gain and linear phase
characteristics over the bandwidth of operationjctvimeans no distortion is
introduced to the input signal and such a systerapeesented with the following

transfer function:

Vout =GVin (2.1)

where G is gain of the amplifier [6]. If the ampif under test is perfectly linear
then the output signal level is G times the inpghal level regardless of the
input signal level, and the phase shift betweentirgmd output signals is fixed

for a given frequency.



However, amplifiers have amplitude dependent gaml aonlinear phase
characteristics in practice. This brings the nates$s include these nonlinearity

terms to (2.1), which can be expressed as follows:

Vout =GV, +GNZ +GV 3 +.....+ GV (2.2)

Here the first term represents linear amplificatidime other terms introduce
nonlinear products to this first linear term, ahdg the transfer function deviates
from being linear [6]. It is clearly seen in (2@t if such a weakly nonlinear
device is excited with a sinusoidal signal, thepautsignal will include some
additive terms at the multiples of the input sigfr@quency, which are called
harmonics. It is easy to filter harmonic compondntaising a low pass filter. In
the case of a multi-tone or a band-limited contimigignal excitation, another
nonlinear product called inter modulation distantidMD), occurs nearby the
fundamental tones. IMD products arise from the a@igmccurring at frequencies

nf, + mf, wheren,m are integers and, and f, are the frequencies of each input

tone or upper and lower frequency limits of bamdied signal [7]. IMD is one
of the most dominant measures of linearity. Ampl&wf the IMD products is
related with the transistor technology, bias leoklthe transistor, input signal
level and input and output matching. Since IMD prcid are closed to the

fundamental tones, they cannot be removed byihigdi8].

In weakly nonlinear systems, another commonly usedsure of linearity is third
order intercept point (IP3), which is defined ashaoretical point where IMD
products have the same amplitude with the fundamhdnhe. In practice, as
output signal level increases, third order IMD leirereases also, but finally
both of them saturate at the saturation point & tlevice. There exists a
theoretical point where these two terms would seet if they were not saturated,

that intersection point is called IP3, as it isachg seen in Figure 2.1.
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Figure 2.1 Pin-Pout plot of an amplifier, IP3 poirt is indicated as the
intersection point of linearized outputs.

There is one more distortion source called memdigce Memory effect is a
distortion characteristics caused by the energyrgf@®lements like capacitances.
Also thermal resistance and thermal capacitandbeotilicon is a key figure on
memory effect [1]. The IMD components generatedth® power amplifier are
not constant but vary as a function of many inpanditions, such as amplitude
and signal bandwidth as a result of memory effétten a signal with high peak-
to-average ratio is fed to the transistor, the terajure of the transistor rises up.
This phenomena causes the power amplifier to woek different power curve,
for every peak signals [1]. Thus the histogramhef power amplifier is related to
the characteristic history of the signal being $raitted. That is why it is called

"memory" effect.

A single-tone input signal is insufficient for theharacterization of memory
effects. Instead, these effects can be investigbhyedpplying a two-tone input
signal with variable tone spacing [9]. Strong linegnals at the fundamental
tones make nonlinear effects difficult to measdi@s is particularly important in
the characterization of memory effects, which aeally very weak compared to
linear signals. Therefore, the analysis of IMD camgnts is the most practical

starting point for the exploration of memory effect



2.2 Linearization and linearization techniques

There are power amplifier applications where litgaris the leading
consideration in comparison to the efficiency. Sapplications typically would
be single or multichannel base station transmittersground or satellite
communication systems.

Multichannel power amplifier applications open upanand stringent linearity
requirements, 30 dBc better than linearity speaiftms for a single channel
transmission [10]. These linearity specificationsn cbe achieved by using
traditional Class A amplifiers and additionally kang off the power amplifier,
namely adjusting the input signal level to preveeak power from exceeding 1
dB compression point [7]. Consequently, either gy yegh power transistor will
be used or a few transistors will be used in palratl obtain the same power.
However both of these solutions degrade the effayeand are not cost effective
methods.

In such a case linearization becomes important. idiéa of linearization is that
the power amplifier itself is designed not to beelr enough in order to achieve

good efficiency and then the linearity requiremeats fulfilled by external

linearization circuitry.

Since linearization has been an attractive topicesithe early days of electrical
amplification, several linearization techniquesséxind theory and principles of
these techniques are evolving. However linearipatias a theoretical limit.

Whatever technique is used, linearization can maeiase the saturation power of

the device, instead enables using the region betwg and saturation by

enhancing the linearity performance of this redibh.

Here the most common linearization methods wiliintioned.



2.2.1 Feedforward linearization

Feedforward is an old linearization technique.imgentor Black saw that it is
possible to achieve linearization using the samecept with the feedback
technique accept applying the correction at thewudf the amplifier, rather than
the input [2]. This offers the benefits of feedbarithout the disadvantages of
instability and bandwidth limitations. The feedf@md linearization system is

given with the basic building blocks in Figure 2.2.

The aim of the system is to eliminate the inheremtlinear products of the main
amplifier which is seen on the upper branch of first loop. At the input, the

linear input signal is sampled by using a couplbic is called C1 in Figure 2.2.
Through port of this coupler is the input of theimamplifier, whose output

includes the unwanted distortion products. By thkp lof a coupler again, which
is denoted as C2 in Figure 2.2, the output of tlaenmamplifier is sampled. This
sample includes carrier and the IMD products predudy the amplifier.

Synchronously, the sample of the linear input digmamely the reference signal,
passes through a phase/amplitude modulation uniteadelay element which
applies an equivalent delay that is introduced npldied signal at the upper
branch. Phase and amplitude delay element is wsedljust the phase of the
reference signal so that the reference signal aednbnlinear sample are in
phase. Finally the reference signal and the noatisample are subtracted from
each other. If both of the signals are amplitudd adelay matched, perfect
cancellation of carrier occurs and the resultaghai includes the nonlinear
products only. Since the carrier signals are suggee in this loop , it is called

“Carrier Cancellation Loop (CCL)".

The aim of the second loop is subtracting the meali products from the main
nonlinear signal that is why it is called “Error ii@llation Loop (ECL)”. Before

the subtraction operation it is necessary to amphi€ nonlinear products so that



amplitudes of the nonlinear products in both brasclof the ECL will be
comparable. The key point here is to amplify ncgdinproducts without adding
any additional nonlinearity. This gain block isledl as error amplifier in Figure
2.2. As it is in the CCL, a phase and amplitude ofattbn unit and a delay
element is employed to match the nonlinear prodi$ay phase and amplitude
matched signals in both branches of the ECL arepeped using a coupler as a
subtractor. That coupler is denoted as C4. At titpud of C4 linearized signal is

obtained.

Feedforward system includes no feedback mecharissthe system is ideally
unconditionally stable [12]. Also this method pres wideband linearization for
both constant and nonconstant envelope signalsiwidth of the system is
limited with the bandwidths error and main ampitdieand the environmental
elements like phase/amplitude modulation unit angpters only.

10
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Efficiency is a challenging issue for feedforwaeghnique, because the insertion
losses of the components; delay elements, phasktfiadep modulation units,
couplers and also the need for designing suchearierror amplifier degrade
efficiency of the overall system. It is time to edhat, main amplifier’s efficiency
is dominant factor on the overall system efficien8p in order to increase the
overall efficiency of the system, main amplifierosiid be designed highly

efficient without considering its linearity [2].

Another constraint of the feedforward techniquehis need for accurate phase
and amplitude matching. There should be an adjles&lbment to compensate
the phase and amplitude changes due to the teraperahd aging. For this
purpose components called Vector Modulators ard.ugector modulators will

be mentioned in detail in Chapter 3.

2.2.2 Predistortion

Predistortion linearization technique is based @roducing a distortion
characteristic complementary to the amplitude amakp distortion characteristic
of the power amplifier. The predistortion circuitty placed before the power
amplifier as shown in Figure 2.3. Here the difftguls to model the power
amplifier exactly and to be able to generate theeiige characteristic. Due to
these difficulties the most widely preferred apgioas predistorting only the
third order products, which are the dominant distarproducts [2].
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Figure 2.3 A basic predistortion system consist @ predistorter and an
amplifier with their transfer functions

Predistortion techniques suffer from gain and phas@tions due to changes in
temperature and aging, also changes in amplifiaradteristics from sample to
sample. To overcome these degrading factors adaptiedistortion techniques,
which ensure amplitude and phase matching can biewstd over the lifetime

and operational temperature range of the amplifiaye been developed [13].
These systems monitor the linearization performamk when the performance
of the system is degraded, by using a look-up-table Digital Signal Processor
(DSP) for baseband, predistorter characteristiaipglated according to new

distortion characteristic.

Predistortion technique is more efficient but itenbdwidth and linearity

performance is not as good as feedforward systems.

2.2.3 LINC technique

The linear amplification using nonlinear componehttNC) was first proposed
by Cox in 1974, as a method of achieving linear lgoation at microwave

frequencies [3]. The aim of the system is to creat@plete linear amplifier by
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using two highly efficient and highly nonlinear alifiprs. As it is seen in Figure
2.4 the RF input signal is split into two constamvelope, phase modulated
signals, and each of these signals are fed towts monlinear amplifier to be
amplified by the same amount. Then these amglifignals are summed up,
output of this summing junction is an amplified sien of the original input

signal with ideally no added distortion.

BF amplifver
= [T
=G f‘;-——l
|~
Signal 5.1 ¥ ) e
— s&paration |q |:\ — -+ G{EATHS
| y,
generation |27 5
W, B 0 |
| R
| BN s
RF amphihar

Figure 2.4 Block diagram for LINC

The technique is suitable to be used at microwaegquiencies. Since highly
nonlinear amplifiers are used, the overall efficierof the system is high. The
disadvantages of the system are, the strict caticell requirements for the gain
and phase match of the two RF paths, and loss fidiegicy during the

cancellation process.

Commercial designs have been reported which prodd8&C transmitter

architectures for software defined radio appliaatio

2.2.4 Envelope elimination and restoration (EER) tehnique

This method was first proposed by Khan in 1952ufég2.5 shows principle of
operation where input signal is split into two, ded into a limiter, to remove the

amplitude modulation resulting a constant envelppbase modulated signal on
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this branch [8]. The other half of the signal isl ieto an envelope detector to
detect the envelope of the original input signah Afficient but nonlinear
amplifier is used to amplify the phase modulateghal while the amplitude
modulated signal is amplified by a highly efficidaw frequency amplifier. This
amplified amplitude modulated signal is then usedemodulate the amplified
phase modulated signal. The envelope wave shapgbeohigh power output

signal is thus the same as that of the input sjgoat as the phase modulation

Component.
Magnitude
Envelope ‘
detector ‘
RF
in_,

RF

Phase
out
Limiter 4D—> Combiner —»

Figure 2.5 Block diagram of envelope eliminationystem

Since highly nonlinear amplifiers are used thistexys is a very efficient

linearizer. This technique is good for reasonablells of envelope variation. But
delay mismatches between two branches and the sisagjmiter introduce extra

distortion.
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CHAPTER 3

I-Q VECTOR MODULATOR

In this chapter, usage of vector modulators andimgrprinciple of an I-Q vector
modulator will be described in detail. Componerdsdiin I-Q vector modulator
circuit and parameters effecting the performanceo@lulator will be discussed.
Finally simulation of an I-Q vector modulator ciitcand implementation of this

circuit with the results of both simulation and iepentation will be shared.

3.1 Vector modulator

Conventional modulation schemes offer either am@ét or angle modulation.
Namely a single modulator can either generate amgldulation (frequency or
phase) or amplitude modulation [14]. However, fanpiementation of
feedforward linearization system both amplitude phdse adjustments between
the upper and lower arm of a feedforward systemnamessary. Here vector
modulation schemes which allow a single modulatocantrol amplitude and
phase simultaneously, becomes a key figure. Thathig design of a vector
modulator which covers the frequency range of dpmras the first issue of this
thesis. There are a few alternative vector modultipologies. Digital vector
modulator, shifted-quadrant microwave vector mottujavector modulator with
summation of three vectors and I-Q vector modulatermost common types of
vector modulators. In this thesis, 1-Q vector madoit design is preferred, due to

ease of implementation and know-how of ASELSAN ING.this topic.
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3.2 1-Q Vector modulator

I-Q vector modulators simply use the fact that doiteary signal can be described
with two components, first a signal whose lengthpi®portional with its
amplitude and second an angle between the ampMecter and horizontal axis,
which is proportional with the phase of the sigfd). When these two
components are shown on a diagram, it is cleady $leat the original signal can
be defined as a sum of two signals, one in-phasan(l the other one 80 apart
(quadrature, Q ), as shown in Figure 3.1.

>
=
[
8=

I(t) = M(t)*cos[®(t]]
Q(t) = M(t)*sin[@{t)]

Q Axis (Imaginary)

-
| Axis (Real)

¥

Figure 3.1 Original Signal and 1-Q components

I-Q vector modulators are based on this princiBle adjusting the amplitudes of
| and Q components modulation of the input sigreldmes possible. Modulated
signal can be placed in any vector location desoedhe I-Q diagram, if the

modulator works properly [15]. The block diagranedisor vector modulation

operation is given in Figure 3.2.
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Figure 3.2 Block diagram of an I-Q vector modulator

First the input signal is applied to% quadrature hybrid. This component splits

the input signal into two equal parts wil® phase difference. These signals are

applied to90 quadrature hybrids again, which are used as variatienuators.

Finally outputs of these hybrid couplers are addgdising an in-phase power

combiner, and modulated signal is obtained. In fibleowing figure circuit

schematic is given in details.
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V. (variable bias)

I n

Figure 3.3 1-Q vector modulator circuit

In order to understand the working principle ofsttHQ vector modulator it is

necessary to understand the role of PIN diodes.
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3.2.1 PIN diodes

A microwave PIN diode is a semiconductor devicet thyaerates as a variable
resistor at RF and microwave frequencies. A PINddigs a current controlled
device in contrast to a varactor diode which isoitage controlled device. In
addition, the PIN diode has the ability to contiamige RF signal power while
using much smaller levels of control power [16]eTiesistance value of the PIN
diode is determined by the forward biased dc cumeaty. When the forward bias
control current of the PIN diode is varied continsly, it can be used for
attenuating, leveling, and amplitude modulatingRin signal. When the control
current is switched on and off, or in discrete siepe device can be used for
switching, pulse modulating, and phase shiftingRdin signal. The microwave
PIN diode's small physical size compared to a wength, high switching speed,
and low package parasitic reactance, make it aal idemponent for use in
miniature, broadband RF signal control circuits][1An important additional
feature of the PIN diode is its ability to conttatge RF signals while using much

smaller levels of dc excitation.

A model of a PIN diode chip is shown in Figure 3T4e chip is prepared by
placing a wafer of almost intrinsically pure siligohaving high resistivity and
long lifetime between N-region and P-region. Thguteng intrinsic or I-region

thickness V) is a function of the thickness of the origindicein wafer, while

the area of the chip (A) depends upon how manylsseations are defined from
the original wafer. The performance of the PIN @gimarily depends on chip
geometry and the nature of the semiconductor nadteri the finished diode,

particularly in the I-region. These characterisgofiance the ability to control RF
signals with a minimum of distortion while requigitow dc supply. When a PIN
diode is forward biased, holes and electrons ajected from the P and N
regions into the I-region. These charges do naimdxne immediately. Instead, a

finite quantity of charge always remains stored eegllts in a lowering of the
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resistivity of the I-region. The quantity of storethiarge, Q, depends on the
recombination timer (the carrier lifetime), and the forward bias eumt; | -, as

follows

Q=l.r1 B.1

The resistance of the I-region under forward bRsjs inversely proportional to

Q and can be expressed as:

wW
Ry=——— (3.2)
(1, +1,)Q
whereW s I-region width, 4 is electron mobility,., is hole mobility. In

vector modulator application PIN diodes are usedaasble attenuators due to
the current dependent series resistances seeailiridtward bias model in Figure
3.4.

_—Matal P O a-)
|
Glass e t
) = L C
Intrinsic t‘ :
el {::'
Layer & G = = Rp
:I’QI 5
O I
(a) Cross Section of Basic Diode {bj Forward Bias (c) Reverse Bias

Figure 3.4 PIN diode forward and reverse bias modg

According to the applied bias current, seriesstasces of the PIN diodes

change. When the two output ports of quadratureitiglare terminated with PIN
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diodes it becomes possible to control terminategjstances of these ports. Since
both legs are connected to a common source, the s&aminating resistances are
seen at each port. According to the transmissina theory, there will be a
reflection if there exists an impedance discontinyiLl7]. The amplitude of
reflection will be related to impedance mismatchioraas in the following

equation:

ZL _Zo
Z +Z,

M= 06 3B

wherel is the reflection coefficientd is the phase of reflection coefficierf,

is the termination impedance ard, is the characteristic impedance of the

: Z -7, . . . .
quadrature hybrid. The term% indicates the magnitude of reflection
L (6]
coefficient. It is clearly seen in (3.3) that refien coefficient approaches one as
termination impedance Z ) approaches infinity and reflection coefficient
approaches -1 as termination impedance approactres Here negative sign

indicates 180 phase shift. After this brief explanation abouNRliodes and
transmission line theory, it will be easier to urstand the working principle of I-

Q vector modulator.

3.3 Working principle of I-Q vector modulator

The input signal, denoted as RFIN, is split witl@muadrature Hybrid 1 (M/A
COM JHS 142) generatin@® and —-90° outputs, which are denoted as | and Q

components. SupposeFIN =100, than | and Q components are indicated as

follows:
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v, =0.7073 0 (3.4)

v,, =0.7071 90
As shown in Figure 3.20° output of the Quadrature Hybrid 1 becomes input of
Quadrature Hybrid 2(M/A COM JHS 142). This input adso split within
Quadrature Hybrid 2 into two portions. First pontis directed into0° phase
port of Quadrature Hybrid 2, second portion is clied into—90° phase port. The
second portion is delaye®0 in phase relative to the first portion, as it vias
Quadrature Hybrid 1. Part of each portion dire¢tedach phase port is reflected
back. Amplitude and phase of reflected parts dependthe terminating
impedance of the each phase port, which are adjustéuning the bias current
of the PIN diodes. Since both phase ports of trelature hybrid are terminated
with PIN diodes connected to common source, tertimnampedances of both

phase ports are equal.

When the PIN diodes are supplied by minimum biasec, PIN diodes acts as
an extremely high terminating resistance, thusotitbn coefficient approaches 1.
Namely the first and the second portions of theuirgignal are reflected back
into the Quadrature Hybrid 2 totally from the phgsets. The first portion is
split into two equal signal components, when itaflected back fronD° phase
port. The first component is directed into inputtpaehe second component is
directed into output port of Quadrature Hybrid ZheTsecond component is
delayed90 in phase relative to the first component. The sdquart of the input
signal which was directed to thed0 phase port of the Quadrature Hybrid 2 is
also reflected back to Quadrature Hybrid 2. It isoasplit into two equal
components. The first component is directed intputinport, and the second
component is directed into output port of the Qaathe Coupler 2.

Therefore, the first component reflected fr@d phase port arrives at input port

delayed twice by90 relative to the first component arriving this pdrom
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0 phase port after reflection. So these signals ¢ae@eh other. The second

components reflected frod and -90 phase ports arrives output port of the

Quadrature Hybrid 2. These signals are in phaseesgach has been delayed

once by 90 . So these components are added. This meansithagse of

extremely high terminating resistance, half of signal received at the input port

of the Quadrature Hybrid 2 arrives to the outputt pgith a 90 phase shift

relative to the received signal. For explaininghwmmathematical expressions,

denotel’ = g0° in short [5], then

Case 1:
If R)5S0Q thenl = gdo

Signal at output port of Quadrature Hybrid 2

vy, =(2*V,,.(0.707*g *0.707) 0 ¢ 90 |

Signal at isolation port of Quadrature Hybrid 2

V,

liso

=(Vv,,-(0.707*g *0.707) *(I O+ 1] 180
Case 2:
If R(50Q thenl =g180

Signal at output port of Quadrature Hybrid 2

vy, =(2*Vv,,.(0.707*g *0.707)) O (90 |

Signal at isolation port of Quadrature Hybrid 2

V,

liso

=(v,-(0.707*g *0.707) *(1J 180+ T ©
Case 3:
If R=50Q then =0
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Vip = Vi =0 B

When the phase ports of the Quadrature Hybrid 2t@mmainated with a low
resistance by biasing the PIN diodes with maximuorrent, instead of

terminating with a high resistance, reflection ¢oednt at those ports approaches
-1. Namely the signals arriving and -90 phase ports are reflected back into
Quadrature Hybrid 2,180 out of phase. As in the case of high resistive
termination, the signals reflected back fr@rand —-90 phase ports cancels each
other at the input port of the Quadrature Hybric2d the signals reflected back
from 0" and-90 phase ports are in phase so they are added cctnstty at the
output port of the Quadrature Hybrid 2. Half of thput signal is lost due to the
cancellation process at input port but rest ofdigmal arrives the output port of
the Quadrature Hybrid 2, however the phase of thput sighal becomes shifted
180 relative to the case of high resistive terminatidamely in the case of low

resistive termination, the output signal #90 out of phase relative to the

received signal.

Changing bias currents of the PIN diodes betweenimmum and maximum

currents levels, changes the phase of output siggtateen0 and 180 . In the
case of perfect match, when PIN diodes are biasgdproper current to obtain
50Q termination resistance, the reflection coefficibatomes zero; whole of the
signal is directed to load. So it is understood tiwhen the bias currents are
adjusted to obtain a termination resistance betwearmum and0Q , reflection
coefficient varies between -1 and 0. Consequehgynhagnitude of the signal at
the output port varies between zero and 50% ohésimum value a180 phase
state. When the bias currents are adjusted to rolataiermination resistance
between 50Q and maximum, reflection coefficient varies betwd&rand 1.

Consequently the magnitude of the signal at thewiyport varies between zero

and 50% of its magnitude, at tilephase state.
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The Hybrid Coupler 3(M/A COM JHS 142) operates igimilar manner. The

signal at the output port of the Quadrature Hyl¥idaries between zero and 50
percent of its maximum & phase state or 480 phase state according to the
signal at the input port of the Quadrature Hybridepending on the bias currents
of the PIN diodes. For the Quadrature Hybrid 3ehsronly one difference. The
signal at the input port of the Quadrature Hybri$ 30 apart from the signal at

the input port of the Quadrature Hybrid 2, thusated as Q component of the

modulator.

Since the bias currents of the PIN diodes at | @drms are separated, it is
possible to apply different attenuations and obthiferent phase states at these
arms. The output signals of Quadrature Hybrid 2 &rade vectors with variable

amplitudes but on | and Q axis respectively.

As the final stage of the modulation process thiputusignals of the Quadrature
Hybrid 2 and 3 are fed into an in-phase power coeb{(M/A COM DSS113).
Vector combination of these | and Q signals givesrhodulated signal, and it is

provided to the load.

Here it will be suitable to express the output algnvith mathematical

expressions for different values Bf and R, :

First it is necessary to indicate that summing \tketors a and bat a power

combiner can be expressed as follows:

V =0.707*@+b) (3.10)

Case 1:
If R)50Q and R,)50Q
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RF,,, =0.707*(-0.707%g, - j (0.7071, )

RF,,; =0.5*%\/g,° +g,”0 tan‘l(:—glJ

2

Case 2:
If R(50Q andR,)50Q

RF,,, =0.707*(-0.707%g, + j (0.7071, )

RF,,; =0.5*%\/g,° +g,”0 tan‘l(iJ

-0,
Case 3:
If R)50Q and R,(50Q
RFo,; =0.707*(0.707*g, — j (0.707%Y, ),

RF,,; =0.5%/g2+g,20 tan‘l(_—gl]

9

Case 4:
If R(50Q and R,(50Q

RF,,, =0.707%(0.707%g, + j (0.7071, )

RFour =0.5%/g.2 + 0,70 tan‘l(&j

9,

(3.11)

(3.12)

(3.13)

(3.14)

(3.15)

(3.16)

(3.17)

(3.18)

Where g, and g, represent real parts of reflection coefficientsatd Q arms.
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3.4 Simulations of 1-Q vector modulator circuit

For better understanding of working principle of laQ vector modulator, ADS

simulations of the circuit given in Figure 3.3 alene. An |-Q vector modulator
circuit is set up by using ideal quadrature hybeadd power combiner.

The simulation circuit is given in Figure 3.5. Asettermination impedances of

guadrature hybrids, ideal resistive loads are used.

RS
R=Rin Ohm
Hybridod -
L HYB2 -
| Loss=0 dB -
... . . . . . .k "] GainBal=0dB .
+ PhaseBal=0
¢ lerm . 0 0 T~ 0 . . B
< |Termt o o >_ 3 Term
o e .| . Term2
Z=50 Ohm R Hybrid90 L Hybridod :;W:Rl“t— Num=2
= o R=s0 OHRE1 = ° " [= =] HYB3 = t Z=50 Ohm
._l_. - Loss=0dB - - - |- - |Loss=0dB.S21=0707 . c o o
L : . GainBal=0dB. . . LZ -] GainBal=0 483150707 = = = 1
. .= . . PhaseBak0 . | PhaseBal=0 = —
| R
R6 R7

R=Rq Ohng» R=Rq Ohm

Figure 3.5 Vector modulator simulation circuit with ideal resistive loads.

Sweeping the values of these resistive loads oh aan of the vector modulator
changes the vector location of the output signal.itAis indicated before in an
ideal case, if the load resistance changes betweem and infinite, reflection
coefficient changes between -1 and 1. Half of tigmads at the input of the
guadrature hybrids reach to power combiner whiclamaeghe modulated signal

can be moved to any point desired on the Smith tChathin 0.7 radius.
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Figure 3.6 Simulation of I-Q vector modulator ciraiit with termination
resistance tuned between values very close to zenad infinity, at 400 MHz.

If the values of the resistive loads are restricted area covered on the Smith
Chart is also restricted, if the values of the st& loads are asymmetric
arounb0Q , the area covered on the Smith Chart becomes asgmonaround

origin. The simulation results about mentionedatitins are given in Figure 3.6,

Figure 3.7 and Figure 3.8.
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Figure 3.7 Case of asymmetric termination resiahce at 400 MHz
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Figure 3.8 Case of restricted termination resistare at 400 MHz

Using PIN diodes instead of ideal resistive loads affects the modulation due
to the capacitive and inductive components in Pilddlel model. If the ideal load

in simulation circuit is replaced with model inclnd reactive components, the
area covered on Smith Chart is deformed and rotatedrding to the case of
ideal termination resistaces. The circuit and #saults are given in Figure 3.9 and
Figure 3.10.
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Figure 3.9 [-Q vector modulator circuit with PIN diode model
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Figure 3.10 Simulation results for I-Q vector moduator circuit with PIN
diode model at 400 MHz
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3.5 Determination of bias currents of PIN diodes

As it is evidently seen in the simulation resultssistive terminations at the
outputs of the Quadrature Hybrids 2 and 3 affeetghrformance of I-Q vector
modulator significantly. For proper modulation merhance, these impedances
must be defined. Thus the choice of PIN diode ry waportant. There are some
characteristics to be considered. First the rarfigeges resistance that PIN diode
represents in its forward bias condition becomepnoperty to be considered.
This resistance should change in a range betwdeers/amall enough to obtain
reflection coefficient close to -1 and great enotmlobtain reflection coefficient
close to 1 while changing bias current in an aadpt range [15]. Second,
resolution of the resistance according to bias eruris considered. Because
during the modulation process fine tuning of semesistance is crucial for
convincing performance. Additionally parasitic campnts of PIN diode come
into question. As it is obviously seen in simulati@sults parasitic components
of PIN diode affects the area covered on Smith Ciegrading the performance
of I-O vector modulator. Considering these chargsties a PIN diode, Chelton
DH40144, is chosen as termination component of ¢aiace Hybrid 2 and 3.

3.6 Implementation of I-Q vector modulator

To verify represented theoretical background antukition results, it is time for
implementing 1-Q vector modulator circuit. First all the circuit schematics is

preparedThe schematic is given in Figure 3.11.
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Figure 3.11 I-Q vector modulator schematics

Here C1, C2, C7 and C8 are used as DC blockingctaps; others are used as
by-pass capacitors. L1, L2, L3, L4, L5, L6 are uascthoke inductors. Resistors
are used to complete the circuit of bias currehte®PIN diodes. Vin and Vq are
bias points of PIN diodes for | and Q arms respetti A single layer printed

circuit board of 1mm thickness is prepared.

Here the marked components are DH40144 which oot PIN diodes in one

package.

PIN diodes are biased to obtain minimum and maxinegpivalent resistances,
also the need for symmetric reflection coefficiemtsund zero is considered. The
resultant bias current necessary for maximum etgpnvaesistance is determined
as 50 uA and bias current necessary for minimumivatgnt resistance is
determined as 50mA for each PIN diode. Since tla igadesigning a broadband
V/UHF I-Q vector modulator, measurements are darb@ MHz, 300 MHz and

400 Mhz. At each frequency bias currents of thd &ibdes are swept between
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minimum and maximum values, and S21 of I-Q vectaduator is measured

with vector network analyzer for each point.

Figure 3.12 Printed circuit board of I-Q vector malulator

To simplify the process, 8 different bias currentletermined within 50 uA and
50 mA range. Bias current is swept from minimummrtaximum of these 8 bias
current at one of the | or Q arm while fixing thescurrent to one of these 8
values at the other arm. For this measurementKapb@entiometer is used for
restrict the required bias voltage in an acceptablgge. For minimum bias
current levels this series potentiometer is maxatizand for maximum bias
current levels this series resistance is minimizeaninimize the required bias
voltage level. By this way the maximum requiredtage level is restricted to
20V. Measurements are plotted on the I-Q diagraorsebch frequency in

following figures.

34



When the results are examined carefully, it is dbahthe covered area on Smith
Chart is deformed, and deformation characteristitequency dependent. This is
sign of existence of reactive components in PINddionodel as it is mentioned
before. Since this deformation does not degradgeh®rmance of the modulator
dramatically and wideband elimination of these tigaccomponents is hard, we

did not focused on compensation circuits.
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Figure 3.13 S21 measurements of I-Q vector modutatfor bias currents
between 50 uA-50 mA at 200 MHz.
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Figure 3.14 S21 measurements of I-Q vector modutatfor bias currents
between 50 uA-50 mA at 300 MHz.
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Figure 3.15 S21 measurements of I-Q vector modutatfor bias currents
between 50 uA-50 mA at 400 MHz.
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As it is mentioned, at least half of the input sigms dissipated on vector
modulator due to the cancellations. Insertion Isssk quadrature hybrids and
other non-ideal components increase the insertiss bf vector modulator. In
this application insertion loss of vector modulatsrnearly 4.5 dB over the
bandwidth of operation. As the termination resistnof the quadrature hybrids

get closer to the 5Q insertion loss increases.

I 521 Log Mag 10.00dE/ Ref 0.000dE [F2 D&M]
30.00
=1 1&7.4500000 MHz -4.5320 dE
2 172.7500000 MHz -4.4935 dB
3 2E0.0000000 MHz -4.6676 dB
20.00 (4 2EQLO000000 MHz —4.6676 dE
EW: 0.000000000 Hz
cent: 0.000000000 Hz
10.00 | Tew:  0.000000000 Hz
high: 0.000000000 He
: Q:  0.0000 l
: -4.53z20 dBE
o.ooo o T
i
g 2
-10.00
-20.00
-30.00
-40.00
-E0.00
Start 150 MHz IFBI 30 kHz Stop 500 MHz

Figure 3.16 Maximum and minimum insertion lossesfd-Q vector
modulator

The difference between minimum and maximum inseriss gives the dynamic
range of vector modulator. This is also a meastdrth® performance of PIN
diode. If the dynamic range of vector modulator réases, the ability of

modulating the input signal improves.

According to measurements of minimum and maximuserition loss of vector

modulator, dynamic range of designed I-Q vector atetoyr is nearly 15 dB as it
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is seen in Figure 3.16. Since the level of the frgignal is in the order of a few

15-20 dBm’s dissipation does not rise temperatoreiclerably.

Vector modulators are employed with other companeht feedforward system,
so input and output matchings of an I-Q vector ntatdu is also an important
parameter. S11 and S22 of a vector modulator shreahdin in acceptable limits
within frequency of operation and for different ®iaonditions. The following
figure shows the S11 and S22 measurements of ingoiesd 1-Q vector
modulator, it is also seen that these parametersotdchange considerably with

changing bias conditions.

Sz Log Mag 10.00d67 Ref O.000QE LFz D&M]

30,00
1 251.9867550 MHz -17.281 dE
Z 500.0000000 MHz -2.0774 dE
3 466.0044150 MHz -4.4519 dE
20,00 |wd  247.0198680 MHz -17.990 dE
10.00
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=-20.00
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Figure 3.17 S11 and S22 of implemented I-Q vectanodulator
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In the following figure, set-up used for vector dutator measurements is

shown.

Figure 3.18 Set-up used for measurements of vectorodulator. Insertion
loss of vector modulator is seen on display in casé zero Vin
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CHAPTER 4

IMPLEMENTATION OF FEEDFORWARD
LINEARIZATION SYSTEM

This chapter introduces the implementation of tkeedforward linearization
system. First carrier cancellation loop (CCL) oéd&rward system is handled.
Components used in CCL; directional couplers, nzamplifier, delay lines and
attenuators, are explained in detail. MeasuremehtSCL printed circuit board
are discussed. In the second part of this chapter eancellation loop of the
feedforward system is discussed. Error amplifignigestigated in detail. Results
obtained from the measurements of complete feedfi@hsystem printed circuit

board are discussed.

Feedforward linearization system is mainly dividatb two parts. First one is
“Carrier Cancellation Loop (CCL)” and second is r@r Cancellation Loop
(ECL)". In CCL sampled distortion terms are obtairtey cancelling the carrier,
in ECL distortion terms are amplified and subtrddi®m the nonlinear signal to
obtain the amplified carrier in ideal case. Thealfeewvard linearization system is
given with the basic building blocks in Figure 2.2.

4.1 Carrier cancellation loop (CCL)

Carrier cancellation loops is the first loop of démward linearization system.
CCL consist of directional couplers, main amplifieector modulator and delay
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line and attenuator if necessary. Block diagrar@GL is given in Figure 4.1. For

better understanding these components will be tigaged in detalil.

4.1.1 Directional couplers

Directional couplers are used to unequally spbtsignal flowing in the mainline
and to fully pass the signal flowing in the oppediirection. In an ideal situation
some portion of the signal flowing into port A wappear at Port C. Likewise any
signal flowing into port C will be coupled compltéo port A. However ports B
and C and ports A and D are isolated [18]. Any aidlowing into port B will not
appear at port C but will feed through to port Akdwise any signal flowing to
port A will not appear at port D but will feed thugh to port B.

Directional couplers used in CCL circuit are reatizby two transformers
connected as shown in Figure 4.2. Transformersbearealized on two separate
troids or a binocular ferrite, twin hole ferriterep can be used to realize both of

the transformers T1 and T2.
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Delay
line C3

Figure 4.1 Block diagram of CCL

Low frequency response of this topology is dictated the ferrite material
characteristics. High frequency response of thp®lagy is partially governed by
total wire length, since the core effects are nogéy dominant near the high
frequency end. Interwinding capacitance, leakagleigtance, copper losses and
transformer coupling below unity also degrade hegld- performance. Small
shunt capacitances to ground at the coupler parisbe used to improve match
and directivity at the expense of bandwidth [18}. lAgher frequencies, lead
length must be kept to a minimum to limit parasiticuctance. To achieve
broadband performance, ground connection lengthst lbe minimized. High

frequency response improves as core size and veineetier decrease.
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Figure 4.2 Directional coupler equivalent circuit

The response of the directional coupler can vagmdtically depending on the
interleaving of the primary and the secondary cdilsertion loss of this topology
decreases with increasing number of turns due ® c¢hoke effects of
transformers. Increasing the number of turns onpimary is limited by the
number of wires that can fit through the core. Alsing heavier gauge magnet
wire for the primaries reduces mainline insertiassl and improves power-
handling capability. The isolated port should cann® a good Zo ohm load
impedance, such as a small chip resistor to preetiection. Coupling ration of
directional couplers changes by the turn numberaoisformers, that is;

Coupling _Ratio = 20log(N ) (4.1)

where turn ratiosN =N1=N2 and N =2 [18]. Here the number of turns is
determined by the number of times that the wirdisaded through the center of
the core even though it may not make a complete @&&free turn. In this
application turn ratio is chosen as 4 and corregimgncoupling ratio is nearly 14
dB. In Figure 4.3 one of the couplers realized wité given topology is seen. A
Micrometals T37-2 core is used for each of thedf@amers as magnetic material.

This material is chosen considering the frequenagge of operation and
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maximum power applied. An AWG # 24 wire of 0.35 nthick is used for

windings, and silver coated wires are used as skggnwindings of the

transformers. During this application it is obsehtbat the performance of the
couplers is effected by location of the windingg). symmetric or asymmetric.
So all couplers are prepared with similar windiogdtions to obtain expected
performance. Moreover tightness of the windinge&# the coupling ratio. If

windings are not tight enough, coupling ratio chemgithin band, so it becomes
harder to obtain proper coupling ratio when numbgturns decreases. This
affected our design, also it would be easer toizealest of the feedforward
system(especially error amplifier) by decreasing tloupling ratio, to obtain
constant coupling ratio over bandwidth, a smallentnumber could not be

attained.

Figure 4.3 Directional coupler realized circuit

Another parameter for couplers is directivity whibdénotes the isolation between
coupling and isolation port. This parameter is digtinctive for our application,

but it is also measured and obtained as betteritBaiB.
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In CCL circuit 3 couplers are used for two differeperations. Couplers C1 and
C2 are used for sampling the signal in their thfopgrts. C1 samples the input
signal before it is fed to the main amplifier. €2mples the signal amplified by
main amplifier. Coupler C3 is used for subtractihg signals at upper and lower
branches of the CCL. Coupling port of C2 is fecptot B of C3, this signal is
coupled to port D, where port D is through porGH for the signal coming from

vector modulator. So these two signals are summedldracted if the phases are
180° apart.

Since these components are hand-made repeataijilihese components affect
the performance of CCL. To examine the repeatghilitcouplers, all couplers
used for CCL and feedforward printed circuit board measured. According to
the measured results couplers with 4 turn raticothices 0.5 dB insertion loss
throughout bandwidth as seen in Figure 4.4. Cogpiatio is stable within 1 dB
between couplers and stable within 0.4 dB throughtioe bandwidth of interest

for each coupler. Results are given in Table 4.1.

Table 4. 1 Insertion loss and coupling ratio meas@ments of all couplers
used in CCL and feedforward printed circuit board.

200 MHz 300 MHz 400 MHz
Coupler IL Coupling IL Coupling IL Coupling
(dB) (dB) (dB) (dB) (dB) (dB)
CCLC1 | -0,38 -15,4 -0,4 -15.7 -0,71 -15.1
ccLc2 | -0,37 -15,4 -0,30 -15,3 -0,42 -15,3
CCLC3 | -0,35 -15,2 -0,30 -15,2 -0,48 -15,1
FF C1 -0,35 -15,9 -0,38 -16,0 -0,50 -15,8
FF C2 -0,38 -14,6 -0,40 -14,8 -0,74 -14,5
FF C3 -0,40 -15,2 -0,41 -15,4 -0,6P -15,3
FF C4 -0,3 -15,0 -0,28 -15,1 -0,32 -15,2
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MO 571 Log Mag S00.0mdE/ Ref 0.000dE [Fz D&M]

1.500
1 200.0000000 MHz -371.61 mdB
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3 400.0000000 MHz -512.95 mdE
1.000 |4 300,0000000 MHz -380.26 mdB
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500 .0m
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[
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Start 100 FHz IFBIA 30 kHz Stop G0 MHz

Figure 4.4 Insertion loss of coupler C1 of CCL pmted circuit board.

4.1.2 Main amplifier

The amplifier that is desired to be linearized alex the main amplifier. The
feedforward circuitry exists for linearizing the tput of this amplifier. Since
there exists a linearization circuit, it is readaleato operate main amplifier close
to saturation. In the design of the main amplibee of SEMELAB transistors,
2.5W single ended D2019UK is used. Schematic ofgdes circuit is given in
Figure 4.5.

In practice gain of an amplifier changes with tenapare, frequency, and signal
level. In order to prevent variations due to theperature and frequency some
circuitry is added while designing main amplifieHere PT4 is a potentiometer

used for adjusting th&/,, of D2019UK, C18 and R16 are used in parallel to

compensate the decreased gain at high frequeneyittuit between R16 and

C14 is used for completing the current flow duehe V, voltage without any

46



change caused by increase of temperature. Near ghiesautions C14, R11 and
L7 is used as feedback circuitry of the transidgtmrensure the stability of

amplifier and finally 28V_DC is supply of the trast®r which is filtered by the

capacitors C15, C16, C17, C21.

Considering CCL block diagram, Figure 4.2, it isgible to calculate the gain of
main amplifier in terms of the parameters of otbemponents. Suppose that
main amplifier has gaimg,,, couplers have an insertion logs coupling ratioc,
vector modulator and attenuator has insertion ssandt, respectively. Since

signals reaching the two ports of coupler C3 shdwtdbalanced for proper

cancellation [11],

a,.9,C,1,c,=C,v,0. (4.2)
_ cva
=TS 0.3
a,c,t,C,

a7



Jalidwe urew jo onewsyoss Gy ainbi4

Wl .
__._m 2=
el
HANEL0ED _
78 cld
plY g5
ﬂ_u
mo g : T urgy
zdT
ald
| |
11
um_u__“n___ -
Al
&= ._E: H=o
A wnb
- - _ _ =
Lo Lu T T
— == Mo iy AGE o)
sk ol _S% tu% T i,
S
290 : ‘ D0~ ABZ =
Sw
H -~
— DEELAL 69 dlE—=

ld
0

48



So gain of main amplifier or parameters of othemponents should be adjusted

to satisfy (4.2). In our implementationandt are adjusted according @,. To

find out what the main amplifier introduces to CQGetailed measurements are
done. First of all frequency dependency of gainyaeal, Pin-Pout curve of main

amplifier is obtained for the sanig at different frequencies, obtained curves are

given in Figure 4.6.

Pin-Pout curves of D2019UK for Id=150ma& at 200kHz(*), 300MHz(+) 400MHz(o), S00MHz(=)

34
32

30

Pout {dBrm)

28

267

24

22 1 1 1 1 1 1
=] 10 12 14 16 18 20

Pin (dBm)

Figure 4.6 Pin-Pout curves of D2019UK for the samé, at different
frequencies.

Then thel, dependence of gain is analyzed, at 400 MHz Pirt-Botves are
plotted for differentl, values. Results are given in Figure 4.7.
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400 MHz Pin-FPout curves of D201 2K for [d=100mA0=) 1d=150mA0] and |d=200ma™)
34 T T T T T

5

Pout (dBm)

22 1 Il Il 1 1
g 10 12 14 16 18 20

Pin (dBrm)

Figure 4.7 Pin-Pout curves of D2019UK at 400 MH=zf different 1,'s.

Besides, according to the measurements given ineTal2, B, of the main
amplifier is close to 30 dBm.

Table 4. 2 Pin Pout values for 100 mA, at 400 MHz

Gain

Pin (dBm) | Pout (dBm) | (dB)
8,0 23,3 15,3
9,0 24,2 15,2
10,0 25,1 15,1
11,0 26,0 15,0
12,0 26,8 14,8
13,0 27,7 14,7
14,0 28,5 14,5
15,0 29,4 14,4
16,0 30,2 14,2
17,0 30,9 13,9
18,0 31,6 13,6
19,0 32,3 13,3
20,0 33,0 13,0
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4.1.3 Delay lines and attenuators

Delay lines are used to equalize delays of the muppd lower branches of the
CCL if there exist a delay mismatch. Main amplifiend vector modulator

introduces considerable amount of delays, in tlsggdethey are not placed on the
same branch of CCL so fortunately they compensath ether. But in the case
of delay mismatch delay lines must be used in otderot to limit operational

bandwidth. In CCL circuit by-pass capacitors aracptl on the upper and the
lower branches, in case of delay mismatch padkesfet capacitors might be used

to insert delay lines.

Attenuators are used to match amplitudes of sigaaiging to differentiator C3,
if necessary. They are also used to compensateydhre variations of main
amplifier. In our application a 7 dBl attenuator is placed between C2 and C3 to

equalize the amplitudes of signals subtracted apleo C3.

4.1.4 Implementation of carrier cancellation loop

CCL loop is implemented as the first part of feedfard system. A printed
circuit card is prepared. Schematic of CCL is giwerFigure 4.8. For proper
cancellation of the carrier CCL must also be malcldelay wise. If it is
necessary, a delay line can be inserted. To cotiteobelay match of CCL, the
two arms of CCL are measured. Main amplifier arrmisasured from input of
CCL to coupling port of C3. Lower arm is measureamhf input of CCL to input
port of C3. During these measurements it is seah delay of VM and main
amplifier are affected by the bias conditions digantly. In the case of zero bias
condition, delay of VM increased considerably. Tlisvhy measurements are
done under bias conditions. Delay amounts at laoths were comparable

inherently, so there is no need for delay line @@2L. Measured delays of both
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ports are given in Figure. 4.9. and 4.10. Effeétpawer level and bias level on

the delay are also measured, any considerable ebargained.

When amplitude wise match is investigated it isnséwat at through port of C3
level of carrier signal coming from upper arm igaer than the carrier signal
coming from VM. Inequalities of signal levels preveunderstanding the exact
performance of CCL due to the excessive residualecaTo equalize amplitudes

of these signals an attenuator of 7 dB is placéddsn C2 and C3.
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M 57T Delay 10.00ns7 Ref 0.000s [Tl
50, 00

1 201.3245030 MHz 2.0701 ns=
2 463.,0000000 MHz E5.8571 ns
4000 =3 332,0529200 MHz 3.12E58 n=

=Hun 4 200,8822520 MHz  2.4117 n=

20000
20.00n
10.00n
k]
ety et S VU] S
’ 1 3
F10.00n
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Figure 4.9 Delay of upper arm of CCL from input of C1 to output of C3
when main amplifier biased with 150 mAlI

%zl Delay 10.00ns7 Ref 0.000s [FZ]
€0, 00n
1 187.4500000 MHz 4.5857 ns
2 104.5000000 MHz 5.4929 nsz
3 244.0337350 MHz 3.768% ns
40.00n |4 258,9403970 MHz  2.4377 ns
20.00n
20.00n
10.00n
3
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0.000 W I
F10 .00k
IFEW 20 kHz Stop 550 MHz

Figure 4.10 Delay of lower arm of CCL from couplirg port of C1 to output
of C3 when VM biased with 1 mAI, and I
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There is one more problem faced with during the G@plementation that is
coupling of IMD products to the input of the CCLeld input output isolation of
main amplifier and directivity of the couplers coméo question. Since level of
these IMD products are much smaller than the prisdoaming from the upper
branch, they did not degrade the performance of @& important to check out

the purity of the carrier signal at the lower ai8][

After adjusting the delays and amplitudes of the tarms of CCL, carrier
cancellation performance of CCL is measured. Obthiresults are given in
Table 4.3

Table 4. 3 CCL output for different frequencies wih 0.5 MHz spacing
between fundamental tones and 150 mA,,. I, and |, changes between 50

uA and 50 mA for each PIN diode of VM and Pin=16 dB/tone

Freq(MHz)|IMD5(dBm)|IMD3(dBm)|Fund.1(dBm)|Fund.2(dBm)| IMD3(dBm)|IMD5(dBm)
250 -46,3 -33,3 -41,8 -42,5 -33,5 -47,2
300 -48 -35,5 -43,7 42,7 -35,5 -47,8
350 -48,5 -37 -51 -49,5 -37,8 -52
400 -53,5 -39 -50,2 -49 -39 -49,8
450 <-55 -42,5 <-55 -53,5 -43 <-55

Table 4. 4 CCL output for different spacing betweerfundamental tones at
400 MHz with 150 mA 1. |, and |, changes between 50 uA and 50 mA for

each PIN diode of VM and Pin=16 dBm/tone

Spacing(MHz)|IMD5(dBm)|IMD3(dBm)|Fund.1(dBm)|Fund.2(dBm) IMD3(dBm)|IMD5(dBm)
0.05 -52 -39,5 -46 -47,8 -40 -52
0.25 -48 -35,5 -43,7 -42,7 -35,5 -47,8
0.50 -53,5 -39 -50,2 -49 -39 -49,8
1.00 -53 -39,3 -57,2 -51,5 -39 -54
2.00 -51 -38,2 -50,3 -49,7 -39,3 <-55
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Table 4. 5 CCL output for different 1,’s at 400 MHz with 0.5 MHz spacing.
l,, and I, changes between 50 uA and 50 mA for each PINodie of VM
and Pin=16 dBm/tone

Id(MHz) IMD5(dBm)|IMD3(dBm) [Fund.1(dBm)[Fund.2(dBm)| IMD3(dBm)|IMD5(dBm)
100 -52 -39 -46,5 -46 -39,5 -50
150 -53,5 -39 -50,2 -49 -39 -49,8
200 <-55 -39,3 -51 -50 -40,2 <-55

As it is seen in the measurements at CCL outputiecacan be suppressed more
than 10 dB below the IMD products. Such an effecguppression decreases the
peak to average ratio of the signal at the CCL waiuéghich is input to the error
amplifier. Namely proper suppression of carriemaigfacilitates the design of
error amplifier by decreasing necessary peak pdexel. Also such an exact
cancellation of carrier can be used to relieve lthearity requirements of the
error amplifier. Further more the success of CCldi®ctly related with the
performance of VM, which manage nearly 40 dB casigpression according to
original signal, this strengths the believe on thgainment of complete

feedforward system.

In Figure 4.11 photograph of the circuit used f@LOneasurements is given. As
it is seen the layout of the printed circuit boasdprepared in a manner to
minimize the paths which contributed to equalizéayie at each branch. The
thickness of the paths on this board are fixeddtondl to adjust the impedance of
the paths to H0.

4.2 Error cancellation loop (ECL)

Error cancellation loop is the second loop of tleedforward linearization

system. ECL consists of directional couplers, eamplifier, vector modulator
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and delay lines and attenuators if necessary. Bthiagram of ECL is given in
Figure 4.12. Directional couplers, vector modulatiglay lines and attenuators
are used for the same purpose as in CCL. Differemtlerror amplifier is placed

in ECL. For better understanding this component lvglinvestigated in detail.

Figure 4.8 Printed circuit board of CCL which is almm thick one layer
board.

4.2.1 Error Amplifier

In a feedworfard system, the input signal to theoreamplifier consists of
intermodulation and noise from the main amplified aesidual carrier from CCL
where intermodulation term is significant. This &g is amplified by error
amplifier to obtain amplitude wise equal distorti@mms at both main amplifier
path and error amplifier path. It is necessary rieuee that the error amplifier
contributes to the intermodulation at the feedfadvautput as little as possible.

Any intermodulation created by error amplifier,aty leakage signal pick up by
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the error amplifier, go straight to the feedforwautput without any possibility
of cancellation. The intermodulation level of threoe amplifier depends upon the

target system linearity and the coupling ratio éf C

Main amp. . Feed

out L2 forward
Delay out
Cc2 line C4
Attenuator
ECL
C3,a3 4 4
VM2 ‘ ‘
ccL | |
C3 out Stage 1 Stage 2 Stage 3
HMC478MP86 HMC478MP86  D2019UK
Error amplifier

Figure 4.92 Block diagram of ECL

As it was indicated for gain calculation of maingiier, gain of error amplifier
also depends on other components in feedforwartersysSince signal at the
output of main amplifier reaches to error amplifierough couplers C2 and C3,
also through the attenuator between C2 and C3 antbwmodulator, insertion
losses and coupling ratios inserted by these cosmiemmust be compensated.
Beside this power gain from main amplifier to theedforward output is
determined by insertion losses of couplers C2 adda@d delay line if exist.
Since at the output of ECL signals from both mampBbfier path and error
amplifier path must have equal intermodulation afisdbn level, gain of error

amplifier is calculated as follows [11]:

a,l,a,=c,t,C5v,9.C, (3.4
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_ a,la,

(4.5)
C,t,.C,v,C,

e

where g, is the gain of error amplifierg,, a, are insertion losses of directional
couplers C2 and C4 respectively, is insertion loss of vector modulator on error
amplifier path,l, is insertion loss of delay line on main amplifgeth, c,, ¢, and

c, are coupling ratios of couplers C2, C3 and C4eetyely.

The peak-power requirement of error amplifier soaghn important parameter for
implementation of ECL. Peak the average ratio ptitrsignal mainly determines
the need of peak power of error amplifier. If ereonplifier does not fulfill the
peak power requirement, input signal can not belifietp linearly. This is why
analyzing the feedforward system before determitingyspecifications of error

amplifier is crucial.

Suppose that main amplifier is a Class AB amplifigth an average output

power B, , and distortion levelD,, , then the distortion power at the output of

main amplifier can be approximated as follows;

Dy

P, =P,.3.10° (4.6)

The power gain (or loss) between the output of mamplifier and the
feedforward output is determined by the insertiosses of the couplers on this
path and insertion loss of the delay line if thisrene. That is

2 2] 2
a,a,l, .
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If the second loop is balanced the gain througbreamplifier path and main

amplifier path must be equal. Suppose tRatlenotes the average output power

of error amplifier,

Dy £ 1
P.=PR,.[ 3.10° +10° |, @I’ =z (4.8)
A
Here S. represents the residual carrier power from the CICis clearly seen

that depending the relative performance of the nzamplifier and the carrier
suppression, the dominant contribution to the ayeer@utput power of the error

amplifier can either be distortion power or residuarier power.

The peak power requirement of error amplifier igher than the average power

by an amount equal to the peak-to-average ratihefain amplifierAR, , and

an additional margirB;, to ensure linear operation, that is,
P = P..B. AR, (4.9)

where B represents the peak power of error amplifier [TL$. minimize

distortion due to the signal clipping peak-to-ageraatio of main amplifier is
also adjusted according to peak-to-average ratiopmft signal. Peak-to-average

ratio of main amplifier can be expressed as,

P
AR, =-10 10
) = 10)

M

SubstitutingAR,, , peak power of the error amplifier can be expréssderms of

the peak power of the main amplifier, that is,
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Du. X
Pe = P .BE.(3.101° + 100] a’ a5 (4.11)

(4.11) states that peak power of error amplifiea iinction of peak power and
intermodulation performance of main amplifier, @earier suppression of CCL
coupler and delay line losses and coupling ratiG4f

Error amplifier is one of the most important comeots of a feedforward

linearization system. It has a significant effegttbe performance of feedforward
system [20]. So it is necessary to design a limeeor amplifier to obtain beter
results for IMD cancellation at the output of fema¥ard linearizer. In this

application we did not focused on designing sughnagper error amplifier due to
the lack of time. Instead we focuse on implemen@ngomplete feedforward
system. So ready amplifiers and the main amplibeCCL is used in cascade

instead.

In our application nearly 45 dB error amplifier gas needed due to the high
coupling ratios of couplers. To achieve such a lygim a 3 stage error amplifier
is used. For the first two stages a gain block ittitel HMC478MP86 is used.

The HMC478MP86 is a SiGe Heterojunction Bipolar niator (HBT) Gain
Block covering DC to 4 GHzB,; of this gain block is 18 dBm. This Micro-P
packaged amplifier is matched to(@t input and output. The HMC478MP86
offers 22 dB of gain. Needs only a single supply5d and a simple bias
circuitry. Bias circuitry is given in Figure 4.1@here value of L1 is frequency
dependent and choosen as 82 nH for this applicafitrand C2 are 1 nF by-pass

capacitors as in the rest of the circuit.

As the third stage of the error amplifier Semela20IOUK is used as in main

amplifier case with the same topology.
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Vector modulator of the ECL loop is placed on theeamplifier arm between

first and second stage to enhance the return lpassimg the insertion loss of
vector modulator.

Reus
Vs O ™ # Ve

|
|
)
-

RFIN O ?1}—- \ .—T

Pin 1 |

— N

CRFOUT

) Pins 2, 4

Figure 4.103 Bias circuitry of HMC478MP86

4.2.2 Implementation of ECL

The aim of implementing ECL is to attain practikabw-how on implementing a
complete feedforward linearizer. By this way a dw®ris occurred to see the
important points of implementation, to learn howptepare layout and effects of
characteristic properties of error amplifier. Fbistpurpose a one layer 1mm

thick printed circuit board is prepared for implertetion of the feedforward
linearization system.

First of all performance of CCL is checked out. hbe delays of the error

amplifier and main amplifier paths are measuredefay mismatch of nearly 4ns

is found out. To equalize the delays an 85cm dbteeyis inserted on the main
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amplifier path between C2 and C4 couplers. Delagsuements of both paths

are given in following figure

£21 Delay 10.00nss Ref 0.000s [RT D&M Smo]
50 00
1 200.0000000 MHz 5.4297 ns
¢ 221.5000000 MHz 6.1332 ns
4000 3 300,0000000 MHz 4.9462 ns
=HH 14 400.0000000 MHz  5.437E ns
=5 500.0000000 MHz  5.4480 ns
30,00
20,00
10.00m
T ° 3 3
0.000
0. 00

Figure 4.114 Delay measurement of upper and lowarm of ECL

Before examining the performance of the overaltesys performances of each
component on ECL is measured. During these measutsit is realized that the
vector modulator on ECL is not working properly. ¢t modulator does not
cover all quadrants of Smith Chart, one of the gatagle couplers employed in
vector modulator is deformed. All the feedforwar@asurements are done by
using this deformed vector modulator. So IMD calateln performance of
feedforward system is not as good as it is expebteadsystem still offers an
acceptable amount of enhancement on IMD levels.shed data is given in the

following table.
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Table 4. 6 Feedforward output for Pin=16 dBm/tone ad |,=150 mA

IMD5 IMD3  [FUND.1 |FUND.2 [IMD3 |IMD5
Main Amp. Output -14,2 1,8 28 27,5 3,8 -16
Feedforward Output | -20,7 -5,3 27,2 27 -4,3 -25
Main Amp. Output -14,5 2,5 27,1 26,5 3 -16,2
Feedforward Output -26 -6,7 24,8 24,5 -5,1 -25,5
Main Amp. Output -16,8 0 24,7 24,3 -0,7 -17,8
Feedforward Output -23,2 -8,8 24 23,8 -8,2 -25,3
Main Amp. Output -22,5 -1,5 24 23,5 -1,8 -22,5
Feedforward Output -16,7 -18,2 21,7 21,3 -14 -18,5

250 MHz

300 MHz

400 MHz

450 MHz

As it is seen in Table 4.5 at least 7 dB IMD suppi@n is achieved over 250-450
MHz range. Best performance is obtained at 450 MBi#.7 dB suppression of
IMD can be life saving for some applications. Ifrfpemance of CCL (nearly
40dB carrier suppression) is considered, it isrbfeseen that performance of the
overall system can be enhanced by replacing thermed vector modulator with

a properly working one.

4.3 Efficiency of feedforward system

Feedforward system is one of the best linearizagsgstem if linearization
performance is considered but it suffers from edficy. Since there are two
power amplifiers employed to obtain the same pdeszl, overall efficiency of
the system decreases considerably. Furthermorealbveerformance of the
system depends on linearity of the error amplifigtl]. If efficiency of an
amplifier is described as a measure of how effettiloC power is converted to
RF powern can be expressed as,

p=or 4.12)

I:)DC

The total DC power drawn from DC supplies is giasn
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PDC = PDC_M + PDC_E (4-13)

The efficiency of main amplifier operating in cla&B is a function of average
output power,
— PM

PDC_M -

M

(414

Since the peak to average ratio of main ampliedefined asAR, =B,, /R, ,

(4.14) can be rewritten as,

Fiw

P o= 4.15
) (4.15)

The efficiency of error amplifier can be expresgederm of peak power of this
amplifier,
Re P

P =———=E =__M 4.16
Pe-E e ”E'APE ( )

Where AP =B,, / B is the ratio of peak power capabilities of theoerand

main amplifiers. Due to the insertion losses & tomponents on the main
amplifier path before output of the feedforward tegs, output power of
feedforward system is less than the output powenaih amplifier, that is,

P, =P, .a,’l,a/ (4.17)

Substituting these results to (4.12) overall edindy of a feedforward system is
obtained as follows,

a’ll a?

Nee =222
(1 AP, J
T4 - M

My e AP

According to (4.18), feedforward efficiency is dagdent on many factors like

(4.18)
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insertion losses of couplers and delay lines, iefficy of main amplifier at
maximum average output power, efficiency of ernmplfier at peak power and
ratio of main and error amplifiers peak powerspdiver consumption of other
components like vector modulators is considereficiency of feedforward

system is degraded more.

Efficiency of the implemented circuit is calculateml compare the single main
amplifier case and a complete feedforward lineariz&se. As it is expected
efficiency of the overall system is degraded duéhtwoextra power consumption
of additional elements. At 300 MHz the power at mamplifier output is
measured as 1.4 W and 0.23 A is drawn from 28 \enTBC to RF efficiency of
the main amplifier is calculated as 21.7%, butxieenal linearization circuitry is
included nearly 0.435 A is drawn from 28 V and 182 is drawn from 5 V.
Then overall DC to RF efficiency of the system adcalated as 8%. This can be
summarized as efficiency of the system is decre&sea 22% to 8% for nearly
10 dB suppression of IMD. Designer should constterpriorities of the system
If 10 dB suppression of IMD products is life savimdesigner might permit
degradation of efficiency in the expence of lingari

Input and output matching of a feedforward systemne more issue to consider.
Since this system will be inserted in a commundgagystem, it must be matched
to the stages placed just before and after feedi@hhinearizer. In other words
S11 and S22 of a feedforward system must be khbtar-10 dB to prevent signal
loss due to the mismatch. In this work couplersr@@4 are the interfaces of the
system with the other stages. According to the oreasents S11 and S22 of the
coupers are better than -10 dB over operationwaltl, which is an acceptable

matching ratio.

In the following photograph the set-up used fordfeeward measurements is

seen.
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Figure 4.15 Set-up used for feedforward printed ccuit board
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CHAPTER 5

CONCLUSION

In modern communication systems, the need for lio#arity and efficiency

increase. Increasing number of users and growimgadd for higher data rates
forces communication systems to use modulationrseléhaving amplitude and
phase modulation at the same time and forcing mnédtesys supporting

multicarrier and high peak-to-average ratio signdlsie to the nature of
semiconductor, nonlinearity is inherently presesp dealing with nonconstant
envelope and high peak-to-average ratio signalee@se the nonlinearity of a
system considerably. In order to decrease nonlieffacts a certain back-off
margin can be guarantied during the design of pamsplifier, but this works at
the expense of efficiency and also limits the otfpawer capability. However,
efficiency is also an indispensable parameter ommunication systems. Here
employing linearization techniques become reasendbhearization techniques

are used to enhance the linearity of a PA whiadcceptably efficient.

In this thesis one of the best linearization teghaj feedforward linearization is
implemented. First most important component of edferward system, an 1-Q
vector modulator covering the frequency range di-250MHz is designed and
implemented. During implementation of vector motleiachoosing a PIN diode
which is proper for this application is one of thardest topics. Different PIN
diodes are tested and the one with higher serisstaace resolution and
minimum parasitic components is chosen. Since Pidded is not an ideal
component bias current dependent series resistEnttes component does not

changes between zero and infinity. This degradespiérformance of vector
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modulator by limiting the area covered on Smith ©haAlso the parasitic
capacitance and inductance seen in PIN diode ntbskelrts the area covered on
Smith Chart. Compensating these parasitic effetthie PIN diode is tried but
due to the sharp frequency dependency, widebandellation could not be
managed. Furthermore during our work we realized tihe relation between the
bias current and series resistance should atbeaslose to being linear for exact
adjustment of the reflection coefficient. Otherwiseries resistance changes
rapidly with a slight change in bias current whiobstructs fine tuning of
reflection coefficient, namely obstructs catchihg exact cancellation point. For

adjusting the bias current two methods are usexaperation. FirsV,, andVq

voltages are adjusted on the supplies. Then atntil(KQ potentiometer is
used to fine tune the bias current by changingetipaivalent series resistance

between PIN diode and ground.

I-Q vector modulator inherently inserts at leastiB insertion loss due to the
working principles of quadrature hybrids [21] bhetvector modulator designed
during this thesis has nearly 4.5 dB insertion ladgen bias currents are not
applied. Because PIN diodes’ maximum series registéas not infinite and the

combiner and the quadrature couplers are not m®@aponents. While testing the
performance of the vector modulator the points teat be covered on Smith
Chart are identified by measuring S21. The area&@al/on the Smith Chart must
be symmetric according to the origin and shouldMme enough. Symmetry of
the area states the symmetric movement of reflectefficient between 1 and -1
which allows carrying input signal to the desiradadrant of the Smith Chart.
Width of the area states the insertion loss intceduby vector modulator.

Wideband operation of the vector modulator is maidiependent on the
frequency range of the quadrature couplers and powambiner [22]. Choosing

convenient components supported wideband operatibndesigned vector

modulator, thus satisfactory results are obtaired/éen 200-450 MHz range.
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As second step of this thesis carrier cancelldbop of a feedforward system is
implemented by using the designed I-Q vector mddulddere the aim was to
ensure the performance of designed I-Q vector navolubnd to obtain practical
know-how about implementation of linearization aits. A printed circuit board
is prepared for this purpose. A 30-512 MHz ampijfidesigned by using
Semelab D2019UK, is used as main amplifier. Theragttaristic of main
amplifier is analyzed in terms of gain, IMD andduency dependency. Then the
two branches of CCL should be amplitude and delaiched. If these conditions
are not satisfied, performance of the vector mdduland carrier cancellation
loop will most probably be evaluated wrong [23]. dgualize the delays of both
arms of CCL, vector modulator and main amplifiez ataced on different arms
of CCL, since these components have dominant effeatelay. If there exists a
delay mismatch it is impossible to compensate Witk vector modulator, as
vector modulator works only for phase and amplitodeching. But also it is not
possible to match amplitudes of carriers by usiagter modulator if the carrier
level coming to the C3 from upper arm of CCL ishag than it is on vector
modulator arm. If carrier level is higher on thgpaparm than it is on the lower
arm, there will not be exact cancellation of carrigmytime. So during
implementation of CCL signal levels must be com&lfor each step. Also
sampling a pure carrier at the input of the CClam®ther crucial point during
CCL implementation. If this sampled carrier at doup port of C1 is not clear
then cancellation will get harder. In this work aimamplifier with feedback
circuit is used. This caused coupling of IMD proguto the input of main
amplifier and and also to the lower arm of CCL veéharpure carrier is needed.
Levels of these distortion products was too wealaftect the performance of
CCL, but this is a notification to think more orput-output isolation of main

amplifier and directivity of C1.

According to the measurements carried out durirgytttesis, CCL suppresses the
carrier nearly by 10 dB below the IMD products 502450 MHz range. 10 dB
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suppression is enough to ensure that the IMD pritsdireve the error amplifier of
ECL. Such a good suppression decreases the pealetage ratio of the signal at
the output of CCL so the signal can be acceptedaasvo tone signal.
Performance of CCL is tested for different inpunsil levels. Changing input
signal level changes phase and amplitude charsiitsriof the amplifier so it is
necessary to adjust a new bias condition for praaeicellation. Changing the
spacing between the tones of input signal, namiegynging the bandwidth of the
input signal, also has similar effect. There is om@e situation that is faced with
is that performance of CCL is also relatively degmmt on the temperature
changes. If amplifier is cooled down without chamggbias conditions of vector
modulator, carrier cancellation performance is ddgd. So to enhance the
overall performance, bias conditions of vector mathw must be adjusted if any
parameter of CCL system changes. This is why teamild be a self control

mechanism for bias conditions of vector modulatdner than manual control.

As last step of this work, a complete feedforwaydtem is implemented. An
error amplifier is employed in ECL to amplify thestbrtion term. Error amplifier
must amplify the output of CCL to a level wheretaditon term becomes
comperable at the output of feedforward systemorEamplifier must be
designed as linear as possible to prevent additrg distortion terms to the CCL
output. Any distortion produced by the error amefifdirectly reaches to the
output of feedforward system. Gain of error amelifnust compensate the losses
inserted by vector modulator and couplers. So @esang the coupling ratio of
couplers simplify the design of the error amplifi&rror amplifiers must be
operated with a back-off margin enough for lingaeration and possible increase
of peak-to-average ratio of input signal. In thnedis error amplifier design is not
considered in detail, due to the lack of time. Sin@three stage error amplifier
is designed. A MMIC amplifier of Hittite HMC478MP86 used in cascade as
the first two stages, and Semelab D2019UK is usdti@third stage. A 47 dB of
gain is achieved on the error amplifier. Since reramplifier and vector
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modulator are placed on the same arm of ECL, locavel upper arms are not
delay matched as it is in CCL case. So an 85 craydeie is inserted to upper

arm.

During the ECL measurements it is realized thatséeond vector modulator of
the feedforward system employed with the phaseaamglitude matching of error
cancellation loop is not working adequately duethe distorted quadrature
couplers. So wideband cancellation process coutdbroachieved properly in
error cancellation loop as good as it is in CCL.wdwer, at 450 MHz IMD

products at the output of feedforward system appmiessed nearly by 15 dB.
According to the measurements at 400 MHz it is ¢haty biasing conditions of
both vector modulators are dependent on frequerarydwidth and power level

of the input signal.

As well as other feedforward studies, feedforwangdrization system suffers
from efficiency. Requiring a second amplifier totaih the same power level
decreases the efficiency of the system signifiganBut it is seen that by
improving the carrier suppression performance ot (earity requirement of
error amplifier can be loosen, and by this way alleefficiency of the

feedforward system can be increased.

Another handicap of the feedforward system is tifecdlty of integrating this
external circuitry to a real system. At least fiadditional supply voltages are
needed for vector modulators and error amplifidgsofadjusting the bias voltages

of vector modulators is a separate research aréa own.

As a further work, a self control scheme for feedfard system can be developed
to obtain a more compact and realizable lineaopasystem. For example a
feedback mechanism controlling the performanceeeftdforward output which

adjusts the bias levels by using a look-up tabielmdeveloped. Another subject
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of research may be implementing a hybrid systembooimg both feedforward
and predistortion linearization systems to improwe poor efficiency of
feedforward system without discarding the supenimeband operation and high

linearization performance of this system.
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