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Abstract

Antenna characterisation for modern communication systems involves obtaining the
reflection coefficient $1) using a threglimensional (3D) electromagnetic (EM)
simulator and conducting experimental verification using a network analyser. The gain
and radation patterns are then obtained at certain frequencies from the simulation or
measurement. These parameters are insufficient to completely characterise the antenna
as a tweport network, however, because radiation pattern simulation and
measurements reqaia large number of frequencies. The conventional design also
does not provide essential antenna parameters sugh phase and the complex
transfer parametei$:. These parameters are important in digital communication
systems (DCSs), which are typligasimulated and studied in the time domain. The
aim of this thesis is to derive circuit and system models for antennas and to then use
these derivations in different applications. These derivations are useful for
characterising antennas pointto-point (P2P) and domestic applicatiorisitially,
wideband Vivaldi and narrowband patch antennas are characterised in this work using
three techniques: (1) deriving an equivalent circuit model (ECM), (2) processing the
measurements between two identical antenimaan anechoic chamber, and (3)
applying the Hilbert transform to ttemplitude ofS$1. These techniques are then used

to obtain the: of the antenna. Th&: values obtained through these techniques are
then compared to verify their validity and tooghtheir difference when realising a

low Si1in the conventional desigithe ECM is also derived to characterise the

antenna bedwviour in the frequency domain.

The thesis also presents the characterisation of antennas and clramnels
only oneS1 measuement in a multipath channel, which will allow designers to obtain
the 1 of an antenna without using an anechoic chamber. The antenna and channel
responses in the time domain are separated from the time response, which is derived
from t he aancyenmeasarérent. fTegpaedure is then validated using
wideband and narrowband antennas to establish measurement limitations in multipath

channels.

The antennads frequency response can

aperture and gain. This chatagsation is important in P2P communications, as the



frequency response can vary due to changes in the radiation pattern in the physical
channel. This thesis presents a process to investigate the frequency response of a
wideband antenna to identify the dbeorientation of the antenna for P2P
communi cati ons. During this process, t he
predicted for each orientation. The frequenayiant radiation pattern is ascertained

from theS:1 phase obtained from the ECM for thetenna. For each orientation, the

S1 phase is analysed based on the linear, minimum, aipésdl phase components,

which then enables the derivation of an ECM. The process is validated using a non

minimum-phase monopole ultr@ideband (UWB) antenna.

An antenna is also modelled as a system to predict its effects when used in a
DCS. A timedomain system model is derived to enable estimation of the antenna
effects in a DCS. The results show that antennas cause symbol scattering and
contribute to the errovector magnitude (EVM) and the bit error rate (BER)e
technique is applied to different types of antenmdgth varying orientations and

environments and with added noise

The modelling of an inverse antenna system terdbed the antenna is also
presated in this work for P2P communications to characterise channels and to
compensate for antenna effects within DCSs. A stable inverse antenna system is derived
for a Vivaldi antenndo be applied to the measurements within two different office
environmentsto characterise the two channels. The techniquasis applied to a
commercial antenna to improve system performance and to redUgERheaused by
the antenna DCSs. The results show that the inverse antenna system can be useful for
several applicabi n s I n DCSs. Finall vy, an antenna
measurements in a reverberation chamber built with aluminium walls is computed using
an empirical equation, which enables the prediction of antenna losses and antenna

characterisation for domest@applications.
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CHAPTER 1: INTRODUCTION

1.10verview and Motivations

Understanding antenna effectsvitreless systembas become an important part of
achieving accurate systgmerformance. Modern communication standards use digital
modulations that can be affected by the antenna and the channel, which in turn
influence the performance of tliggital communication systems (DCSg&)rors in
transmission might be caused by multipa&channels, nofinearity in the radio
frequency (RF) components, added noise in the channel, or by properties of the
antenna such as ndinear transmissiophase response or rippling in the frequency
response, both of which produce additional componerite timedomain response.
These effects increase the symbol scattering of the systems and result in performance
degradation. Thus, characterisation of the antenna and channel effects must be
performed to understand the cause of the symbol scatterthgpasbtain optimum
performance from the antenna. This characterisation also helps to identify
sophisticated antenna structures to minimise the effect of the antenna in the DCS and

to predict the effects of the channel.

Antennas are analogue dynansigstens whose equivalent circuits contain
integrators, differentiators, and delay elements. These elements cause symbol
scattering, which increases the bit error rate (BBER)CSs.Most designers in the
field aim to have nomlispersive wideband antennas ami#aily, for having alinear
transmission phase across the frequésandin the direction of the physical channel
[1], dl of which can affect the DCS.

The main objective of this research igtopose techniques @mexperimental
procedures for identifying those antenna properteoth the frequency and time
domains that cause symbol scatteribgferent antennas express timarying delays
in their impulse responses. In the time domain, the mean group deleatésdihe rate
change of the transmission phase with respect to the frequencsighhtswill travel
with different delays, and these delays then cause dispersion to the signal. This
situation requires the derivation of a system model for an antenmainclbded in a

DCS in order to predict the antenna effects as dynamical dispersive systems.



derivation will enable designers to understand the limitation of using an antenna in the
multipath channel in ®CSand also to create better DCSs by choo#iegoptimum

antenna design.

12Ant enna Characterisati on

A conventional antenna design procedure starts by designing the antenna for a
low-input scattering parameté®i1), following which the radiation pattern, antenna
gain, effective aperture, and polarieat are obtained for certain frequencies of
operation. These steps do not provide the performance of the antenna with respect to
its physical orientation, which is an important factor to consider in {oipoint

(P2P) communication applications and thesses of frequeneselective antenna
transmission where the direction of the main beam is a function of frequency.
Knowing theSi: value alone allows the total radiated power to be determined but
provides no insight into the beam direction or its frequelpendence. It is important

to distinguish between the total radiated power and the radiated power in the direction
of the physical channelTotal radiated power in any direction is a function of
frequency, angular direction (azimuth and elevation),disidnce The conventional
procedure to obtain the frequency response in terms of effective aperture and gain
requires measurement or simulation of the radiation pattern at a large number of
frequencies, which is often impractic&l procedure is thus reqed to design P2P

antennas and to predict performance in DCSs.

Antennas are typically characterised in P2P and domestic applications. P2P
communications can be applied to different settings, such as in the use of two base
stations and in satellite and Iitary applications.The antenna parameters obtained
from conventional designs are insufficient to completely characterise the antenna as a
two-port network. This procedure also fails to provide essential antenna parameters
such as th&;; phase and the amplex transfer paramete®(). Including the amplitude
and the phase of the scattering paramefpafameters) can improve the accuracy of
modulated transmission simulations. These parameters are important factors in DCSs,
which are typically simulatednd studied in the time domain. Characterisation of the

antennas is usually performedP2P communications, where the power is radiated in



a certain directionwhereas irdomestic or office environments an alternative method
is required tgrovide the tal power transmitted by the antenna.

Accurate antenna characterisation is essential to derive circuit and system
models An accurately characterised circuit model will match the measir@uboth
phase and amplitude and will enable calculation ofdted tadiatedpower as well as
the radiation resistance. This characterisation, which is useful especially if the antenna
is to be used in domestic or office environments, tells designers about antenna
behaviours such a$requencyvariant radiation patteen an d amsoramtn as 6
structures The system model enablése antenna simulation within the DCS
simulation to predict the antenna effects in a DO%& use of antenna responses in the
frequency and time domains allows fam accurate representationtbé antenna in
wideband systems. Although several different methods have been proposed for
obtaining theS1, an accuratés; for P2P communications can be obtained by
conducting measurements in an anechoic chamber in the frequency d2}+4din
The data from th&-parameter measurement can then be used to evaluate the time
domain responsdhe time and frequency responses can be computed, respectively,
using the inverse fast Foaritransform (IFFT) and the fast Fourier transform (FFT)

methods.

Measurements in an anechoic chamber yield the power radiated in P2P,
whereas measurements in a reverberation chamber provide thradasdoower in
all directions by an antenijd]. The directivity of the two antennas is the difference
between the two environmental measuremggjtsMeasurements in a reverberation
chamber can be used for domestic applicationf$er@gnt circuit and system models
for antennas are required because of this difference between P2P and domestic
communications. These models and the antenna characterisation can then be used in

various applications.

1.2.1 Equivalent Circuit Model for Antennas

Representing an antenna as a-tweot equivalent circuit will help designers relate the

frequency response of the antenna to its physical structure. Equivalent circuit models



(ECMs) can be derived from the amplitude and phaSgiofr from the complex ingt
impedance411). The radiation resistance is typically identified at the second port, and
the radiated power is the power dissipated within that resistance. Researchers have
recently shown intere$?]-[15] in the development of accurate ECMs for antennas
operated within microwave bands, but their focus has mainly bedmeamiplitude
response o0fS;, without considering the phad&]-[15], which means that the
electromagnetic (EM) structure of the antenna is not represented by circuit elements.
Such circuits also fail to provide the phaseSpf, which results in inaccuracies in
modelling the antenr&:. Including the phase as well as the &tage ofS;1 preserves
information about antenna parameters and properties sdehaglS: as well as the
behaviour of the antenna as a r-evarmamtant st

radiation pattern.

1.2.2 Antenna System Model

Modelling the argnna as a system allows for antenna simulation in artoegild
wirelesschannelink, which then allows designers to analyse the effect of antennas in
DCS simulation softwargl6]-[18]. Antenna models can be derived from either an
infinite impulse response (lIR) or a finite impulse response (FIR) to confirm the
compatibility of the antenna within the DCS simulation. Measuring the full set of four
Sparameters using two identicalntennas in an anechoic chamber for P2P
communications increases the antenna modelling accygdedy]. Including the
amplitude and phase of the fi8lparameters is important faleriving an accurate
system. One aim of the current study is to derive a-tloreain system model from

t he ant en n-doinagin nieasergmem. mlaisytechnique will enable designers
to predict the effects of an antenorathe modulated signél6-QAM and 64QAM)

in a DCS and to characterise the symbol scattering that occurs. IIR system models will
also be developed to derive an inverse antenna system for characterising channels for
P2P communications by d@embedding the two antennas from the measurements
conducted within multipath channels. Deriving a tidmnain FIR system model for

an antenna is discussed further in Chapter 4, while the inverse antenna system is

discussed in Chapter 6.



13Mi ni mum awvidniNounm Antenna Phase

Antennas can be categorisedoiminimum and nominimum phasd2], [3], [19].

The phase 0511 s rel ated to the path of energy
ECM [4]. Therefore, the minimum phase 8fi can occur only if one path exists

through the network. For instance, a ladder network has minimum phase because it
has a single path for energy transfer. Research shows that not all antennas provide a
minimum phas§?], [3], [19]. Well-known minimumphase examples include the horn

and Vivaldi designs, both of which are minimum phase only at their principal4xes

[20]. A minimum-phase antenna will have a frequeiityariant radiation pattern and

a nonresonant structure over the band on its principal axis. To the besl of
knowledge,no comprehensive studies have yet been conducted tanietethe

transmissiorphase response in the performance ofmimmum-phase antennas.
l4Ant enna Gai n

Conventional gain measurements are often conducted in an anechoic chamber using
calibrated reference antennas with a fixed distance in the far field.efbsrequires

time and effort, however, and building and maintaining the chamber is relatively
costly. Anechoic chambers are rarely installed for these reasons. Hirano, Hirokawa,
and Andg[21] proposed a technique to abt the gain by taking the measurements in

an anechoic chamber over two sets of distances. However, the accuracy of the
distances, and the replacement of calibrated reference antennas by using conventional
designs, may affect the accuracy of the gain nreasents. In addition, most
calibrated reference antennas have changeable phase centres over the frequency axis,
and the measurements are usually taken from the aperture of thé2Bprithis
situation also decreases tlaecuracy of the distance measurement, resulting in
inaccuracies in gain measurements. Instead, by taking-paeameter measurement

with one distance, the accuracy will be increased, thus yielding precise gain
measurements over the frequency axis. Theset studywill also predict the
frequency response without having to resort to using an anechoic chavhir,

enables the determination of the gain andgtioeip delay



15Antenna Effects in Digital System

The purpose of the antenna system model is teradne the compatibility of the
antenna within the DCS simulation in order to predict antenna effects in a DCS.
Symbol scattering in DCSs can be caused by antdft6i§18]. Modelling antennas

and channels in the time domain improves the accuracy of modulated transmission
simulations. Antenna effects are usually included in the total effects from the two
antennas and the channel. The effects of the antenna on the modulaédesgnto

be studied in both the frequency and time domains. Doing so also allows designers to
improve antenna designs for robust DCS performance. While previous JtL&lies

[18] have found that some antenna behaviours distort the signal at certain frequencies
in the operating range, the effects of antennas at different orientations need to be
analysed in terms of the symbol scattering that occurs due to the radiation paiern.
effects of the antenna and channel should also be examined separately in a DCS. Error
vector magnitude (EVM) and BER are commonly accepted metrics when

characterising symbol scattering and examining system performance.
l1l6Channel Characterisation

Antennaeffects are included in the total effects from the measurement obtained
between the two antennas in a channel. As a resuéimtbedding the antenna from

the Sparameter measurements is another aim of the present study. This step allows

for identifying theresponses in the time and frequency domains of both the antenna

and the channel; it also allows for an analysis of the channel in addition to
characterisation of the antenna. This te

from the antenna measurement channel.

The impulse response of an antenna is related to the electric field surrounding
the antenn§23]. Research has shown that the effect of the antenna impulse response
was neglected in the standard interpgietaof the impulse response of the wideband
wireless channel in earlier studi@8], [24], such as in the popular Salghlenzuela
model[25]. The hypothesisf having several independent multipath components in a
wideband wireless channel model has also shown that the impulse response for each
multipath manifests the antenna impulse respff¥§e[26]. One prominent drawback



in statistical models that characterise the impulse response of thaevidétaand

(UWB) channel is that the designers of such models assume that the antennas do not
affect the channel response and that the antennas will not causigraadydistortion.

The channel response due to the antenna
response and the transmission phase, which in turn depend on asttechaeand

radiation patterns.

Multipath-channel modelling, which is conventiolyalobtained from the
measurements between two antennas, assumes that the antennas do not cause signal
distortion. This situation indicates that the antenna response is embedded within the
channel . The antennads i -embedtsamtennaefrorpons e
the channel. A technique is required teetiebed antennas from measurements taken
between two antennas and to predict channel effects only, especially in®€E5sa
technique will enable designers to derive inverse systems for differeminastto be
used in various applications in DCSs, as will be discussed in Chapter 6.

l7Research Objectives and Contribut]

The purpose of the present research isléntify the antenna properties and channel
characteristics, in both the frequency and tdomains, that cause symbol scattering.
Such identification will be done bgharacterising different antennas and multipath
channels and by deriving circuit and system models for the antennas. Calculating the
frequency response of the transmisdi@tweentwo antennas in a specific direction

is required in P2P communications. Conventional antenna design methods are
unsuitable for P2P communications, since by realising &l@vthey only provide the

total radiated power. A novel procedure hence is requaoatesign and predict the
performance of P2P antennas in DCBsis characterisation procedure will then be
used for different applications.

1.7.1 Objectives
The main aims of this research are to:

1. characterise different antennas in P2P communications and office

environments;



2. derive accurate circuit models to show the total radiated power and to
characterise antenna behaviour;

3. develop system models from tBgarameter measurements, to be included in
a DCS;

4. predict the effects of the antenna in a DCS;
design antenas with minimum transmission phase to simplify the equalisation
of S1and to achieve minimal effects in DCSs;

6. derive inverse antenna systems for different applications in DCSs for P2P
communications, such as for characterising stationary multipath ehann
transfer functions and for compensating for antenna effects in DCSs to reduce
the BER.

1.7.2 Contributions

The main contributions produced from thi
models that are derived and used in different applications, areilityetab

1 extract the impulse response of transrageive antennas from a multipath
channel using only on®parameter measurement in the channel,

1 obtain the frequency response of an antenna without requiring access to an
anechoic chamber;

1 undertake comghensive studies to determine the transmisglase response
in the performance of neminimumphase antennas;

f characterise the antennads frequency r
gain;

1 predict the antenna effects in DCSs by including thenaratesystem model in
a DCS;

1 derive a stationary multipath chamnteinsfer function by using an inverse
antenna model,

1 predict different channel effects in DGSs

calculate the antenna losses from the measurement in a reverberation chamber.



1.8Met hodol bgsi (am dSt ep s

Different types of antennas are designed in this thesis for a microwave frequency range
by first obtaining th& 1 value from an EM simulator. Those results are then compared
with the results from the measurements acquired by using a netwalgser. An

ECM is then derived based on each physical antenna structure in order to characterise
the antenna behaviour and to obtain the total radiated powelSpammeters are
measured in an anechoic chamber to obtain the frequency response ofteanh an

and to compute the impulse response in the time domain. Comprehensive studies are
also conducted to determine the transmisgioase response in the performance of

the antennas.

For this characterisation procedure, two different transmisSiparaneters

are used for each antenna. These parameters can be defined as follows:

1 3 provides the total power transmitted by the antenna in all directions and is
used to characterise antennas in domestic or office environments.

1 3 provides the poweardiated in a certain direction for P2P communications.
This can be measured in an anechoic chamber to eliminate the multipath

components.

Following this characterisation, either teglomain linear time invariant (LTI) IR

model or the FIR can be derivéa eachS-parameter. The effect of each antenna on

the simulation of a DCS can then be predicted. Lastly, stationary multipath
channelt r ansfer functions are extracted fron
de-embedding the transmitting (Tx) and rageg (Rx) antenna system models from

theglobal transfer function of a radio link in a desired channel for P2ZP communication

This research uses different techniques and methods to characterise different
types of antennas, including Vivaldi, patch, comererduatband, and monopole
UWB antennas. Five techniques are applied to characterise the antennas, including the
Hilbert transform method, equivalent circuit modelling, anechoic chamber

measurement, reverberation chamber measurement, and tketotimaetechnique.



The steps followed to characterise and model the antenna and channel for different

applications are as follows:

1. Measure the foulSparameters of a channel consisting of two identical
antennas in an anechoic chamber.

2. Analyse the antenAansmission phaskased on the linear, minimum, and
all-pass phase components. This analysis enables the derivation of an ECM and
the antennads behaviour characterisati

3. Develop a lumped/distributed ECM for
model 6.

4. Calculate the timelomain response and digital filter equivalent for each
Sparameter.

5. Develop atimedomai n model for the whole ant
model 0.
Use the system model to study the effect of the antenna in a DCS.

7. Derive an invese antenna system to generate stationary multipath channel
transfer functions and to compensate for the antenna effects in a DCS.

8. Predict the effects of various channel models from the measurements in
different office environments in a DCS.

9. Computethe total radiated power from the measurement in a reverberation

chamber to identify the antenna losses.
l19Measur ement Techniques

Several measurement techniques are typically used to characterise antennas.
Measurements conducted in an anechoic chambesadeto characterise antennas in

P2P communications, whereas measurements conducted in reverberation chambers
yield the total radiated power, which can be used to characterise antennas in domestic
applications. Measurements in an anechoic chamber prowadeother radiated in a

certain direction, whereas measurements in a reverberation chamber provide an
antennads tot al radi ated power in all/l di
antenna is important for antenna characterisation, especially is tdrthe channel

that is used. Zhao, Hu, and CHéhe x ami ned an antennads powt

measurements in an anechoic chamber and a reverberation chamber. The relationship
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between the two different environmentasMound to be the directivity of the Tx and
Rx antennas and was verified using the power received in the anechoic chamber and

the average power received in the reverberation chamber.

To characterise a channel in general, measurements must be conducted in
rever beration chamber, since such measur.
power, which will radiate in all directions, especially in office environments.
Measurements conducted in office environments take on the properties of the antennas
andtheir chamel characteristics whi ch depends on the anten
characterise theffects of a channethe measurements must be done in an office

environment.
1.9.1 Anechoic Chambers

Measurements taken in an anechoic chamber provide the pagiated in certain
directions. Such chambers are used for P2P communications. Anechoic chambers are
built with absorbers on all side walls, the floor, and the ceiling and are equipped with

expensive RF components.
1.9.2 Reverberation Chambers

Conducting measements in a reverberation chamber provides the total radiated
power and is used for domestic applications. A reverberation chamber is a room with
minimal absorption of EM energy. In this work, a medisize cube cavity of 1 fn

with aluminium walls was buiiffor the antenna measurements inside the reverberation
chamber of the cube. The reverberation chamber was designed from metallic walls so
that the measurements could be done inside the cube cavity. Some losses occurred due
to the skin depth of the matdrizsed in the wall. This step is required to compensate

for cavity losses to obtain the totaldiatedpower by the antenna and to identify any

losses due to the antenna itself.
1.9.3 Office Environments

Measurements conducted in an office environment will e dntenna properties
with the channel characteristics. The totaliatedoower by the antenna travels in all
directions and produces multipath components in the-domeain response. The

11



multipath components in fact manifest the anteinmaulse responsthat is used in
the measurement. Hence, the antenna properties must-émbaelded from the
channel measurement in order to accurately characterise stationary multipath

channeltransfer functions.
1.10 Sof t ware and Measur ement Facil it

Several simulations andeasurements were carried out in an antenna lab to execute
this research. Various software components were used, as follows:
1 MATLAB, including SIMULINK, for system models and signal processing and
general computing
1 Advanced Design System® (ADS) softwaoe €ircuit simulation
1 Computer Simulation Technology (CST) Microwave Studio Suite® for antenna
layout simulation
1 an anechoic chamber for the antenna measurements in tispéee channel
1 areverberation chamber for the antenna measurements to yielthtmad@mted
power
1 different office environments for the antenna measurements within multipath
channels
1 an engineering lab, including a network analyser with calibrated equipment
1 symbotscattering equipment, including an arbitrary waveform generator
(Tektronix AWG7122C), an oscilloscope (Tektronix DPO72304DX), two
broadband RF amplifiers, and various attenuators with different values

1.11 Anal ysi s

The antenna and multipath channels developed in this work were analysed in several
ways. These methods included:

1 comparing the simulated circuit and system models with measurement data;

1 matching the frequenegomain response;

1 comparing the experimental results with the simulation results;

1 applying the Hilbert transform to obtain the minimum phase o&the

1 using plotpolég zero diagrams in thedomain to identify the antenna phase and

stability of the antennads system mode

12



1 computing the impulse response of the antenna system;

1 applying IFFFFFT t o convert the antennads fr
domain responsesnd vice versa;

1 calculating thegroup delayand dispersion, which are related to the antenna

phase; the phase then affects the symbol scattering in DCSs.
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113 Organi sation of the Thesis

This thesis, which presents simulation, measurement, and experimental results, is
divided into eight chapters. Chapter 1 has provided an introduction in which
conventionalantenna design has been shown to beffiognt for completely
characterising an antenna as a4paot network. The chapter has also shown the
impracticality ofconventional design method foharacterising antennasdomestic

and P2P communication applications. This characterisation is edguirorder to

include an antenna and a channel in DCSs.

Chapter 2 provides a literature review of previous work in antenna modelling
as twaport networks. The chapter also highlights how the phasgi0dnd the
transmission phas®: have thus far bedargely ignored in antenna characterisation.
The parameters obtained from conventional antenna designs are insufficient for
characterising an antenna as a-paot networkin orderto be included in DCS
simulation Recent studies in the literature on amnten snvo-port ECMs show that
most ECMs only match the amplitude&f, without the phase being considered. The
literature also sbws that minimunphase antennas exhibit specific directionality and
that not all antennas have a minimum phase. Minirphiaseesxamples include horn
and Vivaldi antennas. Research also shows that antennas cause symbol scattering in
DCSs.

The characterisation of wideband Vivaldi and narrowband patch antennas is
investigated in Chapter 3. The antennas are characterised by yinglan ECM, (2)
processing the measurements between two identical antennas in an anechoic chamber,
and (3) applying the Hilbert transform to the amplitude of ant&mna he S1 results
from these three techniques are then compared and discussed. Gladguencludes
an explanation of how antennas and channels can be characterised from only one

Sparameter measurement in a multipath channel. Doing so will allow designers to
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obtain the frequency response of the antenna without using an anechoic chamber,
which will then enable them to determine the gain angtbep delayf the antenna.

Chapter 4 demonstrates the modelling of an antenna so that its effects can be
predicted when the antenna is used in a DCS. This technique is applied to commercial
duatband and Vivaldi antennas. An ECM is derived for the commercial antenna to
characterise its behaviour and to compute the total radiated power in the frequency
domain. A timedomain FIR system model is then derived to enable the estimation of
t h e a neffectain a BGS. Symbdcattering experiments are also performed in
an anechoic chamber and then verified using a DCS simulation model. The
experiments and simulations confirm the same effects from each antenna type in the
DCS. The equivalent noise cadsky the RF components is also considered in the
simulation. As Chapter 4 will show, the symbol scattering and the change in EVM are

dependent on the type of antenna that is employed.

Chapter 5 presents a characterisatioa nbrminimum-phase antenna,hich
is especially important in P2P communications, since the frequency response can vary
due to changes in the radiation pattern in the physical charrelFriis equation is
modified in terms of total radiated power and radiated power in a certainiatirec
The effective aperture and gain are then derived for identical antennas with respect to
the frequency axislhis chapter also presents a process for investigating the frequency
response of a wideband antenna to identify the best orientation oftémaaror P2P
communi cations. The process allows for pr
gain for each orientation. The technique is validated by using -amomum-phase
monopole UWB antenna. An ECM for the UWB antenna is derived to obtaiotdl
radi ated power and to study -variandradiation ennad
pattern is ascertained from tGa phase obtained from the ECM. T&g phase is then
analysed based on the linear, minimum, angadls phaseomponents. Thisralysis
then enables the derivation of an ECM. Finally, the various antenna effects in a DCS

with different orientations are examined.

Chapter 6 demonstrates a new approach to modelling an inverse antenna
system for two different antennas for P2P commativoas and then applying them in

various applications in DCSs. Two applications are described: through characterising
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the multipath channels and by compensating for the antenna effects in a DCS. A stable
inverse system is derived for a minimyohase Vivald antenna to characterise the
stationary multipath channédansfer functions in the frequency domain. The inverse
model is achieved by eliminating the lingdrase component using two methods: by
applying the Hilbert transform and by shifting the zeroshef antenna IIR system
model to the lethand side (LHS) of the-plane. The inverse system is then applied

to the measurement within two different office environments for characterising
different multipath office channels. The antenna effects and vaoifice-channel
conditions are also investigated in a DCS. Another application of an inverse antenna
system was applied to compensate for antenna effects as a way of reducing the BER
in the DCS and improving system performance. The two different antexarasmed

in the chapter were selected because Vivaldi antennas exhibit few effects in digital
systems when different channels are characterised, while an inexpensive commercial

antenna was used because such antennas do have effects in digital systems.

Chagpeer 7 presents a technique for obtaining the total radiated antenna power
from the antenna measurements in a reverberation chamber. A ragdaicavity
with aluminium walls was built as a reverberation chamber for measuring the different
antennas within e chamber. In general, these measurements are useful for
characterising antennas in domestic applications, as measurements conducted in a
reverberation chamber show the total radiated power. An empirical equation is then
derived for compensating the cavlbsses due to the walls using a Vivaldi antenna.
Such an antenna is used for calibration purposes because it is lossless. The cavity is
used as the standard to compute the total antenna effects for different antennas and to

identify any losses caused the antenna itself.

Chapter 8 concludes the thesis and discusses relevant future work in antenna

and channel characterisation that will enhance other research in this field.
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CHAPTER 2: LITERATURE REVIEW

21l ntroducti on

Chapter 2 presents a discussion tévrant research related to the scope of this thesis.
The intention of the present work is to provide insights into established methods and
relatively recent contributions to antenna characterisations apdwametworks as

well as noting the drawbacks sdich networks in antenna modelling. Most studies in
the literature focus on ECMs for different antennas and examine atitansmission
phases. Conventional antenna designs have been shown to be insufficient for
completely characterising an antenna aw@jgort network. This chapter describes
previous work in antenna and channel characterisation and theofsthgeart
technologies available to analyse modern digital systems, especially in regard to

antenna characteristics.

22Ant ennasPoast TNwot wor ks

Three main categories of twanrt antennas are typically discussed in the literature:
(1) antenna ECMs, (2) antenna models that allowséttuning (in the case o¥i1
models) and mutual Z¢1) impedances such as arrays and rhdiquency
identification(RFID) systems, and (3) those tywort antenna models that control the

matching of antennas by the use of RF circuitry designs.
2.2.1 Antenna Equivalent Circuits

Two-port ECMs can be used to model antenS&veral recent works have focussed
on the developmentf@ccurate ECMs for antennas that operate within microwave
bands. The focus of these studies has mainly been on the amplitude resfamnse of
however, without considering the phdgg[15]. Neglecting the phase does not yield

an accurate representationSpf.

The key to deriving the ECM of an antenna is to calculat&Stp@rameters,

along with the limiting bandwidth and the achievable matcBingn both amplitude
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and phase. Two approaches are commonly described in the literature for synthesising
the ECM of antennas: physical models and mathematical métiglscal moded are

related to the physical design of an antenna amedbased on selecting a circuit
topology, where the circuit components can be related directly to the EM structure of
the antenna. Most mathematical models, in contrast, are based on curve fitting to
match theS;; impedance bandwidth. The circuit elements derived in mathematical
models cannot be related to the EM structure of the antenna (unlike in the physical
model) and hence lack any physical meaning. An ECM may contain a combination of
lumped and/odistributed components. Lumped elements usually consist of inductors,
capacitors, and resistors, so several types of compleptvicmetwork models can be

used to characterise and model antenna performance.

As the following brief overview of recent shies in the literature on the ECMs
of antennas shows, most ECMs only match the amplitude & thsithout the phase
being considered.

In [7]-[15], [17], [18], ECMs were derived for a variety of antennas[8Jx
[10], the researchers focussed on microstrip antennas, which are printed onto circuit
boards and have two physical dimensiddseradikordalivandet al. [8] derived an
ECM for a broadband microstiledat e nna based on the O&6step
technique from a single mode to a broadband mode in the frequency rar®&BA
The ECM for an antenna with a single model for a narrowband frequency was derived
as shown irFigure 21. The ECM for a broadband microstfigd antenna was then
derived by starting from the ECM of a narrowband antenna, as shavigure 22.
The authors noted reasonable agreement in the amptfusle between the ECMs

and the antenna simulation.

Lin and Chung[9] represented a compact grostrip antenna excited by a
T-shape resonator by using a secondier Chebyshev bandpass filter in the frequency
range 4.45.6 GHz. The complex input impedance of the Chebyshev circuit and the
U-shape patch antenna were matched by calculating the element values of the
prototype Chebyshev filter response. The amplitudes dithealues obtained from
the measurement and thbébyshev circuit were also found to be reasonably matched

[9]. Kufa, Raida, and Matejl0] proposed an approach for a filtering planar antenna
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design to be modelled using an ECM withragée port. A threeelement patch antenna

array was represented by the ECM, where each patch antenna in the planar array was
represented by a paralRLC circuit, which is a circuit consisting of a resistor (R), an
inductor (L), and a capacitor (C) conrettin parallel. The amplitude values S

from the layout simulation using CST and from the ECM were nearly matched within
the frequency rangei 8 GHz. Subsequently, this ECM, the frequency response of
which resembled that of a bapdss filter, was trasformed into its prototype low

pass equivalent.

L L1
Lp L=L1 nH
L=Lp nH —

) =

C
C1
+% Term
Term1 C=C1pF —
Num=1
Z=50 Ohm
- —=—\/ N\ —=—
l R
R1
— R=R1 Ohm

Figure 21. An ECM for a narrowband antenna.

Research on the ECMs of UWB antennas has shown that a few common techniques
may be used to represent different UWB antefifjagl 1], [12]. Heong, Chakrabarty,

and Hock[11] derived an ECM for arultra-wideband rectangulaprinted disc
monopole antenna with an etched slot by conmgaonly the amplitude o%1. The
resistors and inductors in the ECM represented the surface resistance and inductance
values of the patch antenna. The authors compared the amplit8debgfchanging

the slot width and the element values in the ECM @nftequency rangei12 GHz.

The results of th&: amplitude from the antenna simulation and the ECMs were found

to be quite similar, with only a slight shift in the resonance frequgridyGuoet al.
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[12] derived a complicated ECM of attra-widebandantenna with a frequency range
of 2.8 14 GHz by adding lumped elements to an iniR&C circuit to match the
response of the complex input impedance from the antenna simul&tamg, Jang,

and Li[7] derived an ECM foman ultrawidebandantenna with a tripkrequency
rejection band. The notches were represented by sRLEscircuit elements at
rejection frequencies of 2.92 GHz, 4.06 GHz, and 5.28 GHe.amplitude values
only of Si1 from the full wave simulation and from the ECM were compared and were

found to nearly match.
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Figure 22. An ECM for a broadband microstrfpd antenna.
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Research has also been conducted orr dyfpes of antennas, such as dipoles, feed
horns, and various types of bowtie antenhaset al.[13] proposed a novel Gauss
filter technique to derive an ECM for a dipole antenna. The ECM was derived by
applying the techijue of characteristic modes. In their study, each mode represented
the radiation mode of the antenna, which had a 1pasd filter response. Then, the
two bandpass filters were combined in parallel to represent the dipole antenna. The
amplitude ofS;; andthe input impedance between the antenna simulation and the

ECM were well matched within the frequency range3 MHz.

An approach has also been developed to derive the ECM of a terahertz
feedhorn antenna in the band 1123 THz [14]. The results of determining the
amplitude value of5:from an antenna simulation and an ECM were found to be
reasonably matched in the baiMbulay, Abri, and Abri BadaoJil5] derived ECMs
for moro-band, duaband, and quatiand bowtie antennas. The amplitudé&afwas
provided from the ECM as well as from the three different-viidl/e antenna
simulations: exploitation CST, the High Frequency Structure Simulator (HFSS), and
Momentum. The resultsfahe amplitude values dfi1 from all antenna layouts
simulated by adopting CST, HFSS, and Momentum were compared with the results

from the ECM and were found to be reasonably mat{tid

Sobhy, Sandzquierdq and Batchelor conducted two studieswhich they
derived an ECM for a wearable button antenna where the amplitude and phase values
of S11 matched the values from the antenna simulation in CST soffwét¢18]. This
matching was achieved in the response ofShevalue between the ECM and the
full-wave simulation with a frequency range7iGHz. Three choices of ECM were
available, allowing for negative values, positive valuas, @combination of lumped
and distributed circuit elemenis7]. Good agreement was noted in the input current
values between the three choices of ECMs. Furthermore, the authors extended their
work from [17] in [18] by explaining the technique of deriving circuit and system
models for a wearable button antenna. The radiation resistance, power, and voltage
transfer function were calculated (respeally) after deriving the ECM, as shown in
Figure 23. These values were then used to derive system models for Tx and Rx

antennas. In general, designers can use the ECM to relate the antenna response to the

structy e of the antenna in terms of [18 he ant
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derived the ECM based on tBg of the wearable button antenna, which can be used
for wireless fidelity (WiFi) and Bluetooth applicatio27]. The authors identified

the radiation resistance in the ECM and computedStheThis $:1 value from the

ECM then provided the total radiated power, which in general helps to characterise

antennas in domestic applicats.

Table 21 summarises the works that have achieved ECMs from different
resources. Note that matching the amplitude and pha&g @ihd computing the
radiation resistance arfé; from ECM have only been dorfer a wearable button
antenng17], [18].

Table 21: Recent research in deriving ECMs for different antennas.

Antenna type Amplitude | Phase| Complex | Radiation Soa Reference

of Su1 of Su of Zin or resistance | calculated | number
Yin

Triple-frequency a [7]

rejection band

UWB (2017)

Broadband a [8]

modified

rectangular
microstripfed
monopole (2014)

Compact filtering a a [9]
microstrip (2011)

Threeelement a [10]
patch antenna

array (2014)

UWB rectangular a [11]
printed disc

monopole (2012)

UWB antenna a [12]
(2010)

Dipole antenna a a [13]
(2015)

Terahertz feed a [14]
horn (2015)

Bowtie antennas a [15]
(2015)

Button antenna a a a a [17], [18]

(2006 & 2007)
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Rogers, Aberle, and Aucklaf#i8] also derived an ECM by replacing the resistor with

a transformer and considering the efficiency. A planar inverted F antenna was

represated as a twqport network ECM in the frequency range 8900 MHz[28].

The ECM comprised a simple serieEC circuit, where the radiation resistance was

replaced by a transformer. An amplifier or attenuator blockadded to the ECM to

model the directivity of the antenna. This model was developed to observe the effect

of the antenna in a wireless link by using efficiency measurements. Two methods were

used to measure the efficiency: the spherical-fielat Satimo rage technique and

the Wheeler cap technique. The measurements from using the different methods were

found to agree along the frequency axis. The total efficiency, which yields the

ampl i tude o0 %;:vdlue evasabtdainedrandavésaised to evalhat®and

pass and banrreject responses of the antenna. $he@hase was not discussed28],

however.

Zhaoet a.,conducted

a study

of

an

ant ennece

measurements in an anechoic chamber andbvarberation chambef6]. The

relationship between the two different environments was found to be the directivity of

the Tx and Rx antennas and was verified using the power received in the anechoic

chamber and the avemgower received in the reverberation chamber.
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2.2.2 Antenna Mutual Impedance

Antennas may also be modelled as-4part networks that are able to control the

and Z21 values; examples includarrays and RFID systenj29]-[31]. Tseng and
Chungdesigned and characterised a {@art aperturecoupled microstrip antenna in

their study[29]. The two ports were the feeding and coupling microstrip lines,
respectively, both on the same layer and running parallel to each other. The radiating
patch was separated from the feeding/coupling layer by a ground plane with two
rectangular apertes, one above each microstrip. The principle of operation followed

in their study[29] is as follows. An electromagnetic field from the feeding line was
coupled onto the radiating patch via the aperture on the ggand, and a part of

this field was coupled back into the coupling line via the second aperture. Stubs were
used on the feeding and coupling lines to tune the coupled power and the antenna
resonance. The antenna was used to design an oscillator cifcere this antenna
structure was used both as a radiating element and as a feedback r¢88hator

Piazza, Michele, and Dandel&0] built a leakywave antennayhich uses a
guided structure, by using composite right/sianded (CRLH) materials for a line
loaded with two varactor diodes with two inputs. This step was taken to achieve the
same gain and matching impedance between the two ports of the arrayatiagton
pattern onfigurability for multipleinput-multiple-output (MIMO) communication
systems was also attained. While the two papers discussed dp8yvar(d [30])
focussed on characterising dyort antennas as well as their coupling, which
controls the mutual impedances between the two parts goal in the present work
is to model and characterise a gt wideband antenna.

Caizzone, DiGiampaolo, and Marrocco describatbvel polezeio synthesis
and analysis technique to characterise the phase response of the backscatter between
an RFID reader and a t§81]. The proposed system consisted of an RFID reader, a
tag, and a sensor. The analysis itsedls based on the mutual impedance coupling
between the tag and the sensor. Essentially, a change in a physical environment (such
as in temperature or chemistry) will affect the load impedance of the sensor, which in
turn changes the impedance of the tag ttuthe mutual coupling. As a consequence,

any backscatter phase and amplitude changes can be computed. The backscatter
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amplitude and the change in backscatter phase were parameterised as mathematical
equationg31], which were defined as the phase response and the amplitude response.
Intuitively, while the amplitudeesponse equation is a mathematical representation of
the communication range between the tag and the reader, therg$eese equation
represents thehange in backscatter phase. These functions depend on the load
impedance (i.e. sensor impedance) as well as other fixed parameters, which, when
arranged into a mathematical formulation, contain the poles and zeros of the system.
Then, since the complex ldampedance of the sensor depends on the derived
amplitude and phasesponse equations, by plotting their contours (as isolines) over
the complexZ,. plane, a nomogram may be obtained. The above contours can be used
for properly constraining the poles aretoes to obtain desired communication ranges

and phase resolution/span.

Lastly, Caizzoneand colleagues carried out a geometrical synthesis of the two
port RFID antenna in the same stufBi]. This procedure can @&f a design
methodology for an RFIDeader antenna. But because the design is based on the
mutual impedance between the RFID sensor and the RFID tag and is specific to the
design of RFID sensors or RHi@ader antennas only, it cannot be used as a general

guide for other antenna models.
2.2.3 Antenna Matching

Antenna models can also be used in RF circuit designs for the purpose of matching
[32]. Aberle proposed a method to derive an ECM for an antenna based on the
simulated o measured complex input impedance and the radiation effici8atyin

this model, the radiation resistance of the antenna was replaced by a transformer with
a specific turns ratio, which was used to couple thegardo ECM of the antenna into

the external environment. This ECM was valid only for a single frequency and a
narrowband antenna and did not represent the physical structure of the antenna. The
author did not provide any matched data between the ECM anditémaa simulation.

In the same studyAberle also presented a technique to couple the simulated
Sparameter data as a tyort network, which was obtained from the antenna
simulation for an external matd82]. This tehnique was demonstrated using a

narrowband monopole antenna. This antenna was coupled to both passive and active
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(nonFoster) matching circuits. While the passive circuit kept the overall response
narrowband, the active matching circuit delivered a braadlresponse. The use of
active circuits entails the use of DC power, however, thus making the technique

unsuitable for energgonstrained environments.

From the above summaries, ECMs for antennas are essentially complex two
port networks with lumped cormopents and distributed elements. Understanding the
electromagnetic structures involved allows for an analysis of the electrical
performance of the ECM. The power radiated from the radiation resistance and the
transmission phase will be studied in the pnéseork. This investigation will help
designers to study antenna behaviours such as resonance structures and frequency
variant radiation patterns. This derivation will also be used to evaluate the performance
in both the frequency and time domains in ortdecharacterise an antenna for both

P2P and domestic applications.

23Ant enna Phase

Several studies on antenna phases have compared the measured phase with the
minimum phase, which is typically obtained by utilising the Hilbert transform method

[2], [3], [19], [20]. Studies have also shown that antenna equalisation corresponds to
particular angles of rotation in circularly polarised antenf@s [20]. Several
techniques have also addressed the differential time delaysix TRWB antenna

systems and have employed the Hilbert transform mg8jod

Antennas are generally tegorised into minimuaphase and neminimum
phase antennaR], [3], [19]. Researchers have shown that doulnlged horn
antennas and Vivaldi antennas are miniruimse antennas[19], [4].
Mat hematicall vy, t he mi &iwvaluerhas@lhzaresein tlief t he
LHS of thes-plane[33]. From the physical pgpsctive, thes; phase is related to the
path of energy transmission through the antesmavalent network[4]. The
minimumphase transfer function hence can be used in a network only when it has a
single path for errgy transmission through the netwd#. For instance, the transfer

function of any ladder network or coaxial callansverse electromagne(i€EM)
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system has a minimum phase, because the equivalent network hpsdvearto have
only one path of transmission.

Using the fractional Hilbert transform technique, Fol&t al. [20]
mathematically derived and validated by measurements that the rotation of the Tx
antenna in the linef-sight (LoS) axis will change th®&: phase equally to the angle
of rotation, although they found tl&: measurement of a quaitiged horn to be
minimum phase only at a particular rotational angle on the principal axis. McLean,
Foltz, and Sutton found tmeinimum-phase&; only on the principal axis in the-Bnd
H-planes for a doublddged horn antenna in their stu@y. This finding implies that
the antenna can be equalised only for those particular angles obmothat
correspond to the minimum phase, but this also means that an additional phase is added
to the S phase at certain frequencies over the frequency range when the
measurements are taken in directions other than in the principle axis. Herfge, the
phase must be analysed using minimuend nomminimum-phase antennas with

different orientations in the frequency axis.

In another study, Foltetal.[2lc o mpar ed t he measured pha
S with the minimumphase, which they obtained by applying the Hilbert transform
method to the measured amplitude to identifydbepensatinglistance between the
two antennagrirstly, the amplitude of th&: was measuretnh an anechoic chamber
for three horn antennas &®Yy were identical, as shownkigure 24. It can be noticed
that the horn antenna is radiated in the principal axis over the whole band from
1-18 GHz. The measure&: phase was then obtained from the measurermedt
compared with that obtained by applying the Hilbert transform method, as illustrated
in Figure 25. The minimum transmission phase indicates that the radiated power in
the direction ofthe principd-axis contined to radiate over the entire bathe $1
phase has three components: (1)a@al9%® gr ee phase (due to the
that is twice thes; value, and (3) the exponential frepace phase. This minimum
phase was compared with the measured ptoagkentify the error in distance fan
ultrawideband antenn&]. In this case, when the distance was corrected for this error,
the measure8p: phase was found to be minimum phase. The experiment started with
the asamption of a nominal value of distance of 3.4096 m between two identical

doubleridged horn UWB antennas in an anechoic chamber. This step was taken to
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measure th&jiamplitude and phase with a frequency range dafiB® GHz. Using

the Hilbert transformthe minimum phase of th&; was obtained2] from the
magnitude o&:1. In general, the difference between the measured and minimum phase
is due to the linegphase component. Fol&t al. used the linear phase to olota
corrected distance of 19.5 mm at each B)dThe measurement was then repeated
using this corrected distance. The measured and minimum phases were found to
match, meaning that the measured phase did not have egimese component. In
general, the corrected distance, which is due to the effective distance from the edge of
the antenna to the phase cei84], produces an additional linear phase, which then
causes a constant tingelay. This method can onlpe applied to minimum phase

antennas such as horn angraldi.

2 4 6 8 10 12 14 16 18 20
Freauencv (Ghz)
Figure 24. Horn antenna transfer function measurement (dB) for three identical anf2hnas
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Figure 25. Measured Horn anteni@ phaseand the Hilbert transform phafy.
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Researchers have revealbat not all antennas can yield a minimpimase
transfer function, including doublédged horn antennas and Vivaldi antenfi3).
Similarly, the logperiodic dipole array (LPDA) is not a minimupinase antenna. The
Sy10f LPDA antennas can be separated into three components: (1) minimum phase,
(2) all-pass function, and (3) linear phase with a constant time delay, which is obtained
from the exponential factor. Researchers have obtained the aigouiae response
from three LPDAs with different numbers of elements, all of which have shown
ringing charaaristics in the antenrfa9]. The ringing in the impulse response can be
attributed only to the albass characteristic of thexShowever, and not to the
minimum phase. This af)ass characteristic can be directliated to existing paths
for the transmission of energy. Because LPDAs are not miniphase antennas,
broadbaneequalisation schemes are limited. For this reason, complex circuits must be

used to increase the equalisation bandwidth.

McLeanet al.[4] used a broadband doubieged horn in an anechoic chamber
to measure th&; values both onand offaxis. The results were compared with the
minimum phase that was obtained from $hgamplitude using the Hilbert trarmsm.
The authors noted agreement between the measured phasis and the minimum
phase obtained from the Hilbert transfois shown ifFigure 26. The measurement
was repeated at 45 degrees off the axis in tpéake to show the deviation from the
mi ni mum phase. (I'n general, devia%®i on fr
values varies only slightly fromi@0 degrees on the principal axis, but after 60
degrees, variations in the phase of the antenna trasietion can be substantial.)
The authors noted that in thepthne, measurements conducted on minirpinase
deviations were much higher off the principal axis as compared to-gienE[4].
Thus the deviation fronthe minimum phase was verified to be much greater for
directions offaxis in the Hplane than in the {plane. The above behaviour was
postulated to be due to the diffraction in the front edges of the[#prihe autlors
further posited that because the el ectri
perpendicular to the 4dlane, the diffracted fields from the front edges of these walls
were much greater than the diffracted fields from the front edges ofthehoa nt enna o
walls perpendicular to the-glane. The authors thus proved that the mininpirase

Saican be found only in the principal axes for this antgdha
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Figure 26. Measured Horantenna phase eaxis with linear phase removed and the Hilbert transfer
phase from its amplitudd].

Portto-port transmissionS: values have also been analysed using two
circularly polarised broadband antennageesally the behaviour of the antennas
when the Tx antenna is rotati@d]. Using the fractional Hilbert transform technique,
Foltz et al. mathematically derived and validated by measurements that the rotation of
the Txantenna in the LoS axis will change thephase equally to the angle of rotation
[20]. The S 0f a circularly polarised antenna cannot be minimum phase, however,
except at a particular rotational angle, or by addidgp () tto that angle (i.e. at an
integral multiple of that angle). This setup implies that the antenna can be equalised
only for those particular angles of rotation that correspond to the minimum phase. The
authors thus proved that antenna equalisatiovays depends on those particular
angles of rotation that correspond to the minirpimase condition[20]. This
technique was applied to a broadband circularly polariseeritiged horn antenna
system. The differencd the measure&: phase was confirmed to be nearly equal to
the rotational angle of the principal axis. By comparing the measured phase with the

minimum phasé which was obtained from the measured amplitude at different
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rotational angle$ the authors ab observed that the minimuphase condition &1
occurred only at a rotational angle of 198 deg{2ék

In another study, McLeaet al. examined timealelay patterns for UWB
antennaq3]. The authors applied several techniques to analytically compute the
differential time delay of two UWB TRx antenna systems, including (1) the
differential time delay that has maximum correlation with a particular template
function, which in tun can be derived from the radiated field or anteBna(2) the
linear phase obtained from tif:; and (3) the time delay based on the-RXx

waveforms.

The Hilbert transform method is typically used to extract the minirfpbase
component without any agciated components. The Hilbert transfasrthus the best
tool for obtaining the minimum phase of the transfer function. Mcletaai. plotted
the analytically obtained differential time delays from the akbiescribed methods
versus the ofboresight agles in the Eand Hplanes[3]. They noted that, because
computing the time delay in the presence of noise is difficult, minikpbase
extraction from the Hilbert transform is the most accurate in terms ofdiatag
estimation[3]. In the ideal case of the antenna not distorting a pulse, the differential
time delay computed from correlation with a template function and from the Hilbert

transform will be equivalent.

In summary, amnnas can be categorised into minimphase and
norrminimumphase antennas. Minimuphase antennas have both minimphase
and lineasphase components [6]. The minimum phase represents the amplitude of the
frequency response of the antenna, while thalipbase causes a constant time delay
due to the effective | engt fmnobmpghdsehaa nt ent
three components: minimum, linear, andks. The alpass component, which is
an additional phase at certain frequency rangess dot exist in the principal axes of
minimum-phase antennas, such as horn and Vivaldi antennas. When the antenna has
a minimum transmission phase, the antenna has a fregireraziant radiation pattern
and can be used for directive antennas for P2P cangations. The alpass
component will <cause | grougdelaywhichintutnwib ns i n

cause symbol scattering in DCSs.
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24Ant enna Effects 1 n DCSs

Several previous studies have examined the effect of the antenna in DCS simulations
[16]-[18]. As discussed in the previous secti@pbhyet al. have shown how to
represent a system model from the voltage transfer function across the radiation
resistance of the @M of a button antennfl7], [18]. The purpose of the antenna
system model is to make the antenna simulation compatible with DCS simulation and
to predict the effect of the antenna in a DCS. The tadipower and th&; of the
antenna are calculated from the ECM to derive a complete system model for Tx and
Rx antennas. The authors used two methods to derive the system model from the ECM
of the antenna. The first was by usingr@mite impulse respase(lIR) filter structure,

while the second used topological analysis for the ECM to derive a system model. In
this type of analysis, the elements of the physical structure from the ECM can be
identified. Knowing theS: is sufficient to obtain the voltagransfer function in the

ECM, which the authors used to derive Tx and Rx system models in order to simulate
the models in a DC8.8]. This step helps in predicting the effect of the antennas in
such DCSs and in calailng the BERThis method was applied to a wearable button
antenna to derive the system models for both Tx and Rx antennas derived f8m the
obtained from the ECNIL8]. In general, these system models are develapedLT]I

system in thes-domain as the ratio of two polynomials by using the IIR filter method.
This setup also helps to secure the stability of the system. These system models are

sixth-orders-domain ratio polynomials in the numerator and denominator.

Following the derivation of the system modegbhyet al. conducted a study
in which they simulated a model in a DCS to predict the effect of the antenna in the
DCS and to calculate the BER7]. The system model offautton antennavhich was
derived from theantenngECM was represented in &plane function as the ratio of
two polynomials. The model was then simulated in SIMULINK using a complete DCS
with a carrier frequency of 2.4 GHz andP8K (phase shift keying) mdulation. The
effect of the antenna on theP&SK-modulated signal was studied, and the BER of the
DCS was calculated. Based on a comparison between the constellation diagram before
and after antenna usage, the antenna was shown to have caused theattebolys
found in the constellation diagrams. The receiver was able to recover the symbols,

however, and the BER then became zero.
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Sobhyet al. have also derived system model using the IIR filter technique
[18]. Themodel was simulated as a Tx antenna in 4@ (quadrature amplitude
modulatior) DCS. A constellation diagram showed that the antenna caused symbol
scattering in the transmission signal, and spikes and distortions were visible in the
phase and amplituda the time domain. For the Rx antenna, $evalue of the Tx
antenna between two identical antennas was shown to be the same as that of the Rx
antenna, except for the scaling factor t
and automatic gain caiml. Sobhyet al.also simulated Tx and Rx antennas within a
complete DCS with two channels, at 2.4 GHz and 5 (3l8k The authors found the
symbol scattering for the 2.4 GHz channel to be more notable than forGlz 5
channel. This poorer performance was due to the transmission phase beiingaion
at 2.4 GHz. In addition, the'Y s valuerepresents the powsmransfer ratio, which

represents the total transmitted power to the power available from tloe sour

Prakosoet al. described mother method by which an antenna may be
represented as a twamrt network[16]. In general, the load power in the twort
network of an antenna is the same as the effective isotragiated power (EIRP)
[35]. The EIRP for a given direction is defined as the net power accepted by a
transmitting antenna multiplied by the gain of the antd@5d The total radiated
power by an antenna is the same as the accepted power for a lossless antenna, which
indicates that the antenna efficiency is 100%. By applying the EIRP and thmottvo
network with general source and load impedaRcakoset al deternined thevalues
for theS-parameters in the Tx and Rx mod#6]. In the Tx modeS: was calculated
by using the gain an$i;, while S;2 andS» were considered to be arbitrary. In general
in the Rx mode$: is equal toS;1 in both amplitude and phase, wher&asshould be
zero. Therefore, a twportS-parameter (S2P) file block in a simulator cannot be used
to represent the antenna in the bidirectional mode. This was proven from simulations
in OptiSystem becausehe receiving mode requires tl&e valueto be zerg16].
Prakoscet al [16] applied the method to the button antenna$wdthyet al.described
in their study[18] for validation. The circuit model and system model were simulated
in Microwave Office (MWO) and the Visual System Simulator (VSS), which are part
of the Applied Wave Research ([ AWRg comp

results from this method were then compared with the results from the original
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reference design of the button antenna describ8dlhyet al6 s  \Wil8]tokonfirm

their validity. Next, using this tweportnetwork method, th@roup delag of the

button antenna in the Tx, Rx, and-Rx modes were obtained as a function of
frequency using AWR softwarfl6]. In general, knowing thgroup delayvalue
enables evaluation of the distortion introduced by the antenna in wireless systems. The
authors showed that tlygoup delayin the T*Rx mode was double that of the Tx or

Rx modes, as predict¢6].

Prakoscet al. also calculated the EVM values with and without AWG noise
and compared these values for the Tx andRXxmodes via a system simulation using
VSS softwarg16]. The authors observed that without AWG noise, EMM only
depended on the antenna distortion and that the distortion introduced by the antenna
was related to thgroup delay Therefore, flats: and a goodsi: (gain and input
impedance bandwidth) will result in low EVM, whereas large variatiortiand
poorS: (or low input impedance bandwidth) along with a poor gain will result in high
EVM values. For example, the EVM values at 2.4 GHz and 5 GHz were found to be
0.613% and 0.054%, respectivélyp]. From thesimulations, the EVM values in the
Tx-Rx modes without AWG noise were found to be twice those of the Tx modes, again
confirming the validity of this twgport-network method16]-[18].

Lastly, according to Prakoset al, only OptiSystem software features a
bidirectionalS2Pfile block [16]. The authors simulated a system in the antenna Tx
and Rx modes with frequency ranges 08 IGHz and3i 9 GHz for the Tx and Rx
modes, respectively. The authors showed the symbol scattering in the constellation
diagrams, and they observed that the EVM values using unidirectional and
bidirectional S2P in OptiSystem were similar. As noted earlier, thigWglioves that
the twoeport-network model described in Prakosbald s  Wi®]rc&n be used in
bidirectional S2P file blocks, but only for different frequencies. That is, antennas in
the Tx and Rx modes have digat Sparameters and hence are not inherently

bidirectional.

Investigators have concluded that antennas in DCS simulations cause symbol
scattering[16]-[18]. This scattering acurs because of tHarge variations irgroup
delay whi ch depen dept@mmissiorephag@6} Ie tarn, ¢his sesult
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occurs because the transmission phase idinear. A nonlinear transmission phase
indicates that the antenna has a frequesaiant radiation pattern and that the
direction of the radiated power has changed to a different direction in the frequency
respons¢37]-[40]. The current study aims to predict the effects of different antennas
on the modulated signal in a DCS in different orientations as well as different
environments and with added noise. Doing so will also help to descrilsgrtiieol

scattering due to the signal distortion caused by the antennas.

25Channel Model s

The UWB covers the FG@pproved (US Federal Communications Commission)
bandwidth 3.110.6 GHz. Two measurement techniques are used for UWB channel
modelling: the timedomain and frequenegomain methodp41]. In the timedomain

method, a short pulse is sent, and the samples from the pulse through the channel are
recorded in the receiver after being captured by the ant€heaneasurement of the
complex response of the channel using a vector network analyser yields the channel
response in the frequency domain, and the impulse response of the channel can be

computed from the antennads frequency me:

Matin et al. modelledanultrawideband channel to demonstrate the scattering
effects with anonline-of-sight (NLOS) path in an industrial environmed]. The
UWB channel was described in terms of a discrete timellsegesponse, as follows
[42]:

M6 B B | {6 Y ts (2.1)

wheredand™Q are the number aflusters and the multipath componefmés/s) in each
cluster (respectively), p is the multipath gain coefficient of thkamultipath,”Yis the
arrival time of the firsimultipathcomponent of thécluster, andf ; is the delay of

the Omultipath component in thiecluster to the first arrival timey.

Unlike conventional channels, UWB channels require careful measurtanen
modelling because at ultw@ide bandwidths, the channel tends to generate a clustered
impulse response in the time domairhe powerdelay profile of such channels
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consists of several multipath components that can be further associated into a set of
clusters. Each cluster has a constant ocl
a cluster is also separated by a omultip
spreads and the power of every multipath component depend on the bandwheéth of

channel as well as the fading environment.

Statistical channel models are generally derived from measurements between
Tx and Rx antennas in multipath channels. The statistical channels are modelled in
three dateanalysis steps, as shownRigure 27 [43]. Themodelling begins by using
a channebkounding technique to obtain the channgbulse response and then
applying algorithms to estimate the channebpaters before modelling the statistics
channel. The channel sounding includes the use of tools for calibration and
configuration for the measurements to obtain the chamqallse response. The result
from the channeimpulse response can be used and firecessed and analysed to
obtain channel parameters such as path delay and path loss to model the statistical
channel model. Channel sounding, which includes measurement between Tx and Rx
antennas, is essential for modelling the statistical channel.e&s thodels indicate,
the antenna response in the chassmeinding step is embedded with the channel
response. An inverse antenna system must be derivedaimloled the antenna from
the global transfer function of a radio link. Both the antenna systentsam/erse

system must be stable to achieve cascading and a stable convolution.

One technique useid [44] to characterise the multipath channel is channel
sounding, which is used to evaluate the radio environrf@ntireless systems.
Channel sounding provides information on the impulse response of the channel and is
used, along with a synchronised cldoétween th@ransmitter and receiver. Tx and
Rx antennas are included in the transmitter and receiver, reghgcline transmitter
consists of a vectesignal generator with a modulation scheme and an upconverter.
The measured signal is transmitted over a channel to the receiver. The signal is then
received and passed to a downconverter and a receiver for iagoviris step is
taken to obtain the chanriehpulse response in the time domain, although the impulse
responses are included in the responses of the two antennas, along with the channel
characteristics. The poweelay profile, multipath components, RMiglay spread

and arrival time can be calculated from the chaimellse response.
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Figure 27. Steps for characterising and modelling a channel, starting with cheounading
measurements, parameter estimation and modelfingstatistical channg3].

The Salekvalenzuela model is a popular statistical channel model for
describing UWB channe[25]. The development of the el was based on a number
of channel measurements in multipath channels. The channel measurements include
mul tipath components and the component so
[25], Molisch, Foester, and Pendergrassok the measurements between the two
antennas in different locations in an environment, and the effects of the two antennas
were included with the channel. The measurements between the Tx and Rx antennas
in a multipath channel weredind to reflect the responses of the two antennas with
the multipath channdR4]. In general, both multipath channels and antennas cause

symbol scattering in DCSs.

Sipal, Allen, and Edward23] argue that assumptions about the clusters in the
SalehiVal enzuel a model are incorrect becaus
distortion caused by antennas and assumed that the antennas would not cause any
effects on the channel. The impulssponses of Tx and Rx antennas are typically
convolved with a channel impulse response. This postulation was validated through
simulation and measurements in the fspace channel in an anechoic chanja.

The impul® responses of an antenna in the-gpace channel from the measurement

and the simulation were found to be almost the same. These impulse responses showed
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that the ringing of the antemi@pulse response did not show a Dirac impulse, as the
simulation ad the measurement had in the fggmce channg¢R3]. The authors also

found that the impulse response of an antenna varies with changed antenna sizes.
Therefore, distortion in the channel can also be caused by the af23jnThe
manifestation of the impulse response of the antenna in each cluster within a free
space channel indicates that there is only one multipath component, which appears as
the convolution of the impulse respondel@ and Rx antennas with the frepace
channel. Clusters with several multipath components manifest the impulse response
of the antenna. The impulse response of the antenna hence is embedded in all multipath
components in the channel response, and tieetefof the impulse response of the
antenna are generally disregarded. A technique is required to extract the antenna from
the global transfer function of a radio link for modelling the multipath channel for P2P

communications.

The work that Sipagt al.described if24] extended their work if23], where
measurements were conducted in a laboratory environment. The authors showed that
the clusters in the Salébalenzuela model manifetite impulse response of the Tx
and Rx antennal®4]. This manifestation typically occurs because of the wideband
antenna type that is selected and because of changes in the radiation pattern of an
antenna. The authors asured the antenna in the time domain in a laboratory
environment to manifest the anteringulse response in the multipath components
from the reflected metallic scatter and ceiling reflecf4]. The first multipath \as
found to represent the direct path, and the multipath reflected in the horizontal plane
manifested the direct path apart from the sign, whereas the multipath component
reflected from the ceiling was different due to the radiation pattern of the amtetina

the channel condition.

The channekounding technique is used in Chapter 4 with integer inputs and
with only a freespace channel in an anechoic chamber to predict different antenna
effects in a DCS with a 3 @AM OFDM modulation scheme. Ttechniques used
to compare the antenna effects with the effects from using the antenna system model
(including in a DCS). The proposed technique is used to model the frequency antenna
measurement usirgparameters, either with a frespace channel or with a muléith

channel. These models can then be included in a DCS simulation using SIMULINK
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software to predict the antenna and channel effects separately. Obtaining the-channel
transfer function also helps to characterise the channel conditions and to improve the

performance of the digital system.

McLeanet al.[4] also interpreted the minimum phase by studying multipath
propagation. The channel will affect the minimypimase transfer function in such a
way so as to produce zarm the righthand side (RHS) of theplane. But multipath
interference does not always destroy the mininpimase transfer function of the
antenna, which has motivated the design and fabrication in the present work of a
minimum-phase antenna to charactes e t h e Savalde® andhta éharacterise

multipath channels using minimuphase antenna measurements.

Duroc et al. developed theoretical models to representultrawideband
antenna system that could be used to derive a multipath channel[#&jd€hey also
developed experimental techniques for a sample UWB patch antenna. The authors
discuss three types of theoretical models for the UWB antenna system. The first is an
electromagnetic model, which uses incidleand radiated fields associated with
incident opercircuit voltages and excitation currents, respectively. The second is a
circuit model, which represents the -€kannelRx UWB radio link as a transfer
function derived from each antenna ECMs. The tlsrdyistem modelling, where an
LoS farfield UWB radio link model is developed based on systensfer functions.

From the measure8: values in an anechoic chamber, the authors then derived
equations for the UWB Tx, channel, and Rx transfer func{bls The LoS faifield
radio link was also modelled in an anechoic chard#r

In the present research, the LoS-fiatd radio link measurements will be
extended to characterise wideband multipath channel in different office
environments for P2P communications. This derivation can be achieved by using a
minimum-phase antenna, since the stability of the antenna can be ensured when the
inverse of the antenna system is obtainedxtoaet the multipath channélansfer
function from the antenna measurementbis derivation helps in modelling the
multipath channel for office environments by using the inverse of the antenna system
model that is derived from the measurement in thedpaee channel. Then, from the

global transfer function of a radio link and the inverse of a minirpbase antenna
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system model, thenknown multipath channatansfer function can bebtainedin a
wideband radio link. In this way, the channel will be ipeledent of a particular
antenna and can be used to predict the channel and antenna effects separately in a DCS
for P2P communicationfoing so also helps in deriving an inverse antenna system

for inexpensive antennas, which typically cause symbol scajtan DCSs to

compensate for the antenna effects.

In summary, an antenna can be represented as -pamwaetwork. This
representation is based on the antenna type, including the structure and the application.
Those antennas with a epert network thati@ used in transmitting and receiving in
DCSs are typically designed and fabricated so that they can be characterised and
modelled to be included in a DCS. Inverse antenna systems are also generally derived
to deembed the antenna from tBg@arameter measements for P2P communications

to characterise the multipath channels in different environments
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CHAPTER 3: NARROW AND WIDEBAND ANTENNA
CHARACTERISATION AS TWO -PORT NETWORKS

31l ntroducti on

Antenna engineers conventionally design antennas using simulatowls
measurements to obtain a I&\. The radiation patterns and gain are then obtained at
discrete frequencies. However, this procedure does not predict the correct performance
of the antenna with respect to the physical orientationSI:hgelds the otal radiated

power, not the power radiated in the physical char?@&P communication requires

the calculation of the frequency response of the transmission between two antennas in
a specific direction. Conventional methods of designing antennas te redtis/S;1

only provide the totatadiatedpower and are unsuitable for P2P communication. A
procedure is required to design P2P antennas and to predict their performance in DCSs
in particular.S-parameters can be measured in an anechoic chamber betveen t
identical antennaf2]-[4], which enables designers to predict the correct frequency
response in the direction of the channel. The frequency and time responses of an

antenna cathen be computed froi®parameter measurements.

Conventionally, antennas are measured in costly anechoic chambersSwhere
measurements are undertaken by using two identical antennas with a fixed distance in
the far field. Since doing so requires a tiglly large amount of time, space, effort,
and cost for building and maintaining an anechoic chamber, such factors often prohibit
these chambers from being installed. Measuremen&iafutside of an anechoic
chamber mix the properties of the antennath whe channel characteristics. The
impulse response of the compl8&¢ measurement in a multipath channel will have
many components, which represent the two antennas as well as the channel impulses.
Each ray in the timelomain response represents one gathponen{24], [26] and
depends on various phenomena, such as reflection, diffraction, and scattering. The ray
that represents the impulse response of the direct path is a result of the timeerespons

of both the Tx and Rx antennas.
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Several theoretical models have been developed to represent wideband antenna
systems in a fregpace channel that can be used to derive antenna and channel models
[45], [46]. In these models, LoS féield UWB radio link models have been developed
based on theé; value. Characterisation of the multipath channel has not been
modelled in detail, however, where the channel would be incorporated along with the
antennas.Hirano et al. proposed a technique to obtain the gain by takig

measurements over two sets of distances in an anechoic ctjadjber

The aim in this chapter, in addition to characterising an antenna in an anechoic
chamber, is to extract the antenna response frorfziheeasurement outside of an
anechoic chamber in order to separate the impulse responses and to determine the
frequency responses for the antenna and the channel. This step will also allow for
channel aalysis and antenna characterisation. Determining the frequency response of

the antenna also enables the determination of the gaigrang delay

In this chapter, the characterisation procedure is applied to a wideband Vivaldi
antenna and a narrowbanatgh antenna to examine and test three techniques. These
techniques were used to obtain tBe of the antenna and to show the difference
between the conventional approach in only realising a3awnd the new approach
of calculating the antenna respomse specific direction. The Vivaldi antenna is a
minimumphase, coplanar, wideband antenna with high gain. In the present work, the
antenna was designed and simulated in a tli@ensional (3D) EM simulator to
obtain theSi: value as well as the radiati pattern at discrete frequencies. Then, to
verify the simulation modellingSi: was compared with the measurement obtained
using a network analyser. Three techniques were applied to characterise the antenna
and to obtairthe two differentY and$:values. First, an ECM was derived that had
the sames ;1 in amplitude and phase as the measurement. Next, théoguott Y
value between the two identical antennas was measured in an anechoic chamber to
obt ai n t h®i. The Hileent nranéfam was then applied to derive the
minimum phase o%: from its amplitude. The chapter then presents a comparison of

the amplitude and phase $f obtained through these techniques.

This chapter also introduces a procedure to charsete Vivaldi antenna and

a channel with multipath components in the frequency and time domain8Y The
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value was then measured between two identical antennas in a typical laboratory
environment with added reflectors. The impulse responses in the time domain of the
antennas and channel were subsequently obtained. The arfenmaas then
determinedfrom the procedure and compared with tBe obtained from the
measurements in an anechoic chamber. The time response of the multipath channel
was then extracted from thé measurement and was also presented in the frequency
domain. Finally, thgrocedure was applied to a narrowband patch antenna to establish

the limitation due to the long ringing that occurs in the time domain.

32Antenna Characterisation Met hodol

Sparameters characterise the electrical behaviour ofptwbnetworks at specific
frequency ranges. These ranges represent the voltage ratios of theReates port
to-port S1 between the Tx and Rx antennas, the frequency responsesfdiepends

on the orientations of both antennas. As a result, there are two differentrtransfe

scattering parametery, and"Y :

1 <SY s is the power transfer ratio, representing the total transmitted power
(radiated power in all directions) for each antenna to the power available from
the source’Y can be calcated fromS;: for a lossless antenna, from the

antenna ECM, or from antenna simulation.

T Y is the power transfer ratio, representing the meashreletween the
Tx and Rx antennas and their physical channels over disakoe identical
anennas, theés; for each antenna can be calculated from“theafter de
embedding the frespace channel and dividing by two in dB and radians for
the amplitude and phase, respectively. $healue of each antenna represents

the directional depeatency of'Y .

For a lossless network, the amplitude of thecan be calculated from the amplitude
of S11 [47]:

Y S p RYS (3.1)
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Figure 31. Method for obtainingY , which provides the total radiated power.

The flowchart inFigure 31 shows the steps for deriving an ECM and obtaiihg

This calculation yields théotal radiated power of the antenna. The second port
provides the radiation resistance of the antenna. Initially, the layout structure is
simulated to obtain th&; amplitude and phase. Next, g value is compared with

that of the measurement. Theemma ECM is then derived by identifying the topology

of the circuit and calculating the element values to represent the antenna gsost two
network, which must be matched with tBe in both amplitude and phase. The
topology is identified based on thé&uwuture of the antenna, whereas the circuit
element values are computed by using an iterative optimisation process to match the
Si1. The voltagetransfer function can be calculated from the simulator as the ratio of
the voltage Yr) across the radiatioresistance K) and the source voltagd/s).
The"Y in the amplitude and phaséthe ECM can then be computed[ti8]:

A A— (3.2)

whereRs is the input resistance. Lastly, th& value obtained from #nECM is

compared with that obtained from (3.1).

The"Y includes the frequency response of the Tx and Rx antennas as well as the
channel. Measurement$ Y between two antennasn be donéside an anechoic
chambermusing a networlanaly®r. This measurement is conducted so thatfree

space channel will not have a multipaithe reference plane is defined at the end of
each cable using the througpbenshortmatch (TOSM) calibration technique. T8a

of Tx and Rx antennas is th¥ after deembedding the frespace channel. The

amplitude response of the two antennas is obtained based on the Friis transmission
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equation, and the delay is-denbedded from the phase based on the delay due to the
Tx-Rx distanceThe phase shift in thfreespace channel is calculated by:

R e (¥ (3.3)

wherel is the angular frequency in rad/secis thevelocity in free spaceandQis
the dstarce between the two antennasnn

For identical antennas, the amplitude and phase vali&sfof each antenna
after deembedding the frespace channel were then computed by taking the square
root of the amplitude and by dividing the phase by two, respectively. The amplitude
and phase df1 can then be calculated by:

sYs Y On (3.4)

""" Yy — (3.5)
where_is the vavelength irm.
The Hilbert transform method provides the relationship between the real and
imaginary part of a function ¥ , which is analytic in the RHS of ttsgplane[33]:
L Q ! (3.6)

where 7 and? ] are the attenuation and phase of the function, respectively. The
attenuation| 7  can be calculated by taking the logarithms of (3.6), and the Hilbert

transform is used to derive the phagsg  [33]:
| 1 bs 18 (3.7)

P S (3.8)

The Hilbert transform is applied to derive the minimum phasé&offrom the

amplitudeof S obtained from théy .

The impulse response of an antenna can be computed from the frequency
response using IFFT. The result using a normal IFFT is a complex number, and the
time-domain response can only be in real time. Among the many twaystain the
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real time response from the compl8x is the symmetric method, which provides
accurate results in converting to and from the frequency respornges method, a
time scale is created from the frequency scale. The discrete points iméhaotnain
should be double the frequendiscrete points. The purpose of this time scale is to
create a time vector for symmetric IFHAif.the time domain, the megnoup delays

the negative derivative of the transmission phase with respect to thenftgqiide
group delayharacterises the dispersive nature of the ant8nm@mad can be correlated

to the spreading of the impulse response.

33Vival di Antenna Design

3.3.1 Antenna Design

The Vivaldi antenna is an aperiodic, continuously scaled travelling wawtstihat
Gibson invented in 197@8]-[51]. Vivaldi antennas are the most widely used type of
tapered slot antennas, with a design that featurex@onentially tapered slot line.
Vivaldi antennas have a wide bandwidth and symmetric radiatioa beam width of
the E and H planes is the sainwith smaller sidelobes. The Vivaldi antenna has a
nonresonant structure, linear polarisation, and sigmficgain across frequency

performance with an endfire characteristic within a frequency rangetof@GHz.

Vivaldi antennas consist of three sections: the input feed line, the constant
width slot line, and a radiating tapering flatehe end49]. The strip line and the slot
line are etched in two different sides of the substrate. The tapered slot line in a Vivaldi
antenna has an exponential function. The transition in Vivaldi antennas from the strip
line for coupling gnals to the slot line is designed to exhibit low loss over the

frequency band. This coupled transition is used to generate electromagnetic fields.

Figure 32 shows the three sections, as well as the paramettétsse sections,
that affect the Vivaldi antenna design. The width of the slot line is less thamatne
the freespace wavelength, and the waves are bent along the exponential curve
conductorPi(x1, y1) andP2(X2, y2), shown inFigure 32, describe the end points of the
exponential, and the opening rate for the tapered section is descriBe@tmr mouth

opening in the tapered part yields the frequency range according to theR@ints
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P> in the exponentialunction: a lower cubff frequency for the width of the top at

point P1 and a higher frequency for the exponential function at pBitThe

exponential radiating tapering flare in the Vivaldi antenna is described in the following

equationg52]:
» 00 (3.9)
where the coefficient€1 andC> can be obtained by:
0 @ — (3.10)
0w @ — (3.11)

The width ofthe strip line can be calculated by a strip line characteristic impedance

equation a$s3]:

where:

O b (3.12)

Q is the characteristicimpedamc of t he strip |
- is the dielectric relative permittivity
"Ois the thickness of the dielectric substrate

“Yandw are the thickness and width of the strip line, respectively.
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Figure 32. Vivaldi antenna parameters.
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3.3.2 Antenna Simulation

The structureof the Vivaldi antenna used in this workdong with all dimensions
(shown in mm)js illustrated inFigure 33. The antenna was designed oRagers
RO4003C dielectric substrate with a thickness of 0.508 mm and a dielectric constant
0 = 3.38. The width and length of the feed line were 1.2 mm and 24.65 mm,
respectively.The Vivaldi antenna was simulated in CST software to oliteers:1
valueand the radiation patterns. Following the simulation, the antenna was fabricated,
and S1 was measured using a network analyser. The respon§g; éfom the
simulation and the measurement of the antenna was in agreement in operating over

the frequency rangg 1i 6.7 GHz, as shown iRigure 34.

The simulated radiation pattern gains are showigare 35 for two different
frequencies, 3.5 GHz and 6.3 GHz. In the figure sielobes of the radiation pattern
for each frequency show different directions and different power losses. The main
beam of the radiation pattern, however, is in the same direction for both frequencies

and displays endfire behaviour.
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Figure 33. Vivaldi antenna geometry: (a) top view and (b) cresstional side view.
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34ECM f or AwWitwalndis

The ECM of the Vivaldi antenna was derived as apwod network. The second port
shows the radiation resistance, as showfrigure 36. The ECM for the Vivaldi
antenna was derived by identifying the circuit topology and then calculating the
lumped and distributed element values. The topologyhfe ECM was identified for

the antenna layout structure based on the method shokigure 33. In the figure,

the feeding line is represented by the transmission line (TL1) and the inductor (L2).
The slot linetransition feeding line is represented by two capacitors, C4 and C5. The
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lumped and distributed elements were computed using an iterative optimisation
process, and the ECM was simulated and optimised using ADS software. The radiation

resistance was foutdo be approxi mately 68 (.
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Figure 36. ECM for a Vivaldi antenna.

As Figure 37 indicates, the amplitude and the phaseSof from the antenna
measurement using the network analyserthedeCM simulated in ADS were in full
agreement. Subsequently, tBe value from the ECM was calculated using radiation

resistance as the output I0da).
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Figure 37. S;1 of the Vivaldiantenna from measurement and ECM.
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3555 Measur eméeween Two I denti cal Ant e

Measurements o were carried out in an anechoic chamber between two identical
Vivaldi antennasl m apart, and the measurement setafpng with the endfire
direction of the antennasshown inFigure 38. The result frontheMeasurements of

“Y is shown inFigure 39. The delay wathende-embedded from the phase based on
the distances, and the amplitude response was then obfBne<sl; for each antenna
was then determinaasing (3.4) and (3.5pr the amplitude and phase, respectively

Rx Antenn

. Photograph of the Vivaldi antenna measurement along with endfire direction in the

Figure 38
anechoic chamber.
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Figure 39. Measurement ofY between twd/ivaldi antennas in an anechoic chamber.
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36The Hil bert Transf orm

The Hilbert transform was applied to the amplitud&ofto derive the minimum phase

[33]. The amplitude ofp: was obtained frm the™ measurement in an anechoic
chamber between two identical antennas afteerdbedding the frespace channel.
Because the Vivaldi antenna has a fipdhse centrf84], an additional lineaphase
componehwas computed after identifying the phase centre of the antenna. The phase
centre can be identified from the phaseSaf either from the'Y measurement or

from the ECM. By adding the line@hase component to the minimum phase obtained
from theHilbert transform, the phase 8f1 could then be compared withatfrom the

ECM and measurements.

3. Results and Discussion

The amplitude and phase &: were obtained fromthe Y measured after
de-embedding the frespace channel in order tompare the values with those from

the ECM.The amplitude of1 was obtained from the three different techniques and
compared, as shown Figure 310. The amplitude ofY obtained from the ECM and

from the Si1 assuming a lossless antenna was well matched, as shown by the total
radiated power of the antenna in all directions. In contrast, the amplitug of
obtained from the" measurement provided the radiated power in P2P
communication along thendfire directionThe difference 8 and&:is due to the

antenna radiation pattern gashown inFigure 35 at two different frequencies

With the addition of a linegphase component to the minimyhase of$;
obtained from the Hilbert transform method, the phas&g abtained from the three
techniques were in agreement, as showhigure 311. These results matched well
with those obtained from the Hébt transform because of the minimyonase
antenna. The phase 8f; obtained from the ECM matched the phas&ebbtained
from the™Y measurement in free space along the endfire direction. This matching
occurred because the main beam of the fundamental radiation pattern was in the same
direction as the measuremenhelphase centre was calculated to be equivalent to an
air-spae distanceof 0.1 m for each antenna from the anteraaphase, either from

the measurement or from tEE€M.
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Figure 310. Comparison of the amplitude &f and$:; of the Vivaldi antenna.
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Figure 311. Comparison of the phase™f and$: of the Vivaldi antenna.
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Figure 312 illustrates a comparison of tigroup delayobtained from the Vivaldi

ant e rxnandits minimum phase from thelbert transform. From botlgroup
delays, a similar trend is visible in the frequency response. The difference between the
two is equal along the frequency axis due to the lipbase component. This finding

also confirms that the Vivaldi antenna is minim phase because of the constant
difference delay ingroup delag between the antenr@&: and its minimum phase

across the frequency axis.
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Figure 312. Comparison ofroup delayoetween the Vivaldi antenr&; and the minimunphase

from the Hilbert transform.

The impulse response of the Vivaldi antenna was then computed by applying IFFT to
the S of the Vivaldi antenna, as shownhkigure 313. The antenna impulse response
presented delay due to the antenna, becauseésh@hase had both line@hase and
minimum-phase componenig]. The linearphase component causes a constant 0.33
ns delay, which is equivalent to that from anspace distancef 0.1 mcaused by the

linearphase component to the phase centre of the antenna.
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Figure 313. Impulse response of the Vivaldi anterfha

3.7.1 Characterisation Procedure for Antennas in Multipath Channels

Measurements oY outside an anechoic chamber mix the antenna properties with
the channel characteristics. The impulse response ofYthemeasurement in a
multipath channel will have many components, representing both the two antennas
and the channel impulsesponses. The channel characteristics depend on various
phenomena, such as reflection, diffraction, and scattering. The impulse responses of
both Tx and Rx antennas represent the impulse response of the direct path. This
procedure enables designers toadbthe frequency response of an antenna without

using an anechoic chamber based on measurements conducted in a multipath channel.

The characterisations of the antenna and channel were begun by meéasuring
between the Tx and Rx antennas in a multipath chafingire 314 illustrates a

communication link with two antennas and a multipath channel.

Transmitting antenna Multipath .| Receiving antenna
TX (HS:) ' channel : Rx(HS:)

Figure 314. Measurement oY between two antennas in a channel (communication link).
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The Y measurement of the system shownFigure 314 includes the frequency
response of the two antennas as wslttee channel. The flowchart Figure 315

shows the characterisation procedure for the antenna and the channel. The process
begins by measuring th¥ between two identical antennas in a multipath channel
and then dembedding the direct path from the measurement. Then, by applying the
IFFT to the complexY after deembedding the frespace channel, the impulse

response is obtained.

MeasureS,; in a fading channel

v

De-embed the direct paffreespace channgbnly

v

Apply IFFT to the comple$,;

v

Compute the impulse response of the two antennas with the cha‘n

v

Separate antenna and channel time responses

v v
Channel time response Two antennaso6 |t
Apply FFT to time response Apply FFT to time response
Channel frequency response | Two ant ennaso6 f

v

Take the square root of the amplitudeSafand divide its phase kB

Figure 315. Antenna and channel characterisation flowchart.

The procedure characterises the antenna in an unknown channel. This characterisation
can be achieved by splitting the tirdemain response of the compl&k into antenna

and channel responses. eThmpulse response obtained represents the impulse
response of the two antennas and the channel. The first ray found at the beginning of

the time range until the end of the ringing represents the impulse response of the two
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antennas, whereas the remainiags represent the impulse response of the channel.
By separating the two impulses, designers can ascertain the impulse response of the
two antennas and the channel. The frequency response for the two antennas and
channel can then be computed by applyihng EFT to the corresponding time
response. Finally, th&: for each antenna can be obtained by taking the square root
of the amplitude and dividing the phase by two.

3.7.2 Validation of Wideband Antenna and Channel Response

For this work, two identical Wialdi antennas were measured with a distafidem in

a typical laboratory environment with three added reflectors. The orientations of the
two antennas were in the endfire direction. Frequency measurements were taken at
4,001 pointsFigure 316 presents a schematic of the environment of the Tx and Rx
antennas in the channel. Thé values of the two antennas with multipath channels

in both amplitude and phase afteret@bedding the direct path are showrkFigure

3.17. The impulse response of thé was then obtained and is showrFigure 318.

The figure shows the impulse response after separating the resportbestwbd
antennas from the channel in the time domain. As shown in the figure, the main pulse
(Ray 1) in the time domain, which represents the impulse response of the two Vivaldi
antennas, occurs at 0.66 ns, and the width is 2.3 ns. The remaining tioTeseesias
caused by the multipath channel. The channel time response has many rays, which
represent the multipath through the reflectors in the environment. Rays 2, 3, and 5
occurred at 2.96 ns, 3.60 ns, and 6.46 ns, respectively. These rays arose gom thre
multipaths through the three reflectors, as summariséichiohe 31. Ray 4, which

occurred at 5.13 ns, represents the path across Reflector 1 and Reflector 2.

Table 31: Impulse resporesfrom Vivaldi antenna and channels.

Impulse Component Distance (cm) Distance dter de-embedding [Time delay

response direct path (m) (ns)
Ray 1 Two antennas 1.00 0 0.66
Ray 2 Reflector 1 1.69 0.69 2.96
Ray 3 Reflector 2 1.88 0.88 3.60
Ray 4 Reflectorsl & 2 2.34 134 5.13
Ray 5 Reflector 3 274 1.74 6.46
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Figure 317."Y measurement of the Vivaldi samna in the laboratory environment after de

embedding the direct path.

From(2.1) andTable 3.1 the wideband channel to demonstrate the scattering effects
with the NLOS path in thetypical laboratory environmentwas described

mathematically aa discreg¢ time response:

MO THTO T TEIPpP (B TEIPp oL OH TT
TIe0o VP o TEIULO @8 @ (3.13)
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Figure 318. Impulse response of thi¥ measurement of the Vivaldi antenna afteretiebeddig the

direct path.

After the removal of the channel time response fromtheneasurement, th&: of

the antenna in the frequency domain was obtained by applying the FFT to the impulse
response of the two antennas. Measurements ofvere also conducted inside an
anechoic chamber, with the same distance of 100 cm, and tkepfee channeVas

then deembedded from th&Y measurement. This step was done to compar&the

of the antenna with that obtained from the procedure Sihef the antenna obtained

from the™Y measurement in the anechoic chamber and from the procedure were in

agreement, as shown kiigure 319.

The frequency response of the channel was then obtained bynapfiie
FFTt o t he channel 6s t i nikgure 320 The figgreshows s |
theexistence of a multipath caused by the multipath channel along the
frequencyaxis which was clear in the channel pesise in the time domain, as sho
in Figure 318.
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Figure 320. Frequency response of the multipath channel.

As discussed above, ti$: value of an antenna can be obtained accurately from the

Y measurement outside an anechoic chamber using two identical antennas. This
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technique allows desigreeto obtain thé&p; of an antenna if an anechoic chamber is
not available. The procedure only requires a sufficiently large space, so that the Rx

antenna will satisfy the condition of the fiéeld measurement.
3.7.3Narrowband Antennas and Other Limitat®

To establish the limits of the procedure, the technique was applied to a narrowband
patch antenndrigure 321 shows the geometry of the antenna, which was etched on a
Rogers RT5880 dielectric substrate with &khess of 1.575 mm and a dielectric
constant of 2.2.The antenna was simulated in CST and fabricated to be operated at
a resonance frequency of 5.4 GHz. First, the three techniques were applied to
characterise the patch antenna and to ol8aimaues. Two identical patch antennas
were fabricated and tested in an anechoic chamber to obta8then ECM was
derived, which represents the antenna as apiwb network that matches ti&:
measurement in amplitude and ph&sé], [18]. The Hilbert transform was also
applied to derive the minimum phaseSf after obtaining the amplitude &1 from

the"Y measuremeriB3].

3.7.3.1ECM FORPATCH ANTENNA

The ECM for the patch antenna was developed by identifying the topology and then
calculating the element values by applying an iterative optimisation presesisown

in Figure 322. Thus, the desired response can be achieved that will mat8h with

the value from the measurement. ADS software was used for the simulation and
optimisation of the ECM. Transmissidines were also a part of the ECM, because
they represent the distributed elements of the antenna. The resistance values in the
circuit were very low, which means the antenna was nearly lossle$sgéte 323
indicates, the amplitude and phaseSoffrom the antenna structure simulated using
CST, and the measurement and the ECM simulated in ADS, are in full agreement. The
input resistance and the reactance from the layout simulation in CST and circuit

simulationin ADS are also in full agreement, as illustrateérigure 324.

The voltagetransfer function was calculated from the ADS simulator as the
ratio of the voltage\(r) across the radiation resistance and the sowttage Ys), as
shown in Figure 322. The"Y was then obtained from the voltatyansfer

function[18].

61



W

}\ 18

5|

Figure 321. Patch antenngeometry (all dimensions in mm).

Radiation Resistance

Vr1 AA \Vr2
|@ | S-PARAMETERS | VWA
Term
S_Param Term3
SP1 Num=3
Start=2 GHz 7=200.3 Ohm
Stop=8 GHz
Step=.5 MHz
'_IV\A,_...{ l—..\-l’w\
T il R TLIN L
P_1Tone L R3 L2
5 TL2 <
PORT2 L1 R=6.06 OhM  7-140.1 Ohm L=.208 nH |
Num=2 c L=4.08 nH E=114.6 R=6.5 mOhm C
Z=50 Ohm R=166.3 mOhm F=5.4 GHz c4
C1 E L
P=polar(dbwtow(0),0) €=0.108 pH —l—) I—-— = C=19.9 pF
Freq=5.4 GHz ’ c
R' Vv D c2
TLIN C=4.11 pF
R1 TL1 =
= = R=1.090hm = 7=110.10hm |y o o =
E=88.1 L
A1 F=5.4 GHz L3
R | L=4.8 nH
c R=6.5 mOhm
c3
C=8.85 pF

sip =
SNP1

Z=50 Ohm
File="C:\Result\patch Antenna\measurment\Patch Antenna opt_5.4.s1p"

Figure 322. ECM for the patch antenna.
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Figure 324. The input resistance and reactance of the patch antenna from EM simulation and ECM.

3.7.3.2COMPARISON OFS1
The amplitude ofY obtained from the ECM and frofi; using (3.1), assuming the

patch antenna is lossless, was matched, as shdwgure 325. As the figure shows,

the two values are quite well matched. The measured taaplofS:1 obtained from

theY measurement provides the radiated power in the broadside direction, while the
remaining power is radiated in other directions. By adding to the minimum phase of
S1 obtained from the Hilbert transform method andireedrphase component
equivalent to the linear phase from either the measurement or the ECM, the phase of
S1 obtained from the three techniques was compared and found to be well matched,

as illustrated irFigure 326.

3.7.3.3VALIDATION OF THE PATCH ANTENNA IN MULTIPATH CHANNELS

The"Y between two identical patch antennas in the broadside direction was measured
in the same typical laboratory environment with the three reflectors shokigure

3.16. The analysis procedure was appliehd the time response of th¥
measurement after ¢ambedding the direct path is showrFigure 327. The ringing

of the impulse response of the two antennas (Ray 1) in the time domain ended at
4.65ns, which made it difficult to distinguish between the impulse response of the
antennas and the two rays in the channel response (Ray 2 and Ray 3). afttbe

patch antenna was then obtained by applying the FFT to the impulse response of the
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two antennaskigure 328 shows the agreement #; of the patch antenna between
the measurement in the anechoic chamber and the developed proced@&evalue
obtained from this step was accurate: the amplitude of the sepakponse of the

antenna was high compared to the amplitude of Ray 2 and Ray 3.
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Figure 325. Comparison of the amplitude & and$: of the patch antenna.
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Figure 326. Comparison oftte phase ofY and$; of the patch antenna.
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Figure 327. Impulse response of tfi¥ measurement of the patch antenna in the laboratory

environment after dembedding the direct path.
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3.7.3.40THER LIMITATIONS

The width of the impulse response of an antenna and its ringing both depend on the
bandwidth of tle antenna. As discussed above, thdiéa condition is required for

this procedure. Another limitation related to the reflections to the channel is the long
ringing of the impulse response of the antefi®d. Thisringing, in turn, results in a
mixing of the antenna response with the channel response in the time domain. For
instance, dipole and patch antennas both have a long ringing response in the time
domain[4]. This ringingoccurs because the narrowband transmission in the frequency
domain will have a wide impulse response that will continue ringing in the long term.

In such cases, the ray that represents the impulse response of the antenna will merge
with the ray produced yb the reflector. This property creates difficulties in
distinguishing between the impulse responses of the antenna and the channel. To avoid
this limitation, the shortest reflected path to the multipath channel has to occur after
the end of the impulse nesnse of the antenna. For the patch antenna, the shortest
distance from the multipath channel needs to beast 2215 m and with a direct
distance ofl mto avoid mixing the ray representing the direct path with the rays

representing the multipath chain the time domain.

Figure 318 andFigure 327 show the differences in channel responses in the
time domain, which represent the multipath components between thes@npul
responses of the Vivaldi and patch antenna measurements in the same typical
laboratory environment. These differences occur because each ray manifests the
antenna impulse response, which indicates that the channel still has the properties of
the antennaised in the measuremd@#], [26]. It thus is important to dembed the
antenna properties from the channel response in both the frequency and time domains

to characterise the channel model, as belidiscussed in Chapter 6.

3.Bummary

In this chapter, the amplitude and phase values ofSthef a wideband Vivaldi
antenna were determined using three different techniques: ECM, measurement in an
anechoic chamber, and the Hilbert transform method. T opol ogy of t he

ECM was represented and mapped to the layout structure of the Vivaldi antenna. The
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ECM was developed by combining lumped and distributed circuit elements. The
second port in the ECM represents the radiation resistance. Theual@phf S1
obtained from the ECM shows the total radiated power from the antenna in all
directions. The phase &: obtained from the ECM and the measurement was found
to be well matched, because the direction of the main beam of the fundamental

radiation pattern was in the same direction as the measurement.

This characterisation procedure using three techniques was also applied to a
narrowband patch antenna. The ECM, the measurement, and the Hilbert transform
confirmed this new approach to charactegsan antenna. These techniques were used
to characterise narrowband and wideband antennas to show the difference between the
conventional approach of only realising a IBwand the new approach of calculating

the antenna response in a specific direction

A procedure was also described to characterise wideband and narrowband
antennas in multipath channels in the frequency and time domains 06ing
measurements. The procedure was applied to Vivaldi and patch antennas in a typical
laboratory envirament to obtain the responses of the antenna and channel in the two
domains. This technique allowed the separation of the impulse response of the
antennas from that of the channel. Characterisation showed the impulse response from
the direct path represémg the impulse response of each antenna. The procedure
therefore provides a method to predict the of an antenna without requiring an
anechoic chamber. The limitations of the procedure were also shown due to the long
ringing caused by certain antenniasthe time domain. Separating the channel
response in the time domain becomes challenging with the existing multipaths that
occur during the time of the impulse response of the antenna>:Tloé the patch
antenna was accurately obtained, however, becthes amplitude of the impulse
response of the antenna was high compared to the mixing rays in the channel response.
Obtaining accurate frequenand timedomain responses of the antenna and channel
allows for modelling both, which then provides the pofity of modelling them
separately and including an antenna in DCS simulations. These steps will be described
in the next chapter.
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CHAPTER 4: ANTENNA MODELLING TECHNIQUE
FOR DIGITAL COMMUNICATION SYSTEMS

41l ntroducti on

The prediction of antenna effects an important consideration for achieving good
DCS performance. Antenna designers aim to have widebandispersive antennas

as well as minimal symbol scattering in order to minimise the circuit complexity at the
receiver. Along with the multipath chagihnonlinearity in the RF components also
introduces symbol scattering at the receiver. The antenna can also cause signal
distortion[18]. This distortion in the signal adversely affects DCS performance and

increaseshe symbol scattering at the receiver.

In this chapter, a commercial ddzdnd antenna and the Vivaldi antenna that
was characterised in Chapter 3 (as showrignre 41) were measured and modelled
to predict argnna effects in a DCS. An ECM was derived for the commercial antenna
to obtain the total radiated power and to characterise the antenna behaviour. The full
set of Sparameters were measured in an anechoic chamber between two identical
commercial antenna® tcompare the resulting®: in amplitude and phase with the
values obtained from the ECM, as described in Section 4.4. Section 4.5 presents the
antenna modelling for both antenna types from themeasurements to be included
in a DCS. An FIR model was derived for e&parameter to represent a thidemain
system model for the type of antenna. Section 4.6 presents the simulation of an antenna
system model in a DCS using-{HAM orthogonal fequency division multiplexing
( OFDM) modul ation to predict each anten
describes the experimental antenna setup in the DCS. The syoalbi@ring
experiments were conducted usingQAM OFDM transmission. The noise praxhd
by the RF components was considered using atmbkck (BTB) connection without
antennas, and the same noise was added to the simulations based on the EVM values.
The results were then compared between the simulations and experiments described

inSe¢ i on 4.8 to discuss each antennabts eff
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Figure 41. Photographs of two characterised antennas: (a) Vivaldi and (b) commerciabddal

42Angnna Measurements

The Sparameter values in amplitude and phase can be measured in an anechoic
chamber between two identical antenfis[4]. Having the full set o&S-parameter
measurements enables designers to:
1. predict the correct frequency response in the direction of the channel;
2. derive a timedomain system model for inclusion in DCSs;
3. include the antenna in the simulation of a DCS and to calculate system
performance, includingysnbol scattering due to dispersion and digital signal
distortion;

4. optimise the antennads design to i mpro

MeasuringSii, S1, Si2, andS» in both amplitude and phase increases the accuracy
when deriving antenna system modélsr two identical antenna&: and &2 are

similar, as ar& 2, andS:1. For the commercial and Vivaldi antennas used in the present
study, theSparameters were measured in P2P communications inside an anechoic
chamber between two identical antennas. diance for the fregpace channel was

70 cm. The orientation for each antenna
commercial antenna was placed in the broadside direction, while the Vivaldi antenna

was placed in the endfire direction.
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43ECM f oro mmea cC al Ant enna

A commercial duaband antenna was printed on an-4Hielectric and had planar
features. The first step was to define the topology, as mapped to the antenna structure
shown inFigure 42. The anénna is represented by the transmission line TL1 and
inductors L1, L2, and L4, whereas the capacitors represent the coupling to the ground.
The ECM was simulated and optimised in ADS to match the con$plesbtained

from the measurement. The ECM for theemna was then derived, as illustrated in
Figure43, and the radiation resistance of th
onePort SParameter §1P) block shown inFigure 43 contains theS;: data
measurement result obtained using a network analyser. This block was then used to
optimise the circuit to match tH&1 measurement by using an iterative optimisation
process in the ADS software. The ECM showed a singlefpatransferring energy
through the ECM, which confirmed that the antenna is a miniplase antenrd].

The Si1 from the ECM was then compared with the measurement. Both values were
found to match, as shown Figure 44. The antenna had two radiating bands at the

two resonance frequencies of 2 GHz and 6 GHz.
|—4§ |

L

F N

27.2

RS VS

Figure 42. Commercial duaband antenna structure and ECMdiogy (all dimensions in mm).
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44Characteri satioinalofAnthenCao mmer

Measurementsf Y were conducted in an anechoic chamber between two identical
antennas on their principal axesith the freespace channd).7 m apart, using a
network analysefThe TOSM calibration technique was used to definadference

plane at the end of each cable. The commercial antenna was placed in the broadside
directionin the measurementsvhile the Vivaldi antenna was placed in the endfire
direction.The amplitude and phase valuessgpffor each antenna were obtaireter
de-embedding the frespace channelsing (3.5) and (3.6), taking the square root of

the amplitude, and dividing the phase by tvasuming the antenna is lossless and

that all observed power is radiated, tifevalue, whichyields the total radiated power

of each antenna, can be calculated f@pusing (3.1).

The"Y from the ECM matched that computed fr&m, assuming the antenna
is lossless, as shown kigure 45. This response shows the total radiated power by
theantenna, which is the same as the power that has been accepted, or the total radiated
power divided by the antenna efficien&¢; provides the accepted power. Antenna
losses due to inaffiency will be discussed in Chapter 7 to identify whether this
antenna is lossless or has some losses.Sfihef the commercial antenna obtained
from theY measurement after @ambedding the fregpace channel is also shown in
Figure45. Thi s value provides the radiated p

principal axis. The remaining power was radiatedhe sidelobes.
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Figure 45. Amplitude of'Y and$; of the commercial antenna.
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As shown inFigure 46, the phase ofY obtained from the ECM matched tBg
phase btained from théY measurement, and both were found to be linear in phase.
This situation indicates that only minimuohase and lineggshase components were
found in theS: phase of the commercial antenna, which in turn confirms that the
commercal antenna was a minimum phase and that its behaviour had a frequency

invariant radiation patterfi].

4 T T T T T T

ECM
Measurement

Phase (Radians)
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Figure 46. $1and™Y phases from the measurement and the ECM.

45Ant ensbhe®yModel

Modelling an antenna as a tirdemain system is often used to analyse the effects of

an antenna in DCS software. Modelling is developed to determine the computability
of the antenna in a DCS simulatid®iparameters can be measured between @x an

Rx antennas in an anechoic chamfBgr[4]. The measurement of a full set of
Sparameters enables designers to predict the correct frequency response in the
direction of communid#on for P2P. The system model is derived by realising the
completeS-parameters from the measurement between Tx and Rx antennas. This

derivation also helps designers to model accurate system models with Sre@se
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S, and $2 measurements. In tharesent study, the impulse response in the time
domain was obtained by applying the IFFT to each compiexrameter. In general,
when using two identical antennas in the measuremen$ ilaad 2 are the same,
as areS;2 andS1. From the full set o&-parameters measured in an anechoic chamber,
FIR models were then derived for e&parameter with a 4,06drder to develop four

models for the&S-parameters.

The impulse responses of tBgarameters were computed using IFFT for each
complex Sparameterbtained from the frequenggsponse measurement for each
antenna type. The impulse responses ofYheneasurements for the commercial and
Vivaldi antennas were then obtained. The impulse responses of the commercial
antennaY FI R model and t hreFIR/MmodeharedshowraiRigtre n n a 6 s
4.7a andFigure 47b, respectively. Note that the commercial antenna caused additional
components due to multiple reflections in the antenna itself, which will cause symbol

scattering in DCSs.
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Figure 47. Impulse response of tfi¥ FIR model for (a) commercial and (b) Vivaldi antennas.
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A complete system model with four FIR models derived for the full sepaframeters
was thendevelopedn SIMULINK, as shown irFigure 48. The chip signal in the
input of the system is a frequensyept source to predict the frequency response of
the antenna system model, as showRigure 49a. This signal may be compared to
the™Y measurement skm in Figure 49b, which contains the response of the two

identical commercial antennas witld &-m distancdree-space channel.
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Delay1

812

Figure 48. Complete antana system model with four FIR modeisSIMULINK .

The frequency response of the thth@main system model for the Vivaldi
antenna is illustrated ifrigure 410a. This response is similar to the antefivia
measurements shown kigure 410b, which shows the frequency responses of the
two identical Vivaldi antennas, with tHeee-space channdd.7 m apart. Antenna
measurements were then modelled as apeb network system to evaluate the
performance of the antenna in a system simulation that could then be used directly in
DCS software.
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Measure the full set & parameters in an anechoic chamiber
the direction of the antenna principal axis

|

Apply IFFT to each complex of tifg&parameters
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!

Derive antenna measurement model with four FIR model
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Develop SIMULINK model for a complete digital system
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Assess the system performance resulting from the antenna

tn

117

Figure 411. Flow chart to predict antenna effectsa DCS.

The system model shown kigure 48 was then used to study the antenna effects on
transmitted signals and to calculate the EVM as well as the resulting BER of a DCS
[18]. This technique allows designers to assess the system performance that resulting
from the antenna effects, such as symbol scattering that degrades system performance.
Figure 411 shows the steps involved ingalicting the effects of an antenna in a DCS,

starting from the frequenegsponse antenna measurement.

46Antenna Simulation in a DCS

A complete DCS was then modelled in SIMULINK to simulate the two different
antennas, as illustrated gure 412. The system model was derived to predict the
effects of each antenna type and to obtain the EVM and BER for sygodibéring
characterisation. The DCS consists of a data generator that was then modulated by
16-QAM OFDM. Anup-converter was used to send the data with a carrier frequency
to convert the transmission data from the baseband to the passband, followed by the
antenna system model. FIR models represented the full s2pafameters of the

antenna measurement fronettwo identical antennas with the frepace channel.
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The signal was then passed through the doamverter to convert the signal back to
the basebanthodulated signal. This step was performed without adding any noise so
that the antenna effect in the D€&uld be predicted.
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Figure 412. Antenna with freespace channel in a DCS.

4.6.1 Commercial Antenna

In the DCS simulation, the commercial antenna was examined at two different carrier
frequencies with 10symbols. The effects of the antenna on the modulated signal were
then investigated. The antenna effestgh the freespace channel (from the
measurement in the anechoic chambmm) DCS performance are shown in the
constellation diagrams Figure 413a andrigure 413b for the two carrier frequencies

of 2 GHz and 6 GHz, respectively. The output constellation diagrams show that the
antenna caused symbol scattering withyvay EVM values. The EVM values were
10.94% and 7.68% in the carrier frequencies of 2 GHz and 6 GHz, respectively. The
BER was zero because the receiver was able to recover the symbols despite the
scattering that occurred. This scattering was the restiie@ntenna impulse response

producing other components due to multiple reflections in the antenna itself, which
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caused the symbol scattering shown in the constellation diagrams. Comparisons
between the two carrier frequencies in the constellation diagemd the EVM
showed that the symbol scattering that occurred at 2 GHz was more severe than at 6
GHz. This comparison was helpful for estimating the antenna effects on the modulated
symbol in the two bands. This technique is also useful for predictirgetfi@mance

of the system in each band in multiband systems.
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Figure 413. Output constellation diagrams based orcthramercial antenna system model at carrier
frequencies of (a) 2 GHz and (b) 6 GHz.

4

4.6.2 Vivaldi Antenna

The Vivaldi antenna was also examined in the DCS at two carrier frequefittid€P
symbolswith the freespace channeThe antenna effects on the modethasignal are
shown in the constellation diagramskigure 414a andFigure 414b for the two
carrier frequencies of 3.5 GHz and 6.3 GHz, respectively. The output ¢atnstel
diagrams show that the antenna caused less symbol scattering with varying EVM
values. The EVM values were 2.32% and 1.81% in the carrier frequencies of 3.5 GHz
and 6.3 GHz, respectively.

The EVM changed with different carrier frequencies with timeesantenna, as
explained in the section on the commercial and Vivaldi antefiiaide 41 shows the
EVM values with two different carrier frequencies for the two antenna types. The

EVM and BER values can therefdse seen to be a function of frequency.
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Table 41: Comparison of EVM and BER with different carrier frequencies without adding noise.

Antenna type Commercial Vivaldi

RF frequency 2 GHz 6 GHz 3.5GHz 6.3 (Hz
EVM (%) 10.94 7.68 2.32 1.82
BER 0 0 0 0

The effects in a DCS depend on the antenna types employed. An antenna impulse
response is an important parameter, especially if the antenna produces additional
components due to multiple reflections in theeang itself. Such reflections will
increase the effects in a DCS06s perform
simulate and predict the effects of antennas in a DCS. Doing so also allows them to
modify and redesign antennas for robust DCS perform&noee antenna models are

derived, the different antennas and channels can be used for a variety of applications.
This is the case when, for example, a base station is transmitting and many users are

receiving signals.

47Experi mental SetupSfor Antennas i

The signal distortion caused by the two different antennas was experimentally

demonstrated in an anechoic chamber to avoid the symbol scattering caused by the
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multipath channel. Experiments with data modulation were conducted with a BTB
connection to idetify the noise level caused by the RF components and to add an
equivalent noise to the simulation. Experiments were conducted with the antennas in

a DCS to compare the antennasdé perfor mar
EVMs were examined by theiegformance to compare with that from the simulation.

Figure 415a andFigure 415b show the experimental setup, including the equipment

used with the BTB connection and kvitwo identical antennas, respectively. The
equipment included a Tektronix AWG7122C arbitrary waveform generator, a
Tektronix DPO72304DX oscilloscope, two RF amplifiers, and various attenuators

with different valuesFigure 416 shows thectualexperimental setup with along with

the Vivaldi antenna orientation in the anechoic chanbatamodulation(16-QAM

OFDM) experiments were then conducted with and without antennas to compare the
performance of the DCS througe constellation diagrams and EVM. The data were
generated with a 76 MHz bandwidth throu
demodulation steps after being received at the other end. The input data for the
experiment were derived from a SIMULINK model thad an integer generator with

166QAM OFDM modulation. The output data from the experiment required
processing in the SIMULINK model, which was used to plot the constellation diagram

of the received signal from the experiment and to calculate the EVM.arbmpters

used in the experiments are showi able 42.

For the BTB connection, attenuators were used between the Tx and Rx
amplifiers with different values. These values were based on the path loss and the gain
of each antenna, as shownTiable 43. The two camblemgthHwereos s es
also considered, such as 1.8 dB at 2 GHz. The Tektronix AWG7122C had an
up-converter function for the generation of datadulatedRF signals up to 6 GHz.
At the other end, the Tektronix DPO72304DX (which has a spectrum analyser
function) downconverted the RF signal to an intermediate frequency (IF). The signal

was then captured at the IF.

Experiments were then conducted with thealili and commercial antennas with a
freeespace channel in an anechoic chamber with7an distance between the two
identical antennas for each type. Estimated times and phase offsets in the receiver were

then adjusted, and the received symbols were delaitedl into integers.
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Table 42: Experimental parameters.

Parameter Value
Bandwidth 76 MHz
Modulation 16-:QAM OFDM
IFFT 512

Number of Data Subcarriers 392

Number of Pilots 8

Bandwidth of each subcarrier 180 KHz

Gain for RF amplifier

17 dB and 19 dB

Attenuators

31 dBto35dB

Signal level at AWG

0.6 V peak to peak

Sampling rate at AWG

12 G samples/sec.

Sampling rate at oscilloscope

25 G samples/sec.

RF Amplifier

06VP-P 1748 Gain

Transmitting
Antenna

Modulated
signal —Input Data 6m

RF Amplifier
17dB Gain

0.6V p-p

Modulated _ . Demodulated
signal Input Dat } 6 Attenuators—6 } OscilloscopeOutput Data signal

RF Amplifier
(a 19dB Gain

Freespace

Receiving
Antenna

: Demodulated
6 } OscilloscopeOutput Date signal

(b) RF Amplifier
19dB Gain

channel

Figure 415. Experimental setup: (a) BTB connection and (b) antennas.
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Figure 416. Photograph of the experiment setup.
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Table 43: Values of the attenuators used in the experiments.

Antenna RF Path loss Gain Attenuator
(GH2z2) (dB) (dB) (dB)
Commercial 2 35.36 0.6 33
Vivaldi 35 40.23 4.6 31
48Ex peri mental Ver i cation of

To compare the effects of the antennas from the simulation with the experiments, noise
was added to thDCS simulation without the antennas to be equivalent to the symbol
scattering obtained from the experimental BTB connection. The noise caused by the
RF components was identified based on the EVM values from the performance of the
DCS with a BTB connectim For instance, the constellation diagrams at a carrier
frequency of 2 GHz from the simulation without an antenna and with noise added were
quite similar to those obtained from the experiment, as shovAgure 417a and

Figure 417b (respectively), and the EVM values were the same, at 6.2%. The
experiments were then conducted for the two antenna types using different carrier
frequencies. The following stdectiongdiscussand compare the output constellation
diagrams and EVMs obtained from the experiments with the simulation using
16-QAM OFDM.
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Figure 417. Output constellation at 2 GHz without antenna from (a) simulation and (b)
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4.8.1 Commercial Antenna

The effect of the commercial antenna in the DCS is shown in the constellation
diagrams ofigure 418a andFigure 418b (respectively) from the simulation and the
experiment. This antenna caused symbol scattering in the DCS. In general, a low
signatto-noise ratio (SNR) results poorer performance. The signals captured in the
oscilloscope from the experiments with the BTB connection and with a wireless
channel showed the SNR, as illustrateBigure 419a andrigure 419, respectively.

The SNR at the receiver with a wireless fspace channel is shownhigure 41%,

which indicates distortion in the transmitted signals. The corresponding distortion is
notable in the constellation diagram showrFigure 418b. A comparison between

the simulation and experiment using the commercial antenna showed that the EVM

had a neaagreement increase, as presentethinle 44.
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Figure 418. Output constellation at 2 GHz with the commercial anterora fa) simulation and (b)

experimentation.
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Figure 419. Signal captured in the oscilloscope at 2 GHz from (a) BTB commeatid (b) wireless

channel with commercial antenna.

84



4.8.2 Vivaldi Antenna

Figure 420a andFigure 420b show constellation diagrams from the simulation and
the experimemttion, respectively. A comparison of the results from both the
simulation and experimentation using the Vivaldi antenna sh@anedcrease in the

EVM that was similar in both the simulation and experimentation, as presented in
Table 44. The simulation and experimentation results indicate that the Vivaldi
antennéhad few effects in the DCS. These minimal effects, which showed minimal
symbol scattering, were observed when simulating without adding noise, as shown in

Figure 414. The commercial antenna caused more symbol scattering in the

transmitted signal and caused more distortion than the Vivaldi antenna.
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Table 44: Comparison of EVM (%) between siation and measurement after adding noise.

Simulation Experiment
Antenna RF
Without antenna | With antenna models BTB Wireless
(GHz)
Commercial 2 6.20 15.35 6.20 14.42
Vivaldi 35 5.43 7.40 5.43 7.65

The output constellation diagrams show thattthe antennas caused different effects

and that the EVM increased in both the simulations and the experiments. The increase
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in EVM due to antenna type was found to have been similar between the simulations
and experiments with and without antennas. The Isthahges in the constellation
diagrams and the EVM between the simulations and experiments are attributable to
the nonideal measurement conditions caused by thelinear amplifier used in the

experiments.

In addition to the noise caused by the RF congmts, symbol scattering can
also increase due to tlatenna type that is employed. The impulse response of an
antenna is an important consideration, especially if the antenna supports an additional
component caused by multiple reflections in the antewméch will influence the
performance of the DCS. This technique enables designers to simulate an antenna in
DCS simulation and to predict the closed effect of the antenna. The technique can also
help designers to redesign antennas for optimal DCSs avnbpare the effects of

different wideband antennas in order to select the lowest effect in DCSs.

49Summar y

This chapter has described a technique to characterise and model an antenna to be
included in DCS simulation. The chapter has also reported on tlce @ftbe antenna

on wireless links and DCSs. Different antennas were shown to have different effects
in a DCS. The ECM for a commercial dimnd antenna was derived, and $heand

"Y valueswere obtained in both amplitude and phase. Theprovides thetotal

radiated power, and the antenna behaviour was characterised from the transmission
phase (the antenr@: phase). FIR filter models were developed forSgtlarametrs

for each type of antenna for inclusion in a DCS simulation. Different antennas showed
varying impulse responses, and some antennas caused additional components due to
multiple reflections in the antenna itself. These components were found to have

introduced distortion and delay in the antenna impulse response.

The effects from each antenna type were first predicted in a DCS wi@AL6
OFDM, and the EVM and BER were calculated to characterise the symbol scattering.
The results showed that the commakeintenna caused symbol scattering and that the

EVM increased at the receiver for both bands at the two carrier frequencies. The

commer ci al antennaobds effects at 6 GHz wer
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to the effects at 2 GHz, whereas the Milrahntenna showed minimal symbol
scattering at the two different carrier frequencies over the operating frequency band.
The resulting EVM was also different at the two carrier frequencies for the commercial
and Vivaldi antennas, thus confirming that the NE\ANd BER are a function of

frequency.

The experiments were then verified via simulation, which confirmed the
effects from each antenna type in the DCS. The noise from the RF components was
also considered in the simulation, based on the EVM values BiltBeonnection in
the experiments, whereas the noise from the multipath channel was eliminated by
taking measurements in an anechoic chamber for both simulation and
experimentation. The results from the comparison between the simulations and
experimentsisowed increased symbol scattering in output constellation diagrams, and
the increase in EVM was found to have been similar for each antenna type. This
scattering, and the change in EVM, were both due to the antenna type that was
employed. These effects wemkd the order of the modulation scheme and the data

transmission rates.

This technique will enable designers to predict the performance of a multiband
system in each band and will allow them to integrate antennas with multipath channels
in DCS simulatios for different applications. The commercial and Vivaldi antennas
that were characterised in the current work had minimum transmission ph&gs
which indicates thaboth antennas had frequeriayariant radiation patterns and
could be used as diréo¢ antennasA detailed analysis of the antentransmission

phase for noominimum-phase antennasill be addressed in the next chapter.

87



CHAPTER 5: CHARACTERISATION OF NON -
MINIMUM -PHASE WIDEBAND ANTENNAS FOR
POINT-TO-POINT COMMUNICATIONS

51l ntroducti on

The frequencydependent characteristics of a wideband antenna, such as its physical
orientation and beam direction, are difficult to obtain using conventional design
procedures. Knowing th&: value alone allows the total radiated power to be
determined bu provides no insight into the beam direction or its frequency
dependence. It is important to distinguish between the total radiated power and the
radiated power in the direction of interest. Conventional procedures cannot provide
information about the tresmissiorphase response, which is important for evaluating
antenna behaviour as a resonantdvariastt r uct u
radiation pattern. This stegan be performed either from the antenna ECM or from

measurements in an anechoicchambei n t he antennads princi

UWB antennas have an operating bandwidth from 3.1 to 10.6[@HEZhey
offer larger bandwidth compared to narrowband antenaas @n accommodate
multiple RF Chains opating at different frequencies simultaneoushhey are
designedto achieve high data rates without errd@sateof-the-art UWB antennas
have been characteed in [37]-[40]. For most UWB antennas in P2P
communications, the frequency response of the physical channel between the Tx and
Rx antennas depends on the orientatbthe antennafgl]. The physical channel is
usually selected based on the direction of the main beam of the fundamental radiation
pattern (i.e. the principal axis). Knowing further parameters such as the frequency
variant radiation pattern and current distribution is also necessary for designing UWB
antennag37]-[40]. Although various techniques have been proposed by modifying
the geometry of the UWB antenna in order to have a frequernayiant radation
pattern [37]-[40], the radiation patterns are only represented at certain discrete
frequencies, which does not allow for predicting the performantee behaviour of

the antenna over the entire operating bandwidth.
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The antenna ECM can be derived from the amplitude and phaSe. of
Researchers have expressed interest in the development of an accurate circuit for
UWB antennas. Researchers to datee@imarily considered the amplitude response
of Si1 and have ignored the phdsé, [11], [54], which does not provide an accurate

complexS: of the antenna.

In a wideband communicat system, the variation gfoup delays critical,
in that a large variation can distort the signal, andjtbap delaylepends on the phase
of $1 [36]. The modulated symbols emitted from a mmimum-phase anteranon
its principal axis can be distorted because different frequencies manifest different
delays through the system. This distortion further increases the symbol scattering and
leads to performance degradation. To avoid signal distortiogytig delayver the
frequency range should be constant. Designing an antenna to be minimum phase can

mitigate the symbol scattering as well as minimising the EVM and BER.

In Section 5.2 of this thesis, the Friis equation is modified in terms of total
radiated powerrad radiated power in a certain direction. The effective aperture and
gain are then derived for identical antennas with respect to the frequency axis. Section
5.3 then presents the design and EM simulation of aasmamum-phase monopole
UWB antenna. In S¢ion 5.4, an ECM is derived to obtain thé from the radiation
resistance and to study the antennads belt
amplitude and phase of tie obtained from the poitb-port transmission using CST,
the ECM, and the measurements at two specific atiems in order to select the best
antenna orientation. The variationggbup delayor each orientation is then calculated
and compared. Finally, two identical antennas with a$psece channel are modelled
and simulated in a DCS to investigate theaftd the antenna in the two orientations.

52Mat hemati cal Formul ati on

The performance of the antenna in the &pace faiffield region can be described by

the Friis equation in terms of effective apert|5'%g):

~

0 00606 — (5.1)
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whered and0 are the total transmitted and received power (respectielgndod
are the effective apertures in the direction of the link for the Tx and Rx antennas
(respetively), _ is wavelength, an@@is the distance of the physical channel. The

effective aperture is given §§5]:
o —0 (5.2)

whereG is the gain of the antenna.

Section 3.2 consated two different transfescattering parametersy and
Y , that act as a power ratio. These parameters yield the total radiated power and the

measuremernibetween the T)Rx antennas over distance respectivelysY s and

Y  can then be represented mathematically as:
eYs — (5.3)

"Y — (5.4)
whered is the power available from the source.
From (5.3) and (5.4), (5.1) can be writtertenms of'Y and"Y :
Y SYsO0o o0 — (5.5)

Note that the received power in the direction of the physical channel is a function of
frequency, distance, and the effective apertures of then@Rx antennas. (5.5) can
then be applied for nemlentical antennas. For identical antennas, the effective
aperture and gain can be calculated respectively as:

5 o (5.6)
0 —— (5.7)

For a lossless network, the amplitude of tfiecan be calculated from the amplitude
of Si1 using (3.1).

As shown inFigure 51, the phasef 1 of each antenna can be separated into
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three compoents: the minimum, linear, and -@ihss phases. The lingalnase
component represents a constant time delay due to the effective length to the phase
centre [34], whereas the minimwphase component represents the angitu
response of the antenfa. An all-pass component is an additional phase at certain
frequencies in the band. This component arises due to the resonant structure, which
affects the frequenewvariant radiation pattern. The gdhss component does not

exist in the principal axes afminimumphase antennas such as horn and Vivaldi

antennas, or in the commercial antenna discussed in Chapter 4.

Antenna phase d;

¢ \ 4 A

Linear-phase Minimum-phase All -passphase
component component component

Figure 51. Phase components 8.

The Hilbert transfornextracts a minimusphase component without any associated
linear or allpass components and can be used to derive the minphase
component of the anteni® values obtained from tH®¥ measurements at different

orientations.

5Monopol e UWB Antenna Design

A monopole UWB antenna with a coplanar waveguide (CPW)[f&&dvas designed

and simulated using CST Microwave Studio SuitE®ure 52 shows the structure of

the antenna, which was etched on a Rogers RT5880 dielectric substrate with a
thickness of 1.575 mm and a dielectric constardf 2.2. TheS 1 value was obtained

from the simulator anccompared with measurements obtained from a network

analyser, as shown Figure 52.

Figure 53a andFigure 53b present the simated radiation pattern at 4 GHz
and 7GHz, respectively. The direction of the main beam of the radiation pattern at 4
GHz is broadside (principal axis), whereas at 7 GHz the direction of the main beam
shifts to azimuth and elevation angles of 90° and #&spectively. Note that the
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broadside gain is very low at 7 GHz, whereas the main beam gain at 7 GHz is slightly
higher than at 4 GHz. The current distributions of the antenna were studied at 4 GHz
and 7 GHz, as shown iigure 54a andrigure 54b, respectively. As the figures show,

the current intensity increases at the sharp edges of the structure, which causes delay
paths in the antenna. It is also clear that the cuatentGHz is predominantly on the
ground plane, which indicates a narrowband resonant structure at this frequency.

CST
Measurement

+—139¢121>

+—19.5—¢7++18.07—

Frequency (GHz)

Figure 52. S;; from simulation and measurement, and inset antenna structurer{@tisions in mm).
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Figure 53. Radiation pattern gain at (a) 4 GHz and (b) 7 GHz.
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Figure 54. Current distribution at (a) 4 GHz and (b{zHz.

The power simulated in CST was 0.5 W, and the accepted power was obtamed fr
the antenna layout simulation to obtdivi S, which provides the total radiated power,
assuming a lossless antenna. TNe antenngo-antenna transmission was also
simulated in CST using open boundaries withsam distance between two identical
antennas in the broadside difent The"Y simulation was then compared with the
results from the ECM and from the anechoic chamber measurements, as will discuss
in Section 5.5.

54ECM for a Monopole UWB Antenna

In anantenna twep o r t ECM, the second poadators | mpe
resistanceThe ECM for the UWB antenna shownRigure 55 was developebtased

on the flowchart illustrated ifrigure 31 which shows the steps fadentifying the

topology and calculating the element values by applying an iterative optimisation
process to match tt&:1 measuremenfADS software was used for the simulation and
optimisation of the ECM. Transmission lines were included in the ECM to represent

the dstributed elements of the antenna.

As Figure 56 indicates, the amplitude and phas&gaffrom the measurement
and the ECM are in agreement. The radiation resistance of the UWB antenna was
calculated at approxiant el y 9 0 g-transiehfenctionoMas tleeig @mputed
from the simulator as the ratio of the voltage across the radiation resistance and the
source voltage shown iRigure 55 in order to obtaifiY , which provides the total

radiated power.
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Radiation Resistance
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Figure 55. ECM for the monopole UWB antenna
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Figure 56. S;; of the UWB antenna from measurement and ECM.
55Results and Discussion

Measurements ofY were conducted in an anechoic chamber between two identical

UWB antennas with the fregpace chann€.5 m apart, using a network analyser. The

reference plane was defined at the end of each cable using the TOSM calibration
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technique. As shown ifrigure 57, this method was used to measiyeat two
orientationsi the broadside and a second orientafionvhere the azimuth and
elevation angles were 90° and 45°, respectively. Electrical length offset was adjusted

to compensate for the connector and the feeding transmission line fargacha.

¢———Channef=—
Channef=—
. y\/ X

(a) (b)

Figure 57. Antennas at (a) broadside and (b) second orientation (aligning the main beam at 7 GHz).

The measuredY in the broadside orientation repemts the frequency response of
the two identical antennas with the fregace channel. Th&Y measurement was
compared to that obtained from the simulation in CST, as showigure 58. A

similar trend ¢ visible in theY between simulation and measurement. The difference
between the plots is the result of inaccurate meshing. Due to the electrically large
simulation, domairadaptive mesh refinement is not practical, and hence the
discretisation bthe antennas may not be sufficiently accurate to simulatevaue

antennao-antenna transmission.

0.02 T T T T T T T T T T

Broadside simulation
Broadside measurement

0.015

0.01

Amplitude (Ratio)

0.005

Frequency (GHz)

Figure 58. Comparison ofY between simulation and measurement in the broadside direction.
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The freespace channelas then dembedded from the measured and simulated
"Y based on th@®.5-m distance. fie amplitude response was obtained based on the
Friis transmission equation, and the delay wasmbedded from the phagehis step

was taken to obtain the anpiile and phase d&: for each antenna at the two
orientations. Th&j of each antenna represents the directional dependeiity. dhe
measurements were made within a frequency range of 1 GHz to 12 GHz. The data
were then analysed and presented irange from 2 GHz to 11 GHz to avoid band

edge effects.

The amplitude and phase 0f were also obtained from the ECM. The
antennd¥Y and$S:svalues were then compared and analysed. The variatigroop
delaywas obtained for th&;: of the antenna at the two orientations to identify the best
orientation for the UWB antenna in P2P communications. Finally, the
Y measurement (from two identical antennas with a$pEece channel) for the two
orientations was modelled and simef&tn a DCS to observe the antenna effects at

the two orientations in the DCS, as discussed in the followingesations.
5.5.1 1 Amplitude Response

Figure 59 shows agreement betweér (which provides the tal radiated power)
obtained from the antenna simulation, the ECM, and the calculation fror& the
measurement using (3.1). This agreement confirms the validity of the proposed
method in obtaining the total radiated power from the antenna ECM shdviguire

3.1. The agreement also confirms that the antenna is effectively lossless.

Figure 59 also shows agreement in tBg of the antenna obtained from the
Y between the anechoic chamber measurement and simulation in CST in the
broadside directiorfigure 59 also illustrates th&: of the antenna obtained from the
"Y measurement in the two orientaitsd broadside and theGHz beam orientation
(the second orientation). These values show the radiated power from the Tx antenna
in both directions at the same time versus the frequency. The remaining power is
radiated in other directions and is eventudifsipated in the sidelobes of the radiation
pattern. As expected at 7 GHz, the transmitted power did not steadily radiate in the

broadside direction (the principal axis). The variation betweeflthand$; values
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of the antenna was due to the angular direction of the radiation patterns at each

frequency.
1 L —
From S11
0.8 ECM
. Antenna simulation
© Broadside measurement
E 0.6 Second orientation measurement | |
- Broadside simulation
%
=]
=
204+ .
S
<
0.2
0 1 1 1 1 1 1 1 1

2 3 4 5 6 7 8 9 10 11
Frequency (GHz)

Figure 59. Comparison ofY and$: at two orientations.

Next, (5.6) and (5.7) were applied to cd#ta the effective aperture and gain values,
which were then compared with the results from the radiation pattern gain simulation
and gain measurementgure 510 illustrates the variation of the effective apeetu

for the broadside and the second orientattégure 511 depicts the difference in the

gain of the antenna at the two orientations. The effective aperture at 7 GHz at the
broadside was very low, and the gainswaaoundi 10 dB, whereas the gain in the
second orientation generally was more acceptable over the whole frequency band. This
scenario indicates that the antenna performance was acceptable for P2P

communications when both antennas were positioned in toad®rientation.

The gain was also measured in the broadside orientation using a calibrated
reference antenna in an anechoic chamber from 4 GHz to 7 GHz. The gain was then
compared with that obtained from the proposed process and EM simulation. The
measued gain values at discrete frequencies were approximately the same as those

obtained from the proposed process and the EM simulator, as shdalénb1.
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Figure 510. Effective apeure of the UWB antenna at two orientations.

Gain (dB)
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Broadside measurement
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Frequency (GHz)
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Figure 511. Gain of the antenna at two orientations from the proposed process.

Table 51: Gain in dB (broadside orientation).

Frequency 4 GHz 5 GHz 6 GHz 7 GHz
EM simulation 0.96 0.5 10.16 113.9
Gain measurement 0.92 1.63 0.51 110.1
Proposed process 15 1.75 0.5 19.5
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It should also be noted that the current distributions on the antenna were mostly
concentrated around the edges, as showkigure 54a and Figure 54b. This
distribution caused a delay in the antenna phase response, represented by a pair of
transmission lines, as shown in the antenna EEijue 55). The two different paths

in the ECM indicate that the antenna is fmimimumphase in at least some rotations.
5.5.2 $1 Phase Components

Figure 512 illustrates theS: phase of eachntenna in the two orientations and the
phase of'Y obtained from the antenna ECM. The phase obtained from the ECM
matches the phase of the broad$iglebecause the broadside measurement was taken
in the principalaxis direction. As a result, the radiation pattern of the antenna is variant
with respect to the frequency due to the4tiorarity in the phase of the broadsige

[1], whereas th&; phase in the second orientation is similar to a linear phase.

O T T T T T T T T

ECM
Broadside measurement
Second orientation measurement

Phase (Radians)
=

-15

Frequency (GHz)

Figure 512. Phasef $: from ECM and measurements with two orientations.

The second orientationbés phase inS%hicated
existed over the frequency band. T8 phase was almost linear, because the
minimumphase component was insignifita compared to the lineghase
component. Recalling that the anten®a phase consists of three componeits
minimum, linear, and albass phasd49] i the phase o%: with the two orientations

was then analyseddrm t he frequency response to stu
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The minimumphase component was computed by applying the Hilbert
transform method to th&;: amplitude, whereas the linephase component was
cal cul ated with r espee[B4]. Byodentifhirgg tha phese n n a 6 s
centre for each orientation, the lingdrase component could then be isolated. The all
passphase component was obtained after removing the {pte@se and minimum
phase components frothe totalS: phase obtained from th¥ measurement. The

phase components were then characterised for the two orientations as follows.

1) Broadside %. Figure 513 shows a comparison between the measured phase
after removing the lineaand mininum-phase components. Note the differences

in phase because of the existingmdkss component within the frequency range of

6 GHz to 8 GHz. The large variation of the antenna gain in this direction, as shown
in Figure 511, can only be attributed to the-plass component &3, and not to

the minimum or linearphase components. This variation is also clear from the
antenna ECM because of the existence of more than one path across the ECM for
the energy transferdethrough the circuit, which again confirms that the antenna

is nonrminimum phase on the principal axis due to the resonant structure at certain

frequencies.

4 T T T T T T T T
Broadside measurement after removing the linear-phase component

3 | ——— Minimum phase from its amplitude .

2r i

Phase (Radians)

_5 1 1 1 1 1 1 1 1
2 3 4 5 6 7 8 9 10 11

Frequency (GHz)

Figure 513. Minimum-phase component and antei@gphase after reoving the linear component in

the broadside orientation.
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2) Second Orientation,® Figure 514illustrates a comparable trend between the
phases o%: with the lineafphase component removed aswelbaé s mimni mu
phase. The antenna is nearly minimum phase in this orientation, because the
deviation of the calculated gain versus frequency was minor, as illustrated in
Figure 511, meaning that the radiated power in thischien continued to radiate

over the entire band, with little variation.

This scenario confirms that the antenna is-monimum phase in the principal axis
because of the existingglass component. But because there is Apeals component

in the S1 phase in the second orientation, the antenna is minikpbase in this
particular angular direction (the second orientation) when the antenna continues to
radiate the power over the entire band with little variation, thus indicating that the
radiation patterngan provide acceptable gain in this direction over the frequency
band.

4 T T T T T T T T

Second orientation after removing the linear-phase component
3r Minimum phase from Hilbert transform

Phase (Radians)
S

_5 1 1 1 1 1 1 1 1
2 3 4 5 6 7 8 9 10 11

Frequency (GHz)
Figure 514. Minimum-phase component and antei@gphase after removing the linear component in

the second orientation.
5.5.3Group Delay

The group delaywas obtained for the UWB antenna from tBg as a function of

frequency with the two orientationSigure 515 shows thegroup delag from &1 in
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the broadside and second orientation. The positive large peak wighiretfuency

range 6 GHz to 8 GHz of thgroup delaywas obtained from the broadside
measurement, which then had a negative impact on symbol scattering and the resulting
BER at the receiver. This setup also means that the attenuation at the broadside
direcion was extremely high and that the gain dropped sharply in this range, as shown
in Figure 511. In contrast, thgroup delayobtained from the second orientatin
showed little variation over the UWB frequeniagnd, which introduced a low level

of symbol scattering and BER. The second orientation is thus the best choice for P2P

communications for this antenna.

60 T T T T T T T T

Broadside measurement
Second orientation measurement

Group Delay (ns)
w2 B
(e (e}

e}
(e}

10

2 3 4 5 6 7 8 9 10 11
Frequency (GHz)

Figure 515. Group delayf antenngs: from broadside and second origita measurements.
5.5.4DCS Simulation with Two Orientations

FIR filter models were then derived for aB-parameters obtained from the
measurements for each orientation, tehaving been measured in the anechoic
chamber between two identical UNB amt@s with a distance 6f5 m. The antenna
Sparameter measurements were modellesl @stem model, as discussed in Section

4.5 (Figure 48), so that each orientation would be compatible with a DUO®%

impulsere ponses of the mo fivoRpRnodel altWBoroadsidee n n a 6

and the second orientation are showirigure 516a andFigure 516b, respectively.
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Note that the impulse responses of the antennaatahe different directions in P2P

communications.

1072
4 = T T T T T T T T

Impulse Response
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Figure 516. Impulse responses of tf¢ FIR model for monopole at (a) broadside and (b) second

orientation.

The frequency response of thtane-domain system model for the broadsite
measuremens illustrated inFigure 517a. This response is similar to the antehha
measurement shown Figure 517b, which shows the frequency response of the two
identical antennas at the broadside direction, witHrdreespace chann€l.5 mapart.
Figure 518a andFigure 518b also show the results for the second orientation from

the system model and thé measurement, respectively.

The complete system models from the measurements at the two orientations
were included in a DCS, as shown in
Figures.19. This step was done to predict the effect of the awatem the DCS and to
calculate the EVM and the BER in order to characterise the symbol scattering caused
by the antennal’he effects of the antenna on the ®@AM-modulated signal for the
two orientations were then studied for the two earfrequencies 08.5 GHz and
6 GHz.
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Figure 517. Frequency response in broadside: (a) antenna system axd ifi|asurement.

Figure 518. Frequency response in second orientation: (a) antenna system ‘ahdjeasurement.
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