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Abstract

A linear / stepped frequency modulated continuous wave (FMCW) digsal
for a long time been used in radar and channel sounding. A novel FM@&fora
known as “Gated FMCW?” signal is proposed in this thesis for tippression of
strong undesired signals in microwave radar applications, suthrasgh-the-wall,
ground penetrating, and medical imaging radar. In these applicaétiensosstalk
signal between antennas and the reflections form the earlyairgegivall, ground
surface, or skin respectively) are much stronger in magnitude cedpa the
backscattered signal from the target. Consequently, if not supprebsy
overshadow the target’'s return making detection a difficult thkkeover, these
strong unwanted reflections limit the radar’'s dynamic rangenaigtit saturate or
block the receiver causing the reflection from actual targegeCially targets with
low radar cross section) to appear as noise. The effectivehdbe proposed
waveform as a suppression technique was investigated in variousscaaarios,
through numerical simulations and experiments. Comparisons of theinsalges
obtained for the radar system operating with the standard line@Wrgignal and
with the proposed Gated FMCW waveform are also made.

In addition to the radar work the application of FMCW signals thora
propagation measurements and channel characterisation in the 6anG1az6 GHz
frequency bands in indoor and outdoor environments is described. Theelated
to predict the bit error rate performance of the in-house builsuneament based
channel simulator and the results are compared with the theoretidépath

channel simulator available in Matlab.
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CHAPTER 1

Introduction and Significance

This chapter gives an overview of the thesis, highlighting the kegledgians of the
work presented here. A brief summary of the contents of each dblineing

chapters of this thesis is also given.

1.1 General Overview

The operating principle of a radar system is similar toahatradio channel
sounding system. The differences between both systems are @ssolyiated with
their purpose and objectives [1]. Inradar systenthe propagated electromagnetic
waves within an environment are detected and processed in ordeat® dogpecific
object (target) and possibly extracting the object related irgtom (e.g. its range,
speed, shape, and so on). On the other hand a radio channel sounder detects the
electromagnetic waves within an environment (channel) which areegzed in
order to estimate the parameters that describe the time #mdjoency behaviour of
the channel. Understanding of the channel behaviour through channel
characterisation is of paramount importance especially foreteble design and
performance evaluation of a wireless communication system. this thesis

primarily, issues related to active microwave radar imaging will be dered.
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1.1.1 Radar Imaging

In active microwave radar imaging the scenario undergabtiminated with
microwave signals (from the transmitter) and scattered amuZ@ent signals are
collected by the receiver(s) and processed to form an imageofmihe scenario.
Three main microwave radar imaging applications are investget the thesis,
namely: through-the-wall radar, ground penetrating radar, and ahedaclar
imaging.

Through-the-Wall radar imaging (TTWRI) has gained a gredtafeaterest
lately specially within the radar research communityailns at detecting and
identifying objects and/or life signs within an area which cabedirectly accessed
or seen using conventional measures. TTWRI can be used in aofasgglications
from defence and law enforcement to civilian cases. As exampkdsfence / law
enforcement applications it can be used for detection and sumceillaf people
behind walls (for cases such as hostages, contraband, or firefigptngtions). In
civil applications it can be used in rescuing missions for deteaf survivors
buried under: snow (after an avalanche) or rubble (after an earthguiddslide)
[2, 3]. Results from numerical simulations and experiments of Tth&/RI for
detection of a human being located behind a wall will be considered in this thesis.

Ground penetrating radar (GPR) techniques aim at detecting olgects
interfaces buried below the surface of the earth. A variegppfications have been
used / proposed for GPR for instance in defence — for anti-personaati-dank
landmine detection; utilities — for locating buried pipes (wategas) and cables;
and in geophysical investigations — mineral formation, glacier mgppimd ground
water mapping [4]. In this thesis, consideration is given to thectlet of buried
metallic objects (e.g. land mines).

Medical radar imaging techniques, based on microwave sigoalfréast
cancer detection have gained attention over the past decade andrandly being
proposed within the research community as an alternative imagiuglity for
breast cancer detection and diagnoses. Encouraging clinicalesidtsr have been
reported in references [5-7]. The technique offers the potential flawacost
screening device, fast screening time, no patient discomfonealth risk. This
technique is based on the dielectric contrast between the tisstiesbreast which

causes an incident electromagnetic signal to be absorbed teretatifferently as it
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passes through the breast. The received signal from around theibacessed to
create an energy map of the breast interior. This technicpledsreferred to in the
literature as UWB microwave imaging radar.

A common issue with the aforementioned microwave radar imaging
applications is the needed suppression/removal of the unwanted sigintisr)(
before the image map of the scenario under test can bedcrelmeanted signals
such as: antenna crosstalk, wall reflection (in TTWR), ground curizlection (in
GPR), skin reflection (in MIR) can be much stronger than thahefrespective
target reflection. Therefore if not effectively removed thesnpromise the efficacy
of the overall system. Moreover, strong unwanted signals togethemwdk target
return increase the needed receiver dynamic range, as tleévereamust
accommodate both signals without being saturated or allowing thegstr clutter
overshadowing / masking the weak target return. In thisstleesiovel waveform
namely: gated frequency modulated continuous waveform is proposed earlthe
unwanted signals suppression technique and its effectiveness in patleatoons
(e.g. TTWR, GPR, and MIR) will be investigated through numestaulation and

experiments.
1.1.2 Channel Characterization

It is well known that the fundamental limitations in the perfarogaof a
wireless communication system are mostly caused by theaatbestics of the
channel [8]. Consequently, understanding and characterising the chahaelbbe
is of great importance, as it aids in the development of molistieahannel models
for validation of future wireless systems. Characterising dhannel essentially
means estimating the relevant parameters that describe thedoeha the signals
that propagate through it, such as the channel impulse responseqoenicy
response. The realistic time-varying impulse or frequency respafshe desired
channel are obtained through channel measurements using channel sounders.

In this thesis an in-house built multiband channel sounder has beemused i
channel measurements for indoor scenarios in the ISM band and for fralddoor
scenarios in the millimetre wave band (60 GHz). Statisticedrpaters which are
related to the channel time delay and path-loss have been edtimate the

respective measured channel impulse responses. Moreover, multi aciemma!
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measurement campaigns have been performed, using the conventiotal ve
network analyser, in a reference environment (i.e. reverberation charabe
assessment of the diversity gain and channel capacity withinr@h&k2z frequency
band for variable inter-element antenna spacing. Finally, therbit ete (BER)
performances of the in-house built measurement based channedtem@], which
uses real measurement channel data in the form of a time Vagigmency function
and that of the theoretical built-in MATLAB SIMULINK multipatlading channel
simulator [10], which recreates the channel responses based os spsecified
parameters, are compared. Radio channel simulators are usedlateetime effects
of the propagation channel under diverse repeatable testing conditimnaer to aid
in the estimation and assessment of the performance of commmumisgstems.
Both simulators were used in conjunction with the IEEE 802.16 phykigalt
model. The measurement channel data were obtained from the chaunmdihg in
rural/semi-rural environment of Ipswich in both 3.5 GHz and 5.8 GHzué&ecy
bands.

1.2 Thesis Contributions

* A novel methodology for implementation of the FMCW / GFMCW
waveforms as the excitation signals in the 3D electromagseftiware (CST

Microwave Studio).

* Design and assembly of the radar demonstrator, antennas, andal{eY t

positioning system.

e Validation of the effectiveness of GFMCW waveforms as a tegcienifor
suppression of crosstalk between antennas and the early cluiter giginal
from wall, ground surface, and skin in TTWIR, GPR, and MIR radar
respectively. The technique was validated through simulations and

experiments.
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* Measurement and analysis of the MIMO capacity and diversity ghin
discone antennas, in a reverberation chamber, for different Irtapet

antenna spacing.

e Channel measurement and characterisation in the 2.4 GHz and 60 GHz
frequency using a frequency agile multiband channel sounder in an mdoor

outdoor environment.

« Validation of the bit error rate (BER) performance of the in-hobgit
“playback” channel simulator through comparison with the BER performance

of the stochastic multipath channel simulator.

The work related to through-the-wall radar is a continuation fromiqus
work reported in [11-13], to which the author contributed with the followings:

» Implementation in Matlab of the various beamforming algorithngs (@AS,
DSI, and DMSI) used to generate the radar images.

» Collaborating/Helping in the setting-up and running the radar expats
(e.g. assembling the radar on the trolley, moving the system emtede
instruments, systems troubleshooting in case fault, and acting as thg target

» Performing the measurements and analysis of the antennasprte (e.g.
results shown in Figures 20-23 in reference [12].

In this thesis more realistic simulation scenarios (e.g. rodtim wwsulated
cavity wall; and furnished rooms) are presented. In the simulaten&EMCW is
shown to suppress both the direct crosstalk signal and the arefladition which is
a more realistic approach. This differs from the earlier aggtr@dopted in [11-13]
where the crosstalk was first removed, by subtracting frorh aatenna recorded
waveform the result obtained from the empty scenario simulatioor poi the
application of the gating sequence for the removal of the wadictedh. Moreover,
further experimental results to detect humans behind a wall are presented.
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1.3 Organisation of the Thesis

The original aims of this project included the following:

* Assess the feasibility of using Gated FMCW waveforms aadarrclutter
suppression techniqgue and validate its effectiveness, through numerical
simulation and experiment, in radar scenarios (such as: throughathe-w
ground penetration, and medical imaging for breast cancer detection).

* Validate the performance of the in-house built “playback” channel simulator.

* Provide an assessment of the radio channel statistics in a nwhber
environments using the in-house developed multiband channel sounder.

As two different areas namely: radar imaging and radio channel
(characterisation and modelling) are dealt with in the shemid for a coherent
interpretation of the discussed concepts, the remaining chaptecoval primarily
the radar imaging topic. In particular the proposed clutter supgnetechnique on
radar imaging applications, namely: through-wall, ground penetrasing breast

cancer detection. Issues related to channel are discussed in detail in Afghendix

Chapter 2: presents the basic operating principles of radar system$fi¢oget
with the definition of the basic radar performance parameidrs.different radar
modes of operation, possible employed waveforms, and the effect diethetric
material on the transmitted electromagnetic wave aredidsoissed. Moreover, the
chapter introduces the image algorithm known as the “delay-andusiaming
algorithm” which has been used to create the image maps of dae seenarios

considered in this thesis.

Chapter 3: includes a review of some of the existing clutter suppression
techniques used in radar applications such as: through-the-wall, grenettating
radar, and medical imaging radar for breast cancer detectmmeoler, at the end of
the chapter the novel clutter suppression technique proposed in thgsishiasefly

described.

Chapter 4: presents the theoretical discussion in radar waveforms namely:

linear frequency modulated continuous waveform (FMCW). The relationship
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between system parameters and the methods used to extraaigdierdage and
Doppler information is also included. Moreover, the basic architectoirethe
proposed clutter suppression technique namely “gated frequency modulated
continuous waveform (GFMCW)” are later presented as welloztaaled discussion

of the range sensitivity of the gating sequences used in the work.

Chapter 5: presents two hardware implementations of the proposed
GFMCW radar system adopted in this thesis. The overall synchtmmzand
system performance results are also discussed. Furthermoifféinent designed
and in-house manufactured antennas as well as the assembled Xidhpasiable

together with its control units are also described.

Chapter 6: includes the numerical simulation results for the FMCW and
GFMCW radar systems in scenarios, such as: through-thera@dr imaging,
ground penetration radar imaging, and medical imaging radabriast cancer
detection. The benefits of performing numerical simulation dsasethe available

numerical simulation methods are given.

Chapter 7: presents the experimental results of the proposed suppression
technique in applications, such as: through-the-wall radar imagingng

penetration radar imaging, and medical imaging radar for breast cateetiah.

Chapter 8: conclusions are made and recommendations for future work are

given.

Appendix C: includes the results of multiple-input and multiple-output
(MIMO) measurement campaign performed within a referengga@ment, namely
“Reverberation Chamber” to assess the MIMO channel capacitgigacsity gain
for variable inter-element antenna spacing. Moreover the restiltee channel
measurement campaigns in both indoor and outdoor environments using a newly
designed and developed multiband channel sounder are also presented. Finally, bi
error rate performance results of the in-house developed meesreased channel
simulator and the widely available theoretical Matlab multipatannel simulator

are compared.
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CHAPTER 2

Radar Principles

This chapter presents a basic background of radar systems, their categod the
type of waveforms employed. The image algorithm commonly referred the i
literature as “delay-and-sum” imaging algorithm and often used to createnhge

map of the scenario under test from the radar received data, is alsobaesor this

chapter.

2.1 Basic Radar Equations

2.1.1 Radar Range Equation

The word “RADAR” is an acronym for “radio detection and ranging
Historically, radars were first developed with emphasis on tietethe presence of
an approaching target (such as: an hostile aircraft or ship) amdlipg a measure
of the target range [1]. Although detection and ranging areirstibrporated in
modern radar systems, these systems may also provide a high resolugjerofrtiee
scene, target tracking, and also extract information from tgettaignature to aid in
the estimation of the type of target, size, and shape.

One of the most basic and well covered equations in radar thetbiey/riange
equation. This relates the scatter range to the radar sysaeameter and the
environment. The range equation provides a useful relation not justtésmaang

10
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the maximum achievable radar range but also as a startingfpoumderstanding
the radar operation and the basic system design [2].

In order to derive the range equation let's start by assurhagropagation
medium to be lossless and that the ideal radar system has agreskitted power
P; in watts (W) to be radiated with a directive antenna of GaiThe power density
Po (ratio of power per unit of area in units of Winat rangeR (m) away from the

radar and in the direction of maximum radiation can be written as:

P — Pth
D™ AnR2 (2.1)

For a target located at rangein the direction of the antenna’s maximum
gain, the electromagnetic waves with power density given in (Bdt) impinges
upon the target is scattered away and towards the radar dirébtbagh some of the
wave energy might be absorbed by the target itself. The amosoatéred energy
will depend on the physical (shape, size, orientation) and eleqtrigpérties of the
target. These dependencies are often described with a singkesiaegiic quantity
called “radar cross section” (RCS). The radar crossosagtof unit square metres
(m?),is defined as the ratio of the power scattered back towardsadee to the
power density incident on the target [3]. The RCS can also be diiasvthe target’'s
effective area or as a measure of the target’s abilityefiect the signal in the
direction of the radar. The target backscattered power de®sityv/m?) at a range

Ris given as:

P = Ppo  PGio
DU 4nR2 T [4mR?)? (2.2)

The total backscattered power receifdin units of watts (W), by the radar
antenna of an effective apertukgin square metres (inis given as:

_ PGoA,
" (4mR?)? (2.3)

It is well known from antenna theory that the antenna effectiveuapeis
proportionally related to its gair and the operating wavelength (m) [4].

Therefore, the radar received power from (2.3) can be written as:

11
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_ PGGph%o
SCIOR S (2.4)

The maximum radar range, in units of metre (m), is thertistat which the
receiver detects the minimum backscattered pd&wgr(W), which can be deducted
from (2.4) as:

~ PthGR/lzar/ *

R ==
| (4m)3 P (2.5)

The above equation suggests that in order to double the radar coargge r
the transmitted power needs to be increased sixteen times or leqiydoth
antenna gains must be doubled. In a practical scenario the radiaedesignal is
corrupted by noise therefore the target range is best descebeduaction of the
received signal-to-noise ratio. Therefore for a minimum signabise raticSNRin
at the receiver and considering the noise power within the operatidgd&eN, in

unit of watts(W), the maximum achievable radar range can be written as:

P.G,Gp22s |*

(41)3N (SNRyin) (2.6)

Rpax = l

Equation (2.6) still assumes a lossless radar system and atiopagedium.
In reality, various other factors not explicitly included in the éignamay affect the
observable maximum radar range. Such factors include the logbggia occurring
throughout the radar system itself, the meteorological condition atbeg
propagation path and so forth. The description of the factors and theat eff
equation (2.6) are beyond the topic covered in this thesis. For tereader
reference [1] provides detailed analysis of the effects thester§ have on the

achievable radar range.
2.1.2 Down-Range and Cross-Range Resolution

Resolution is a metric that describes the radar ability tindigsh or detect
stationary or moving targets in close proximity to each othafifeerent objects.
The down-range resolutionfR’, in unit of metres (m), relates to the ability of the

radar to resolve distinct targets positioned within the same dnglat different

12
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ranges. The down-range resolution is proportional to the wave sp@e)in the
medium and is inversely proportional to the waveform bandvBdtiz), as given in
(2.7). Thus, if the radar waveform bandwidth is increased the sntdedown-

range resolution it achieves.

1))
AR =38 (2.7)

The cross-range resolutiofCR, in unit of metres (m), on the other hand
refers to the ability of the radar to distinguish targetshatdame range but with
different angles. For a single antenna with no processing therarags-is directly
proportional to the antenna beamwidihtaken as the two way 3dB beamwidth in
radians (rad), and the target rafas in the following equation [5]:

ACR = 6R (2.8)

The cross-range resolution in equation (2.8) degrades for tatgktsgar
range. On the assumption that the range is restricted, the-ramyes can be
improved by increasing the operating frequency or by using anrenteith a bigger
aperture size, as both of these decrease the beamwidth, althougltehesdems
impractical.

A more practical way of increasing the cross-range resolus through
signal processing with the use of multiple antennas, which ceulddhysical array
of different antenna elements or a synthetic formed array asctihose formed
through synthetic aperture radar(SAR) techniques where measurements are
performed at different positions along the scenario under test. The SAR dppasac
been used throughout the radar experiments reported in this fhesisross-range

resolution for a synthetic array of lenddaar(m) is given as [2]:

AR
2Dg 4R (2.9)

ACR =

Equation (2.9) seems to suggest that the cross-range resolution wetdde
arbitrarily small by increasing the length of the SAR warialthough theoretically
plausible, it should be noted that in practice there are sewaetalrd that may limit

the actual cross-range resolution as discussed in references [1, 2].
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2.1.3 Radar Sensitivity and Dynamic Range

Radar sensitivity for a given bandwidth defines the minimum inpypdR¥er
that can be detected by the radar. Therefore, it provides a medsine radar’s
ability to detect the presence or absence of a target [B]e dlynamic range,
normally expressed in dB, is the ratio between the strongest toetdfleest signals
the radar can handle, simultaneously. This factor is relatdtetaumber of bits in

the receiver’s analogue-to-digital (ADC) converter [7].

2.2 Conventional Radar Systems

A basic radar system comprises three main units: a trtesna receiver,
and antenna unit. The transmitter generates the electrical wavefarsrdudiated in
the form of an electromagnetic wave by the antenna. Tharenteonverts the
electrical signal, from the transmitter, into electromagnetave and the incident
reflected wave, from the scatterer, back into an elecsigakl for the receiver unit.
The receiver processes the signal to evaluate the presenisseacea of a target as
well as its features [8]. Conventional radar systems can tegaressed based on

their configuration and the employed waveform.
2.2.1 Radar System Modes of Operations

The radar operational mode can be classified based on the system
deployment or on the number of antennas used. Based on the systeymeaplthe
radar can be either in a static or dynamic mode of oper&tatic modeaefers to a
scenario where both the transmitter and receiver are fixethtowrary; contrary to
thedynamic modevhere the transmitter or receiver or both are in motion.wbigh
mentioning that in either the static or dynamic mode of operatiors¢htterers,
target(s) included, may be stationary or in motion [9].

Depending on the number of antennas used, the radar system cadh foe sai
operate in monostatic, bistatic, and multistatlonostatic— a single antenna is used
for both transmission and reception, simultaneougibtatic— use different antennas
for transmission and receptioMultistatic — uses multiple antennas for transmission

or reception or for both (e.g. MIMO radar [10]).
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2.2.2 Radar Waveforms

An essential component in the design of a radar system ihthescof the
waveform. The radar waveform dictates the system architeatutehe parameters
that can be estimated. Some factors such as: range / Dopptdutiocn and
measurement accuracy; operational prerequisite (tracking, nmagiovertness,
applicable frequency restriction) and hardware cost; operatingoenwent (type of
clutter, signal interferences and target); all these inflaeéhe selection of a suitable
waveform [9, 11]. A variety of waveforms have been in use or proposethny
radar applications, such as the conventional waveforms (e.g. un-nead@&Y,
pulse, synthetic pulse, and frequency modulated waveform), or morestscgikd

waveform (e.g. noise waveforms).

Un-modulated CW Waveformthis is the simplest of the radar waveforms.
It is essentially a single tone frequency waveform. With thes radar transmits a
continuous stable signal with known frequerfcylf the illuminated target is in
motion then the backscattered received signal will be shiftecquéncy, from the
transmitted;, by an amount proportional to the speed and direction of the target. The
frequency shift caused by the target is known as Doppler frequemgte $one
radars are widely used for measurements of a moving targéveelelocity. They
cannot measure the target range. To overcome the single toneostings on the
estimation of range a dual-tone based radar system can be employed. In-tbaelual
based radar two single-tones separated in frequencyAfbyare transmitted
simultaneously or in sequence towards a target. The relative targge can be
extracted from the received two-tone phase difference. It ishwoentioning that
the maximum unambiguous range that can be measured with thertevoadar is

directly proportional to the wave speed and inverseldl.

Pulse waveform a simple pulse waveform is a truncated sinusoid, in which
one or more cycles of the sinusoid are transmitted only during rttee tiindow
equivalent to the pulse width. Standard pulse waveforms come fronyideallof
the derivatives of the Gaussian function, e.g. Gaussian waveformptiwycle, or
the doublet. Depending on the desired operating band the Gaussian basedrpulse

be carrier-free or modulated. Normally, the radar transmitsiraber of pulses
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sequentially, with interval between consecutive pulggseing the reciprocal of the
pulse repetition frequency. The pulse duratigns inversely proportional to its
bandwidth and it is directly related to the radar range resoluG@omsequently
reducing the pulse width increases the bandwidth and also the system®
resolution. In pulse based radar, while the maximum unambiguous radigecity
related to the pulse peridg, the maximum unambiguous Doppler shift that can be
measured is inversely related Te. Therefore when choosing the pulse period, in
practice, a trade-off must be made between the maximunttexipgrget range and
the maximum expected Doppler sH{Bj. As for small values off, high Doppler
shift can be estimated but it might lead to ambiguity in eaagthe reflections from

a far-away scatterer may arrive within the time window ofiear scatterer. In
contrast a large value @}, covers a large range but may lead to Doppler ambiguity
for cases of fast moving scatterers within the scenario. Amaigadvantage with
pulse waveforms is the hardware, e.g. generating short pul$ea faist rise and fall
time is difficult; a high sampling rate ADC is needed tarectly digitize the
received pulses; good antenna performance is desirable to avoid gpkesidin and
distortion; higher peak power at the transmitter to achieve iasiaverage power

compared to FMCW or CW waveforms.

Synthetic Pulse waveform To avoid the hardware limitations of the
conventional pulse waveform multiple frequencies are transmitteskguence to
obtain the discrete bandlimited transfer function of the scenarior uede A
received pulse is simply synthesised, using basic sighal gingesechniques,
through the inverse Fourier / chirp transform of the product of thelisdda
transmitted pulse frequency response with the measured transfdoriufi2, 13].
Measurement of the transfer function of the scenario under gesbrnmonly

performed using the commercially available network analyser [14].

FM waveforms- In FM waveforms the waveform frequency is increased or
decreased as a function of time over a range of frequendieedby the bandwidth
B within a specified modulation interval. Within the modulation interval, the
frequency can sweep linearly (as in linear FMCW) or in ssgogientially through
M intermediate frequencies as in the stepped FMCW. In both ¢hsdsansmission

can be continuous (always ON) or gated. The waveform bandwidth isysihgpl
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difference between the minimum and maximum swept frequency andider the
bandwidth the finer the range resolution. Unlike pulse waveforms in &ikforms
the average power can be equal to the peak power especially st in which
the transmitter is always active. Moreover, FM wavefornes ganerally easier to
generate than pulse waveforms. For example FMCW can be gehesaig a swept
| stepped voltage-control oscillator (VCO) or a direct digitatjfiency synthesiser
(DDFES) or even using an arbitrary waveform generator [11]. Qgntcadiscrete
coded waveforms the spectrum of FM waveforms (FMCW) is caedamthin the
swept bandwidth and therefore filtering is not required at thenigies. But as for
discrete coded waveforms the received signal can be comgressough the
matched filter or heterodyne detector. Chapter 4 provides @ detailed analysis of
FM waveforms particularly linear FMCW and Gated FMCW waveform.

Noise waveform— often referred to as pseudonoise or pseudorandom
waveform is characterised by its Gaussian distributed ardpliand uniform power
spectral density within the bandwidth. The target range is deteintimeugh the
correlation of the received target’'s echo with the delayed obgie transmitted
waveform. The correlation returns a strong peak at a timevadquot to the target
back-propagation delay [15]. Some of the inherited advantages of navsfonms
are low probability of detection, anti-jamming capability, amdmiunity for
interference from other sources [11]. Moreover, each noise wavefammcasrelated
with the others, therefore theoretically several noise radaroperate in the same
frequency band without affecting each other's performance [16]. r€lation
between the waveform bandwidth and the achievable range resolution $er noi

based radar is similar to that in FMCW radar.

Others type of radar waveforms reported in the literatureidiesidiscrete
coded waveforms [9, 1A in which the carrier waveform is phase modulated by a
known code (e.g. Barker, PRBS, or Kasami code) the target prefdetermined
through a correlation process similar to that in noise wavefouatched
illumination waveforms [11, 18} which consider the apriori information about the
characteristics and property of the target on its design &r éod improve the target
detection and classification;haos modulated waveforms [198nd orthogonal

frequency division multiplexed (OFDM) waveforms [20]
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Radar waveforms can be categorised, depending on their fractional
bandwidth (FB), into three main groups namely: narrowband, wideband aad ultr
wideband. The fractional bandwidth of a waveform is defined as tioeofathe
waveform’s bandwidth to its centre frequency. A waveform lgsgified as
narrowband if the FB is not greater than 1%, wideband if FBtleEml — 20%, and
ultra-wideband for FB greater than 20% [21].

2.2.3 Radar Applications

A radar system is a remote sensing device used in maag enging from
civilian, law-enforcement, and military applications for purposesuwieillance,
detection, tracking, or imaging. A comprehensive list of examplesradar
applications are given in references [1, 22, 23] .

In this thesis three radar applications will be considered wyaitiebugh-
the-wall radar — for detection of targets (humans) behind walls or buried under
rubble;medical imaging radar for breast cancer detection; ardund penetrating
radar — detections of buried metallic objects (e.g. land mines). A conproblem
in these applications is thenéar-far problem in which strong early unwanted
signals (e.g. direct antenna crosstalk and the wall, soil suréacskin reflections)
overshadow the return signal from the desired target espeaaliidse located far
from the radar or with a small RCS. A novel hardware basececlsitippression

technique is proposed in the thesis to counteract the near-far effect.

2.3 Propagation Effects

The propagation of electromagnetic waves is influenced by éhecttic and
physical properties of the medium or the material with whichinteracts.
Propagation phenomenon including: variation in the wave velocity, reflection,
diffraction, attenuation and phase distortion are some of the impagsgifered by
the wave as it interacts or travels through the medium. Tloeetigal basis of these
effects are well covered in the literature, e.g. referd@tegrovides a summary
background.

A good understanding of the medium or material dielectric propeastnel
heterogeneities are essential in order to accurately ntbesé impairment effects
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and moreover find efficient ways to mitigate them [11]. Printypat the context of
radar systems where the main objective is detecting, olesggifand / or tracking
target(s), with certain dielectric properties, within an envirammehich also may
contain other objects, with properties different or similar to that of the target.

The dielectric properties of a material can be describedsbparameters:
permittivity, conductivity, and permeability which are frequencyeteient. While
permittivity describes the ability of material to store aetkase electromagnetic
energy, conductivity is related to the loss (dissipation) or attiemug@bsorption) the
signal suffers as it propagates through the material. Therhilgpeconductivity of
the material the higher the loss or the attenuation the wave eauitihe material
permittivity slows the speed of the wave that travels through fagtor proportional
to the square root of permittivity (dielectric constant). Theneability on the other
hand measures the ability of a material to sustain the fammaf magnetic field.
For the radar scenarios discussed in this thesis the perryeabithaterials is not
considered as the materials (human tissue, soil, and wall) are non-magnetic.

In the radar numerical simulations and experimental work presamtéulsi
thesis the dielectric property of the material/medium asumed to be known or
taken from those reported in the literature. Measurements ak aselthe
characterisation of the material dielectric properties ayoid the scope of this
thesis. For the interested reader, references [11, 24] describsumrgm@ent
techniques as well as the dielectric properties within theoweve frequency band
for different types of building material applicable to through-tlad-vadar imaging.
Similarly, references [25, 26] and [27, 28] give the corresponding iafitwm for
sand / soil for GPR and breast tissues for medical imaguey far breast cancer

detection, respectively.

2.4 Imaging Algorithms

A number of radar imaging algorithms have been reported in thatliter
that can be applied to the raw / pre-processed receiveddaidaand create an easy
to interpret 2-D or 3-D graphical image of the area under test.the radar work

presented in this thesis the well-knowbelay-and-Surh (DAS) beamforming
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algorithm has been used to create a planar (2-D) energy mhp sténario under
test [29-31].

The main reasons for the choice of this algorithm have beenxisility and
easy computational complexity. This algorithm performs well indep@ndf the
antenna array topology (linear or non-linear) and it can also haatkeobtained
with multistatic, or bistatic / monostatic synthetic apertuaear configuration
(SAR). Furthermore, it can easily account for the wave speed multi-layered
medium, although prior knowledge of the medium dielectric propengésied. In
the thesis it is assumed that the medium dielectric proparteknown. The DAS

algorithm involves the following steps [30]:

» Dividing the area of interest into a spatial grid of small pixels (focal gpint

» For each focal point calculate the round trip delay from the tratesro the
focal point and back to the receiver.

* Based on the evaluated time delays, estimate the receiy@dua® in each
transmitter—receiver pair for each pixel.

* The received amplitudes for each focal point are summed and squared, and
this energy value is assigned for that pixel.

* The process is repeated for all pixels in the spatial grid.

* An energy map is then created from the pixels stored value.

For a monostatic or bistatic radar in a SAR configuration tleegy of the

pixel located at position A(xy;) can be mathematically expressed in dB scaled as,

M
Z Sm (TmAm (T‘))

m=1

I(xi, yj) = 20log

(2.1)
where: ‘S’ is the recorded signal at the"nnadar position; tman(r)” is the signal
time delay from the transmitter to the pix@&'‘and back to the receiver.

TmA + RmA

Tmam(T) = — 0 (2.2)
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Tma IS the distance between the transmitter to the focal poinRapdhe distance
from the receiver to the focal point. These distances can be estimated usinghequati

(2.3) and(2.4) respectively:

TmA = \/(me - xi)z + (YTm - Yi)z (23)

Rina = v (gm = %)% + (Vrm — ¥1)? (2.4)
For a multistatic array configuration witiN® transmitting and M” receiving

antennas the energy at the focal point “A” can be re-written as in (2.5).

I(xi,yj) = 20log

M N
> B nam )

m=1n=1

(2.5)

It is worth mentioning that the effectiveness of the DAS allgorirelies on
the accurate estimation of the round trip delay and also onsbenpon that if the
target is present at a particular focal point, then the sigealsned for that point

will add coherently while the return from clutter will add incoherently [32].

2.5 Summary

In this chapter background of radar systems, their modes of opeaaiibn
waveform types was given. The detection of possible targeif®) assimple post-
processing imaging algorithm namely “delay-and-sum”, whiclvidely used in
many radar applications, have been described. This post-processinthaduas

been used to create radar images presented in this thesis.
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CHAPTER 3

Clutter Suppression Technigues — Review

A critical issue in radar imaging systems is the suppression/renaivelutter.
Clutter not just obscures and interferes with the target but may gile rise to
erroneous detection. In this chapter a review of some of the ngxistutter
suppression techniques will be given. Moreover, at the end of the claaptarel
clutter technique proposed in this thesis will be briefly described.

In radar systems, the term clutter refers to unwanted retgmalsiwhich in
most cases do not originate from the desired target. Thesdssigag interfere or
even overshadow the target signature, consequently making datgetion a much
more difficult task.

For instance in through-the-wall radar scenario, which aims attdey and
localizing beings (e.g. human) hidden behind a wall or obstacle, te’'sa
transmitted signal has to propagate through the facing welldepending on the
physical and electric properties of the wall much of it rbayreflected back. The
part of the signal that passes through-the-wall gets scattgredny physical
interface it encounters as it propagates in the environment. Sothesef scattered
signals may propagate back through the facing wall and aseddy the radar. So
the radar received signal will be the combination of the enéresesl scattered

signals. Differentiating the target return from other sigmahot a trivial task; for an
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improved radar performance suppression / removal of the unwanted gjutiés)
must be performed before target detection takes place.

Some clutter may interfere with the desired target returrvem &e strong
enough in magnitude to overshadow the target’'s signature. As a consethence
resultant radar image may erroneously indicate no presencdanfjet, which is
referred to as false-negative. Some of these unwanted sifnadd effectively
removed might appear as a target on the radar image therefore leaaimgtliction
of presence of a target when in fact there is no actualttergkee scenario, this is
referred to as false-positive predictions.

Several clutter suppression techniques have been reported irethriti in
a number of radar imaging applications, such as the applications cedsidehis
thesis namely: through-the-wall imaging radar, medical intagadar, and ground
penetrating radar.

In this chapter a review of some of the widely used clutter sugpres
techniques is given. These techniques are divided into two main categamely:
post-processing based techniques and hardware based techniques.

The post-processing based techniques are simply algorithms whech ar
applied to the acquired/received data for clutter suppression purpbgeseceivers
in this case need to have enough dynamic range and sensitivityuiceathe clutter
signals and the desired target return. Otherwise strong clutigr saturate the
receiver or worse cause target return particularly from those ovitlRICS appearing
as noise, consequently degrading the overall performance. On thehatigkr
hardware based techniques perform clutter suppression before signalgitized.
Therefore if the strong clutter is suppressed, weak sigrats ossible targets can
be amplified and better acquired without the risk of saturatingebeiver. Apart
from antenna polarization techniques hardware based approaches perform some form
of range or time gating. This means that they are able @otrgignals arriving at a
certain time or from a particular range while allowing others to pass through.

The next section reviews post-processing based techniques, and then
hardware based approaches. Moreover, an introduction to the propodedriea

based approach is given.
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3.1 Post-Processing Based Techniques

3.1.1 Background Subtraction Technique

Background subtraction (BS) is an effective method for the remolval
mainly external clutter and has been widely applied in radaulaions and
experiments. The basis of the technique is to acquire data froste¢hario under
test without the presence of the target(s). These data canwez\as the calibration
data of an “empty scenario”. The data can then be used to subbracthie actual
measured data the undesired reflections seen by each individerahanin [1] BS
was used for the removal of antenna and the surrounding environmerniaeslec
MIR for breast cancer detection. The calibration data (wittloeitbreast phantom
present) was obtained by performing initial measuremenke gire-defined antenna
position. These data were then subtracted from the actual meastgdmith the
phantom included). One of the assumptions with the BS technique is tlttttee
Is static and time-invariant.

Unfortunately, the BS technique is not practical or realistiomiheomes to
the removal of the unwanted skin, wall, or ground reflection in MIR, @amn& GPR
applications respectively. This stems from the fact that the niedeacatterers, for
example: breast skin — is case dependent, with variations on itaicehiape, size,
and dielectric property. Consequently, it is hard to replicata &pecific scenario in
order to extract the needed calibration responses.

The BS technique can in fact be considered as an ideal case, heéhen t
calibration responses are acquired from the same scenario uridartbesabsence
of the target. Therefore, it is mostly applied for simpligityposes as a bench mark,
against which other clutter removal techniques can be compared {,V@fien the
emphasis is on testing / comparing the image formation algarifds6], or even at
the early stages of development of the radar systems [7] [8].
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3.1.2 Displacement Based Technique

This technique, also referred to as differential or change deteetipigits
the spatial or temporal variation of the target signature irr ¢odguppress unwanted
un-displaced clutter. In [9] this technique was used to remove arterssalk and
wall reflection in a TTW radar experiment. In the reported erpnt, bistatic
measurements were performed at predefined positions alondkaftraing a linear
SAR array. Parallel to the wall a small trihedral comedlector acted as a stationary
target behind the wall. The removal of the unwanted reflectionsisted of the
subtraction of the consecutive signals along the array, with thenptien that these
reflections are similar between successive measuremeniopssand are thereby
removed; whereas for a targagt equidistant to both positionthe return appears
displaced in the profiles.

This technique is also widely used in TTW radar for the deteofidife-sign
(heartbeat and breathing) [10] or person movement [11, 12] by erglé@mporal
changes in the received signal. This is simply done by subigathie signals
received at different time intervals, which is somewhat wifie from the above
where the subtraction was performed between consecutive measupssigions.
In this case for a fixed position the subtraction is perforneedgifynals acquired at
different consecutive [11] or non-consecutive [12] time instants. Tdiitue can
also be applied after the radar images have been through nonrtatetextion, by
subtracting images from different instants [13, 14].

Displacement based techniques have also been proposed byrehrgseap
at the University of Bristol (U.K) and successfully demonstrdte the removal of
skin and clutter reflections in medical imaging radar for lireascer detection [15,
16]. In their radar configuration a hemispherical shape antennasamaunds the
breast. Two measurement campaigns were performed; the finplagmn with the
array on its initial or default position and the second campaigniafs rotated (at a
chosen angle) around its centre. The removal of unwanted clutterfasnped by
subtracting from each individual antenna its corresponding displaced atedot
measurement. The assumption made is that the undesired sigmassu@antenna
crosstalk and reflection from the skin is identical and appeaheatsame time
position in both measurements (normal and displaced) while tumour response

appears at different times. So the unwanted reflections canefmeved by
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subtraction. Although the technique may suppress the strong skin cefléctioes
so at the expense of adding clutter into the tumour response. Morepwetuimour
located close to or at the array rotation axis, the subtraction may résoegponse.
This technique may also generate ghost targets in the imalge asrtour response

from the displaced measurement is also added back [17].
3.1.3 Blind Sources Separation Techniques

Blind sources separation (BSS) techniques also referred to apasebs
projection techniques are related to the decomposition / separatigebbfsignals
called source signals from their mixture without any prior keogeé about the
mixing process or the sources [18, 19]. There are many BSS techrequoetd in
the literature applied to radar imaging applications for the purposelutter
suppression. Some of these are: singular value decomposition (SMD),diaalysis
(FA), principal component analysis (PCA) and independent componentsianal
(ICA). The theoretical formulations of these techniques are wemlered in the
literature. References [18-20] provide a detailed discussion and deorpaf these
techniques in different radar scenarios.

In order to apply any of the aforementioned techniques in TTW, GPR or MIR
radar scenarios the received radar signals from the diffezeaiver positions are
grouped into a matrix formda#fl x N, also termed B-scamwhere M represents the
number of receivers and N the length of time samples. An appropriate BSS technique
is applied to the matrix in order to decompose it into cluttegetaand noise
subspaces or matrices. Clutter subspaces, more importantly, neediscearded /
removed before producing the radar images for successful target detection.

In [21] the SVD technique was applied to through-the-wall radpem@xents
data to suppress the wall reflections. The experiments were ceddurcttwo
different walls, namely: plywood and brick wall, the target wa80ax 30 crf
aluminium sheet in both cases. From the decomposed subspaces in hatiosce
the author empirically concluded that the subspace of the strorggevelue, the
first subspace, represented the clutter (wall reflectionsyibation and therefore
needed removal. Only the second subspace was used to create arofiniage
scenario which successfully showed the target while the other aadsspvere

disregarded as noise. Similar conclusions regarding the subsppoesenting the
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clutter and that of the target in a through-the-wall radar siceware reached in [19,
20] for a monostatic antenna configuration in a SAR case and in g221iIMO
antenna configuration.

In contrast in [23] it has been shown that clutter (wall réfhe¢ may extend
beyond the first subspace. In fact successful wall reflection ssgpre and
consequently target detection were only obtained by removing the tfomgast
eigenvalues, for the plywood wall scenario, and the seven stragigestvalues for
the concrete wall scenario. In both scenarios the remaining eigesvale made-up
of the contributions from the target and the noise.

The SVD technique has also been used in MIR for breast cagteetidn, to
remove the air-skin and other internal breast tissue reflectt@gnp]. Furthermore
this technique was reported in GPR scenarios for the suppression sifdhg air-
ground reflections [18, 26] which normally overshadow the return sigoal the
buried target.

Performance comparison amongst the different BSS techniqué&s (SYA,

FA, and ICA) for the purpose of clutter suppression have been pedarmTTW

[19, 20], and GPR scenarios [18, 27]. The results from the aforementioned references
show that ICA outperforms the other techniques in terms of cluitegation but it

has a higher algorithm complexity. ICA decomposes the data imitocasiy
independent components whereas PCA and FA represent it as uncorrelated
components [20]. SVD is the simplest and offers the poorest perfoenaamang all

the BSS techniques.

Although these techniques can offer the advantages of suppressing strong
clutter without any priori information about the target or the etuitself, their
drawback is that for some of the clutter with energy comparaliteat of the target
return will not be suppressed. Therefore the clutter may stillaaygsea false target
in the created image [28]. Moreover, there is no robust methodology idimdethe
number of subspaces needed to be removed in order to achieve a higaktosig
clutter ratio. In most related work, this has been empiricalffopeaed through trial

and error.
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3.1.4 Filtering Techniques

A number of post-processing filter based techniques have been reported
the literature for the suppression of undesired reflections (Qlutte radar
applications such as GPR, TTWI and MIR. As mentioned previously wadesi
reflections such as that of the skin, in breast cancer ima@htg), tend to
overshadow the return of the target (cancer tumuor). Similarlywgde return
overshadows the target (person) behind it in TTW and air-groundtiefie¢end to
mask those of deep buried targets in GPR. Some of the proposedbéited

techniques are:

- Averaged Based

An early example of the averaged based technique for suppresssé&m of
reflections in MIR can be found in [29], where a numerical BETD breast model
with cancer tumour included was used. In the simulation the breastopm was
surrounded by 17 monopole antennas which were individually excited with ta shor
Gaussian pulse. The backscattered responses in each case areledrby the same
transmitting antenna in a monostatic radar approach. The averaggatltbahnique
involved subtracting the average of the received signal faardéinnas from each
antenna signal.

The main assumption with this technique is that the skin reflectisimilar
in all antenna positions (channels) and adds coherently. Consequently, when
averaged it can be subtracted out from each channel, while the tuespanse
appears at different times at different antenna positions asdadt filtered out by
the averaged signal.

This simple method seems to perform well in simulations and exeets
involving a breast phantom with skin of homogeneous dielectric and of constant
thickness [1, 30, 31]. In reality, breast skin is a heterogenessue twith variations
in its dielectric [32, 33] and thickness [34, 35] hence, in practiceskire return
signal at different antenna positions will not be so similar. heamore, the
averaged channels internal breast clutter will be added back tindhedual
channels, consequently deteriorating the tumour response and causihlg st
targets appearing in the reconstructed image. For a tumour located equidistamtly

all/most antenna positions, a worst case scenario would be thedptanse will also
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appear in the averaged signal. Therefore it will be subtractefdonutthe individual
channels, leading consequently to a false negative.

This technique has been used in [36, 37] for suppression of wall reflections in
TTW radar. Furthermore in references [38-40] it was used and cedthp@ainst

other techniques for the removal of air-ground reflection in ground penetration radar.

- Wiener Filter

As an improvement to the averaging subtraction technique in [¥\ipaer
filter was introduced as a means of removing the skin refleatiddIiR for breast
cancer detection. The idea here is to estimate the skin responseéividual
channels as a filtered combination of all other channels. Theatstinchannel's
skin response is then subtracted from the channel recorded sigediltdr weights
are computed to minimise the mean square error over the charkielsagy-time
response. The filtering operation adds back residuals from otfz@mels into the
channel signal and these needs to be suppressed before imagingba&ckeglter
was implemented in [41] to compensate for the unwanted residu#tt®ugh this
technique presents an improvement compared to the simple averaaged b
technique the response of targets (tumours) located on / or cloke tmtennas

rotation axis could still suffer substantially.

- Recursive Least Squares Filter

The recursive least squares (RLS) filter algorithm ford@k&mation of the
skin response was first proposed by Sill et al. in [42]. The RL3ni adaptive
algorithm in which the filter weights are computed recursivaly @pdated for every
time step. This is contrary to the Wiener filter technique irciwitihe computed filter
weights are constant through the selected skin early time window [24].

In [42] the RLS algorithm is applied on individual channels on the gart
of the signal, corresponding to the skin response. For the remainihgfpthe
signal, representing the breast interior, the Woody averadgmitam [43] is
applied. Both estimated signals are then concatenated and thsidgotll is then
subtracted from the chosen channel signal. The duration of theeskionse as well
as the thickness were estimated using the algorithm developed in [44].

32



Chapter 3: Clutter Suppression Techniques — Review

3.1.5 Frequency Domain Pole Splitting

This technique was originally proposed by Maskooki et al. [25] for the
suppression of skin reflection in MIR for breast cancer detectior. &vantage of
this technique over the aforementioned filter based techniqudmtighe clutter
(primarily skin) in each channel is suppressed independently from citla@enels.
Therefore, no clutter or residual signals, from other channetsadded to the
tumour response of the channel under consideration. The foundation of this
technique is the representation of the channel (received rada)sfgguency
response as a sum of complex sinusoids, where each complex siepsesEnts an
eigenvalue (pole) of a linear system. Each pole on the other handpooeso a
particular scatter in the environment as viewed by the antemae the poles are
estimated, a threshold is applied to remove the poles correspondingstootigest
scatterer (e.g. skin).

As this algorithm is applied to the data in the frequency-domaim deaty-
time and late-time skin responses are suppressed. Simulatiots ries{4, 25]
show that with a good choice of threshold this technique out-performsnogtieods
in terms of tumour to clutter response ratio.

The drawback of the technique is that it relies on the choice ajpamal
threshold which is difficult because the tumour return depends on ractoyd, such
as: size, location, and water content. Therefore, choosing a bi@pdltrevay not
suppress enough the unwanted reflections and also a small thresholdtba other
hand cause the removal of the tumour return, which is something to be avoided in the

first place.

3.2 Hardware Based Techniques

3.2.1 Time Gating Technique

Time gating technigues essentially mean disabling the receysem (or
part of it) for a certain specified time window(s) in order tmid unwanted
reflection(s) being received. This technique is widely usedh®rsuppression of
external clutter caused by distant objects [45, 46]. For a pulsd bedar system if

the transmitted pulse is short enough, this allows the resolution aintanted
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early reflections from the wall; skin; or air-ground interfaftem the wanted
reflections of the target, then the unwanted early clutter casinpely gated out.
This can be achieved by switching on the receiver slightly eiffeeunwanted time or
just before the wanted target reflection. In a pulse basgal, r@erforming time
gating in hardware is not a trivial task as it requigable synchronisation and
timing between the diverse modules (transmitter, receiver amdching
mechanism), and a fast switch which depends on the radar application scenario.

Due to the above difficulty, this approach is often performed through post-
processing by zeroing the undesired portion of the received sigimgd. has been
suggested for the suppression of the early strong artefattsaswskin reflections in
MIR [47], wall reflection in TTWR [48], and ground surface reflection in GPR [49].

It is worth mentioning that some of the materials (i.e. walkkin) might
exhibit a dispersive behaviour therefore distorting and broadening kbetedfpulse
and this essentially compromises the effectiveness of the geehnif the gating
time is misjudged (by increasing it) it may cause thigetss response to be also
zeroed.

In [50, 51] a hybrid post-process time gating and filtering approeas
proposed for suppression of both early and late-time clutter in K location
and thickness are first estimated. Based on these estimdieg igaapplied to
remove the external clutter and the early skin artefact. Omeedgated the data are
then filtered (using the Woody averaging algorithm [43]) to seggpthe late time

clutter.
3.2.2 Antenna Polarization Technique

It has been long understood from an electromagnetic perspectivén¢hat
material shape affects the polarization of the waves integadtiith it. As an
example a wave reflected from a flat surface or diffdhétem a straight edge of an
object would be in co-polarization with the impinging waveform #hit cross-
polarised component would be a null [52]. For an object with irreguldfoa a
curved surface shape the reflected waveform would have a non-zpaacised
and cross-polarised component.

The polarizations of the reflected wave have been explored arclutt

suppression techniques in TTW and MIR radar. Through-the-wall radarricame
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simulations in [5, 52, 53] show that the human body, due to its curvedragdlar
shape, produces stronger cross polarized radar returns compardt torveajects
of regular, straight edged or right angled shapes. If thepaoson is made in terms
of the co-polarised components, the wall return was much strongethaiaof the
target. These results show that by receiving with a crossigedaantenna one can
mitigate the wall return and further may be able to discriteitfee human signature
from the other objects of a particular shape [52].

By receiving in a cross-polarised mode it was shown througtlaiion that
antenna crosstalk and reflection from planar surfaces (e.g. whistean be
suppressed while enhancing the reflection of axially asymmeteast tumour
reflections [54]. Similar conclusions were reached in [55] througlulation and
experiments using a cross-polarised antenna at the receiver to that afishattea.

Although, the results in the above references are promising, @nerstill
practical challenges in realising this approach. A cross-gelrcomponent/signal
tends to be very weak, therefore if a receiving system isardditive enough it may
just be perceived as noise. Designing pure cross polarised antenretngpe a
wide bandwidth is still a challenge. Moreover, although a planaacineflection
can be suppressed, a breast surface outline is not planar. Conselreastyskin
reflections may still be considerably stronger than that ofuhuar, especially for
tumours located deep in the breast.

3.2.3 Hardware Based Filtering Techniques

Strong reflections, e.g.: antenna crosstalk, wall, skin, or air-ground
backscatter, affect the radar’s performance. These reflections tendhiechegreater
in magnitude in comparison to that of the desired target, thereéttiag the upper
limit of the radar dynamic range. This effectively limike ability of the system in
detecting weak signals such as the return of a low RCSt g These strong
undesired reflections not only may overshadow the target’s sigrattinmay also
lead to the weak target signal to be buried in the system’s fimiseThis makes the
target detection more difficult even after application of the pastgssing clutter
suppression techniques. By eliminating these unwanted reflections in hargu@re (
to the signal being recorded) the receiver can be more sersititie time delays

related to possible target positions.
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In [56, 57] a hardware filtering based technique was implementethdor
suppression of wall reflection and antenna crosstalk in TTWR soensing a
FMCW based radar system. The operation of a FMCW based ratiansgswvidely
covered in the literature and is also described in detail in Ché&8ection 4.1. For
the sake of understanding the implementation of the aforementioned sigpress
techniques a brief note on FMCW radar is given here.

In FMCW radar a chirp (as it is known) or appropriatelsirausoidal signal
with linear time varying frequency is transmitted. The nemgidelayed copy of the
signal is correlated with a copy of the transmitted signal regul a frequency tone
signal mostly referred to as a beat-note. The frequency dbtieeis related to the
target distance.

In through-the-wall radar scenarios the front wall interfaceloser to the
radar compared to any possible scatterer (targets) withinotma. rTherefore, the
received tone related to the wall would have the lowest frequéifty antenna
crosstalk would also produce a lower frequency tone as the distatweeh the
antennas (for bistatic or multistatic mode) is still shotiantthat to the target within
the room. Consequently, the basic idea of this suppression techniguilter tout
these undesired beat-note signals by using a suitable band ipess The
performance of this technique is of course affected by the cludidbe filter
employed, as this needs to provide a steep transition from stopsdobpad and
constant pass band to suppress wall and crosstalk reflections Wineng the
possible target signature to pass through unaffected.

It is worth mentioning that the received beat-note frequency isoniyt
dependent on the distance between the scatterer and the radarobon ather
system parameters such as bandwidth and the duration of the chirpextatitly
purposes a tuneable oscillator was used to shift the bandwidth ofatisnitted
chirp which resulted in a shift of the received beat-note freqegnici this mode the
receiver had a fixed bandwidth high-Q band pass filter and thehigneacillator
could then be adjusted to bring the beat-note frequencies related to crosstald and wa
into the filter's stop band while maintaining those of possiblestarmto the filter’s

pass band.
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3.3 Proposed Clutter Suppression Technique

This thesis presentsGated Frequency Modulated Continuous Waveform
(GFMCWY as the proposed technique for the suppression of crosstalk andbtige st
early reflection that originates from the wall in TTWR, or Bteskin interface in
MIR for cancer detection, or soil surface in GPR applicatioris \tell known that
these reflections are much stronger in magnitude than that obiedidarget,
therefore making target detection difficult.

GFMCW signals have been used in applications such as ionosphenmeichan
sounding and sea-surface remote sensing, to counter the drawbacksowha
FMCW system. In FMCW systems both the receiver and tramsnate active
simultaneously. Consequently, for a high transmitted power the receigenerally
blocked / saturated as a result of antenna crosstalk in a b@tatigltistatic system
or poor isolation of the circulator device in a monostatic sysiencounter this
effect it is necessary to provide the receiver with listgmntervals, during which no
transmission occurs. This is achieved by switching the FMCW wawsf at the
transmitter and receiver in an on-off pattern so to ensure #msntission and
reception are not simultaneous.

GFMCW signals can be simply viewed as a FMCW signal iaat been
switched “on” and “off”. It can be modelled as a product of a M¥€ignal with
“on” and “off” patterns (usually referred to as a gating sequenciéne applied
complementary gating sequences cause the radar system to extgeitdependent
sensitivity. Consequently, gating sequences can be suitably desigtietreceiver
only listens to reflections from the range related possibgetarhile suppressing
those from range(s) (time delays) related to unwanted scatterers.

In order to test the proposed technique on the aforementioned radar
application scenarios numerical simulations as well as expetahmeasurement
campaigns have been performed.

For the experimental work related to the proposed technique two hardwar
radar demonstrators have been built. The first radar systdrased around two
arbitrary waveform generators (AWG), one for the transméatet the other for the
receiver part, to generate simultaneously the transmitternanceteiver GFMCW /
or normal FMCW waveforms. So no waveform switching through the haedisar
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performed in this set-up as the AWGs can be loaded with the algeded FMCW
waveforms. The FMCW waveforms are multiplied with the compleargrgating
sequence in software prior to being loaded into the respective AWdailgs. To
further provide flexibility and agility custom made software wesated, through a
combination of Matlab and C++, to provide control of the AWGs and give the ability
to change all the parameters of the desired waveform. This deatonstan
generate a waveform with a maximum frequency range of 3.5 Gizefore it was
used in experiments involving: through-the-wall radar scenarios suppression of
crosstalk and the strong wall reflections; and ground penetrating radariese- for
suppression of crosstalk and soil surface reflections.

The second radar system is based on a vector network analiser. (Me
employed VNA is able to generate the FMCW waveform withimam frequency
of 8.5 GHz. In order to create GFMCW waveform fast pin diode kestovere
connected separately into the transmitter and receiver, svgtthentransmitted and
received waveform on-off with complementary sequences. The switadre driven
by the AWGs which in this case were pre-loaded with th@eese gating
sequence. This hardware demonstrator has been used in medicalgimadgr
scenarios for the suppression of crosstalk and the supposed breasflekiion.
The reason this demonstrator was used in this scenario was ohasttg the large
achievable bandwidth with the VNA. Consequently, this enabled a much lower range

resolution which is desirable in MIR scenarios.
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3.4 Summary

Clutter or unwanted signals negatively affect the performanca aidar
system, as they tend to mask and overshadow the desirable igngetire. If not
suppressed effectively the detection and identification of theraddsi target
becomes more difficult.

In this chapter a review of some clutter suppression techniquesutlaeed,
with focus on those applied to TTWR, MIR, and GPR scenarios for phpression
of wall, breast skin, and ground surface reflection respectivdlgsd techniques
were divided into two main groups: post-processing based and hardysaet Post-
processing based techniques are simply algorithms that can bedapplithe
collected radar data in order to remove the clutter. The sad&em in these cases
needs to be sensitive enough to record not just the target returisdthase of the
strong unwanted reflections e.g. antenna crosstalk. It is kvellvn that the
unwanted reflections can be in some cases strong enough thatuseytloa desired
target reflection to appear as noise in the receiver or eeatirgy a false-positive
which increases the difficulty in detecting the target.

Hardware based approaches on the other hand suppress the unwanted clutter
return in the hardware before the signal is acquired or shgitiTherefore, offering
the advantage of avoiding the receiver being saturated by strong unwanteessatt
return and crosstalk, thus improving the system’s sensitivity ttsvareak returns
such as those of targets at far distances or of low radar cross section.

The proposed clutter suppression technique in this thesis has also been briefly
introduced at the end of this chapter. The proposed technique termed GERMCW
also be classed as hardware based approach as it provides thessuppefsre the
signals at the receiver are digitised. GFMCW can also bedaviith other post-
processing techniques to further enhance the overall systennpenize in terms of

clutter mitigation.
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CHAPTER 4

Gated FMCW Signal Principle

This chapter presents the theoretical concept of linear frequency medlulat
continuous waveform used in radar and channel sounding systems. The relationship
between system parameters and the processing method used to exttacyehe
range and Doppler information is also investigated. The basic architecturém of
gated frequency modulated continuous waveform system are later presenteldl as

as a detailed discussion on the range sensitivity of gating sequencesehpltys

thesis.

4.1 FMCW Signal

The principles and theory behind FMCW signals for radar and channel
sounding applications are well covered in many radar textbooks [heBjded in
this chapter is a brief analysis of a linear FMCW sigriala linearFMCW system
the transmitted signal’s frequency is linearly swept upwardlawnward over a
frequency rang® during a sweep period

The phase of a line&MCW signal can be mathematically expressed as:

@(t) = nft? + 2xf.t —-T/2 <t<T/2
(4.1)

where:f = B/T is the sweep rate; afgis the waveform centre frequency.

Hence, the waveform instantaneous frequdifgycan be calculated as:
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1(d
fi(®) =§{E®(t)}=ﬁt+fc —T/2<t<T/2 4.2)

The lineaFMCW signal is also commonly referred to as a “chirp waveform”
in similarity to the sound of an audio waveform with a lineaHgrging frequency.
In (4.2) wherp is positive the signal frequency ramps upward, apdsfnegative it
ramps downward [1]. Figure 4.1 shows the time-frequency relation lofear

FMCW signal for a positive and negatigeespectively.

Frequency Frequency
A A
A A
|
\
B f — B
\

Figure 4.1: Time — Frequency relation of a linear FMCW waveform, (Mfeping

upward, and (right) sweeping downward.

Mathematically a real linear FMCW signal with constanipbiude can be
expressed as:

x(t) = Ar cos{@r(t)} = Arcos(mft? + 2nf,t) —T/2 <t<T/2 (4.3)

where: Ar is the amplitude an@(t) the phase of the transmitted linear FMCW
signal. The corresponding waveform of (4.3) is shown in Figure 4.2 fositive
and negativeg respectively. The spectrum ®»ft) can be obtained from the Fourier
transform of (4.3). The analytical expression of the spectrum limear FMCW
signal has been derived in [4-7]. For large time-bandwidth pro@&lct$ 10) the
magnitude of the spectrum can be considered to be a constant acresgn#ie
bandwidth, and it is approximated by the following equation [4]:
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Sweeping Upward

T

E I W S U R R A A A
(]
© |
= 4 Ht
= |
e RINIBIRIRIE
< | J u u |
0.08 0.12 0.16 0.2

Time [s]
Sweeping Downward

H”

Amplitude [V]

Figure 4.2: Linear FMCW signal in time domain.

It should be noted that the time-bandwidth product of linear FMCW signal
has an effect on the signal spectrum shape or on the speergy €onfined within
the bandwidth. Figure 4.3 shows the spectrum of a waveform with tlasvighin of
400 Hz and a centre frequency of 200 Hz for diffeBhproducts. As can be seen
from the figure a8T increases the spectrum takes a more defined shape doralar
rectangular shape. In practiBd is usually much greater than 100, therefore more

than 98% of the signal energy is contained within the bandwidth [2].
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Normalized Magnitude [dB]

. e l . . e
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Figure 4.3: Linear FMCW signal spectrum for different time-bandwidth product.
4.1.1 Retrieving Range and Doppler Information

The range and the Doppler information of a chirp based system can be
extracted from the output signal of a matched filter or a hefasdietector
employed at the receiver. The matched filter (MF) detegsms a filter with an
impulse response equal to the conjugate and time reversed versiorirahtmeitted
signal, delayed accordingly to ensure casualty [5]. The MF deteatputs a signal
that is compressed in time with a bandwidth similar to the chimpdvoiath.
Consequently, for wideband chirp the digitization of the MF output sigwoaild
require a much higher bandwidth analogue to digital converter (ADGatisfy the
Nyquist sampling criterion. The need for a high bandwidth ADC makes¢tehed
filter detector less favourable in practise compared to ther afbproach. A detailed
analysis of the matched filter detector can be found indl@afing references [1, 5,
8].

In this thesis the heterodyne detector has been used to retricteegdteor
channel information. In a heterodyne detector the incoming sigmalxed with a
copy of the transmitted chirp, resulting in a signal that contairrsthetaddition and
subtraction of their frequency components. By means of a low pass thie
frequency components of the addition are filtered out leaving thoseheof t

subtraction. This signal is often referred to as beat-note. Thienbeais then

49



Chapter 4: Gated FMCW Signal Principle

digitised and processed to retrieve the wanted information. Figure dvitlgs an

illustration of the block diagram of a heterodyne receiver.

r(t) y(®) Low Pass z(t)
Filter

X(t)

Figure 4.4: Heterodyne receiver block diagram
For simplicity of the mathematical analysis a stationary renment is
assumed with zero Doppler, and the received signal is a weidéblgygked version of
the input. The received signaft) for a multipath environment or for a radar

scenario with multiple targets can be mathematically repted as given in (4.5) as

the sum of weighted and delayed versions of the transmitted signal.

K
r(t) = Z Ag; cos(@T(t — Tl-))
i=1

K
- Z Ag; cos(mB(t — 7)% + 2mfi(t — 7))
£ (4.5)

where:Ag;andt; are the amplitude and time delay of tfe received multipath or
target reflected signal, aritlis the number of multipath components or targets. At
the heterodyne detector the received signal is mixed with ya afofne transmitted

signalx(t). Consequently, the output of the mix#t) can be written as:

y(@) =r(t) xx(t)

K
= z A, Ar cos(@r(t — 7;))cos(@r(t)) (4.6)

For the multiplication of cosines the following trigonometric idgntian be

applied:
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cos(¢) cos(0) = %cos(w —-0)+ %cos(w +6) (4.7)

Applying (4.7) into (4.6) , and assuming AA/2 = A results:
K
y(©) = ) Afeos(0r(t — 1) - 0:(1))
i=1

K
+ > A {cos(07(e = ) + 6:.(0))
= (4.8)

Without further mathematical manipulation (4.8) can be written as:
- 1
y(t) = z Ai cos {27’[ (ﬁt'l'l‘ + fCTi - Eﬁ’fl‘z)}
i=1

+ix4i cos {27‘[ <,3t2 + 2f.t — Btt; — fo.Ti — %ﬁ”z)} (4.9)

The signaly(t) is low pass filtered which removes the second term of (4.9) as
its frequency is centred at twice the carfiefTherefore, the beat-note sigrzdt) at

the output of the filter can be written as:
- 1
z(t) = Z A; cos {271 (ﬁtri + foTi— E[S’Tﬂ)} (4.10)
i=1

By assuming the transmitted signal to be periodic, as often ugwddtice,
with period “T” then for each™ signal in (4.10) two different beat-note frequencies
will be produced as illustrated in Figure 4.5. By omitting the timets these

frequencies can be written as [9]:

_1¢d
far®) = 5= { 2105~ 1)~ 0,0 @11)
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_1d
foi(t) = %{E [@7(t — 1) — Br(t + T)]} (4.12)

Figure 4.5 shows that the beat-note frequency at the receiver astput
proportional to the target’s time delay’,“or equivalently its range. This is only true
for beat-note frequencyfy” during the time window W= T-; for frequency fy," in
time window W2 =t the assumption of proportionality does not hold. Therefdge, “
provides range ambiguity or false information about the target .delagrder to
eliminate fy,” from the receiver output, one can increase the signal bandwidth,
resulting in " becoming steeper andy” larger, therefore falling outside the low
pass filter band. Another alternative is to make the chirp durafipengaller than
the chirp repetition rate. This creates a silent intervedeateceiver, at the end of the

chirp duration.

FrAequency FMCW Signals
Reference
Delayed
i Time
Frequency i Beatnote :
A T T
fb‘ o
-
>
Time

Figure 4.5: Instantaneous frequency of the transmitted and delayed reognatd s

and frequency of the beat-note at the heterodyne receiver output.
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Following from (4.11) the beat-note frequendy;)(corresponding to thi"
static target can be expressed as a function of its Rirage

BR;
fai(t) = Bri = —— (4.13)

where: ‘R” is the target range, given aR = z/c; and ‘€’ is the EM wave
propagation speed in the medium, which for free space it is equal to ¢ £rBsl0

The maximum rang&nmax that can be detected with a heterodyne receiver
depends on the maximum beat-note frequency allowed through the lowilteass
Assuming an ideal low pass filter with a cut-off frequehgythe maximum range

can be expressed as:

_ _ Cfmax
Rmax = CTmax = B

(4.14)

On the assumption that the target or the receiver is moving witimstant
speed V" then the time delay associated with the target will chasge fanction of
time due to changes in range as in (4.15). The time varying dedagiated with the

target can be expressed as in (4.16).

R(t) = R, + vt (4.15)
R(t) R,+vt vt
===ty (4.16)

where: R, is the initial target rangd}(t) target range as a function of timg;is the
initial time delay; and(t) is the target delay as a function of time. By assuming a

single path the phase term in (4.11) can be written as:
Da(t) = Or(t — () — B (1)
= 2n(ft + f)u(t) — mBr(t)? (4.17)

By substitutinge(t) from (4.16) into (4.17) and as the target or receiver speed
is much smaller than that of light €< c¢), some terms can be ignored and the phase

reduces to:
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Q)a(t) = 2nf.T, + (znfcg + 271,6’10) t— ﬂﬁroz (4.18)

The beat-note frequency in this case can be defined as:

1 (d v
fo= E{E [(Da(t)]} =BTo+ fo (4.19)

The equation above shows that the beat-note frequency for a mobiteotarge
receiver is dependent on the target range or time de)asr(d on the Doppler shift
caused by motion. Most often in linear FMCW systems a number rpiscfsweeps)
are transmitted / received periodically as depicted in FigureB4.manalysing the
changes in target range over N consecutive sweeps, the targedelay at the'h
sweep would have been increasedibyas expressed in (4.20).

Ry (D) v(nT +t)
=T STt T (4.20)

Consequently, the beat-note frequency at tHesweep can be found by
substituting %, + (v/c)nT’ expression into #,” in equation (4.19). This frequency is
defined as [2, 9]:

v v
fan = BTo+ oo + Bz (4.21)

Equation (4.21) shows that only the terBny/g differs from (4.19). This
term indicates the movement of the target from sweep to sw8ejee the target
speed v is assumed to be much smaller than the speed of ligbawe,be assumed
that the measured beat-note frequency on a sweep basis to bepragpartional to
the target’s range. For large values of a number of sweepkigh bandwidths the
extra term in equation (4.21) cannot be neglected [2].

By assuming the target to be moving with a maximum spegg’ “the
maximum expected Doppler shifbmax can be related to the target speed by the

following equation.

vm ax

c (4.22)

fomax = fe
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In order to avoid range Doppler ambiguity the maximum Doppler dieft t
system is expected to measure needs to be smaller than iheegdtition rate as
given in (4.23). This equation shows that in order to detect a fasnhgitatiget a
short sweep duration is needed.

1
S oT<
fDmax 2T szmax (4.23)

The mathematical analyses so far showed that in a heterodgewer the
information related to target speed (Doppler), range (timeydedad relative
amplitude can be estimated through the spectrum of the beat-note Wila the
target information can be retrieved by observing the detector’s ocatpaitspectrum
analyser; it is most common to employ an analogue to digital den@&DC) to
digitise the beat-note and spectrum analysis is performed thtbeglse of the Fast
Fourier Transform algorithm (FFT).

In order to avoid ambiguity and therefore satisfy the Nyquiserash, the
sampling frequencyfd of the ADC needs to be higher than twice the maximum
expected beat-note frequency as given in (4.24). There are two diaial
processing techniques used to extract the target informationtieohetector output
[9], namely: single FFT technique and double FFT technique. In this avdduble
FFT technique has been used.

ZIBRmax
c (4.24)

fs 2 2fmax = fs 2

- Double FFT Processing Technique

The double FFT technique has been widely used in channel sounding and

radar as a processing technique to extract the time delayefrand Doppler shift
(due to motion) of the radar targets or multipath components inhiéwenel. The
earlier mathematical analysis showed that the path delalpappler information is
contained in the spectrum of the beat-note signal. With the doublde€Rnique

the first fast Fourier transform is carried out on eat¥ sweep (of duration T) to
obtain the time delay spread (range) and multipath amplitude informatThe

second FFT is carried ovét sweeps at eachnf™ time delay bin to obtain the

Doppler information [2].
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Assuming a multipath environment the equation of the beat-notd $igrea
single sweeprf’ is of that in (4.10), with the sweep time interval redefisedhat
the origin falls in the middle of the intervatT/2 < t < T/2), the first Fourier
transform in the double FFT technique is given as [10]:

T/2
. nT nT
hn (f) = f Z An,icos(wn,i(t))e_]znft dt - 7 <t< 7
~T/2 =1 (4.25)

Without further mathematical manipulation the transform results in:

K
AT [sin@u(f = fo)T/2)] _jo . +j2ns. Uint
hn — 0,i cic
0 Z = 2~ fu)7/72] )¢
N ZK:AMT SnQ(f + 1 )T/2| jo, .- jons it
S 2 | [2n(f + fo))7/2] (4.26)

Equation (4.26) suggests that the spectrum of the beat-note signatle of
sin(x)/x or sinc(x) functions centred at their corresponding besjuéncy f,".
Although, the transform has been applied on a continuous signal, in priadtce
applied on the measured discrete samples obtained by an ADC througkThe
algorithm. By assumingM” to be the number of discrete samples used by the FFT
per sweep, the output of the FFT will bd™ discrete frequency points in the range
of “~fs /2 < f<1/2", wherefs is the sampling frequency. Due to the symmetry in
the spectrum only the positive frequenci@s<( f < fs/2) are retained as given in
(4.27).

N AndT [SINQRA(f = fu)T/D| o+ jans inr i

HOEDY [ e 0t o < f <2
2 | [2n(f - fu))T/2] 2 (427)

i=1

Therefore forM time samples per sweep om/2 beat frequency points are
used for further processing, and these can be converted into tiene atetange

using (4.13). The required number of sampMs per sweep is given as [9, 10]:

Rmax
> =M >
M2 fT =M 228" (4.28)
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For Doppler shift and time variability analyses a number of pgvds
required. Thus, the complex M/2 FFT points of each successive sweep arerstored i
row of a matrix. So for N sweeps the matrix will be of N X2Mize as in (4.29),
where then™ row holds the response at timeT™ and them™ column represents the
time-delay bin or range bin, whose elements are samples dfnifie beat-note

frequency or delayt” component that are stored evé@rgecond.

hll h12 hlm th/Z

h21 h22 th hZM/Z
h(t.7) = : : . HE :
( ) hnl hnz hnm hnM/Z

hni hnz = hym = hwmy2 (4.29)

The 2D matrix h(t,r)” is often referred to asme-variant responsdue to the
fact that for successive sweeps the amplitude and phase of thentdein the
column may change due to the relative motion of the target or multipath. Théstarget
motion is the bases of the relative shift in the beat-note freguyescseen in 4.30);
this frequency shift causes both amplitude and phase variation of cemmples.
The amplitude tends to vary slowly from sweep to sweep, as dertedsin [9].
The main variations within the column samples, due to targedteom are in fact
the result of the phase factor [2, 9]. Therefore, the samplbe &f™ column can
be represented as:

_ KeJ2fehT _ g ol2mfegTn (4.31)

hnm

where:K represents the amplitude variation, amd= nT” represents the discrete
time from sweep to sweep. The Fourier transform offleolumn, (4.31), ovet,
from O to NT gives [10]:

S = KNTSin(zn(f_%ﬂl)V?_T) lap<
o (f ~2fe) 7 o o (4.32)

The above analysis shows that the relative motion of a mobjjetteauses a
frequency displacement of the sin(x)/x function. This effedeimmed as Doppler

shift “fp = fev/C’. For N consecutive sweeps the output of this FFT would consist of
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N discrete number of frequency points in the inteadd(2T). Consequently, the
Doppler frequency resolution would be the inverse of NT. If the FR¥erformed
on all columns of thé(t,r) matrix, the resultant 2D matrix shown in (4.33) is called
the Delay-Doppler spread functioNSg,v)'.

/511 Si2 = Sym e SlM/Z\
S21 S22 = Sam  Samy2
S(zv) = : : L :

( ) Snl Snz Snm SnM/Z

Sn1 Snz " Snm " Snmy2 (4.33)

The table below provides a summary of the parameters of the Fiv@W
signal applied to a heterodyne detector and the related processegeters in a
radar system.

Table 4.1: Linear FMCW signal and processing parameters

Number of sweeps N
Minimum number of samples per sweep M =fsT
Maximum expected beat-note frequency fmax= SRmaxC
Sampling frequency fs > 2fnax
Range / delay window 0<t< fs/(Pp)
Range resolution AR = c/(2B)
Sweep duration and unambiguous Doppler T < 1/(2bmay
Unambiguous Doppler window -1/(2T)<fp < 1/(2T)
Doppler resolution Afp = 1/(NT)
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4.1.2 Side Lobe Reduction Through Windowing

As shown in equations (4.27) and (4.32) the amplitude of the impulse
response and the Doppler spectrum are both sin(x)/x pulses. One diagdvaithe
sin(x)/x pulse is that apart from the main lobe it also contamgnted high level of
side lobes, which can be as high as -13.4 dB below the main lobe. lntia m
scatterers scenario these unwanted lobes present a challenge asytbeynmstaken
as targets or even overlap and overshadow the other scatteregets. tAherefore,
there is a need to suppress them before further processing.

The sin(x)/x function is a direct result of the finite duratiortrancation of
the signal before the Fourier transform [5, 11]. If the signabsimed to be infinite
then the truncation in this case can be explained as a product sifjtia¢ with a
weight function which is “1” within the finite interval and “0” elshere. This
weight function is termed as a rectangular window and its gpeatorresponds to
sin(x)/x. By having a weight function that places smallerghs (values) at and
close to the discontinuity, lower side lobes can be achieved and this is more éesirabl
than the rectangular window. It is worth mentioning that althoogted side lobes
can be achieved by different windowing functions this is offsethieywidening of
the main lobe, therefore a trade-off must be sought [5].

In this work three window functions have been used, namely: Rectangul
Hamming, and Kaiser window. By assuming the signal to be of léntjitb window

function ‘w(n)” can be written as:
» Rectangular Window
wn)=1; 0<n<L-1 (4.34)

» Hamming Window

2nn
W(n)=0.54—0.46cos< ); 0<n<L-1

L—1 (4.35)
» Kaiser Window
W(n)=10[oc 1—(2n/L)2]; 0<n<L-1
I () (4.36)
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where:l, is the zero-order modified Bessel function of the first kind; and the
Kaiser window parameter.

Figures 4.6 and 4.7 show the weight of the chosen windows and their
corresponding normalised power spectra. As expected the rectawgqdar offers
a narrower main lobe width but stronger side lobes compared toHee atosen
windows. Table 4.2 gives a summary of the width of the main lobes and the
respective side lobes. An extended analysis on window functions amd thei
performances in terms of side lobe levels reduction and main bédtmare given

in references [5, 11, 12] .
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Table 4.2: Used window function properties

Window Function Main lobe width (rectangular Peak side lobe

window as reference) at 6dB point

Rectangular 1 -13.4
Hamming 1.58 -42.5
Kaiser ¢ = 6) 1.7 -43.9

4.2 Gated Frequency Modulated Continuous

Waveform

The use of Gated Frequency Modulated Continuous Waveform (GFMCW) in
radar systems dates back to the early 1970’'s for applications sueferiical
sounding of the ionosphere and sea-surface remote sensing [13, 14], forawvhic
single antenna operating simultaneously at the transmitter acwlvee was
desirable. The increased interest in GFMCW stems fromdttethat it is able to
overcome one of the major limitations of the normal FMCW approadrdeg the
isolation of both the transmitter and the receiver.

In FMCW based systems both the transmitter and receiver ciee a
simultaneously during the chirp duratidnConsequently, the direct crosstalk signal
between antennas (in bistatic radar) or the leakage signatodpeor circulator
isolation (in monostatic radar) may considerably damage theveesesensitivity
[15], therefore making it harder to detect weaker return sigesyecially from
targets far from the radar.

To counteract this problem without causing significant effect of-EMeW
radar performance it is necessary to separate the tra@misom reception period.
This can be achieved by employing gating sequences to switcratisenitted and
received signals and to allow the radar to operate in traasmhiteceive mode [16].
As a result, no signal reception occurs during the transmission emd/etisa. The

use of switching sequences in conjunction with FMCW radar hase tegmed in
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the literature as: Gated frequency modulated continuous waveforin [r7

frequency modulated interrupted continuous waveform [18].

Splitter Antenna
FMCW
Sourct o
a(t)
Mixer Switching Sequence
LPE Spectrum
Analyser
(@)

Tx Switching Sequence

g(t)

Splitter Tx Antenna

FMCW
Sourct

Rx Switching Sequence
1-9@)

‘l’ l Rx Antenna
LPFE Spectrum
Analyser

(b)
Figure 4.8: Basic block diagram of GFMCW radar, (a) Monostatic

Mixer

configuration; (b) Bistatic configuration

Figure 4.8 presents the basic block diagram of a monostatic anticbista
heterodyne based GFMCW radar. Although by employing gating seegiengood
isolation between the transmitter and receiver can be achidvatsolintroduces
some drawbacks, such as: range ambiguity, blind range, redustithe mean

received power, and spectrum spread. These effects can be congpbgsateosing
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a suitable gating sequence and window function as in previous sfldjek6, 18,
19].

One of the aspects of the GFMCW, which is of interest in tlodkws the
fact that the mean received signal from a scattereryatamge is also dependent on
the cross correlation function of the employed gating sequence ¢2lceH these
sequences could be designed to provide range sensitivity, so that stariy
clutter, i.e. wall reflection in TTWIR, air-ground surface refien in GPR, and skin
reflection in MIR, can be suppressed while improving the receiessitivity to
detect distant weak targets. The next sections will provideyseslof the
mathematical model of the GFMCW radar as well as a diggus$ the effects on

the radar performance.

4.2.1 Mathematical Model of GFMCW

As illustrated in Figure 4.8 GFMCW signal is generated bychwig “on”
and “off” the transmitted and received signals, of a normal FM&Wfce, in a
complementary pattern to ensure isolation between the transmaitte receiver.
These gating sequences of peridg tan be modelled through binary functions with
‘1’ or ‘O’ representing transmit and receiving states respegtivElurthermore
instead of switches, multipliers can be used. Therefore, it casaigethat the
GFMCW is the product of a normal transmitted and received FM@Walswith
complementary gating sequences employed at the transmitter aneérecei

Equation (4.37) gives the transmitted signal and (4.38) shows theeece

signal at the mixer’s input assuming a single path/scatterer in the engimonm

x(t) = Ar cos{@(t)}g(t) —% <t< % (4.37)
r(t) = Agx(t —D)[1 — g(?)]
1 1
= ArAgcos{@r(t—Dlg(t -1 -g®O] -z =<t=g (4.38)

By using a heterodyne detector the received signal in (4.38ixed with a
copy of the un-gated transmitted signal and the output is low gesedi which
results in the beat-note signal, given in (4.39). This signal is an internvptesform
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whose frequency is related to the path deldyds in (4.13) for the linear FMCW
case, but with the power proportional to the time-delay sensitiVitthe gating

sequence, as analysed in the next subsection.

z(t) =gt —1)[1—g(t)]Acos {271 (ﬁtr + fir — %ﬁrz)}

IA

o~

IA
S| =

S| =

(4.39)

4.2.2 Gating Sequence Effect on Mean Received Power

In GFMCW systems the mean received signal (MRS) for getaat a
particular range is proportional to the amount of signal thaepaksough the gating
sequence over the periods’. This dependency could be expressed as the cross-
correlation function between the delayed gating sequence, due ¢b rtange, and

the sequence at the receiver [2, 14], as shown in equation (4.40).

1
MRS () = - f g(t— D[ — g(O] de
Ts

N

(4.40)

In [16] the gating sequence range sensitivity was also proposeans of its
“mean received power” MRP, which is the square of MRS, as exgrass (4.41).
By selecting the gating sequence parameters, i.e. sequerazt e number of bits
(N), and the bit duration it is possible to design a MRP that supprbesaadesired
return signal(s) from a certain range while allowing a retsignal from another
range to pass through with minimum or no attenuation. This bas@pbe related
to GFMCW is what will be explored to suppress the unwanted eanbky delay
reflections in GPR, TTWIR, and MIR while providing minimum possible

attenuation at time delays related to the targets in the area under test.

2

MRP (1) = (MRS(1))* = (lf gt —1)[1-g(®)] dt)
Ts Jr,

N

(4.41)

Since GFMCW is gated “on” and “off” the maximum received pows

significantly reduced, compared to a normal FMCW signal. Thauésto the fact

64



Chapter 4: Gated FMCW Signal Principle

that the reception is only possible during silent transmittenvalier This power loss

factor (Xg) can be expressed in decibel (dB) scale as,

t
X, =-20lo (i>
G B\T, (4.42)

where:t; is the total time duration the receiver is in the “on stateihdua sequence
durationTs. In [14] it has been shown that the square wave gating sequence with
50% duty cycle provides the maximum power efficiency. In otherdsvahe

minimum power reduction factor is 6 dB.

4.2.3 Effect of the Gating Sequence Periodicity

- Blind range

As discussed earlier the duration of the gating sequénté“usually much
smaller than the chirp duration™ Consequently, the gating sequence is made
repetitive in order to provide the required transmitter/recas@ation throughout
the chirp duration. Assuming a finite gating sequeg(tehas a periodTs’, theng(t)
=gt £ITy), wherel =1, 2, 3, 4,.... For a target with back-propagation time delay
= |Tsthe MRP from (4.41) becomes [14, 16]:

2

MRP(IT,) = <T1 f gt = IT)[1 = g(O)] dt>
s JT,

1 e i
(TS j 9O - g0 t) (TS f 90 - g (o) t) e

It can be stated from (4.43) that the return signal from suchget taill be
totally blocked by the receiver gating sequence. Hence, thngesassociated with
a zero MRP are referred to as “blind ranges” as targethdse ranges are not
detected. In order to avoid the blind ranges falling on the area wé&shtdhe
duration of the gating sequence should be made greater than the maxpected
delay, as given in (4.44).
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Ts = NTp > Tyax (4.44)

In this thesis the suppression of unwanted early reflections iRy GPWIR,
and MIR will be achieved by designing the gating sequendkatdhe blind ranges
fall on the range associated with the unwanted reflection.

- Range Ambiguity

Unlike the FMCW system, the beat-note signal for a single pganget in
GFMCW is a gated sinusoid as shown in (4.39). Due to the periodfditye @ating
sequence replicas of the spectrum of the equivalent ungated beaigrak will

appear at frequencies given by [20],

n
F= bty (4.45)

where:fy is the frequency of the beat-nole,is the gating sequence period, and
an integer. Since there is a direct proportionality betweenatiget range and the
beat frequencyfy’ then from (4.45) it can be said that for a target locatednat
arbitrary rangeRy) it will also produce responses at other rand®saé shown in
(4.46). This effect is known as range ambiguity due to the periodititlye gating

sequence.

= Retm (Z;Ts) (4.46)

The range ambiguity can be circumvented by ensuring the firstrspec
replica caused by the gating sequence is outside the frequemysy of interest. This
is performed by choosing a sequence repetition fiate the inverse ofTs to be
greater than twice of the maximum expected beat frequéngy (Equation (4.47)
expresses the parameter of the gating sequence (bit durétfcentd number of bit
“N”) that can be chosen as a function of the chirp parameterswiathdB” and

sweep durationT”) and of the maximum achievable rand®.sx to avoid aliasing

or in this case range ambiguity [15, 21].

fG > 2fmax (4.47)
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1 1 2R
Fs = NT, > 2( Cmax> result on: T, <

cT
4BNR,,.x

In practice given a chirp duration and bandwidth a trade-off musbbght
between the desired maximum range and the bit duration in ordati$éy doth
(4.44) and (4.47).

4.2.5 MRP Profile of Known Gating Sequences

A number of gating sequences have been reported in the literdiase
include: square wave sequence with 50% duty cycle [13, 14], m-sequ&Aek6
bit Barry sequence [16], and the 20 bit sequence and 23% duty cycle sguare
proposed by Salous and Nattour [22]. The criteria for selectingativeg sequence
to be used depends on the sequence MRP profile, the range oftjraedethe chirp
parameters bandwidth and chirp duration. In this subsection, exaofples MPR

profile of the gating sequences used in this thesis are analysed.

- Square Wave Gating Sequence

A square wave sequence with 50% duty cycle is the simplestdbgating
sequence since the transmission and reception are complementarythadsaime
duration. Its length is of two bits long, g(t) = [1 0]. Figure 4.9 shomo periods of
the sequence waveformg(f)) and its complement.{g(t)).

As expected the sequence MRS is of triangular shape witlmuaax and
minimum (blind range) at every odd and even multiple of the bit duration
respectively. One of the drawbacks of this sequence is the oumeiroé a blind
range at everyTs'. To avoid the blind range falling within the range of interés

sequence bit duration is chosen to correspond to the maximum target time delay [15].
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Figure 4.9: Pattern of a square wave gating sequence
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Figure 4.10: MRS and MRP profile of square wave gating sequence

From the MRP profile (in Figure 4.10) it can be concluded that a mmim
attenuation of 6 dB will be suffered by a target with timeydequivalent to Ty”,
and more for a target located in the profile’s ramp. For shoreraagar with an
unknown target position, this can present a problem as the responsargétaoo
close may be strongly suppressed by the MRP ramp for being wothe blind

range.
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If the suspected target position is known then the square wave gatynigem
suitable as it can be designed to have a maximum at that aieterast while

suppressing neighbouring clutter or targets.

- Maximum length binary gating sequence

Maximum length binary gating sequence (m-sequence) also knoweaops
random binary sequence, had been proposed to overcome the blind matege
of the square wave gating sequence. The lengtbf(an m-sequence in bits, can be

defined as:
L=2%-1; k=>2;kisinteger (4.48)

The blind range of an m-sequence happens at multiples of the sequence
periodTs = LTy. From equation (4.48) the shortest possible length is 3-bit long (k =
2), g(t) =[1 1 0], and it is followed by (k = 3) 7-bit, g(t) =[1 001 1 1 0], and so on.

Figures 4.11 and 4.13 show the bit pattern of the gating sequence and its
complement for 3-bit and 7-bit m-sequences respectively. Lookinged¥lRS and
MRP profiles of both sequences, in Figures 4.12 and 4.14, it can behat@padrt
from the first and last bit, where the ramp exists, the prigfitompletely flat. This
means that the target(s) with time delay or range thatofalthat portion of the

profile will suffer no additional attenuation.
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Figure 4.11: Pattern of 3-bit m-sequence

69



Chapter 4: Gated FMCW Signal Principle
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Figure 4.12: MRS and MRP profile of 3-bit m-sequence

For a larger range of interest the m-sequence length or biicduan be
increased so that the blind range falls outside that range. Notdudbdo the ‘on’
and ‘off’ of the transmitted and received signals a power l08s506iB and 7.35 dB
are expected for the 3-bit and 7-bit m-sequences respectiveleasig (4.42). This
loss of power can be compensated, if necessary, by increasitigribmitted power

accordingly.
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Figure 4.13: Pattern of 7-bit m-sequence
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Sequence MRS

Amplitude

Time /Tb
Sequence MRP

Magnitude [dB]

Time /Tb

Figure 4.14: MRS and MRP profile of 7-bit m-sequence

4.2.6 Blind Range Extension

In the previous subsection it was shown that the square wave gatjngnce
can enhance the detection of return signals with a time dejalyagent to the
sequence bit duration while suppressing other signals with diffeiraet delay
(signals on the profile ramp). The m-sequence on the other hand nexyacawder
range with a constant attenuation while suppressing return sigithlsme delays
less than a bit duration (on the first ramp).

In practice, due to the finite bandwidth, the return signal from tiesea
point is not an impulse but a sinc function, (see (4.27)), which may fubotner
broadened or extended in time if the scatterer is dispersiveeoviar, the antenna
crosstalk response may appear at a different time delay frahot the unwanted
early clutter reflection depending on the spacing between antamdashe early
clutter, such as: wall (in TTWR), ground surface (in GPR), or skin (in MIR).

This presents a problem as the blind range (notch) on the MRReprbthe
complementary gating sequence (see Figures 4.10, 4.12, and 4.14) mayiu# pr

enough attenuation to fully suppress those strong reflections a&sdonrhich may

71



Chapter 4: Gated FMCW Signal Principle

extend onto a later part of the ramp. Furthermore, the MRP at@muatnp is of
one bit duration which may cause problems, as targets near theckdity (i.e.
wall, skin, or ground surface) may also fall onto the ramp and eauatied.
Therefore a compromise must be sought since the bit duration nebdsldaoge
enough to suppress the undesired reflections in the early part dfiRIre ramp
(where the attenuation is strongest), while a steeper ramp (shattration) is

preferable to avoid attenuating reflections from targets close to the radar.

One possible solution results in extending the blind range while maken
ramp steeper. This is achieved by introducing additiooitimeé’ into the receiver
or transmitter gating sequence making them non-complemeiMaigning that the
receiver sequence is switched ontoff-staté slightly before the transmitter is
switched onto thedn-staté, or the receiver sequence is switched ordo-$taté
slightly after the transmitter is switched onto tléf-staté. This is contrary to what

has been seen in the previous section where the sequence was complementary.

Assuming that the times;' and ‘t,’ are the additional dff-time€' durations
employed in the receiver sequence, Figures 4.15 and 4.17 show how tireqiaite
square wave and 3-bit m-sequence would be for different off-timMaesa
respectively. Due to these additional rece#itimesthe power loss factoiXg)

would increase as the receiver would be on for a shorter time.
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Figure 4.15: Pattern of the modified square wave gating sequences wRb%
andz, = 38% of the bit durationTl{)
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Figure 4.16: MRS and MRP profile of the modified square wave gating sequence
with 7, = 25% and, = 38% of the bit durationTl{)

Figure 4.16 shows the MRP profile of the square wave gating sezjfien
off-time delay values of, = 25% and, = 38% ofT,. As expected the profile’s blind

range is extendedo the second and consecutive npttih cover a range delay
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equivalent tar; + 7,. Moreover the pass band has also increased consequently causing
the MRP slope to be much steeper compared to the case wheffetinte delay is
added (see Figure 4.10). Figures 4.17 and 4.18 show the profile and MRS as w
MRP of a 3-bit m-sequence with added off-time delays sfr, = 33.3% of theT}.

With added off-time delay(s) the receiver is in the “on-stdte”a much
shorter time consequently the power loss factey Would be higher compared to a
normal complementary sequence. In the presented sequence, the minimem pow
loss factor of the modified square wave sequence is 14.5 dB and foothieed 3-

bit m-sequence is 19.08 dB.
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Figure 4.17: Pattern of the modified 3-bits m-sequencewvitt33.3% and, =
33.3% of the bit durationr()
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Figure 4.18: MRS and MRP profile of the 3-bits m- sequencewvitt83.3% and,
= 33.3% of the bit durationTf)

Table 4.3 provides a summary of the relationship between the paraimete
GFMCW system.

Table 4.3: Summary of GFMCW parameters

Maximum target delay #max to avoid blind
. TS = NTb > Tmax
ranges for a sequence of periodsT

Sequence Period to avoid aliasing Ts <c/ ($Rmnay
Power Loss factor due to Gating Xe =-20log(t/ Ty)
M-sequence length in bits L=2%1; k=2, 3, 4, ...
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4.3 Summary

The chapter provided an overview of the linear FMCW signal asealpiu
channel sounding and radar systems. A mathematical description of this stgreal w
heterodyne detector was given. The double FFT processing teclasiguamethod to
extract the range delay and Doppler information from the receiigthlswas
examined.

The GFMCW signal has been introduced as a technique to suppress the
unwanted clutter signals in radar systems. Gating sequenagsnuise simulation
and measurements to be presented in the next chapters have obdeltedn
Analyses of the effects such as range sensitivity, power reduatiasing and range

gating due to the gating sequence have also been outlined.
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CHAPTER 5

Hardware Implementation

This chapter describes the hardware implementation of the proposed GFRU2W r
system. The system synchronization and performance is also discussed.
Furthermore, the designed and in-house manufactured antennas for the works
presented in this thesis as well as the assembled X-Y positioniagdgéther with

its controls mechanism will also be examined.

Two radar systems have been built to validate the proposed drarthased
technique (GFMCW) through experiments in various set-up scenarios,asuch
through-the-wall life detection, buried metallic landmine deteciath breast cancer
detection.

The first radar system is based around two arbitrary wavefmnerators
(AWG) acting as the transmitter and receiver referergreabsource. The AWG can
generate a waveform with frequency up to 4 GHz and maximum ducdtf ms.
This system has been used mostly in experiments relatatiraagh-the-wall
detection and ground penetrating radar.

The second radar system is based around a vector networkean@QiNA)
acting as both transmitter and receiver. The VNA can begroefl to operate with
frequency ranges up to 8.5 GHz. Due to its higher achievable bandinglgystem

has been used in experiments related to breast cancer detection.
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The next sections provide more details of the rayatems block diagram,

system’s performance and component description.

5.1 GFMCW Radar System Based on AWG

At the heart of the radar system shown in Figurke &e two arbitrary
waveform generators (AWG-1 and AWG-2) capable afegating predefined and
user defined waveforms with frequencies up to 4 @Ha of maximum duration of
0.9 ms (this is limited by the generator intern&nory). The wanted linear FMCW
or GFMCW waveform is designed and generated in &flatloftware prior to being
transferred into the AWG memory. The AWGs are &atho an external 4 GHz
clock and they output the waveform samples fromrtheemory at a rate of 8
GSample/s (i.e. 125 ps sample interval). A repliathe 4 GHz clock is also
generated at the AWG outputs by default.

e - Antenn:
| |
Clk 4GHz AWC-1 | LPF-1 PA i
r-—-- =21 Signal . | Low Pass Power i
- n > > .
I £ 1 source | Filter Amplifier | i
r ]r | i
; oy Trigger'?‘ | |
- Fe===== . !
. v Lo Transmitter Side  _ _ J
Clock Source Clk 10MHz
& | PC/ADC |¢
Synchronization | Trgger
Unit I— ................. = ¢ ¢ — e — s — s — e — s — —l
, Amplifier AMP-1 |
L : i )r i
T I i
gl = | [
V= i ey i Low Pass Filter | LPF-2 | Antenn:
0. - :
vV !
|
Signal ! Low Pass . Low Noise | ;
LS _ > Amplifier < !
Source | Filter Amplifier |1
i |
AWG2 | LPF3 AMP-2 Mixer LNA
i
! Receive Side R

Figure 5.1: Block diagram of FMCW and GFMCW radgstem based on AWG.
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The system illustrated in Figure 5.1 operates as followtbearansmitter the
chirp signal generated by AWG-1 is first low pass fildereo suppress the 4 GHz
clock component, and then amplified, to boost the signal power before being
transmitted through the antenna.

The receiver side operates as a heterodyne detector (dEmS£.1.1) where
the reference chirp signal, generated by AWG-2, is low padssefil, to suppress the
clock component, and amplified (by AMP-2) to the necessary levelive the
mixer’s local oscillator (LO) port. This signal is multipliedith the amplified
received signal. The resultant mixed signal is passed thraugWw pass filter, to
remove the high frequency components, producing the beat-note signal. The bea
note is then amplified (by AMP-1), digitised by the ADC, and stanato the PC for
further off-line processing. As discussed in Chapter 4 the beat-sigteal carries
information related to target position and Doppler.

The beat-note signal is digitized using a 14 bit resolution ADQ \ait
sampling rate of 20 MSample/s. The ADC 20 MHz internal cloclodked to a
stable 10 MHz signal generated by the clock source and synchiomigait. The
digitized data are stored on Dell T7500 workstation, which houses theihbGe
of its PCI express slots. For the purposes of synchronization dnlitysthe AWG-

1, AWG-2, and the ADC are connected to the same clock source and are all triggered

simultaneously.

Figure 5.2: Metallic rack housing both the transmitter and receiver components.

The components making the transmitter and receiver side of the block
diagram are all housed within a single metal enclosure)(rimmkeasy portability, as
displayed in Figure 5.2. Table 5.1 details the operating parameters of the components

and devices of the assembled radar system based on the AWG.
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Table 5.1: Components specification for the radar system based on AWG

_ Manufacture
Device Frequency [GHZ] Power Othe
/ Model
Euvis /
AWG-1,2 DC-4 -4-0 dBm -
AWG 801
Mini — Circuit / 6 Max = 22 dBm
AMP-1 2.5x10°-0.5 . -
ZHL — 6A Gain~ 23 dB
Mini — Circuit / Max = 13 dBm
AMP-2 0.01-2.7 . -
ZKL — 2R7 Gain~= 22 dB
LPF-1,3 - DC-3.5 - -
LPF-2 - DC-0.01 - -
Mini — Circuit / Max = 21 dBm
LNA 0.4-3 -
ZX60 — 3011 Gain~ 13 dB
. Mini — Circuit / 0.3-4.3 (RF and Lo)
Mixer LO =13 dBm -
ZEM — 4300 DC-1 (IF)
Mini — Circuit / max = 28 dBm
PA 0.7-4.2 -
ZHL — 4240 Gain= 40 dB
ADC Signatec PX14400A 0.02-0.40 - 14 bit
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Figure 5.3 shows the back and front view of the AWGs used in the
experiments with one of its differential output ports terminated with 50 ohm load.

oFF 10 usB +H2v

POWER

Figure 5.3: Back and front view of the Euvis AWG.

Tests have been carried out to identify the sensitivity of topgzed radar
system. Sensitivity is a measure of the ability of theesysb detect weak signals.
For this test the transmitter and the receiver were connectdlyli in back-to-back
configuration, through a cable and a set of attenuators. Measuremergs
performed for various attenuator values, starting with a value of ShdRjoing-up
in steps of 10 dB until the received signal was at the noigd [Ehe signal used in
the test was a linear FMCW waveform with duration of 400 pys dahdwidth of
1.4 GHz. Figure 5.4 shows the received signal power delay prafitealised with
the maximum of the 50 dB attenuation profile. It can be seen frorfigilme that
with 100 dB attenuation the path or target peak (at around 25.4 nsjlis st
distinguishable with a SNR around 10 dB. For an attenuation of 110 dBryet
peak is at the noise level. Therefore, it can be said that tiséigky of this system
is 100 dB with a SNR of 10 dB.
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Figure 5.4: Radar system sensitivity test.

A dual tone test was also performed, to validate the proposed technyque, b
splitting the transmitted signal, using a power splitter, io Wways through different
cable lengths and combining the signals at the receiver, by agioger splitter. In
one of the cables an extra 12 dB attenuator was used.
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Figure 5.5: FMCW and GFMCW dual tone test.

Figure 5.5 shows the results of a dual tone test with the fidtsacond
component positioned at time delays of 24.5 ns and 31.8 ns respectivelg. F
normal FMCW signal the first component is 13 dB above the second one. This is due
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to cable losses and the extra attenuators employed in the secqmoheoits cable.
As discussed previously GFMCW signals can suppress the returh sigrextain
time delays while allowing other signals to pass through withtiahuation. In this
case a square wave gating sequence of paramgterd 1.5 ns and delay andt,
equal to 4 ns was used to suppress the first component response. Asdrshiosy
same figure the dashed line for the GFMCW signal the fostponent has been
suppressed to a level of 30 dB below the second component peak.

In order to generate the GFMCW from both AWGSs, the transmitted and
receiver reference GFMCW waveforms are first gendrateMatlab by multiplying
respectively into a normal FMCW waveform the gating sequencgs fg(tthe
transmitter, and the complementary sequence (1 — g(t)), forettever. These
waveforms are then loaded into the respective units and areatgEh@mce the

devices are triggered. A similar process applies for a normal FMCW signal.

5.2 GFMCW Radar System Based on VNA

At the centre of this radar system is a vector network agra(¥8NA) which
acts as an FMCW transmitter and receiver. Network analysees long been used
as part of a radar system in applications such as: throughHdealetection [1, 2],
ground penetration [3, 4], and medical imaging [5-7].

The signal generated by a network analyser is generalhearlior stepped
FMCW signal. The GFMCW signal is created by switching énd off) with a
complementary function the analyser’s transmitted signal and received signa

Figure 5.6 illustrates the block diagram of the proposed bistdld@V
radar system based on the VNA. In the system the VNA gesaaatEMCW signal
on port-1, before it is transmitted through the antenna. This signal id gate
switched bn’ and off’ by switch-A The received signal is also switched,smjtch-
B, with a sequence complementary to the one used in the transmitbee, ibées fed
to the receiver port. A basic background on the internal structurespamation of
the network analyser can be found in references [8, 9].

User defined gating sequences are designed in Matlab softacieaaed /
transferred onto the memory of the AWGs. The output voltage levdlse Euvis
AWGSs, which range from -0.6 V to 0 V, are insufficient to direaiyve the
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employed fast switches, these require a minimur3.@&fV and a maximum of 0.6 V
to switch the stateoh’ and off’. Therefore 10 Gb/s modulator drivers, referredso a
switch drivers, have been used to act as voltage nverters for the Euvis. The
switch driver operates with an output voltage higl® V and an output voltage low
of -3.6 V. The driver’s output offset voltage catranges from -10 V to 5.5 V was
set to 0 V by adjusting the potentiometer on theckwdriver external circuit.

AWC-1
L_Ckachz 5] Gating
Clk 125 MHz Sequence IS o Switch
I r ————————— — Q N .
. Driver-A
. . ———————— D SoUrce  feeerenannd
. | 1 Trigger ; :
o i out
. . : [ i Antenn:
oy | Transmitter / Receive ; ¢ Y
i A
. : Switch-A
Clock Source _C_"‘_l_(i)_M_'; Port-1 LS - ‘
& i i Antenni
o i VNA i
Synchronization d | P
. Trigger ! witch-
Unit = lLbeeoo !___> Port-2 < | ,‘_
i i
T H ! I N on A
; E -
I ! Trigger Out
: e B
! - Switch
. Sequence |3 =
I Clk4GHz © Driver-B
s = - > Source  fereeenrennsd
AWC-2

Figure 5.6: Block diagram of the Bistatic GFMCW aadystem based on VNA.

The AWGs have differential outputs and these amneoted to the switch
driver differential input. The driver differenti@utputs are connected to the switch
differential input as shown in Figure 5.7. The shés operate as single pole double
throw (SPDT). Thus the unused output on each svistdbrminated with a 50 ohm
load.

The AWGs are the same Euvis generators used ifirsheset up and have a
sample interval of 125 ps. Therefore the designating sequence can have a
minimum rise and fall time of 125 ps. The fast siwés have a rise and fall time of

100 ps and 90 ps respectively, and are able tatgen signals with frequencies up-
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to 50 GHz. Table 5.2 provides a brief summary efgpecification and manufacture
of the devices used in this radar set-up.

® Switch :
® . 2

DrR/er

Driver External

Circuit

Figure 5.7: Connections between switch driverstaedast switches.

Table 5.2: Device manufacture and specification

. Manufacture Frequency Rise time Fall time

Device
/ Model [GHZ] [ps] [ps]
Euvis /

AWG-1,2 DC-4 125 125
AWG 801
Switch Fujitsu /
- 40 40

Driver FMM3109PG

Avago / AMMC-
Switches DC -50 100 90
2008

VNA Agilent / E5071A 0.3-8.5 - -
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The radar system has been synchronised by having the deviceg gharin
trigger from the same source and using specified clock sigvtath are locked onto
a single clock source. The clock signals as well as the trgigeal are discussed in
the next section.

A test has been performed to validate the radar systemrig BMMICW and
GFMCW signal. The VNA was set to operate on a frequencyerah@-8.5 GHz
with an output power of 0 dBm. A 30x30 metal plate was set 39 ¢ronh of both
antennas (Tx and Rx antenna).

Figure 5.8 presents the normalised profiles of tests with tharentzosstalk
appearing at a time delay of 39.20 ns and the metal plate respotk8&ns. As
expected with an FMCW signal the crosstalk appears stronger thea target
response (i.e. metal plate). With the GFMCW signal the gatugience has been
designed to attenuate the crosstalk response while enhancing tihattafget. The
gating sequence used in this case was a square wave sequbanuarameters Th =
750 ps and; =1, = 0 s. It can be seen that with GFMCW the target resperke i
dB above the crosstalk.

FMCW

Crosstalk/ ‘\‘\ (= GFMew
\ 1

Normalised Magnitude [dB]

Time [ns]

Figure 5.8: FMCW and GFMCW radar profiles.
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5.3 Clock Source and Synchronization Unit

Synchronisation in a radar system is vital in order to coyexdtimate the
target position and / or the velocity due to its movement. Lack dilesta
synchronisation may also create unwanted artefacts that mayemetated to the

actual target, consequently giving rise to false-positive.

To AWG-1 clk in |

Clk40MH4 PLLand |4 GHg ~ !
Amplifier To AWG-2 clk in
Up-Converter 0 - cikin|

|
Splitter :

Clock Clock Source

Distribution Clk 10 MHz
—
Unit

|
|
i
To ADC or VNA clk reference [
|

Clk 125 MHz
& - — - —

M}To AWG-1 trigger in

|
|
|
FPGA ; :
Trigger

&To AWG-2 trigger in !
Trigger !

|

|

|

—————> To ADC or VNA trigger in

Trigger Unit

Figure 5.9: Block diagram of the system synchronisation. (a) Clock

source; (b) Trigger Unit.

Since for the bistatic radar systems presented in the previouscgabsthe
transmitter and receiver are collocated, for overall systahility the clock signals
can be locked to a single source. In addition the trigger signals can batgdrieom

the same module.
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The crucial device in the synchronisation of thdarasystems is the clock
distribution unit shown in Figure 5.9 (a). At there of the unit is a stable, ultra-low
noise 10 MHz signal reference, generated by the 1BRBubidium frequency
standard module from the manufacturer Stanford &ekeSystems. In the clock
distribution unit the 10 MHz signal generated bg #RS10 is divided, amplified
and multiplied to generate pairs of output wavef®m the following frequencies:
10 MHz sine wave, 10 MHz square wave, 20 MHz sim@ey 40 MHz sine wave
and 80 MHz sine wave. Figure 5.10 shows a pictdirh® clock distribution unit
with frequency legend on the outputs. The unitleen designed and assembled in-
house at Durham University.

Figure 5.10: Clock distribution unit.

From Figure 5.9 (a) a 40 MHz output sine wave diggged into the input of
the PLL and up-converter unit, shown in Figure 5x/hich generates a locked 4
GHz sine wave at its output. This signal is amgdifiaccordingly, using a mini-
circuit ZX60-591 6M-S component, split into two,ing a power splitter, and each
output is used as a clock input signal for each AWiGdule, respectively. The
internal clock rate of the AWG module is twice thadt the input signal clock;
therefore the samples stored in the module menrergatputted at a rate of 8 GS/s.

A 10 MHz sine wave output of the clock distributianit is used as clock
reference for the ADC or the VNA.
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Figure 5.11: PLL and up-converter unit (left) inn its metallic enclosure, (rigét) t

unit circuit board.

By default the AWG modules output on ®YNCOport a reference sine
wave of 125 MHz, which constitute a division of its internal 8 GHzkcloca factor
of 32. This signal is locked onto the external 4 GHz clock reéersignal. For the
purpose of stability one of the AWG modules SYNCO signals is ased clock
signal input to the trigger unit, shown in Figures 5.9 (a) and (b).

At the heart of the trigger unit is a programmable FPGA compdAdeta
Cyclone II), which divides the input clock signal accordingly to gateethe same
trigger signal on its output ports. The signal generated byigget unit outputs are
a square wave of TTL level (3.5 V), moreover the devices (AWGI or ADC)
have been set to be edge triggered. Figure 5.12 shows the haroteatey of the
trigger unit.

The user defined division factor for the FPGA input clock sigsatet
depending on the duration of FMCW / GFMCW signal. The factor iseteo that
the period of the trigger signal is longer than the duration of th&&a\Wwr VNA
generated waveform.

For measurements involving the radar system based on AWG, thgertrig
period was set to 500 us equivalent to the inverse of the division aRth&MHz
input clock signal by a factor of 62500. The generated AWG wavefoitinis case
was set to 400 ps duration.
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For the radar system based on VNA the FPGA is programmed tbalsek
division factor of 156.25x10 This gives a trigger signal of 1.25 s period. To avoid
trigger ambiguity the VNA is set to generate a sweep of 60Quretion almost half
of the trigger period. Moreover, the AWGs in this configuration eaeléd with a
gating sequence of 100 us duration and set to repeat 10000 time®p) ot each
trigger signal, resulting in 1s overall sequence duration, whienaugh to cover the
600 ms duration of the chirp.

Clock Input Trigger Output

Signals

Figure 5.12: FPGA based Trigger unit.

5.4 X-Y Positioner System

An X-Y positioner system has been designed and assembled to heove t
antenna(s) and the radar system into predefined positions along &so &he
positioner covers an area of 40 cm x 40 cm. The positioner systeontrolled by
motor’s motion control software, namely Mach3 by Artisoft, whichcpes the user
defined G-Code and M-code.
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Power
Control PC
signal | gervo  |Signal Mach 3
:Encoder Drive  |Encode
______ > o .
signal signal| Motion | Etherng| |
5 Controller - Jconnection
ower
< Sontol pspmcrip
signal Servo |signal Limit switch,
:Encoder Drive  |Encode E-stops, and extra Inputs
—-----=-> -
signal signa - — = =>Extra Outputs

Figure 5.13: Block diagram of X-Y positioning system.

Figure 5.13 shows the block diagram of the X-Y positioner systemtingt
devices interconnections. At its heart is the software Mawtalied on a PC which
controls the overall system, and issues user defined commands, eaqyet@mstop
the motors, changes speed, activates output(s) and interacts or respertsnal
input and so forth. The PC is connected through the Ethernet with anmoti
controller device “DSPMC / IP”, manufactured by Vital Systerthis acts as an
interface or translator, converting the digital signal instructiooism MACH3 into
analogue or the digital signal for the external devicespanigpherals connected to it,
and likewise converting input signals (from the devices and periphera
instructions for the PC.

The DSPMCI/IP is connected with the other devices and peripheral through
opto-isolated 7535 breakout board for digital signals and 7721 breakout board for the
analogue signal. The servo drive provides control over the motor and tsothesr
DC speed control voltage (ranging from = 10 V) from DSPMC into rdwiired
signal power level necessary to drive the motor at an equivglertisThe servo
drive and the servo motor are both manufactured by “Omron” and their nsodel
R88D-UA12V and R88M-UA40030VA respectively.

Both servo motors are able to output feedback signals in the form of
“incremental encoder signal”. This signal carries informatioateel to the motor‘s
shaft rotation. This is further processed by the Mach-3 softviareextract
information such as speed, travelled distance and current position.

The used axes are of length 40 cm; in order to avoid the axis beirrgrover
by the limit switches employed at each end of the axis. Qoesdly, if a switch is
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activated Mach-3 was configured to stop the motor motion immedidtetysafety
purposes extra E-stop (emergency stop) buttons were also emplogedagtivated

the servos (drive and motor) are powered off immediately.

Figure 5.14: X-Y positioning system.

Figure 5.14 shows the assembled X-Y positioning system and thdienetal
cases housing the high power servo drives and the DSPMC/IP degetaer with
the breakout boards. Figure 5.15 shows the devices inside the nuza#i and

how they are interconnected.

Figure 5.15: Connections inside the (left) Servo drive case, (Right) DSPM&3E?

In order to automate and synchronise the radar system togetheheviX-Y
positioner movement, a program was written in visual basic (\Bware to
provide control and communication of both the Mach3 (controlling the X-Y) and the
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radar system. For GFMCW radar system based on the VNA therdBram

operated the following way:

1) VB program sends a command to Mach3 to move the antennas into a
predefined position.

2) Once the positioner completes the movement Mach3 reports back to
VB program.

3) VB sends a command to the VNA to start the measurement.

4) Once the measurement is completed data are transferred addeave
the PC.

5) Repeat steps (1) — (4) until the measurement have been completed on
all the predefined positions.

The communication between the Mach3 and VB is performed through the
I/O ports of the VNA and of the DSPMC/IP 7735 breakout board. On Magh@
from the G-Code, which contains the coordinate and the move command, an M-code
or micro have been written to check predefined DSPMC/IP inputstitforvB
program response), and to generate a signal from a predefined outpah (w
indicates, to VB program, that it is the last position). The el inputs of
DSPMC/IP are connected to the VNA outputs and vice versa.

The I/0O of the 7735 breakout board operates with 0 V and 24 V representing
logic-low and logic-high, whereas the VNA operates with a TT&ebal/O. As a
straight connection is not advisable due to a difference in volage levels
between the two devices a voltage level converter cincuatKed as “Al” on Figure
5.19 was designed, using a combination of the Darlington transisier |
(ULN2803A) and Logic gate ICs (74LS04N), to convert the 24 V output of the
breakout board into 5 V (for the VNA input) and the 3.5 V output of the VilN&. i
24 V (for the breakout board).

Although the system was working in this configuration it had been fthatd
the ground potential voltage of the VNA differed from that of the 773&kiorg
board. This was performed by measuring the difference voltageede both
grounds. In order to protect from the ground potential imbalance both déaces
been isolated by using a phototransistor opto-coupler IC (ACP847h whit be

seen on the circuit boards markedB%” and“B2” in Figure 5.15.
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For the GFMCW radar system based on AWG the automation process

described above does not apply as the VNA is not used in this set-upgGentsy,

for simplicity, a push button switch has been added to the X-Y positiamd the

Mach3 M-code micro code modified to expect a single input. Thereface the X-

Y has completed its movement into a predefined location, the micro rcode
checking the push button logic state; meanwhile the user can petfem
measurement. Once completed, the user can activate the push button sending a signal
onto Mach3 to move to the next predefined position. This procedure isee e

the measurements are performed in all the predefined positions.

5.5 UWB Antennas

In a wireless system antennas play a crucial role. At rtaesritter it
converts the electrical signal into electromagnetic wavesreabeat the receiver it
converts the energy from the electromagnetic waves back tdeaimical signal.
Antennas can also be viewed as a filter allowing signals mwitteir operating band
to radiate or receive while rejecting signals outside its band.

An antenna is termed “UWB antenna” if the percentage radtovden its
bandwidth and the centre frequency, known as fractional bandwidth, is rthdess
20% or it has an absolute bandwidth no less than 500 MHz, regardless of the
fractional bandwidth. A vast number of UWB antennas can be found in the literature.
For the interested reader, references [10-12] provide an overvidvesd types of
antennas.

Some of the classical UWB antennas have been designed and maedfact
for the radar and channel propagation experiments detailed in tisis. tidese
include discone and tapered slot antennas (TSA). These were desidrechalated
using the commercially available electromagnetic solver “G&drowave Studio”

and were manufactured using the facilities available at Durham University
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5.5.1 TSA Antenna

Tapered slot antennas also commonly known as Vivaldi antennas hawe bee
around since the late 70’s and are widely used in radar applications the wide
operational bandwidth, directional pattern and compact size [13].

The TSA antennas presented in this section follow from the guidedhmavn
in reference [14]. Following from the TSA geometry shown in Figui® two TSA
(TSA-A and TSA-B) of different dimensions, substrate thickness aatérial have
been both simulated and manufactured. The exponential tapering profitee of
antennas is defined by the function in equation (5.1), where R is the taper ratio.

y(x) = Sef* + v (5.1)

The first antenna (TSA-A) of dimension 77 mm x 84 mm have been designed
on a Roger RT6010LM substrate of permittivity 10.2 and thickness of In27Time
exponential tapering parameters were optimised to v&8uwe9.062 mmyV = 0.14,
andR = 0.4 mm*. The TSA-B with size of 36 mm x 42 mm was designed on a
Taconic Cer-10 substrate with a permittivity of 10 and thicknes3.&f mm. In
addition the parameters of the exponential tapering function forritesa were: S
=0.14 mm, V = 0.0012 mm and R = 0.165 thm

Figure 5.16: The geometry of the proposed exponential TSA.
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Table 5.3 gives the final dimensions of both antennas in mm scglaeFi
5.17 shows the antennas return loss, with the TSA-A and TSA-B aufpievi
bandwidth of 3.1 GHz and 6.6 GHz, respectively, assuming -10 dB returadass

reference. Figure 5.18 shows top and back view of the in-house manufacBsed
A and TSA-B antennas.

Table 5.3: Proposed TSA antennas parameters

\W H W R K Lm Ln Wh Wm Ra

TSA-A | 77 84 | 0.40| 840 65 28 142 091 28 8)25

TSA-B | 36 42 | 0.30| 4.60 30 16 515 040 16 4/0

Magnitude [dB]

Frequency [GHZ]

Figure 5.17: Return loss of the proposed TSA antennas.

(a) (b)
Figure 5.18: The front and back view of the fabricated antennas, (a) TSA-A; (b)
TSA-B.
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(a) H-plane (b) E-plane

Figure 5.19: Normalized simulated radiation pattern of TSA-A antenna.

270| —eme g GHz

(a) H-plane (b) E-plane

Figure 5.20: Normalized simulated radiation pattern of TSA-B antenna.

Figures 5.19 and 5.20 show the simulated normalised radiation pattern of
TSA-A and TSA-B antennas at 2.5 GHz, 5 GHz and 8 GHz. The radiatimrpaf
the TSA-B is lesser directive at the lower part of the U¥Wjuency (2.5 GHz)
compared to the TSA-A antenna. As the frequency increase3SiheB antenna
shows considerable improvement in the radiation pattern and becomes mor
directive than the TSA-B. For the TSA-B the pattern detaesravith many more

extra lobes appearing as the frequency increases.
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5.6 Summary

This chapter provided a description of the two radar systems usdw in t
measurement campaign. Both systems namely “radar system drage®/G” and
“radar system based on VNA” can be operated with either FMEVGEFMCW
signals. For stability purposes the clock and trigger signalseofadar system are
locked onto a single clock source generated by a stable andbultreise rubidium
clock source.

An X-Y positioning system has been built to move the antennas hsyrstie
predefined position around the area of interest. A visual basicapnogs well as
motion control program was written to make the movement and measureme
process automatic. Consequently, once the X-Y system has moved iméov
position, the measurement is performed without the user’s intervention.

Classical UWB antenna namely Vivaldi antennas have been désagmke

manufactured for the radar work presented in this thesis.
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CHAPTER 6

Numerical Radar Simulation

This chapter presents the numerical simulation results of FMCW andGS¥
radar systems in applications such as: through-the-wall radar imaging, ground
penetration radar imaging, and medical imaging. The benefits of performing

numerical simulations as well as the available numeral techniques are given.

Numerical simulation aims at replicating the operation ofstesy in the real
world, through a conceptual model. It may allow a more detailed/sisabf the
performance and limitations of a complex system prior to idamentation. This is
particularly advantageous for radar systems as successjat tletection depends in
general on a number of parameters, such as: transmitted powefonvaghape,
duration and bandwidth, number of antenna, the type and their orientation, target
radar cross section (RCS), and the involved scenario parametetiselikember of
clutter, their shape and electrical properties. With numeriicallations one or more
of these parameters can be easily varied or changed allowinp @s¢ablish their
impact on the system and moreover, gain more knowledge on the syptaniitas

as well as needed improvements.
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Simulations save time and money, as the system performance can be
analysed in detail prior to being built or tested. However, it reguaertain
understanding of what is intended to be simulated in order to creedalistic

simulation scenario.

Numerical radar simulations are mostly performed through the use of
computational electromagnetic (CEM) techniques. These techniqeesctpthe
behaviour of the electromagnetic wave as it propagates througtemaadts with the
modelled environment and physical objects within the problem domain. The
numerical solutions to Maxwell’'s equations provide a starting poiried@peration
of these techniques. Various CEM techniques have been developed andlneporte
the literature. A comparative overview of the existing technigaase found in [1-

4], and more extensive analyses are dealt with in the following textbooks [5, 6].

Depending on the formulation of Maxwell's equations the CEM techsique
can be divided into two main methods, these are: the integral equaibad{IEM)
and differential equation method (DEM). The former method formulbes
electromagnetic problem using the integral-form of Maxwe#iguations. This
method includes techniques such as: Finite Integral Techniqued#diTethods of
Moments (MoM). The latter method uses the differential or tims dorm of
Maxwell’'s equations and includes techniques such as: Finite BteMethods
(FEM), Finite Difference Time Domain (FDTD) and TransnussiLine Matrix

(TLM).

Both the IEM and DEM method can be applied to problems in the time
domain or in the frequency domain, although some of the above mentioned
techniques operate only in a particular domain. CEM techniques redure t
discretization of Maxwell's equations quantities such as tineguency and space.

In this thesis, numerical simulations were performed using themescially

available software “CST Microwave Studio”.
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6.1 Chirp Based Radar Simulation in CST
(MWS)

CST Microwave Studio (MWS) is a specialised 3D electromagnasl for
the design, analysis and optimisation of components and systems opiaratingle
range of frequencies. CST offers an accurate and efficfaltwave” solution to
Maxwell’'s equations without any simplifying assumptions or appraions.
Consequently, the software is able to accurately model theragtegnetic
propagation phenomena including near and far field effects, scgiteliffraction
and absorption. The CST MWS is based on the FIT technique with a tperfec
boundary approximation (PBA) for spatial discretization, giving it abdity to
solve a range of electromagnetic problems in time or frequgticyFor flexibility
the software offers a variety of field solvers, to suit gmeapplications. These
solvers include the general transient solver, frequency domain sahcklintegral

and asymptotic solver.

Transient Solver: allows real time domain simulation of the system’s
transient behaviour in a wide frequency range in a single run. This solver is arpopul
choice in a number of EM problems including devices that are ebdttriarge
dimensions, non-resonant and with open boundaries, as well as applicatbress
time domain reflectometry (TDR). Being a time domain baseaiver the
simulation’s frequency response of an arbitrarily fine frequensglugon can be
obtained through the Fast Fourier Transform (FFT) without am e@xmputational
cost. Therefore, it enables the capturing of the resonances ih&dsimulation
spectrum [4, 7]. The modulated Gaussian waveform, which is dependent on the
user’'s specified frequency range, is the default excitatigmak The solver also

allows arbitrary user defined signals to be fed into the simulator.

Frequency Solver:.operates in the frequency domain and is well suited to
analyse electrically small or mid-sized problems as welharrowband resonant
structures. Unlike the transient solver, which delivers a broadbapbnee in a
single run, for the frequency solver a number of simulations have peri@med

(one for each frequency point) to cover the broadband frequency range.
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Integral and Asymptotic Solverboth solvers are mostly used in the analyses
of the radar cross section (RCS) of electrically largactires, such as: aeroplanes

and ships.

The work reported in this chapter uses the Transient Solver in G8% kb
it allows imported and user defined excitation waveforms (su¢iVEBW signals).
Moreover it is also the preferable choice of solver for simulatiomslving non-
resonant and electrically large structures such as the ragfaargs (TTWIR, GPR,
and MIR) under consideration in this thesis.

The transient solver in CST MWS has as default excitation Ghessian
modulated pulse” whose shape depends on the user specified operatingciyeque
For an arbitrary user defined waveform such as the FMCW faams, the user has
a choice of either importing from an external file the wavefan the form of an
ASCII table file or writing the desired waveform equation(sthim available built-in
VBA micro.

Although the mathematical equation that describes the FMCW andO08FM
waveforms is straight forward (see: Chapter 4) in order tfopera successful
simulation with this type of waveform a series of issues havee addressed.
Generally, for a successful simulation the used excitation wamafoCST transient
solver has to have a smooth transition (e.g. Gaussian excitdtmma waveform
with sharp transition, the simulation normally becomes unstable.chuises large
ripples to appear in the resultant time domain signals. Thesesipp¢ a result of
the effects of the waveform’s sharp transition in the Eldhhique employed by the
solver and it has nothing to do with the response of the device orriscander
investigation. To bypass this software limitation, in the contexEMICW and
GFMCW waveforms, the chirp signal is windowed before the sitoalaand the
gating sequence is applied through post-processing. These twatstabscussed in
the rest of this subsection. Numerical electromagnetic simolati a radar system
based FMCW or GFMCW signals is novel and has not yet been edpiortthe

literature by other research groups.
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6.1.1 Chirp Windowing Before Simulation

The ripples due to the sharp transition on the excitation wavefoayn m
compromise the effectiveness and performance of the devicemarsr under test.
The user defined chirp or linear FMCW waveform can be consigeredtruncated
cosine function whose frequency varies as function of time. The tromaztthe
FMCW signal creates sharp transitions on its amplitude, fromt6.@.0’ and from
‘1.0’ to ‘0.0’, at the beginning and at the end of the swesse:(Figure 4.2 in
Chapter 4. This transition causes the aforementioned instability in the CST solver.

A solution to this problem is to apply a windowing function to the FMCW
signal in order to attenuate or smooth the discontinuity at botheiii@ning and at
the end of the sweep. Consequently, the user excitation in CSTitienwas the
product of the FMCW waveform with the windowing function. After siatiain the
received or recorded FMCW signals are correlated, through postgsing in
Matlab software, with a copy of the windowed transmitted chirp to produce the range
delay profile. In the radar simulations reported in this thisgsHamming window

was used to smooth the chirp transitions.
6.1.2 GFMCW Signal Through Post-Processing

Gated frequency modulated continuous waveform is the result of the product
between a chirp waveform and a gating sequence. The gatinghsecassumes
values of ‘0’ and ‘1’ representing the transmitter or recestates. For the time
interval in which the sequence is “1” the transmitter or k&ges said to be active
and for the sequence value of “0” the transmitter or receivaotisactive. Sharp
transitions between states of the GFMCW causes the samenpsotighlighted in
the previous subsection, i.e. simulation instability and unwanted ripples.
Consequently, the user defined GFMCW signals cannot be dirastlylased in
CST.

To get around this problem, the scenario under test is simulateg asi
normal FMCW waveform. Once the simulation is completed the redoaie
received waveforms are loaded, together with the user defined FleXewation,
into Matlab for further processing. Using a written Matlab cédeGFMCW radar

simulation is realised by multiplying the receiver gatiequenceX — g(t) with the
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loaded CST recorded waveforms and multiplying the transmitténggaequence
g(t) with the loaded CST user defined excitation. The resultant trdesrand
receiver GFMCW waveforms are correlated for extractiothefbeat-note or range
profile signal.

Realising GFMCW radar simulation through post-processing provides
flexibility and time saving advantages. As an example: fatatdata recorded in
the simulation of FMCW radar scenarios, different gating sequexacebe applied
in the post-processing to the same data set without the need to re-run the simulation.

6.1.3 CST Excitation Source

In the radar simulations presented in this chapteplane wavé has been
chosen as the transmitter’'s excitation source. CST E-fiebegr placed at user
specified positions within the scenario under test were usedesaicto record the
incident and scattered electromagnetic field. A plane wave ih 8Sa planar
excitation source of an electromagnetic wave with constant preagefront parallel
to the source and of constant amplitude. The wave direction of propagationrial
to the plane.

Although antennas could have been used in place of a plane wave, their
physical shape, size and the number required to cover the radarisce® be
considered would have increased the computational burden of the simulation
resulting in longer simulation time or even quite possibly instgbdile to the
limitation of the computer memory and processing power. Despitéathehat a
plane wave is an ideal electromagnetic field source, it istlynosnsidered as a
realistic approximation to the field emanating from an anteocatéd at a far
distance [8], commonly referred to aké far field.

The CST E-field probes, used as receiving antennas, are able dorenea
individually the total electric field at their predefined positiomisTfield is the
superposition of the incident fieldE{c), direct signal impinging on the probe from
the plane wave, the scattered fielekdp), the signal reflected by the surrounding
objects (clutter) and the target. Equation 6.1 gives the formulatitveokcorded /

measured electric field signal by a probe.
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Erotai(t) = Eine(t) + Eggr (V) (6.1)

The probes recorded signal, as well as the excitation signaljoeeled into
Matlab for post-processing, in order to extract the range profileach probe.
Further processing using an image algorithm was applied t@x}tracted range
profiles in order to create meaningful image maps of the sietil@adar scenario

under consideration.

6.2 Simulation Results

The effectiveness of the GFMCW technique compared to the norm@wM
signal approach is shown in the form of radar energy map of the icamer
simulations of realistic radar scenarios, such as: through-dheradar, ground
penetrating radar, medical imaging radar. Issues regartiemgselection of the
appropriate gating sequence and its defined parameters for eulparscenario
under consideration are also described. The radar image / enemyesults
presented in this section were obtained through the post-procedsthg range
profiles using the previously describe®élay-and-Surh image algorithm (see:
Chapter 2).

6.2.1 Through-the-Wall Imaging Radar Simulation

The scenarios simulated in this section are three dimensionsheithalls,
target made of different material and electrical propertrethe scenarios the target
is in the form of human phantom placed inside the room. For simulspieed the
phantom is modelled as a uniform material of electrical pragse(permittivity of
36) similar to that of the reported human’s skin [9-11].

The pre-windowed normal FMCW excitation signal is in the frequeange
of 0.7-2.5 GHz. The transmitter (Tx) is modelled as a plane wadét & placed 60
cm from the wall, whereas the receiver (Rx) is a lineeayaof 19 E-field probes

with 10 cm spacing between inter-element and positioned 45 cm from the wall.
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The work presented in this section differs from the early wegonted in

references [12, 13] and in the thesis [14], by:

Crosstalk suppression: In the simulation presented here it is shaivthée
GFMCW signal can be designed to suppress both the wall refls@nd the
direct crosstalk or incident signal between the Tx and the Rg.i3hélevant

as antenna crosstalk signals can be much stronger than dbe response
therefore overshadowing it in the radar image. In the early therincident
signal Enc(t) in Equation (6.1), which represents the antennas crosstalk, was
removed from the total received fieldt{(t)) through subtraction of two
different simulations, one with the wanted scenario (i.e. room artfet(s)

and clutter) present and the other an empty scenario. Although, the
subtraction removes the antenna crosstalk it is impractical, as it woulderequi
having antenna calibration waveforms for a combination of gatingesequ

parameters.

Realistic Scenario: A more realistic through-the-walhsec®s are presented
here. For example: glass window, wood door and furniture are added into the
room to provide a cluttered scenario (similar to an office or home
environment); moreover an insulated wall similar to what caffobed in

most houses or buildings in the UK are simulated.
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Scenario — A: Normal Room

Figure 6.1 shows the top and perspective view of the normal roorargcen
The room dimension are 325 x 325 x 20C enith a 20 cm thick solid wall made of
uniform brick material with permittivity of 3.8 similar to the uak reported in [15,
16]. The floor and ceiling are made of the same material (oecrete) with
permittivity of 4.8 and the door and window are made of wood and Pyrex gith
permittivity of 2.25 and 4.8, respectively. The target, a human phansoptaced
130 cm from the front wall.

The excitation signal (normal FMCW signal) used in this simulation has a 2.5
ps duration. For simplicity the maximum distance to be coveressisvaed to be 4
m. In order to satisfy the anti- aliasing condition set by egug#.46), the chosen
gating sequence duration (for GFMCW cases) should not be mileatel 3.02 ns. In
other words for N” bit sequence the maximum bit duratioR,)(that can be used

without causing aliasing is 13.02/N ns.

@) (b)

Figure 6.1: Scenario — A: Normal room, (a) top view; (b) perspective view

Figure 6.2 shows the normalised range delay profiles (seehebgentre
receiver probe) for a normal FMCW signald Gating and for different GFMCW
cases with sequences such as: square wave sequ@Qcegvg and 3-bit m-
sequence3-Bit Mseq and 3-Bit Mseg+respectively. The profiles are normalised
with respect to the peak / maximum of FMCW profile. It can les $eom the figure
that for the normal FMCW case, the reflections from the waist and back) as
well as the direct crosstalk are much stronger than the detsirget reflections

which is -30.2 dB below the peak of the unwanted crosstalk reflection.
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By carefully designing the parameters (bit duration and off-ti@lays) of
the gating sequence the unwanted reflection can be suppressedniaiteing that
of the target. Parameters of the used gating sequence in eéhiriscare given in
Table 6.1. As expected, due to the on and off of the gating sequeartéram the
suppression, further power loss occurs which depends on the sequeniosn dun
the receiver off-time. This loss can be seen in Figure 6.2 whetartiet peak level
is at -30.2 dB for the normal FMCW case compared to -43.1 dB, -40.9 dB4&ad -
dB for the GFMCW cases with gating sequence SQ wave, 3-&gMand 3-Bit

Mseq+ respectively.

| —-—-=-=- No Gating; —e— SQ Wawe ; -----e---- 3-Bit Mseq; ===+~ 3-Bit Mseq+

¥
\ @—CrossTalk
L |
[}

Magnitude [dB]

5 10 15 20 25
Time [ns]

Figure 6.2: Normalised range profiles seen by the centre probe for FMCW and
GFMCW cases

Table 6.1: Gating Sequence parameters and its power loss values

Gating Tp T1 T2 Power Loss
Sequence Xe
SQ Wave 12 ns Ons 6.5 ns 12.8 dB
3-Bit Mseq 8 ns Ons Ons 9.5dB
3-Bit Mseq+ 8 ns 0ns 5ns 18.0dB
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Figure 6.4: Scenario — A radar image for GFMCW cases, (a) SQ waveB(b) 3
Mseq; and (c) 3-Bit Mseq+

Figures 6.3 and 6.4 (a)-(c) show the obtained normalised radgesnhar the
normal FMCW and Gated FMCW cases respectively. It can be deom the
FMCW case the crosstalk and front wall reflections are tlomgest in the image,
with the target reflections being totally obscured by the unwlas#ely reflections.
Although the back wall is much farther from the probe compared toatgettits
reflections can also be seen in the image. As observed iNth&ating profile in
Figure 6.2 the round-trip time from the probe to the target appéasproximately
15 ns and the unwanted wall reflections appear before the 6.5 ns and at roughly 25 ns
(for the back wall). The parameters of the gating sequeece ehosen such that the
sequence MRP blind range coincided with the unwanted reflectiong providing
a flat area of the MRP to cover the expected target del#tyas target reflections are
not attenuated.

In Figure 6.4 (a, c) the target is clearly detected whiletbgstalk and (front
and back) wall reflections seem to have been suppressed. In Figbg thé front
wall reflections are still stronger compared to the tardeétoagh the crosstalk and
back wall have been suppressed. The reason for this is that thalkrasdtthe back
wall reflections fall into the deep or blind range of the MRP ha&f B-Bit Mseq
sequence but the front wall reflection on the other hand falls onto Rie $lbpe
which in this case is not attenuating enough to enhance the taygettdhding the

blind range (by using the sequence delays) as is the case f@BheMseq+
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sequence the front wall reflections are further suppressed gndkentarget more

distinguishable, as shown in Figure 6.4 (c).

Scenario — B: Room with Furniture

Figure 6.5 shows the top and perspective view of the scenario inajuesti
The room dimension is 375 cm x 280 cm x 200cm and is made of brick oh15 c
thickness. The material property of the human phantom, brick, glass warttbthe
wooden door are the same as the previous scenario. The human phantom in the
upright position is placed at approximately 160 cm from the waltlitonally, the
wooden furniture (table, chairs and book shelf) are placed in the roorhdpgeth
a metallic plate to provide a more realistic environment. TRECW excitation

signal in this case is of 4 ys duration.

(@) (b)

Figure 6.5: Scenario — B: Room with furniture, (a) top view; (b) perspective view

It can be observed from the radar profile of th& peobe (see Figure 6.6)
that for the FMCW case the target reflection that appeals$ ats time delay is
weaker compared to the unwanted early and late reflections. Astedpbe radar
image for the FMCW case shows a stronger energy level gpabiéion of the
crosstalk and wall, the target and metallic plate responsé®tr@bscured by those
unwanted reflections, as shown in Figure 6.7.

In order to suppress the wall and crosstalk reflections, a 3-b&quence3-
Bit Mseq with bit duration T, = 9.25 ns and delays= 0 ns, and, = 6 ns was used
to suppress the first 6 ns of the range profile which falls onir$tentull of the MRP

and also the back wall is removed as it falls on the MRP seadhdRadar images
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of the GFMCW signal with the3-Bit Msed sequence displayed in Figure 6)8

shows indeed that the crosstalk and wall reflection energy have been suppressed.
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Figure 6.7: Scenario — B radar image for the FMQW (ating case

An interesting fact of this image is that it also shows dbatection of the
metallic plate. Consequently, in a cluttered environment mak#ypresence of
strong energy maps inside the area of interest may not nelgesszan a presence
of a human as the reflected energy of a metallic objectstmoag reflector may be

significant in the image. In [12, 13] it was showed that apart fr@renergy map,
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Doppler processing can be used to extract features such as muov@ment or
breathing [14]. This enables to differentiate humans from othiée steong reflector

objects (such as the metallic plate) in this case inside the room.
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By decreasing the bit duration of the 3-bit m-sequenge=(B ns) while

maintaining the delay values unchanged the metal plate’s retergyeis suppressed
by the second null of the sequence MRP, as observed in the pBefileNIseq) in

Figure 6.6 and in the radar image displayed in Figure 6.8 (b).
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Figure 6.8: Scenario — B: Radar image for the GFMCW cases, (a) 3-Bit 3&4;

Bit Mseq+

117



Chapter 6: Numerical Radar Simulation

Scenario — C: Room with Cavity Wall Insulation

In most residential homes in the UK the external walls arelynmsilt out of
two masonry walls with a gap or cavity [17]. For heating purposescéaiéy
between the walls are often filled with insulating material.

(a) (b)
Figure 6.9: Scenario — C: room with insulated cavity wall, (a) top view; (b)

perspective view

Figure 6.9 shows the top and perspective view of the scenario inajuesti
The room’s dimensions are 338 cm x 270 cm x 200 cm with the exteatlafinv
blue) made of 8 cm thick brick of permittivity value of 6, whereas the 5 cm cavity (in
yellow) is filled with polystyrene insulating material tvipermittivity value of 2.6,
and the internal wall (in purple) is made of 12 cm concrete bloglemhittivity 5.5.
The wooden door, the floor and the human phantom permittivity valuéseasame
as those used in scenario — A. The FMCW excitation signal is of 4 pus duration.

Figure 6.10 shows the normalised radar profiles seen by the peolre As
expected the crosstalk and wall reflections are stronger hiaawoftthe target. Figure
6.11 shows the radar image for the case of the FMCW signalewtergating
sequence is used. It can be seen that the target energy shamewed by the
crosstalk and the (front and back) walls reflections.

GFMCW have been used in this scenario to suppress the unwantddlkross
and wall reflections, Figures 6.12 (a)-(b) shows the radar imageefprences: SQ
wave gating sequence, with parametg=Tl4 ns;t; = 2 ns, and; = 7 ns, and 3-bit
m-sequence, with parametey ¥ 9 ns,t; = 2 ns, and;, = 7.5 ns, respectively. It can

be seen from these figures that the target is clearly visible.
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Figure 6.12: Scenario — C radar image for the GFMCW cases, (a) SQ wave,

(b) 3-Bit Mseq
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6.2.2 Ground Penetrating Radar Simulation

In this section the use of GFMCW signal to suppress antennaatkoast
early air-ground reflections will be analysed. The FMCW exoitasignal used in
the simulations presented in this section has a frequency rafige-80 GHz. For
simplicity only metallic target(s), modelled as PEC cylmdae considered in the
simulations to mimic landmines or metallic pipes. As in the preyvisection the
transmitter is modelled as a plane wave while the recesvailinear array of 21 E-

field probes with 5 cm inter-element spacing.

Scenario — D: GPR on Uniform Soil

Figure 6.13 shows the view of the GPR simulation scenario witle thre
metallic targets buried at a depth of 12 cm, 25 cm, and 40 cm tieshecThe soil
is made of smooth surfaces with homogenous material of permittigltye of 7.
The receiver array was placed 35 cm above the ground surface anantmaitter

excitation signal (FMCW) was of 2 us duration.

() (b)
Figure 6.13: Scenario — D uniform soil with 3 targets, (a) perspective viewjt(b) c

through the z-plane

Figure 6.14 shows that the crosstalk and air-ground interface i@iflect
overshadows or masks the reflected energy from the targetamheMCW signal is

used. By gating those undesirable early reflections, using the @FMIi@ target

121



Chapter 6: Numerical Radar Simulation

detection can be enhanced as shown in Figure 6.15, for the case ai-3dmjtience

with parameters /= 4.2 nsg1 = 0 ns, and, = 3.2 ns.
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Figure 6.14: Scenario — D radar image for FMQO\% Gating case
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Figure 6.15: Scenario — D radar image for GFMCW case

Scenario — E: GPR in Multilayer Ground

Figure 6.16 shows the view of the simulated multilayer groundasice The
ground is made of 8 cm thick concrete pavement, of 5.5 permittistygi(en by
CST for the year old concrete), followed by a layer of dry gbR.53 permittivity.
Two targets at a depth of 25 cm and 40 cm respectively haveihagaded in the
model. The receiver probes were placed 22 cm above the pavement and the
transmitter plane wave was excited with the pre-windowed FM@val of 0.5 us

duration.
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As expected for the FMCW case the crosstalk and pavementtimflec
overshadows the target return, as shown in the energy in Figure 6.fjatiBy the
FMCW signal, with a square wave sequence with parametersAT5 ns;t; = 0 ns,
andt, = 3.2 ns, the early unwanted return is suppressed while enhdheingturn

signal from the deep targets as seen in Figure 6.18.

(a) (b)
Figure 6.16: Scenario — E Multilayer ground with 2 targets, (a) perspective(blew

cut through the z-plane
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Figure 6.17: Scenario — E radar image for FMQVW Gating case
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Figure 6.18: Scenario — E radar image for GFMCW case

Scenario — F: GPR on Inhomogeneous Ground

Figure 6.19 shows the perspective and z-plane cut view of thargceset
up. The ground is made of dry soil with permittivity value of 2.53. Nite of
irregular shapes and of different permittivity were added iht goil to create

inhomogeneity.

S00000000000000000000
4|
./
/}5
Pt

(a) (b)
Figure 6.19: Scenario — F Inhomogeneous ground with 2 targets, (a) perspective

view; (b) cut through the z-plane

The dielectric parameters of these materials, based on their én Figure
6.21 (a), are: 4.55 (light blue), 8 (purple), and 17.5 (gold). The metatgets
placed 20 cm and 35 cm deep respectively, represented with silver, cateur
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modelled as PEC. The receiver probes are placed 20 cm frosurfiaee and the
duration of the excitation signal was set to 0.5 ps.

Figure 6.20 shows the obtained radar image for the FMCW cases wikan
be seen that the crosstalk and surface ground reflections are stlagéhat of the
target. Target — 1 is still visible in this case while Targ@ is clearly overshadowed
(cannot be detected). By using GFMCW both targets can beetbiacFigure 6.21
while the unwanted reflections are suppressed. The parameher gditing sequence
used in the GFMCW simulation is 3-bit m-sequence witlk B ns,t; = 0 ns, and;

=2ns.
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Figure 6.20: Scenario — F radar image for FMQ\W Gating case
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Figure 6.21: Scenario — F radar image for GFMCW case
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6.2.3 Medical Imaging Radar Simulation

Medical imaging radar systems have gained a great deakoéshivithin the
research community especially in issues of detection of bcaaser [18-20], brain
haemorrhage [21, 22], and water accumulation in human body (i.e. urthe in
bladder or water in the lungs) [23, 24]. In this section the resutteeadpplication of
GFMWC signal for the suppression of crosstalk and early skinctigftein breast
cancer detection scenario will be presented. The author belfatehis suppression
technique can be applied to the other MIR scenarios.

The adopted 3-D breast model assumes a planar configuration, népigese
patient in supine position with the antennas scanning over the top téatteeed
breast. Similar models have been used in references [20, 25-27]infdat®n
simplicity the breast phantom is immersed in a medium withstrae electrical
properties as that of the normal tissue (fat) with permittioft9. The transmitter as
before is modelled as plane wave while the receiver is modsdledlinear array of
21 E-field probes with an inter-element gap of 5 mm and spaced 1ffanmihe 3
mm thick skin. In the simulations the pre-windowed FMCW excitatignas has a

duration of 2.0 pys with a frequency range 0.5-5.0 GHz.

Scenario — G: Homogeneous Breast Model

Figure 6.22 shows the two layers of fat and skin of the modelled homogenous
breast with cancer tumour included. The target / tumour wasdoiEenm from the
skin and it was modelled as a cube of water of dimension 10 dfrmmm x 20 mm
and relative permittivity value of 78. While the 3 mm thick skin giasn a value of
36, similar values of thickness and permittivity for the skin vievad in references
[9, 11, 28, 29].

Figure 6.23 shows an energy map for the case of FMCW waveform. As
expected, the crosstalk and skin reflections dominate and overshadowf that
tumour. The skin reflections are not differentiated from the crésstahe image
because of the closer proximity of the probes from the skin (hfd ifhis distance is
much smaller than the range resolution. By using a gating sexjtmnthe GFMCW
case the unwanted reflections can be suppressed which enables ¢tierdetaleep
tumour, as shown in Figure 6.24 for the gating 3-bit m-sequence witil b ns;;
=0ns, and, = 1ns.

126



Chapter 6: Numerical Radar Simulation

(b)

— G Homogeneous breast, (a) perspective view; (b) top view

@

Figure 6.22: Scenario
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Figure 6.23: Scenario — G radar image for FMQVW (Gating case
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Figure 6.24: Scenario — G radar image for GFMCW case
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Scenario — H: Heterogeneous Breast Model

Breast heterogeneity was created by adding tissues efafiff shape and
dielectric into the homogeneous model. The skin is 3 mm thick but withitpeity
of 31, whereas the tumour position, size and permittivity are the senn the
previous scenario. The permittivity of the added clutter / tistazsgd on the colour
in Figure 6.25, is 31 (yellow), 20 (magenta), 12 (blue), and 2.8 (green). Talnor
tissue or fat and surrounding material have a permittivity equal to 9.

(@) (b)

Figure 6.25: Scenario — H Heterogeneous breast, (a) perspective view; (l&wop vi
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Figure 6.26: Scenario — H radar image for FMQ\¥ Gating case

Figure 6.26 shows the radar image for the case of FMCW si§aatan be
seen the crosstalk and skin reflections obscure the reflectmmsliie tissues inside

the breast including the tumour. By applying the GFMCW signal they e
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reflections (crosstalk and skin) were removed (as displayed in Figureusigg)a 7-
bit m-sequence with parametersT 1.5 ns;; = 0 ns, and, = 0.9 ns. Although the
target is visible in the figure, clutter reflections can alssd&en. This in practical
terms may lead to false-positive diagnosis as the informatitmeafumour position
is unknown beforehand. In order to further minimise / remove the rciuitiein the

area of interest further post-processing steps can be applied.

Y range [mm]

1-10

——-15

Xrange [mm]

Figure 6.27: Scenario — H radar image for GFMCW case
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6.3 Summary

In this chapter numerical radar simulations were presentedy usia
commercial electromagnetic solver, “CST Microwave Studio’doth FMCW and
GFMCW waveforms. The radar systems have been tested on ceaistiels of
room environments for through-the-wall radar, soil for ground petrwireadar, and
breast for medical imaging radar.

The CST simulation results have been processed using the Delayiand-S
algorithm to create an energy map of the scenario undeitteas been shown that
for the FMCW cases the unwanted early reflections such ak:gmalind surface,
and skin combined with that of the antenna crosstalk largely overshadows the wanted
target return signal. By selecting a suitable gating sequ&IERICW cases) the
target return can be enhanced while suppressing the unwanted atdy @turn
signal.

CST discretizes the scenario under test into small cells “kraswnesh cell”.
Table 6.2 gives a summary of the radar simulations, the excitdtication, the

number of mesh cells, and overall time taken by CST to complete the simulation.

Table 6.2: Summary of the Radar Simulations

Scenario Radar System FMCW Me.s.h cel ?imulation
Duration [ps] [Millions] Time [hours]

Scenario — A TTWIR 2.5 175 140
Scenario — B TTWIR 3 390 562
Scenario - C TTWIR 3 383 398
Scenario — D GPR 2 40 58
Scenario — E GPR 0.5 16 4.5
Scenario — F GPR 0.5 28 22
Scenario — G MIR 2 2 6

Scenario — H MIR 2 2.4 10
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CHAPTER 7

Radio Imaging Experimental Results

This chapter presents the experimental results of the GFMCW dgeehnn

applications such as: through-the-wall radar imaging, ground penetration radar
imaging, and medical imaging. The effectiveness of the technique will &e giv
through a comparison of the radar images obtained from normal FMCW and

GFMCW waveforms in various realistic scenarios.

The radar experiments presented in this chapter used the AWBeatlA
based radars described in Chapter 5. These were used to detaotiséra
effectiveness of the GFMCW waveform in suppressing the undesoatdstalk and
unwanted reflections in TTWRI, GPR and MIR scenarios.

Both radar systems operate in a bistatic configuration (i.parated
transmitter and receiver antennas) with measurements performad tie
“synthetic aperture radar” approach in which, the measurementsiae in pre-
defined positions forming a linear or circular array. Radar image created
combining the measurements radar profiles from the pre-definéitbpassing the
known “Delay-and-Sum” imaging algorithm. The effectiveness hef GFMCW
technique in suppressing strong clutter signals will be giverugfir a comparison of

the radar images using the FMCW signal and using the proposed method.
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Measurement Methodology

The following methodology is applied before performing GFMCW

measurements:

1)

2)

4)

Identify the time delay related to the undesired componé&NCW
signal is initially applied onto the scenario under test in ordetetatify

the time delay and peak power related to the undesired reflectiocts

as; antennas crosstalk and wall, ground surface, or skin refledtimse
reflections are identified by inspecting the radar profiles.

Selecting a suitable gating sequence and its paramet@ree the
undesired reflection(s) absolute time delay(®) has been identified
from the FMCW profiles, a gating sequence of lengtfi bits can be
selected to suppress the undesired reflections. The undesiretiaefiec
suppressed by setting the sequence MRS notch to fall onto théttime
related to the undesired reflection. The notches on the gating sequence
MRS are periodic of durationNT,”, therefore for t,” to fall onto the
“K™ notch of the MRS the bit duratiof, should be selected as in (7.1).

If a wider blind range or a steeper slope on the MRS is needed, the

sequence delays;” and “z;” can be used.

kN (7.1)

Loading into Euvis and Measuremefince the parameters of the gating
sequence or GFMCW signal have been defined it is then loaded into the
Euvis modules through Matlab. On the completion of the measurement
the resultant radar range profile can be used in further processing

create an image of the scenario under test.

The scenario depicted in Figure 7.1 where the metallic teggdficed 1.2 m

away from the tip of the antennas illustrates the procedure. The Based radar

system operates with a bandwidth of 1.5 GHz and chirp duration of 406rps

the normalised radar profiles in Figure 7.2 it can be seeifiathtite FMCW case the

undesired signal “antennas crosstalk” is at 25.07 ns, whereaartje¢ tesponse

appears at approximately 33.5 ns at -11.5 dB.
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Figure 7.2: Normalised radar profiles for FMCW and GFMCW case

A 3-bit Msequence was used to remove the crosstalk signal erhiencing
the target return. The sequence bit duration as given by (7.1) wahdbgsovide a
range suppression on the secokd=(2) notch of the MRP. Therefore the bit
duration was set topT= 8.375 ns and the delays andz; set to 3.5 ns and 3 ns
respectively. Figure 7.3 shows two periods of the used gating sequefites and
Figure 7.4 shows that th@“hotch of the sequence MRP falls at around 25 ns. The
target response at 33.5 ns falls onto the MRP flat part, and theseffiees no
suppression. The normalized radar profile for the GFMCW case/és gn Figure
7.2.
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Figure 7.3: Profile of the used 3-bit m-sequence on transmitter and receiver
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Figure 7.4: MRP of the used 3-bit m-sequence

This example illustrates the measurement methodology applied onto the radar

experimental scenarios described in the next sections.
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7.1 Through-the-Wall Imaging Radar

This section presents the results of the through-the-wall rageriments.
The focus was on detection of metallic and non-metallic statidaeggts within an
office like environment of walls made of plywood or concrete blockse T
measurements were performed using the radar system based @n AW AWGs
were configured to produce FMCW or GFMCW waveforms with a feaqu range
of 0.7-2.5 GHz and sweep duration of 400 us, the system ADC was thet wi
sampling frequency of 20 MHz. Two Vivaldi antennas, operating wittan loss
less than -10 dB across the specified band [1], have been used asttiransmd
receiving antennas respectively and were separated by 20 cmoard m a linear
trajectory into 6 specified positions of 10 cm interspace. Thenaas were placed

at the top of the trolley at 110 cm above the ground.
7.1.1 Target Behind Plywood Wall

The walls of the office environment in this scenario are madaywood
panels with air gap or cavity between the inner and outer sidbeotvall. The
overall measured wall thickness is 8 cm and the assumed valite ffermittivity is
1.7. As an air gap exists between the plywood panel the wall peiyitvas
assumed as the mean between the values of air (1) and plywood (2.49) [2, 3].

Figure 7.5: Radar system mounted on a corridor overlooking the Plywood wall
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It is worth mentioning that the errors in the estimation ofntla¢erial (wall)
permittivity and thickness may lead to a displacement or blurring of the &argegy
in the created radar image. However the assumed values permit th@dsigening
error in the radar image to be within the system settings damger resolution,
which in this case is roughly 8.3 cm (1.8 GHz bandwidth). Figure 7.5 sshiosv
radar system in a corridor with the antennas (placed 2 cm frerplywood wall)
orientated towards the scenario under test. The room serves eetiagplace and

contains furniture such as tables, chairs and computers.

Scenario — A: Target a Metallic Plate Placed Inside a Bag

Figure 7.6 shows the inside of the room with a 35 cm x 25 cm Ipletia
placed inside an office bag. The bag was placed on top of a 1.0 nplastg

cylinder, which was 1.0 m away from the wall.

(a) (b)
Figure 7.6: Plywood wall, (a) inside the room; (b) Metallic target

Figure 7.7 shows the normalised profiles seen by the antenndme df't
position, for the FMCW cases with and without (Empty) target anl@GKN with
the target. From the FMCW profile it can be seen that thsstalk and wall
reflection peaks at 22.14 ns and 24 ns respectively overshadow thatrogtallic
target which is roughly at 30 ns. By applying the GFMCW withdhesen 3-bit m-
sequence with parameterg ¥ 7.5 ns and delays = 2 ns, andr, = 2 ns, these

unwanted reflections are suppressed.
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Figure 7.7: Scenario — A: radar profiles for FMCW and GFMW Cases
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Figure 7.8: Scenario — A: radar image for the FMCW (No Gating) case
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Figure 7.9: Scenario — A: radar image for GFMCW case
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Figures 7.8 and 7.9 show the obtained radar images for the FMCW and
GFMCW case. It can be seen from the figures that with tHd@W& case early wall

reflections have been suppressed and the target is more distinguishable.

Scenario — B: Target Human Being

In the scenario shown in Figure 7.10 the target is a human beaindjirsg
with his back facing the wall. The target is positioned 60 @mfthe wall. Figure
7.11 shows the radar profiles seen by the antenna af%tpesition of the array. As
expected, early reflections are stronger than the taigeals consequently it is
overshadowed in the radar image in Figure 7.12. By using GFMCW wafo
similar to the previous scenario the unwanted early reflectiorns ieeoved and the
target can be detected in Figure 7.13.
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Figure 7.11: Scenario — B: radar profiles for FMCW and GFMW Cases
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Figure 7.12: Scenario - B radar image for FMCW (No Gating) case
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Figure 7.13: Scenario - B radar image for GFMCW case

7.1.2 Target Behind Concrete Walll

Scenario — C: Target a Bucket Filled with Water

In this scenario the target glastic bucket filled with watérwas placed
behind a concrete wall of an office environment as depicted in Figl#e The
target was positioned 90 cm and 150 cm from the wall. The wakrtéss and
permittivity were assumed to be 20 cm and 4.6 respectively. Insteisario the
antennas were touching the wall.

Figure 7.15 shows the radar image when a FMCW signal was uked. T

unwanted early peaks, namely crosstalk and wall refelectieripeated around 19-
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21 ns in the radar range profiles, therefore by using the GFM@Veéform with the
3-bit m-sequence with parameters=T7 ns and delays = 2.5 ns and, = 3.5 ns, as
well as the square wave sequence with parametersl0.5 ns and delays = 3 ns
andrt, =2.5 ns, the unwanted reflections are suppressed. Figures 7.16-7.18 display
the radar image of the scenario under consideration when a GFM2®! wiith the
above mentioned gating sequences is used. Note that for the GFM@fbrathe
target is clearly detectable and as expected the unwanted refldctions are

suppressed.

Figure 7.14: View of the scenario a water filled bucket behind a concrete wall
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Figure 7.15: Scenario — C radar image for FMQVWW Gating case
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Figure 7.18: Scenario — C radar image GFMCW case with SQ wave sequence
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7.2 Ground Penetrating Radar

This section presents the preliminary results of the ground péngtradar
experiments performed in the anechoic chamber at Durham Unyerbieé focus
was on detection of a metallic target buried in the sand u$iagGFMCW
suppression technique. Experiments were performed using a 42 cm x 508comx
plastic box filled with builder sand, with a measured gravimewater content of
7.5%, with the target buried at different depths. The gravimettemcontent was
measured as the ratio of the mass of the water to that of the dry soil.

Two antipodal slot antennagrésented in Chapter 5 as TSAg&parated by
5.5 cm were used at the transmitter and receiver respectinelyyere moved using
the X-Y positioner along a linear synthetic array of 27 positiorls imter position
spacing of 1 cm. The radar system based on the AWG was used throtighout
measurement campaign. The system was configured to opethte iiequency
range of 1.4-3.5 GHz, a sweep repetition rate of 0.4 ns, and with 20s&idpling
frequency. Figure 7.19 shows part of the experimental set-up used in this section,

Plastic box filled
with sand

Radar enclosure

Figure 7.19: Ground penetrating radar experimental set-up

Scenario — D: Target Metallic Plate

Figure 7.20 shows the view of the target, which is a 20 cm x 15 etallim
plate. The target was buried 30 cm deep and the distance fromehaamtip to the

soil surface was set to 10 cm. As expected in the radalepsbfown in Figure 7.21
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early reflections, such as antenna crosstalk and ground suafaceuch stronger
than the target reflection, which is approximately -19 dB below the main peak.

L - - - — - - =Y - M\ % - - -5

Magnitude [dB]

GOSN ——

ELLLt

L=
——

Time [ns]

Figure 7.21: Scenario — D radar profiles for FMCMo (Gating and GFMCW cases

Figure 7.22 shows the radar image for the case of FMCW signavh@h it
can be seen that the target is overshadowed by those unwanteckgpaolyses. By
using the GFMCW with 3-bit m-sequence (MSeq) of parametgrs 3.875 ns and
delayst; = 2 ns and; = 2 ns; and a square wave (SQ Wave) sequence of parameters
Tp = 4.375 ns and delays = 1.5 ns and;, = 1.5 ns the unwanted reflections were
suppressed as can be seen in their respective profiles in Figurend2ih the
corresponding computed radar images in Figures 7.23 and 7.24.
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Scenario — E: Target a Metallic Disk

In this scenario, the target was a 13 cm diameter plastcwdiapped in
aluminium kitchen foil, as shown in Figure 7.25. The target was buBedldeep

and the antenna to ground surface spacing was similar to theysedgenario of 10
cm.

Figure 7.25: View of the metallic disk target on this scenario

The measurement with FMCW signal shows that the peak(s) of teavan
early reflections is at roughly 34 ns, whereas the tagjleiction is at 36.5 ns and is

-16 dB below the strongest peak in the profile, as seen in Figure 7.26.

No Gating

Magnitude [dB]

Time [ns]
Figure 7.26: Scenario — E radar profiles for FMCONM Gating and
GFMCW case
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A 3-bit m-sequence with parametelis34.375 ns and delays= 1.5 ns and
1, = 1.5 ns have been chosen to provide the suppression. Figures 7.27 and 7.28 show
the radar image when FMCW and the proposed GFMCW signal is usedhd-
FMCW signal the target is overshadowed by the early ctksatad air-ground
reflection. By using the GFMCW signal these unwanted reflec@massuppressed

and the target is clearly visible in the image.
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Figure 7.27: Scenario — E radar image for FMQVW Gating case
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Figure 7.28: Scenario — E radar image for GFMCW case
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7.3 Medical Imaging Radar

Research in microwave radar imaging techniques for breastrcdetection
has been going on for well over a decade, with recently reportedatiirials in [4-
6] showing good potential for the technique as breast cancer screeaddlity.
Although, the technique offers the potential for a low cost screeaoiga number
of challenges still remain. One of which is the suppression mingtion of clutter
reflections due to crosstalk, skin, chest wall, equipment around thensgearea
and other internal breast tissues (i.e.: glandular) all of wiioth to overshadow the
tumour response.

In this section, a preliminary experimental result on the us&E¥MICW
signals for the suppression of early unwanted reflections fatksand skin) in
microwave medical imaging radar systems for breast eradetection will be
presented.

The experimental set-up presented in this section is made: upeofadar
system, breast phantom, and for a particular antenna configuratiorX-the
positioner. The radar systems based on VNA have been theaptefehoice in
these experiments due to its wide bandwidth compared to the other radar syktem wi
a frequency range limited to 4 GHz. The wider bandwidth enablesiéution of
closer targets. The system was operated in a bistatic mitlddoth the transmitter
and receiver antennas sequentially moved into pre-defined positionsr eithe
physically or through the X-Y positioner, to form a synthetic arfayo different
synthetic antenna array configurations namely planar and ciraukays have been
used throughout the experiment. The first had been initially develnpethgness et
al. in [7] and the latter by Paulsen et al. in [8]. The dedinitof the antenna
configuration is based on the relative orientation of the patiem¢lation to the
location of the array [9].

For a planar array configuration the patient can be orientatedipimes
position (face upward) while the array scans across the nattiséigned breast. On
the other hand for a circular configuration the patient is orientatdging on the
table in prone position (chest down and back up) with the breast c¢abijor
extended through an opening on the examination table while the ciemtimna

array is placed around the breast. The radar system used wotki®perates in a
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bistatic mode and the antenna array (in planar or circular coniiguyés created by
moving both antennas into predefined measurement positions around the breast
phantom creating in this away a synthetic array through postgsioge similar to

the measurement procedure reported in [10-14].

The breast phantom is mostly built, to mimic real breast &atproperties,
by using a liquid mixture or solid materials with dielecproperties comparable to
or of a ratio similar to that of the real breast tissues. dmsion medium mostly
referred to coupling medium can also be used to reduce the de&leusinatch
between the phantom and the external environment [12]. NormallyGoinging
medium of similar electrical properties of the normal tissue (fat) is oHé$e

The experiments presented in the next sections, the antennas phdriteem
were separated by air. A simplistic homogenous breast phantomahadeflower
oil (¢ = 2.6), representing the fat tissue, metallic object or waie= 75),
representing the tumour tissues, and Vaseline body lation40), representing the
skin tissue, was used in the experiments related to the plananarenfiguration.
For the case of circular antenna configuration the skin wassepted by the plastic
cylinder surface whereas the breast fat and tumour tissuenvegte of oil and water
respectively. Breast cancer detection experiments involving homogenmeast
phantom made out of similar material have also been reportecenemeés [10, 12,
13, 15-17].

7.3.1 Measurements with Planar Antenna Configuratio

Figure 7.29 shows a view of the breast phantom for the planar antenna
configuration. A 2 mm non-uniform layer of body lotion contained inrami thick
plastic container represents the breast skin, a plastic box witbdsunflower oil
represents the breast fat layer, whereas the tumour esegped with either a water
filled cylinder or a plastic bar wrapped in metallic kitchen foil.

151



Chapter 7: Radio Imaging Experimental Results

Water in Cylindefi
(Tumour)

Breast Phanto

Figure 7.30: View of the breast phantom under the antenna positioning table

The breast phantom was placed under the X-Y antenna positioner \{@s sho
in Figure 7.30) with the taper slot antennas (TSA - B) fixean®® above the skin
material. The network analyser was set—up to negative edge trigger artéopéita
a frequency range of 2-8.5 GHz, an output power of 0 dBm, and a sweé&prdafa
502 ms. Both Euvis modules, used to generate the gating sequencalseeset to
operate as negative edge triggered and the trigger signal gen@RGA board)

was programmed to generate a trigger signal with a period of 1.2 s.
The antennas were moved into predefined positions along the Y axis and

measurements were performed at each location with a total of etfefiored

positions spaced 5 mm apart.
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Scenario — F: Target a Plastic Wrapped in Aluminium Kitchen Foil

In this scenario the target representing the tumour is al®0>mnf plastic
bar wrapped in kitchen foil, as shown in Figure 7.31. The targeplaasd 90 mm

deep, from the skin.

Figure 7.31: View of the used metallic target
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Figure 7.32: Scenario — F radar image for FMQVWW Gating case

Figure 7.32 shows the radar image with FMCW signal. From gjuedfiit can
be seen that the target is completely overshadowed by those unvemrtgd
responses (i.e. antennas crosstalk at the origin on the V-axig)siBy GFMCW
with sequences: square wave (SQ wave) sequence of paramgeterk 76 ns and
delayst; = 0 s andr, = 0.75 ns or the 3-bit m-sequence (Mseq) of parameters T
2.50 ns and delays = 0.5 ns and;, = 0 s these unwanted reflections are suppressed
as depicted in Figures 7.33 (a)-(b) respectively. With a square sequence some
residual from the crosstalk remains visible in the image wheréh the 3-bit m-

sequence the crosstalk has been fully suppressed at the given threshold.
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Figure 7.33 Scenario — F radar image for GFMCW case, (a) SQ wave, (b)
Mseq

Scenario — G: Target Water Filled Plastic Cylinder

The target representing the tumour is a 30 mm thin plastic cylinder filled wit
water was placed inside the breast phantom at a depth of 80 mnthizaskin &s
depicted in Figure 7.29 Figure 7.34 shows the radar image for the case of FMCW
and GFMCW signals. As expected the antenna crosstalk dominateseasdadows
the tumour response in the FMCW case. By using a GFMCW sigtiative 3-bit
m-sequencewith T, = 2.50 ns and delays; = 0.5 ns andr, = 0 9 this early
reflection is attenuated (as shown in Figure 7.34 (b)) and the &mgegy can be

clearly identified.
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Figure 7.34: Scenario — G radar image for (a) FMCW, (b) GFMCW case

7.3.2 Measurements with Circular Antenna Configurah

Figure 7.35 shows the used measurement set-up for the circudgmant
configuration. The radar system is based on the VNA operating ifrégaency
range 2-8.5 GHz with an output power of 0 dBm. In this set-up, sinaldhe
previous one, two of the VNA ports (A and B) are connected individualtheo
input port of a two-way switch, respectively. Two switches wsed one for each
VNA port. One of the outputs of each switch was connected to e$gective
antenna (TSA-B) and the other was terminated with 50 ohm load. Wilehes

were driven, through the switch driver, by two Euvis modules whiclergéed the
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user-defined gating sequences. The clock distribution unit was resleorier

synchronizing the devices.

dbDistribution @ity

h@& and the Drivers

Figure 7.35: Experimental set-up for circular antenna configuration

Figure 7.36: Target container

The used homogeneous breast phantom was made of 130 mm diameter
plastic cylinder filled with sunflower oil representing the natrbreast tissue. The
tumour was represented by water contained in a 10 mm diamas$éc pube, shown
in Figure 7.36. In this configuration the skin was represented bithéayer of the
plastic cylinder. The antennas were spaced 40 mm apart from dechaotl were
roughly 15 mm from the phantom surface. Measurements wererrpedoin 36
positions around the phantom. After each measurement the phantom mazelyna

rotated in 10° steps.

Scenario — H: Target Water Filled Plastic Tube — |

In this scenario the target (water filled plastic tube}¥ \wkaced on the first
quadrant of the cylindrical phantom. As expected the antenna crosstailgy
dominate the radar image and overshadows the target return, signsthown in
Figure 7.37. By using the GFMCW signal with gating sequenck as: SQ wave
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(with T, = 875 ps and delayg andz2 both set to 0)sor 3-bit m-sequencenjth Ty, =
1.625 ns and delays = 0 s andz, = 125 p9 the antenna crosstalk signal was

attenuated as can be seen in Figures 7.38 (a)-(b).
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Figure 7.37: Scenario — H radar image for FMQO\% Gating case
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Figure 7.38: Scenario — H radar images for GFMCW cases with sequence (a)
SQ wave, (b) 3-bit m-sequence

Scenario — I: Target Water Filled Plastic Tube — II

In this scenario the water filled plastic tube target waseplaon the second
quadrant of the cylindrical phantom. Antenna crosstalk reflection, peceed,
overshadows the desired target return signal as seen in dramadje presented in
Figure 7.39.
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Figure 7.39: Scenario — | radar image for FMOMY Gating case

By suppressing the antenna crosstalk signals through the GFM&Wique
the target return can be enhanced. Figures 7.40 (a)-(b) show émnemage for the
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GFMCW cases with similar gating sequence parameters he preévious scenario.
Although the target energy can be clearly seen, in both imagemuspoomponents
are also present which can be mistaken as targets. Onedowamove these
components from the area of interest could be to further apply a posisping

clutter removal technique to the received GFMCW signals.
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Figure 7. 40: Scenario — | radar images for GFMCW cases with sequence (a) SQ

wave, (b) 3-bit m-sequence
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7.4 Summary

In this chapter, the experimental validation of the proposed GFMCW
technique in scenarios involving TTWRI, GPR and MIR has been presemtez.
effectiveness of the technique was shown through radar images steharios
under-test when a normal FMCW or GFMCW waveform with a proprigtyng
sequence is used. The presented radar images were obtained ttiveugbst-
processing of the received signal using the delay-and-sum thlgodiscussed in
Chapter 2.

Two radar systems have been used in the measurements. Thesenatg, n
“GFMCW radar system based on AWG which was used in through-the-wall
imaging radar with targets such as metallic plate, human feargl water filled
plastic bucket being placed in office like environment behind reahgtlls. Also
this system was used in the ground penetration radar experimieicts involved
detecting metallic objects buried under different depths on a Gybuilder soll
with a 7.5% gravimetric water content. THBFMCW radar system based on VNA
— which achieves a wider bandwidth (in excess of 6.5 GHz) was useédical
imaging experiments for the detection of breast cancer tumaoeiimirary breast
phantoms with the fat tissue represented by sunflower oil, thebgkibody cream
and the tumour by water or metallic object were built for the experiments.

The scenarios images showed that the strong unwanted (i.e¢alkrpdss the
wall, air-ground, or skin) reflections obscure the desired tangtte images when
the FMCW waveform is used. On the other hand when the GFMCW waveifithm
an appropriate gating sequence is used those unwanted reflectiongp@essed
which allow the target energy to be clearly visible in the image.
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CHAPTER 8

Conclusions and Further Work

8.1 Conclusions

In microwave radar imaging the scenario under test is iated with an
electromagnetic wave, from different locations. The collectedduattered signals
are then processed in order to create an image map of theaiccand target
detection. Three microwave radar imaging applications have beenlemtsin this
work namely: through-the-wall radar, ground penetrating radar, and¢ah@diaging
radar. Through-the-wall radar aims at detection of tar¢gets. human beings)
located behind wall structures or buried under rubble. Whereas, groundapeget
radar (GPR) aims at detecting objects (e.g. land mine, aidgaeal artefacts)
buried below the surface of the Earth. Microwave medical imagidgr has been

considered for detection of breast cancer.

A common problem in the aforementioned microwave radar imaging
applications is the need to effectively suppress the undesiredrgediiections from
the received signal before target detection or formationthef radar image.
Undesired signals such as: antenna crosstalk, wall reflectiornBT{iVR), ground
surface reflection (in GPR), and skin reflection (in MIR) drergger in magnitude

than that of the actual target reflection. Consequently, if not siggatethese strong
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reflections may overshadow the target signature, especially thitisdow radar
cross section, therefore making detection a difficult task. Eurtbre, these strong
unwanted reflections may limit the receiver’s instantaneousndigneange and in

the worst case cause it to saturate, therefore making weak signalsagpetse.

In this thesis, the effectiveness of a proposed clutter suppression technique in
the aforementioned radar applications have been successfully edlitabugh
numerical simulations and experimental campaigns. The proposeddgiee, known
as gated frequency modulated continuous waveform, has being usedpastha
applications such as ionospheric channel sounding and sea-surfacesemsotg to
provide isolation between transmission and reception, as the use ef airighna
(i.e. monostatic radar operation) was desirable back then. The GEMEW in
TTWR, GPR, and MIR applications as unwanted signal suppression teclmigue
novelty. In GFMCW, the transmitter and receiver are switched ‘and “off” in
complementary function, resulting on the radar system to bgeraensitive.
Consequently, signals from certain ranges, depending on parametées gdting

sequence, are blocked or at least attenuated while others are receite@dinal

In Chapter 3, a non-exhaustive review of other techniques reported in the
literature for the removal of undesired signals in TTWR, GR& MIR applications
was given. Chapter 4 gave a detailed mathematical anabysithe proposed
GFMCW technique with a focus on gating sequences used in the eeptriand
numerical simulations, their corresponding range sensitivitylpsofin the form of
MRS and MRP, and the influence of sequence parameters (sedeagteg bit
duration, and receiver's sequence duty cycle variation) on the sdpsind overall

system performance.

Numerical radar simulations, presented in Chapter 6, have been pelflarme
evaluate the performance of GFMCW approach using commeraadijable 3D
electromagnetic solver software (namely: CST Microwavadi§). To avoid
potential instability in the CST software that gives riséatge ripples appearing in
the recorded waveform, due to sharp transitions in the user choseefined
excitation waveform, a methodology involving windowing and gating through post

processing have been adopted throughout the simulation. Thus, in thatisins,
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the excitation signal was defined as a Hamming windowed FMCVe¢faian. Once
a simulation was completed the computed received raw data veeesi lodo Matlab
and corresponding user specified gating sequence was applied foré hether
processing. The adopted methodology brought both flexibility and timmgsa
benefits as for the same simulation the computed raw data ceassted with a
number of user specified gating sequences without the need of ragutid
simulation every time. In the simulated scenarios for thpesre TTWR, GPR,
and MIR radars the dielectric properties of the included matdallls, soils, breast

tissues) were chosen appropriately.

Two radar systems, one based on AWG and the other on VNA, both capable
of generating FMCW and GFMCW waveforms have been built and used on the
TTWR, GPR, and MIR experimental campaigns. The block architectutmth
systems was described in detail in Chapter 5. The AWG based radar syatdento
generate a waveform with maximum frequency of 3.5 GHz and oficlrat 0.9
ms. This system was primarily used in TTWR and GPR measuatsnas the
available bandwidth is sufficient for these applications. It esdetotipoint out that
with this system GFMCW are created without the need of extraitry, e.g. gating
sequence generator together switches or multiplier, but rathdesired waveform
(FMCW or GFMCW) is realised in software (Matlab) and loanhd the respective
AWGs memory for generation. The VNA based radar system on thehathérhas a
waveform frequency limit up to 8.5 GHz, and this system wad os®nly in MIR
experiments due to higher achievable range resolution compared ftortiex. On
the system extra hardware (fast switches, switch drare] gating sequence

generator) were employed to create the GFMCW waveform.

In order to ensure the different devices or hardware ondtiar rsystems
were synchronised, and thus avoid jittering and possible unwanted @riefathe
profile, all the necessary clock signals were locked onto@lesistable rubidium
clock source. Two distinct Vivaldi antennas models have beenfispgidesigned
and manufactured to operate with the radar systems. MoreoverYapaoxXitioner
system has also been assembled to automatically move the antéomas-defined
positions. The experimental campaigns, described in Chapter 7, psgermed

within the facilities of the School of Engineering and Computing rieeie at
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Durham University. For the TTWR radar the scenarios involvesesiike room
made of concrete or plastered wall and the target, withiniiigteehuman, a plastic
bucket filled with water, or a metallic object. Whereas, for tBBER radar
experiment, builders sand with gravimetric water content of 7.5%used, with
metallic target (mimicking land mine, or pipe) buried on it dfedent depths.
Meanwhile, in MIR the breast tissue phantoms were represented @gt), body

lotion (skin), and water or metallic object (target).

In both numerical simulation and experimental campaign scendhes,
normal FMCW and the GFMCW waveforms were used. Comparisons of the
resultant radar images clearly show the potential of the GFMCW waveform, t@pposi
to the normal FMCW, in successfully suppressing or at leastiatting the
undesired strong signals (from antenna crosstalk and wall, grouratesudr skin
reflections) and thus enhancing the detection of the target. Ipas@an with post-
processing based clutter suppression techniques, GFMCW offers tdmtigdoof
mitigating unwanted clutter on the hardware, that is before thezdign of the
signal, thus avoiding the reduction of the system’s dynamic rangé¢handsk of
blocking the receiver. Moreover, GFMCW neither needs prior infaomabout the
about the clutter type, shape, or electrical properties narsieptible to modelling
error, unlike some post-processing based approach.

It worth mentioning, that although the proposed approach “GFMCW” can
suppress the strong early unwanted reflections, clutter withinattex part of the
signal may still overshadow the target signature and making b harder task for
detection. The latter clutter signal could be originated froscater within the
scenario or even ringing on the waveform caused by certain typatefial (e.qg.
wall with internal cavity, skin). Furthermore, the gating seqagrarameter needs to
be carefully chosen to ensure that while the blind range covers thantauv
reflections, it does not extend into time delays (range) celatepossible target,
especially if shallow target is involved. In any case, GFMCWeifi@m can be used
in combination with existing post-process based method, such as thosbeatkm
Chapter 3, for an overall clutter suppression performance.
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8.2 Further Work

From the experience gained in the radar imaging work discussed in this thesis

the following improvements can be suggested for future work:

Regarding the hardware:

* The radars currently operate in a bistatic mode and the systetennas had
to be physically moved into different predefined measurementidosa
(creating a SAR) with the assumption that the targetstatiersary. It would
be more beneficial replacing both antennas with a physical anserayato
reduce the measurement processing time and also to give tlig abi
forming a MIMO radar system. Due to the limited number of transmittets a
receivers in the system having a physical array would alspiree
implementing a switching network together with control and sygkation
circuitry to select the distinct pairs of transmitting andendog antennas
during the measurement.

e The small memory of the Euvis limits the duration of the waveformgroup
of waveforms that can be loaded onto it. It would be beneficiahbati
increased or making Euvis access an external memory (ef leagacity) in
which waveforms of different gating sequences can be stored aesisadc
without the need for having to re-load the waveforms.

* In the VNA based radar, the isolation of the switches limitslével of
attenuation caused by a gating sequence therefore hindering tieen sys
performance. An alternative can be using mixers instead.

* In the VNA based radar the expensive AWG units that gendratgdting
sequences (for the transmitter and receiver respectively) couéplaeed by
lower cost FPGA devices.

« The receiver of the AWG based radar has a fixed gain basebalidieam
This unit can be replaced by an “automatic gain and control with as
those in-house developed units used in the receiver of the multiband channel
sounder. These units offer variable gain / attenuation which areteatljus
based on the incoming signal level so that it is within the A8fliirements
when digitised.

167



Chapter 8: Conclusion and Further Work

In both radar systems, the computer radar images are the resfitliok
processing of the received waveform through Matlab. So instead-lirfieof
processing and data having to be transferred into Matlab, it would be
beneficial to use “specifically programmed or designed FP@&A display
units” to deliver real-time processing and graphical intertdate scenario

under test.

Regarding the measurement scenarios:

The MIR experiments were conducted with simple homogeneous layered
phantoms. Assessment of GFMCW technique on a more heterogeneous
phantom composed of material that better mimic the dielectriceptiep of

the breast tissues would be beneficial.

GFMCW can be extended for detection of non-metallic targets in GPR.

Regarding the signal processing:

The square complementary gating sequences employed in this worla have
slow rising slope, of one bit duration, on its MRP. Targets closthdo
undesired scatter may also be attenuated / affected by the Blopkeer
investigation could be made on the effects of pulse shaping ottjuersce

MRP.

Although the early undesired reflections were successfullygatéd with
GFMCW approach, late undesired reflections which also influenceathet
signature are not suppressed. Further work can be made to combine the
GFMCW approach with a post-processing technique described in CRapter

with a view of improving the overall system’s performance.
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Appendix A: Radar Matlab Codes

A.1 Extracting the Radar Range Profile

The Matlab script below MySignatecReader_ GPR.meads the raw data
recorded by the ADC used in th6FMCW Radar System Based on AVWAAd
convert it into range profiles / channel impulse response. Onmaablurement the
sweeps were saved in a single file as a long stream. Thaprogads the data from
this file and breaks the data into sweeps / segments and tlee maride / channel
response for each segment is extracted via FFT (seetadréite range profile on
Chapter 4). After the channel responses have been obtained the sEarseefor

that measurement is saved to be used in further processing.

MySignatecReader GPR.m
clear all
clc
Tch= 400e-6%Chirp Duration
BW= 2.1e9%Chirp Bandwidth
Fsam=20e6%Sampling frequency of ADC
LastSampFirstSeg = 1303%; Last sample number of the First sweep
FirstSampSecSegment = 15034 First sample of the second sweep
EndSize=2000-1%
FirstData = 5034% First sample number of the First sweep

numPos=1;
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for posindex=1:1:numPos
filename=horzcat('C:\Users\xavier\Desktop\GPR\Dec 12\Gatt(d');
filename = [filename ".rd16';
fid=fopen(filename)% Open the file
rawdata = fread(fid,'uint16%9p Reads the file containing the raw data
fclose(fid);
chldata= rawdata(1:length(rawdata));
% Convert data values in Volts
R=2.2;%This is the pk-pk range in the ADC
if chldata>=32768;
chldata = (R/2) + ((chldata/65532)*R);
else chldata = (-R/2) + ((chldata/65532)*R);

end,
SegSize=Fsam*500e-%B Number of sample per sweep or segment size
BeginSize=1,
aax = [ posindex ]
EndSize = LastSampFirstSeg - FirstSampSecSegment -1;
ch2data = chldata(FirstData+1:ertd)swapeed channels in Xavi's measurements
for k=1:floor(length(ch2data)/SegSize)-1

ch2dataTime(:,k)=ch2data(BeginSize+SegSize*(k-1):SegSize*(k)tEg)dS
end %ch2dataTime is a matrix with column representing sweep number

%ch2dataFreq is a matrix with the FFT of each sweep for each column

NFFT = 2"(nextpow?2(size(ch2dataTime,1))+1);
win = repmat(hamming(size(ch2dataTime,1)),1,size(ch2dataTin8é2xnming
ch2dataFreqg= fft(ch2dataTime.*win,NFFT);

%Cut the image frequency (MATLAB artefact) and plot the AVG of the FFT
ch2dataFreg=ch2dataFreq(1:round(size(ch2dataFreq,1)/2-1),:);
freqaxis=linspace(0,Fsam/2,size(ch2dataFred/d)p to half the sampling freq
time = fregaxis * Tch/BW ;
figure% Plot the mean impulse response
plot(time*1e9,20*log10(mean(abs(ch2dataFreq'))),'k");
axis([5 70 -20 40))
xlabel('Time [ns], 'FontSize', 16)
title('Average Range Profile [dB] - Hamming win’, 'FontSize', 16)
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grid on
ch2dataFregAvg(:,posindex)=mean(ch2dataFreq’);
end
Test_gated = ch2dataFreqAvg;
save ('C:\Test_gated’, 'Test_gated','fregaxis’,' BW','Tch','Fsah8’);

A.2 Delay-and-Sum Image Algorithm

The Code below is an example of the implemented delay-and-sum image
algorithm (discussed in Chapter 2) used to create an image rttegprafiar scenario
under test when FMCW or GFMCW waveform is used.

%% On this code quasi-monostatic so Tx-Rx is collocated is considered
clear all; close all; clc

Ant_InterSpace = 53 Space between antennas

skin_thickness = 0% The Thickness of the skin

dgap = 100;% Space between antenna tip and the Phamton

tau_ant = [33.5]*1e-9; % Relative Zero delay

Per = 2.5"2% Medium Permitivity

Per_Ski = [30]% Skin Permitivity

C = 3e8;%Speed of light on free space in [m/s]

C = C*1e3; % Speed of light on free space in [mm/s]

%% Load the Range Profiles Data
file_locat = 'C:\Disk Metal\Profiles\MSeq3bit_Disk_Metal_I’;
fileToRead = horzcat(file_locat,'.mat’);

rawData2 = load(fileToRead% Load the processed measurement data

S21 time =rawData2.Disk _Metal %Extract the profile data

time = (rawData2.freqaxis * rawData2.Tch)./rawData2.BW Time axis
%% Creating the Pixel Grid

beggrid = -20;

xpl = beggrid:2:dgap% Grid beginning to the soil surface
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Xp2 = dgap+2:2:45@ Solil surface to the end
yp =[-170:2:170]% Pixel grid on Y - direction
Xp = horzcat(xpl,xp2fo Pixel X — direction

%% Transmitter and Receiver Position
yr = (-130:10:130)+(-Ant_InterSpace/2);
yt = (-130:10:130)+(Ant_InterSpace/2);
xt=0; xr=0;

id = length(yt);% Number of transmitter

%% Reshaping geometrical data for efficient MATRICIAL approach

XP1 = repmat(xpl,[length(yp) 1 length(yr)]);
XP2 = repmat(xp2,[length(yp) 1 length(yr)]);
YP1 = repmat(yp',[1 length(xpl) length(yr)]);
YP2 = repmat(yp',[1 length(xp2) length(yr)]);
yr_aux = reshape(yr,1,1,length(yr));
yt_aux = reshape(yt,1,1,length(yt));
YR1 = repmat(yr_aux,[length(yp) length(xpl) 1]);
YR2 = repmat(yr_aux,[length(yp) length(xp2) 1]);
YT1 = repmat(yt_aux,[length(yp) length(xp1l) 1]);
YT2 = repmat(yt_aux,[length(yp) length(xp2) 1]);
for ixb = 1:length(tau_ant)

% Compute the delay from Tx - Pixel and Pixel - Receiver

TOAtXx1 = (sqrt((XP1-xt).~2)+sqrt((YP1-YT1).72))./C;

TOArx1 = (sgrt((YP1-YR1).A2+(XP1-xr)."2))./C;

dairl = dgap./(cos(atan((sqrt((YT2-YP2).72))./(sqrt((XP2-xt).~2)%)) [mm]

dair2 = dgap./(cos(atan((sqrt((YR2-YP2).”2))./(sqrt((XP2-xr).*2Y¥)i [mm]

TOAtX2 = (sqrt((YP2-YT2).A2+(XP2-xt)."2)*sqrt(Per) - dairl.*(séref)-1))./C -
skin_thickness.*(sqrt(Per_Ski)-1)./C;

TOArx2 = (sqrt((YP2-YR2).A2+(XP2-xr).~2)*sqrt(Per) - dair2.*(seef)-1))./C -
skin_thickness.*(sqrt(Per_Ski)-1)./C;

delay = horzcat(TOAtx1+TOArx1, TOAtx2+TOArx2)+tau_ant(ix®);Delay
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Antmatrix = abs((S21_time));
for i=1:id % For each Measurement Position
aaa = Antmatrix(:,i);

imag_matrix(:,:,i) = interpl(time,aaa,delay(:,:,i),'cubid)mage matrix
end

imag_matrix = sum((imag_matrix),3% Sum pixels

imag_matrix_log = 20.*log10(abs(imag_matrixyp; Energy in log scale

imag_matrix_log = imag_matrix_log - max(max(imag_matrix_IdgiNormalize

im_dynamic_range = 1% Assign a dynamic range for the image

ampl_clim = [max(max(imag_matrix_log))-im_dynamic_range
max(max(imag_matrix_log))];

figure
imagesc(Xp/10,Yp/10,imag_matrix_log,ampl_cli#h)mage in logscale
xlabel('Down Range [Cm]"); vylabel('Cross Range [Cm]);
title('lmage of Pixel Logscale")
grid;
hold on;
rectangle('Position’,[22,-6.5,0.5,13],'Curvature’,[0,0],...
'LineWidth',2,'LineStyle’,"--")
end
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Appendix B: X-Y Positioner and Code

In Chapter 5 the hardware of the X-Y positioner systems and theokontr
mechanism were introduced. The commands controlling the motion of thepeasi
axis are so called G-code and the control of the input or outpuhsysie through
the so called M-code (written in the VBA language). Both codedoaded and run
on the commercially available machine control software known ah{@3a€igure
B.1 shows the Mach-3 software environment.

H Mach3 CHC Controller g@@

File Config Function Cfg's Wiew ‘\wizards Operator Plugn Contral Help

Program Run Alt-1 | MDI Al2 | ToolPath Alt4 | Offsets A5 | Settings Alt6 | Diagnostics A-7 Mill-=G18 G1 G17 G40 G21 G40 G34 G54 G44 GAY9 GBS GA7

R B zcro Scale
+OOD‘] 3 | Tool:0 Table Display

Stale p—

+1.0000

! OFfRAE zr;co M Ic:brd'sl

Load Wizards |  Last Wizard
NFS Wizards |
Edit G-Code Rewind Ctrl W | Tool In N = 3
T - : - lool Ir ratian r Ce IE: e d
AL R Recent File Single BLK AltH | W o = - e SRO =
L—j Close G-Cade Reverse Run_|m | T90 0 o |, o—
1 i FRO
Feed Hold Load G-Code Dia. +D.0Q,00 | o ’ 'ﬁ
<Spc> Block Delete (W H
Set Hext Line | M1 Optional S‘DPJ. +D-0Q900 d FRO
Linge mﬁ - Toolchange Pos. £.00 RoM 0
Run From Here [owen | [cvieas Auto Tool Zero Fesdrate
I—] Remember | Return B.00. e 0
Safe Z 5
IvE alntil Ou Z\nh{bortﬂ e 00:23 Unitsidin 0.00 Spindle Speed
G.Codes | MCodes| +0000 | |[_sogower cuiaia [ f uritsime 0,00 y 0
Histo! Clear dspMCHP Device Not Found vl

Figure B.1: Mach — 3 software

The basic synchronisation protocol between Mach-3 and radar systech ba
on VNA have also been described in Chapter 5. Figure B.2 shows apkiagl
interface of the written visual basic program controlling tiNAV This program sets
the VNA into trigger waiting mode. Once the VNA completesrtieasurement the
program requests the measured data and saves it in a useffiegpecation in the
PC in sequence. Furthermore, the VB program communicates with-Bdwoough
some of the VNA input and output ports which are connected with the X-Y

positioner /0O ports, respectively. Therefore, while the positiagemoving no
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measurement takes place and vice versa. The input and output sightasieB are

generated or read through the M-code.
= Formi g@@ |

Instrument Connection

ENA Model
oce Measurement Status

Metwork Analyser

Start Measuring -

XY Positioner

- - Text File Settings Quit
Later File fecation amnd Name sibhoot i -
File Name: |C:\

Enter Any Comments o e incleded on the e Curmenl t ENA Settings

Comments: Start Frequency [GHz]

Labell
Stop Frequency [GHz]
Labell8 Label4

Sweep Points

Label1E Label5

Label?

Figure B.2: Graphic interface of the VB script controlling the VNA

B.1 Example-1 of the Mach-3 G-code and M-code

In the example below the X-Y positioner is to move into coordin@easnm)
(0, 0); (40, 40); (100, 40); (100, 80); in sequence and radar based on VNA
measurement is performed at each location.

F800 ' Sets the motor Speed

G1 X0 YO 'Move to point P(0, 0)

M692 ' Tells VNA that X-Y Move Completed

M691 ' Check VNA Finished Measurement

G1 X40 Y40 ' Move to point P(40, 40)

M692 ' Tells VNA that X-Y Move Completed

M691 ' Check VNA Finished Measurement

G1 X100 'Move to point P(100,40)

M692 ' Tells VNA that X-Y Move Completed

M691 ' Check VNA Finished Measurement

G1Y80 'Move to point P(100, 80)

M692 ' Tells VNA that X-Y Move Completed
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B.2 The M-code Script for M692

Option Explicit
Dim In1, In2 As Boolean Variable definition
Dim Res, LCK_vna, ACK_vna As IntegeYariable definition

LCK_vna =0' Variable assignment to test the input of MACH3
ACK _vna = 1' Variable assignment to test the input of MACH3

Call SendFinish' MACHa3 tells VNA that it finished moving

sleep(500) ' Stays dormant for 0.5 s

Call getin 'Scans the Input ports

While Res <> ACK_vnaChecks for the VNA acknowledgement
sleep(500) ' Stays dormant for 0.5 s
Call getin' Scans the input signal

Wend ' Repeat the while loop until test is true

Call SendUnLCK 'Mach3 sends the Unlock command (VNA free to measure)

sleep(500) ' Stays dormantfor .5s

Call getin  'Scans the Input ports

While Res <> LCK_vna ' Check if the VNA as LC&/NA in Measurement)
sleep(500)' Stays dormant for 0.5 s
Call getin ' Scan the input signal

Wend ' Repeat the while loop until test is true

Sub getin()' Scans the inputs Subroutine
In1 = IsActive(Inputl)' Get Input — 1 state
In2 = IsActive(Input2) Get Input — 2 state
If In1 = False And In2 = False Then Res =0
If In1 = False And In2 = True Then Res =1
If In1 = True And In2 = False Then Res =2
If In1 = True And In2 = True Then Res =3
End Sub End of the Subroutine

Sub SendFinish() Mach-3 finished moving Subroutine
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deactivateSignal(OUTPUT1peactivate Output — 1

activateSignal(OUTPUT2)' Activate Output — 2

activateSignal(OUTPUT3) Activate Output — 3
End Sub ' End of the Subroutine

Sub SendUnLCK() 'Mach-3 Tells VNA can Measure Subroutine
deactivateSignal(OUTPUT1) ' Deactivate Output — 1
deactivateSignal(OUTPUT?2) ' Deactivate Output — 2
activateSignal(OUTPUT3) ' Activate Output — 3

End Sub ' End of the Subroutine

B.3 The M-code Script for M691

" This Macro Is for the Mach-3 start of Movement, the following is done:
"1 - Checks for the Move command from the VNA and ACK once it is received

' 2 - Checks for the Unlock command from the VNA once received Sends a Lock

Option Explicit
Dim In1, In2 As Boolean Variable definition

Dim Res, Move_vna, UnLCK_vna As Intege¥ariable definition

Move_vna = 2' Variable assignment to test the input of MACH3

UnLCK_vna = 3 ' Variable assignment to test the input of MACH3

Call getin ' Scans the input signals

While Res <> Move_vnaCheck if the VNA as sent a Move command
sleep(1000) Stays dormant for 1s
Call getin' Scans the input signal

Wend ' Repeat the while loop until test is true

Call SendACK ' Send an Acknowlodgement

sleep(500)' sleep for 500ms

Call getin ' Scans the input Signals

While Res <> UnLCK_vnaCheck if the VNA as sent the UnLCK command
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sleep(1000) Stays dormant for 1s
Call getin'Scans the input Signal
Wend ' Repeat the while loop until test is true
Call SendLCK 'Lock or go into Busy state to start the Moving Command
sleep(500)" Stays dormant for 0.5s
Call getin ' Scans the input Signals
While Res <> Move_vnaCheck if the VNA as sent the UnLCK command
sleep(1000) Stays dormant for 1s
Call getin'Scans the input Signals
Wend' Repeat the while loop until test is true

Sub getin() ' Scans the inputs Subroutine
Inl1 = IsActive(Inputl)' Get Input — 1 state
In2 = IsActive(Input2)' Get Input — 2 state
If In1 = False And In2 = False Then Res =0
If In1 = False And In2 = True Then Res =1
If In1 = True And In2 = False Then Res =2
If In1 = True And In2 = True Then Res =3
End Sub

Sub SendAck() Send Acknowledgement Subroutine
activateSignal(OUTPUT?3) Activate Output
activateSignal(OUTPUT1) ' Activate Output — 1
deactivateSignal(OUTPUT?2Deactivate Output — 2

End Sub ' End of the Subroutine

Sub SendLCK()' Mach-3 Ready to Start moving Command Subroutine
activateSignal(OUTPUT3)Activate Output — 3
activateSignal(OUTPUT1)' Activate Output — 1
activateSignal(OUTPUT2)' Activate Output — 2

End Sub ' End of the Subroutine
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B.4 Example-2 of the Mach-3 G-code and M-code

The following is the example code to move the X-Y positioner into
coordinates {in mm} (0, 10); (30, 10); (60, 20) in sequence with the positioner
controlled by the user action (button pressed) to move onto next locHtisnwas
used for measurement experiments that do not involve the VNA, stich as GPR

scenarios where the X-Y positioner and radar based on AWG were used.

F800 ' Sets the motor Speed

G1 X0 Y10 'Move to point P(0, 10)
M650 ' Check User actions

G1 X30 ' Move to point P(30, 10)
M650 ' 'Check User actions

G1 X60 Y20 ' Move to point P(60, 20)

B.5 The M-code Script for M650

Option Explicit
Dim In3 As Boolean Variable definition
Dim Res, MoveXY As Integet Variable definition
MoveXY = 1 ' Variable assignment to test the input of MACH3
sleep(500)' sleep for 500ms
Call getin ' Scan the input Signal
While Res <> MoveXY Check button has been pressed
sleep(500) sleep for 500ms
Call getin'Scan the input Signal
Wend' Repeat the while loop until button is pressed true
MsgBox("Ready to Move™Pop-up box and program waits until ok is pressed
Sub getin()' Scans the inputs Subroutine
In3 = IsActive(Input3) ' Get Input — 3 state
If In3 = False Then Res =0
If IN3 =True Then Res =1
End Sub ' End of the Subroutine
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Appendix C: Channel Characterization and

Performance Prediction

As the need for higher data rate and the number of wireless technadlogiesases it

is foreseen that future wireless systems and networks wyll me@ some or a
combination of techniques, such as: ultra-wideband, multiple antennas techniques
(MIMO, SIMO, MISO), and multiband spectrum usage, to mitigate impairments and
to cater for the high speed demand. This chapter starts by presentirestifts of

MIMO measurement campaign performed within a reference environmentlyname
“Reverberation Chamber” to assess the channel capacity and diversityofaiwB
Discone antennas with variable inter-element spacing. Furthermore tsesuihe
channel measurement campaigns in both indoor and outdoor environments using a
newly designed and developed multiband channel sounder will also be presented.
The bit error rate performance comparison of the in-house developed reeesr
based channel simulator with the widely used Matlab multipath channel simulator
will be given. At the end of the appendix, numerical simulation resultheof

designed UWB Discone antenna will be detailed.

C.1 Reverberation Chamber MIMO Channel Characterimmn

A reverberation chamber is a room designed to create aadiffusrandom
incidence electromagnetic wave. Unlike the anechoic chamber, ohwine walls
are made of absorbing structure or material, the reverberatiamber is normally
an enclosed room of highly reflective material in which thedms$s equipped with
paddles of asymmetric shapes fixed on one or more turntables. Dbe targe
echoes produced in the chamber any movement or rotation of the turcdabks
the behaviour of the electromagnetic field strength within tlaenéder to change. In
fact, the field strength may change, at any point within ¢chamber, from a
maximum to a minimum (or vice versa) as the movement of thierstchange the
boundary conditions [1, 2]. Reverberation chambers offer the advantageyialiny
a reference and controlled environment in which repeatable Rayleigh fadistcstat

can be created easily. As previously reported in the literafreelectromagnetic
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fields inside the reverberation chamber have characterisimosar to that of a
multipath fading environment associated with mobile communicationdoor and
urban scenarios [1-3].

It is well known that the radio propagation channel, especially where
multipath exists, negatively affects the performance ofntiobile communication
system. It is envisaged that future wireless systems &l an multiple antenna
techniques (such as MIMO) in order to mitigate the impairmeatssed by
multipath propagation [4, 5]. Therefore, there is still a need tg tuiterstand and
characterize the figure of merit of the implementation of MIMOa multipath
environment such as that provided by the reverberation chamber. kethisn a
2x2 MIMO figure of merit, such as diversity and capacity, for BI{ultra-
wideband) antennas with different inter-element spacing atgsagla Related work
on MIMO figures of merit in a reverberation chamber have been reporfgdan7],
but unlike the work reported here, those measurements involved narrowband
antennas.

Selection combining diversity, which involves monitoring all the Tx-Rx
antenna links and selecting the link exhibiting the highest sigradise ratio at its
output, was adopted in this section to evaluate the multi-antenna eldiversity
gain. The choice of using selection combining technique is merelytaluts
simplicity and also as a proof of concept. The diversity gain sxddse relates to the
enhancement / increase in the SNR due to the combination of the received signals.

The UWB MIMO capacity was estimated as the average of tirewiaand

capacity using equation (C.1):

N¢

1 p H
CUWB = F logz det InR + n_HiHi
=) T (C.1)

where:p is the signal-to-noise ratio (SNRY; number of sub channelsg andnr
number of antennas at the receiver and transmitter respectietly, ) matrix
determinant,H; is the nr X nr matrix containing the sampled channel transfer
function for each sub-channieland(.)" is the complexranspose of the matrix. The
MIMO channel matrix used in (C.1) was normalised with the Frobenious

normalization, described in [8], to provide an average gain of unity.
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C.1.1 Measurement Methodology

Measurements were performed within the National Physical Ledgig
(NPL) reverberation chamber using a four-port vector netwoeddyser (VNA).
Figure C.1 shows the MIMO LOS measurement set-up inside thebenanThe
dimensions of the chamber are equal to 6.55 m x 5.85 m x 3.5 m and the gperatin
frequency range is between 0.17 GHz up to 18 GHz. Four UWB discamast
connected to individual ports of the VNA through long SMA cables werd use
throughout the measurements. The VNA was set to operate in gueriey range
of 2-6 GHz with 25 MHz steps resulting in a total of 161 frequencytp@icross the
band. Moreover, the transmit power was configured to 0 dBm. Befordesiged
measurements were carried out the VNA was calibrated to coatpdos the cable
and connector losses. The transmitting and receiving antennasewvénetlse LOS
and Non-LOS configuration with a distance between the masts shdta dnagram
in Figure C.2. The heights of the masts were 135 cm for A and m5€ic B,
respectively.

A number of LOS and NLOS 2x2 MIMO measurement scenarios were
created by changing the inter-element spacing betweenrast®n the same mast.
The possible inter-element antennas spacing were 5.5 cm, 11 cni6dnam
designated as small, medium and large respectively. In eachrf, measurements
were performed for each of the 200 chamber’s stirrer positiorhvatiows adequate

statistics to emulate a Rayleigh fading process.

Figure C.1: Line of sight 2x2 MIMO configuration in the reverberation chambe
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Figure C.2: Antenna mast distances and measurement topology in the chamber

C.1.2 Results and Analyses

For statistical fitting purposes the four individual single input Isirautput
(SISO) channels of the 2x2 MIMO matrix were merged into alesidgta pool and
the goodness of fit to a Rayleigh distribution were tested usindgloh@ogorov-
Smirnov (K-S test) function available in Matlab. The results andettegive a good
fit to the Rayleigh distribution in both LOS and NLOS scenar®g@sented in
Figure C.3 (a)-(b) for the Small — Small antenna separatifre@iencies 2 GHz, 4
GHz and 6 GHz respectively.
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Figure C.3: CDF of the Small — Small measurement channels and its
Rayleigh fitting in (a) LOS case, and (b) NLOS case

The 2x2 MIMO channels were arranged to create SIMO (1x 2)MiGD
(2x1) channel configurations. The apparent antenna diversity gainongsuted for
both channel configurations for LOS and NLOS scenarios using tleetieal
combining technique. Figure C.4 (a)-(b) gives the CDF of the recesigrhl
strength for the 2x1 channel configurations, in which the diversitychrés created
by selecting the strongest signal between the two antenna Imk&th LOS and
NLOs scenarios for large — large (LL) inter-element antenparagon at 2 GHz.
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The diversity gain is estimated as the difference betwesediversity branch and the

strongest link taken at 50 % of the CDF value.
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Figure C.4: CDF of MISO channels for LL antenna spacing at 2 GHz (a) b®@S a
(b) NLOS
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Gain [dB]

Frequency [GHz]

(b)
Figure C.5: Diversity gain for LL antenna spacing in (a) LOS and (b) NLOS

Table C.1 gives the overall summary of the MISO and SIMO amedi
diversity gain for the different antenna configuration casesegtuéncies 2, 4 and 6
GHz as well as the average value across the frequency baad.be seen from the
table that the apparent diversity gain using selection combirchgitpie is between
1.4-2.7 dB.

Figure C.6 (a)-(b) display the normalised 2x2 MIMO channel agptor 30
dB SNR for the LOS and NLOS cases in the reverberation chamber. Table G.2 give
a summary of the capacity values at 90% CDF for the differet@nna spacing at
both the transmitter and receiver. The values are seen to i sismboth LOS and

NLOS sets of data in the reverberation chamber exhibited Rayleigh fading.
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Table C.1: Diversity gain for different inter-element antenna spacing

Diversity Gain [dB] at CDF = 50%
2 GHz 4 GHz 6 GHz Mean

Case | LOS | NLOS| LOS | NLOS LOS NLOS| LOS | NLOS
MISO

2.04 2.24 2.22 2.60 2.56 2.66 2.2 2.3
(L.L)
SIMO

1.48 2.10 1.51 1.75 1.45 1.99 2.0 1.9
(L.L)
MISO

1.91 1.71 2.39 2.15 2.10 2.63 2.3 2.3
(L.M)
SIMO

2.32 2.43 1.51 2.36 1.92 2.36 1.9 2.0
(L.M)
MISO

2.26 2.25 2.40 1.85 2.44 2.53 2.2 2.2
(L.S)
SIMO

2.12 2.42 1.76 1.86 1.81 1.94 1.9 1.9
(L.S)
MISO

2.38 2.28 2.63 2.30 2.79 1.44 2.2 2.2
(M,M)
SIMO

2.09 2.28 2.35 1.69 1.26 1.62 1.9 2.0
(M,M)
MISO

2.13 2.58 2.08 2.37 1.64 2.62 2.2 2.2
(M,S)
SIMO

1.90 1.64 2.68 2.16 2.07 1.73 1.9 1.9
(M,S)
MISO

2.56 2.43 2.32 2.22 2.38 2.5% 2.2 2.3
(S.L)
SIMO

1.85 1.68 2.04 1.67 1.74 1.56 1.8 1.9
(S.L)
MISO

2.43 2.43 2.63 2.25 2.19 2.66 2.2 2.3
(S.5)
SIMO

2.38 2.13 2.24 1.80 2.12 2.56 1.9 1.9
(S.5)
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Figure C.6: 2x2 MIMO channel capacity for different antenna separationll®)

and (b) NLOS

Table C.2: 2x2 MIMO capacity [B/s/Hz] at CDF = 90%

SS SM MM SL LS LM LL
LOS 16.20 16.19 16.26 16.24 16.19 16.18 16.20
NLOS 16.23 16.23 16.26 16.28 16.20 16.22 16.27
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C.2 Multiband Channel Characterization

This subsection presents the channel characterization results snafedelay
spread and path loss parameters obtained through indoor and outdoor channel
measurements in the 2 GHz and 60 GHz bands using a newly in-house divelope

multiband chirp based channel sounder.

C.2.1 Multiband Chirp Sounder

Figure C.7 shows the basic block diagram of the multiband channel sounder.

Main Sounder Unit

[ |
| P.O-1 I
i — P.O-2 |
i PLL/ |
! Oscillator - ;
i Oscillator |
[ |
: 2.15 GHz =
[
E LPE 3.2 GHz BPE — 1 i
| Chirp Low Pass Band Pass i
! Source “1 Filter Filter !
| |
: Mixer i
! DC ~ 1 GHz
! Output — A Output—B !
|
: (DC ~ 1 GHz) (2.2 - 2.95 GHz)
i P.O-3 i
! PLL / !
| . e I
i Oscillator |
| | |_ ....................... . :
, 20.45 GHZBPF > i | mm wave sounder Unlﬁ.
I il I
i Band Pass : i i
:4—>] Doubler ) ——>| Quadruple :
! Filter i Q P !
! Mixer » |
! I !
i Output - C Outputi+ D Output — E i
! (4.4 —5.95 GHz) (14.5 - 1B!GHz) (58 — 64 GHz;
[

Figure C.7: Basic block diagram of the in-house built Multiband Chirp Sounder

The developed multiband channel sounder is based on FMCW or chirp signal
technique (seeChapter 4for theoretical discussion on FMCW signal). At the
transmitter side the chirp parameters (duration and frequanggy are user-defined
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and programed into the direct digital synthesiséirp sourcg which is clocked at
2.15 GHz generated by PLL / oscillaté.Q — ) source. The synthesiser generates
baseband signals up-to a frequency of ~ 1 GHz. Its output ifofirgiass filtered in
order to remove the high frequency components which the synthesiszatgs by
default. The filtered signal is used as outuitput — A for channel measurements
in the lower frequency band up to 1 GHz. The same signal is up-cedwetd 2.2-
2.95 GHz by mixing it with a 3.2 GHz clock generated by the Pldcal oscillator
(P.O — 3 and band pass filterind3PF — 1) the resultant product with a filter of 750
MHz bandwidth. The up-converted signal is also used as outptput — B for
channel measurements. For higher frequency measurements the anverted
signal is further multiplied by two to generate a signahwitmaximum bandwidth
of 1.5 GHz in the 4.4-5.95 GHz bangaséd as output - )aand furthermore this is up
— converted to 14.5-16 GHz bangséd as output - Dusing the PLL / oscillator
(P.O — 3 of 20.45 GHz clock source and a band pass fiB&tH — 9. The main
sounder unit and its synchronisation unit are shown in Figure C.8.

The 14.5-16 GHz signal output also serves as input into the mm wave unit
which the signal is quadrupled to generate an outputp(t — B signal of 6 GHz
maximum bandwidth in the 60 GHz band. Figure C.9 shows a picture ofntine “

wave sounder uriwith horn antennas connected to its output.

= NiEc

Figure C.8: Transmitter part of the Main Sounder Unit together with its@dsit
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Figure C.9: The transmitter part of the 60 GHz unit

The receiver has similar architecture with the additionagérbdiyne mixer
and low pass filter to generate the beat-note. The beat-notéssegaaligitised for
off-line processing. The frequency bands up to 14.5-16 GHz arentiyrbased on
single input single output architecture with the possible use a$taRfF switch for
multiple antenna applications. On the other hand the 60 GHz band has &Nel par
transmitters which are switched on and off sequentially evergsaed two parallel
receivers for simultaneous acquisition. The minimum chirp or s\aggtion in the
sounder is 204.8 us. The computation of the RMS delay spread and the path los
exponent were performed using equations 3.74 and 5.43 presented in reference [9].

C.2.2 Measurement and Results in the 2 GHz band

Radio channel propagation measurements at 2 GHz band were performed
under the Open Call — 1 of the Cognitive Radio Experimental WorREW)
project in three test beds, namely: office environment at thkri@l University of
Berlin (TUB), air cabin in EADS, and semi — shielded industrial remvhent in
iMinds. SISO channel measurements were conducted with the sowider &
centre frequency of 2.475 GHz, a bandwidth of 0.55 GHz and chirp repeateaf
~1.1 kHz. The sounder’s transmit power was set to 26 dBm. The antear@as w
placed (were possible) in close proximity to the node(s) in #tebels. In the case
of TUB the transmitting / receiving antennas were placed e#thére ceiling level
(2.6 m) or at 1.5 m with the measurements performed in the offidecamidor
environments. In iMinds both antennas were mounted at similar heifie twodes
at about 1.5 m, whereas, for the air cabin in EADS the antennasnwerrged at a

different height to replicate the scenario such as access pa@uotéss point, ceiling
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to laptop, and ceiling to trolley. Measurements were takearaius positions of Tx

/ Rx distances within the scenario under consideration. At eachiopgsi
measurements were recorded for one second duration. Figure C.10 shows example of
the normalised 1s average power delay profile (PDP) in tmei-geelded
environment in iMinds. Table C.3 provides a summary of the RMS delaadpr
presented in Figure C.11.

Comparing the results of the office environment at 2.6 m and 1.5 RM&e
delay spread for the lower antenna height is generally highen wie antenna is
placed at 1.5 m. This is due to the higher attenuation experiendezi ciling level
due to the construction of the building which had beams below thegcelverall,
the semi-shielded environment at iMinds presents the highest (RS spread.
This is mainly due to the large number of metallic structaueh as pipes therefore

leading to a large number of reflections.

[dB]

Time [ns]

Figure C.10: Channel PDP in iMinds semi-shielded environment
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Figure C.11: The CDF of the RMS delay spread in different scenarios

Table C.3: Obtained RMS delay spread for different values of CDF

Technical University of Berlin iMinds EADS
CDF Office Office Corridor Semi Air
level | TXIRX @ 2.6 m TXRx @ 1.5m Tx/Rx @ 1.5m  shield Cabin
10 % 8 ns 10.74 ns 8.49 ns 51.5ng 7.98|ns
50 % 11ns 13.74 ns 18.53 ns 69.2 ns 11.89 ns
90 % 12.5ns 20.15ns 25.16 ns 87.2ns 14.47 ns

In addition to the RMS delay spread the path loss for the TUBurexaent
with both transmit and receive antennas at ceiling height (2.&md)for the iMinds
environment were computed as shown in Figure C.12 (a)-(b). The path loss
coefficient factor ‘n’ which is a measure of the loss rateh@nge as a function of
distance was estimated by the gradient of the empiricaplmgaomial fit line. The
estimated path loss coefficients for these two environmentsfaand to be n = 4.4
for the office environment when the antennas are placed close ¢eiling and n =
3.3 in the semi-shielded environment where a large number of ceflere present
due to the metallic structures.
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Figure C.12: Estimated path loss coefficient in (a) TUB and (b) iMinds
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C.2.3 Measurement in the 60 GHz Band

Currently, there is a great deal of interest within the reeseeommunity in
using the mm wave band e.g. the 60 GHz band to provide short rargspeigd
communication in both indoor and outdoor environments [10-12]. This interest is
mainly fuelled by the limited bandwidth and spectrum overcrowdinthénlower
frequency bands. Consequently, the millimetre wave band is viasvadolution for
higher data rates in future short range wireless communicagistems, such as:
wireless LAN, on-body communication, back-haul and outdoor lamp-post to user
content delivery. In this sub-section results of the RMS delapd@ed path loss of
the measured channel using the in-house built multiband channel sounder6i t
GHz band in both indoor and outdoor scenarios are presented. The sounder was
configured for a bandwidth of 4.4 GHz, a transmit power of 7 dBm congb
duration of 0.82 ms. To enable the 2x2 MIMO measurements two-wayhswjtat
the transmitter was used while receiving in parallel. Diveel horn antennas were
used in both the transmitter and receiver. Measurement datarecereed using a
14 bit ADC for one second at each location while the receiver was stationary.

Indoor Scenario and Results

In this scenario, the receiver was held in a fixed locatioh tié 60 GHz
unit mounted close to the ceiling at 2.35 m whereas the transmatemoved at
pre-defined positions with its antenna height of 1.46 m, as shown Figure C.13.

Figure C.13 Indoor scenario (left) receiver unit set-up, (right) traremuittit set-up
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Figure C.14: Indoor measurement scenario

The measured environment is shown in Figure (C.14) where it cartéose
consist of workstations with computers, a light well on the rightdhside and
offices on the opposite side. The measurements were taken along a pathfsbanting
a distance of ~9.4 m to a distance of 35 m. Recorded measuremanivetat
analysed to estimate the RMS delay spread for different thcesfatles and the
path loss exponent. Figure C.15 displays the power delay profile aifahe Tx —
Rx links in the last measurement position.

-75

-125
0

Time [ns]

Figure C.15: PDP for the antenna Tx2 — Rx2 link

As the SNR in all the measurement positions is at least 48edBNS delay
spread was computed for different threshold levels namely 20 dB, 3t\dB0adB.
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The resulting RMS delay spread for the four channels combined atrediff
threshold levels is shown in Figure C.16. Taking the median values (6DE)

gives an RMS delay spread of 0.42, 5.13, and 8.46 ns for the 20, 30, and 40 dB
thresholds respectively and corresponding 90% values equal to 1.33, 10.74 and 14.46
ns.

0.75}i

CDF

0.5

0.25F

rms delay spread [ns]

Figure C.16: CDF for the combined links RMS delay spread
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Figure C.17: Estimated channel path loss coefficient for the combined links

The RMS delay spread is smaller at 20 dB threshold due to théh&cat
this level the PDP mainly captures the dominant components wherete flower
thresholds the farther away components are included. The extent RMBadelay

spread in the measured environment could be due to the glass windawsding
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the space and the glass door which led to a highly reflective suffegure C.17
shows the channel path loss for the four MIMO channel links combinedvaline
of 1.86 was estimated as path loss coefficient from the polynoitiiagfline. A
lower coefficient than that of free space path loss (n = & expected as the

scenario resembles a wide corridor.
Outdoor Scenario and Results

Like the previous scenario the receiver was fixed while #estitter mounted
on a trolley was moved in predefined positions. The heights of thareag were 1.50 m
and 2.35 m for the transmitter and the receiver respectivelysieEaents were
performed over a distance from 28 m up to 178.42 m in almost ahstliagy The data
were calibrated and analysed for RMS delay spread and patlfriggse C.18shows a
view of the scenario in question with the stationary recesystem with a computer
positioned close to the car barriers outside the building, housingrtgmeering and
Computing Sciences Department, and the mobile transmitter systemway from it.
Figure C.19 provides a representation of the trajectory of the transmiitet
(represented with black triangle) on the university campus wiaite the receiver unit
(represented in black circle) remained fixed.

Figure C.18: Outdoor measurement scenario
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Figure C.19: Representation of the Transmitter trajectory on campus map
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Figure C.20: PDP for the Tx2 — Rx2

Figure C.2displays an example of a SISO link measured power delay profile at
a particular location. The dynamic range for most of the medguofiles exceeded 25
dB hence the RMS delay spread channel parameters waratestifor two threshold
levels: 20 dB and 25 dB down from the peak. The data from the four chameres
processed to estimate the RMS delay spread and the path losthér@rea under the
power delay profile. Figures C.21 and C.22 show the RMS delay sprdgshth loss of
the combined SISO linksChe results of the RMS delay spread for 20 dB and 25 dB
threshold are summarised in Table C.4 for 50 % and 90% value as ddtamethe
CDF curves. The path loss coefficient (n) was estimated asalv8Rie which is much

closer to the free space path loss.
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Figure C.21: CDF for the combined links RMS delay spread

Table C.4: Summay of the RMS delay spread for 20 and 25 dB threshold

Individuals Tx — Rx channels Combined Tx — Rx channels|

SNR =20dB SNR =25 dB SNR=20dB SNR=25dB
50 % CDF 1.00-1.28ng 1.42-1.96ns 1.67 ns 1.70 ns
90 % CDF 1.91-229ng 2.42-3.32ns 2.12 ns 2.79 ns
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Figure C.22: Estimated channel path loss coefficient for the combined links
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C.3 Radio Channel Performance Prediction

There are many ways in which to predict the performance ofratdm
system, these could be: analytically through theoretical moolelsy the use of a
software simulator or hardware emulator. Alternatively, one &iso predict the
system performance by re-creating the channel from treeneders estimated from
the measurements or by using the actual channel measurementsf @atypical
environment [9].

Radio channel simulators are used to emulate the effects pfdapagation
channel under diverse repeatable testing conditions in order to aid estthmation
and assessment of the performance of communication systemsmihat@s can
be constructed either in the time domain using the finite impulse responsergahsve
filter, commonly referred as the tapped delay line, or in thguiency domain using
the channel time variant frequency functiorf,ff (13, 14]. The output signal of a
tapped delay line model is a linear convolution of the channel delagdsjfunction
and the input signal in time, whereas for the frequency domain awnuihe
convolution is performed in frequency through point wise multiplicatiothefinput
signal spectrum and the channel frequency response.

In this chapter, the performance, in terms of bit error rat&RjRIBmparison,
of the ‘playback’ based channel simulator designed in [13, 15], whichthsestual
channel measurements in the form of time variant frequency dmnovith the
standard tapped delay line multipath fading channel simulatoribuiit MATLAB
SIMULINK [16], which recreates the channel responses based on this use
specified parameters, have been validated. In this case thes wgeEtified
parameters were estimated from the same measurementsddtanuthe playback
simulator.

Both simulators were used in conjunction with the IEEE 802.16 physical
layer model designed in [15]. The performance of the channel sorailavere
computed with the physical layer model configured with 256 OFDMiecarra
modulation order of 16 QAM and with % rate channel coding. In the siiongathe
transmitted OFDM signal is fed into the channel followed byaddition of a
complex Gaussian noise and the resultant signal is fed into thevereder

demodulation, detection and BER estimation.
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The used channel measurement data were obtained from the channel
sounding in rural / semi-rural environment around the city of IpswicK)(in both
3.5 GHz and 5.8 GHz frequency bands. The method of moment and the complex
based estimator were used to extract the necessary pasamsteled to configure

the Matlab multipath channel simulator.

C.3.1 Channel simulators

Multipath fading Channel Simulator

This subsection gives a brief overview of the simulator and a matepth
explanation can be found in reference [16]. The multifadimg channel simulator
is based on the tapped delay line model and it is able to simulétehieothannel
time selectivity due to Doppler spreading and frequency selgciiie to time
spreading. The simulator requires user specified channel paranseich as: the
relative time delay and amplitude of the multipath component(s), eflsas the
maximum Doppler frequency and the Doppler spectrum type. For a Ricéamel
the multipath component(s) K-factd€)( line of sight LOS Doppler shift and initial
phase are also needed.

The effect of time selectivity of the propagation channel istededy
generating (independently) an interpolated complex Gaussiamgfadocess with
the desired spectral properties and average power for each useddetltipath.
The desired spectral propertYpdppler spectrum shapeof the i"™ multipath
component is achieved by filtering the zero-mean and unit varianoglex
Gaussian noise process with the component's pre-selected Doppgkar Afil
Interpolation of the fading process is performed to match thehggmpling rate of
the input signal. After interpolation the samples are scaleardiagly to obtain the
specified component average power gain. The complex discrete patthgdi’ for
thei™ multipath component is obtained using equation (C.2),

KQ . Q
h[n] = /—K — el @mfonT+¢o) 4 /K — *[n] (C.2)

where:K is the Rician K-factor defined as the ratio of the power betwibe LOS

and the scattered componefitjs the averaged path power g&rE[|h[n]| 7; o is
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the Doppler frequency of the LOS componefi,is the initial phase of the LOS
component,x[n] is the interpolated Doppler filtered complex Gaussian random
process representing the diffuse scattering componentTasdthe input signal
sampling rate.

In general the envelope of h[n] has a Rician probability density function (pdf)
but for a particular case of K = 0 it exhibits a Rayleigh pdf. computational speed
and efficiency of the simulator the time spreading effechefchannel is replicated
by transforming the channel impulse response (tapped delay litheveriable
differential delays) into a band-limited impulse response (tapjetay line with

equally spaced symbol delay) before convolution with the input signal.
Measurement Based “Playback” Channel Simulator

Different from the multipath fading channel simulator thglayback
channel simulator does not recreate the channel from user defirmdepars, but
rather it imports the channel frequency response directly tihenvMatlab workspace.
Consequently, real channel time variant frequency functions can be used. T
operation of the simulator is illustrated in Figure C.23. The simulavas
implemented in MATLAB SIMULINK using digital signal processin@SP)
techniques [15].

The simulator operation is as follows: During the set-up phasmdéasured
channel impulse responses are pre-processed to a minimum SNR obRd tBe-
aligned to start at zero time delay. The responses are baedlifuising equation
(18) in [16]) to match the simulator input signal sample rate. Subsdyuthe
responses are zero padded (up-to the length of 512 samples) antethHdrTtis
applied to obtain the bandlimited time variant frequency response afhdrenel
H(f,t,) which is stored in the Matlab workspace.

Throughout the simulation phase, the channel frequency responses are
individually imported into the simulator and held constant for a periodsaiguit to
the measurement acquisition rate. This is enabled by the use UFitse Order
Hold” and the “Re-sample” blocks in the simulator. The convolution withrpet
signal is performed by point wise frequency multiplicationh&f thannel response

with the zero padded (up-to 512 samples in length) input signal frequesmmynse.
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The product of the multiplication is converted baeto the time domaintlirough

the use of IFFTand the excess samples are removed to produceitpet signal.

Channel Zero
Remove Channel
IFFT —>
Samples | Output
FlrstOrderI : Re-sample
hold

Simulation Phase

L.._.. <= T
| 1/SRF
- TR
I 1 - : <:|_ .......................
S !
: :_: <— Matlab Workspace |
T(f,t . .
\% L - _( _N)_ _! (Stored Channel Transfer Functio |
Impulse Threshold/ | | Zero |
FFT =>—--
Responses::> Re-sampling ] Padding :>
J
|

Set - up Phase
Figure C.23: Playback or measurement based chamelator

C.3.2 Channel Measurement and Statistic Estimators

The channel measurements were performed in a senaifrural area of
Ipswich with a multiband chirp sounder which iseabd operate simultaneously on
centre frequencies 2.5 GHz, 3.5 GHz and 5.8 GHa aibandwidth of 10 MHz. The
data were collected for the duration of one se@rtiwith a sweep repetition rate of
250 Hz. The transmitter and receiver antennas e stationary during the
measurement. Consequently, any measured Doppfensalst have been due to the
changes in the environment caused from cars drilapg people walking, and
moving trees. Figures C.24 (a)-(c) and C.25 (a)sf®w the results of the one
second average power delay profile, the time vafi@guency response and delay
Doppler function for the 3.5 GHz and 5.8 GHz baredpectively.
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Figure C.24: 3.5 GHz measurement data (a) Normalised PDP; (b) Time variant

frequency response; and (c) Normalised Delay — Doppler function
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Figure C.25: 5.8 GHz measurement data (a) Normalised PDP; (b) Time variant

frequency response; and (c) Normalised Delay — Doppler function
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A detailed explanation of the architecture of the channel souneéer ins
these measurements as well as further measurement reanltbe found in
references [13, 17].

The multipath fading channel simulator regenerates the channel based on user
specified parameters of the corresponding multipath components. In both
measurements the number of multipath components was obtainedhieodelay
Doppler function and the power delay profile by assuming a thresho20odiB.
Taking the peak at 0 us delay as the reference (first) patiiticomponent any
relative path delay(s) with an average gain and a peak Dopplarwspewithin the
threshold were considered in the simulation. Consequently, 6 and 4 discrete
multipath components at delay times [0 1 2 3 4 5]*381 ns and [0 1 2 3]*381 ns for
the 3.5 GHz and 5.8 GHz measurements respectively were estinhatekis
simulator the rounded Doppler spectrum type was chosen with a maxidoppler
shift set to 2.5 Hz as it provided a better approximation to theured components
Doppler spectrum. Figure C.26 (a)-(b) shows the normalised PSD oftlheth
Doppler and rounded Doppler fitting for the 3.5 GHz and 5.8 GHz bands
respectively. The rounded Doppler spectrum is also recommended in the
IEEE802.16 standard [18] as a better approximation to the scattergubroemi’s
Doppler power spectrum density (PSD) for fixed wireless charjhéls The next
sub-sections provide a description of the statistical estimatad to estimate the
parameters, for the individual multipath components, needed to configare t

multipath fading channel simulator.

[dB]

Frequency [Hz]

(@)
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[dB]

Frequency [Hz]

(b)

Figure C.26: Normalised Doppler spectrum and Rounded Doppler fit for

(a) 3.5 GHz band and (b) 5.8 GHz band
Method of Moment Statistic Estimator

Various methods of moment (MoM) estimators, also referred tonasape
based estimators, for the evaluation of the fading statistiesnly K-factor) have
been reported in the literature. In this work, the method of momeimagst
proposed in [19] was used. The parameters estimation was perfamedch
discrete multipath component time-bin independently. The estimaterthsdfirst
and second moment’s statistic of the component power samplestiatedghoth the
K—factor K) and the averaged poweR), Assuming the magnitude and the phase of
thei™ discrete multipath component at tint® to be given as in equations (C.3) and
(C.4) respectively, then the first momenpt)(of the received power time-series can

be computed as in equation (C.5).

2 2
Th = \/(hreal,n) + (himag,n) (C'B)
_ himag,n
6, = arctan (C.4)
hreal,n
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N-1
— E{ 2} — l 2
b= B0y =y Tn (C.5)
n=0

The second momenfy) of interest relates to the variance of power samples
around its mean; and is given by:

. 1 N-1 1,
up = {E{(r? — p1)%3} /2 = N Z(rnz —ul)z}

n=0

(C.6)

Using equations (C.5) and (C.6) the mean power of the determinSfc L
component (|&) and of the scattered component?j2are given by equations (C.7)

and (C.8) respectively:

|Al? = [u® —.Uzz]l/z (C.7)
o’ =l{u = (y? = 1?2}
2™ 1 z (C.8)

Finally, the K—factor using the method of moment is estimated as follows:

4P
202

(C.9)

The technique described above relies solely on the samples entlope
estimate the component K-factor and does not utilize the additionak phas
information provided by the samples. Tables C.5 and C.6 give the estinesults
of the K-factor and averaged power for the discrete multipath comfgoagtthe 3.5

GHz and 5.8 GHz bands respectively.

Table C.5: MoM estimated statistic for the 3.5 GHz band

Path Path 1 Path 2 Path 3 Path 4 Path 5 Path
K 46.09 3.24 6.05 10.42 5.23 30.97
Q [dB] 0.00 -5.49 -13.08 -11.98 -18.89 -13.2
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Table C.6: MoM estimated statistic for the 5.8 GHz band

Path Path 1 Path 2 Path 3 Path 4
K 27.15 3.04 5.11 42.77
Q [dB] 0.00 -6.58 -11.08 -4.85

Note that the parameterg™ and ‘¥,” of equation (C.2) cannot be estimated
with the method of moment, as the estimator only uses the enveldpe ©ighal to
compute the fading parameters. Consequently, unless stated fsinthkations
configured with the parameters estimated from the MoM the patitticomponents

parametersfs’ and ‘p,” were set to zero.
Complex Based Estimator

Unlike the MoM, the complex based estimator, also known as |/@asti,
estimates parameters related to equation (C.2), based on the eraetbphase
provided by the complex samples of the multipath componemtghis study the
complex based estimator algorithm detailed in [20] was used. &k theoretical
analysis of it is provided in this subsection. It has been shown in [L&)&Ghe 1/Q
estimator outperforms the method of moment estimator as it wdifonal
information provided by the phase of signal samples. The CBErpenhee relies
on the accurate estimation of the line of sight Doppler frequeompanent f,".
This is obtained by locating the peak value in the Doppler spectsusih@vn in
(C.10).

N-1

1 .
N Z hne—]ZHan

n=0

fo = argmaxy

(C.10)

For a practical sample size, the N-point FFT may not provide enough
resolution to reliably estimate the specular frequency anddhisead to significant
errors in the estimation of thé-factor. One improvement could be to zero pad, by
appending M-N zeros (with M=16N) the complex vectdrgrior to computing the
Fast Fourier transform (FFT) and finding the peak, may resulta irigh

computational complexity. Consequently, the peak search frequencyatestim

210



Appendix

developed in [21] was used to locate the LOS Doppler frequency. [brstlam has

an advantage compared to the previous method as it only requires N-point FFT.
Using equations (C.3) and (C.4) and the estimaigdHe average powers of

the LOS (AP, the scatter componenig’) and the initial phasep§) of the LOS can

be estimated as:

1 N-1 2
4P = | Z ., eJOn=2mfoTm)
n=0 (C.11)
N-1
2 _ l 2 __ 2
20° = N T |A|
n=0 (C.12)
_ 211;,;(} Tn Sin(gn — ZﬂfOTn)
¢, = arctan |y —
n=0 Tn €0S(6, — 21fyTn) (C.13)

The RicianK—factor and the total average power taking into account the

finite number of samples is given by equations (C.14) and (C.15), respectively.

K—1 N ZIAI2 1
—N[( _)ﬁ_l

(C.14)
[2=|A|2(+1)= 202 (K + 1) (C.15)
Table C.7: CBE estimated statistic for the 3.5 GHz band
Path Path 1 Path 2 Path 3 Path 4 Path 5 Path |6
K 46.78 8.14 11.12 16.67 2.70 34.1%
Q [dB] 0.00 -5.90 -13.37 -12.14 -20.16 -13.2)7
fo [HZ] -0.38 -0.41 -0.39 -0.34 -0.27 -0.38
@y [rad] 0.32 0.08 -0.27 -1.07 0.75 0.51
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Table C.8: CBE estimated statistic for the 5.8 GHz band
Path Path 1 Path 2 Path 3 Path 4

K 19.46 4.15 6.32 22.74

Q [dB] 0.00 -6.20 -10.88 -4.88

fo [HZ] -0.56 -0.58 -0.52 -0.60

@ [rad] 1.15 -1.50 0.61 0.82

Table C.7 and C.8 present a summary of the estimated paramgteyshe
complex based estimator for the 3.5 GHz and 5.8 GHz measurement bands

respectively.

C.3.3 BER performance comparison

In this sub-section the bit error rate results of the IEEE 8Qih¥Sical layer
model using thePlayback channel simulator and the multipath fading channel
simulator are presented and compared. In oder to match the input sagmaling
rate in thePlaybackchannel simulator, as described in sub-sechitsasurement
Based “Playback” Channel Simulatothe measured channel impulse responses
were bandlimited to 3.56 MHz bandwidth prior to the simulator set-up phase.

The BER results of the simulators in the 3.5 GHz and 5.8 GHz hand a
presented in Figures C.27 (a) and (b), respectively. In thesedighe PlaybacK
curve marked as a solid line with rectangle represents dkalts from the
measurement based channel simulator; heM’ curve marked as dashed line with
a solid triangle represents the results from the multipathnehaimulator when
configured with channel parameters estimated from the methodnarhent
estimator; the CBE' curve marked as dashed line with rectangle represents the
results from the multipath channel simulator when configured with channe

parameters estimated from the complex based estimator.
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Figure C.27: BER performance for the (a) 3.5 GHz band and (b) 5.8 GHz band

The results in the figures show good agreement between the nmeastre
based channel simulator and the multipath simulator configured witmpégers
estimated from the complex based estimator. This closer apmtian was
expected, since the complex based estimator provides an testimoé all the
necessary parameters in equation (C.2). Consequently, the multipditng f
simulator is able to recreate a channel with much closer appaitign of the real
measured channel [16, 18, 20]. On the other hand, Figure C.27 (a) shows comparable

agreement between th@layback curve and the MoM curve. However, large BER
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differences between thePlayback curve and the multipath simulator, with
parameters estimated from the MoM can be noticed in Figure @R7This
difference could be attributed to the fact that although the Mshmates the K-
factor and the average power from the measured channel patlféd} io provide
an estimation of the path(s) LOS component intial phase and Doppielefey.
Consequently the multipath fading simulator may not, in this cagenerate the
channel responses with characteristics similar to those of aemorifg’ and “@&y”
measurement channel.

In order to understand the effect of the LOS Doppler and initisdgoba the
BER curves, simulations in the Matlab multipath simulator for dases of the
measurement parameters (K-factor and average power) estimain CBE but with
the LOS Doppler and intial phase set to zero and the case of émegpars (K-factor
and average power) estimated from the MoM dgahd “@,” estimated from CBE
were performed.

In Figure C.28 (a)-(b) the CREcurve marked as a dashed line with a circle
represents the result from the multipath channel simulatohécase in which the
K-factor and average power are estimated from the CBiEastr but the LOS
Doppler o) and intial phased) are set to zero; MoMcurve marked as dashed
line with cross represents the case where the channel paranfitfactor and
average power) are estimated from the MoM estimator and theDlapler {,) and

intial phase @) are estimated from the CBE estimator.
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Figure C.28: BER performance effect of the LOS initial phase and Doppler
frequency for (a) 3.2 GHz and (b) 5.8 GHz

The results in Figure C.28 (b) show that the BER perfomance abthplex
based estimatoiICBEy curve) is similar to that of the method of moment estimator
(MoM curve) as in this case both estimators intial phdasg gdnd LOS Dopplerfg)
information were set to zero. Furthermore, with the channel panam@dactor
and average power) estimated from the method of moment and thephass @)
and LOS Dopplerff) estimated from the complex based estimator the BER result
(MoM,, curve) is very close to that of the CBE curve. This behavioulss a

observed for the 3.5 GHz measurement in Figure C.28 (a).
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C.4 Discone Antenna

Discone antennas have been designed and manufactured for the channel
sounding measurements in the 2-8 GHz frequency band detailed on previous
subsection. This type of antenna has been widely used in UWB applicdtierts
its wide impedance bandwidth and an omnidirectional radiation patteiforfn on
azimuth-plane) across the frequency band.

Figure C.29 shows the geometry of the proposed antenna. The antenna
consists of three main parts: the top shaped disc acting asatoraaith its centre
connected to the feed line of a coax; the cone which is connectedgmthel; and
the insulator which ensures that the disk and cone are not in short circuit.

Figure C.29: Geometry of the proposed Discone antenna

Table C.9: Proposed Discone antenna parameters dimension

Parameter | L, Da C. Co Dy Dy D¢ Lo g

Dimension | 179 39 50 50 2 7 3.18 13 3

The antenna was designed and optimised in CST software to opeeata
frequency range from 2-8.5 GHz. Table C.9 provides the final dimensidineof
proposed antenna. The antenna shows a return loss better than -10 dBhacros
desired frequency band, as displayed in Figure C.30. As expectedntdmna
exhibits a uniform omnidirectional pattern in the H-plane acrosge¢heency range,
as shown in Figure C.31.
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Figure C.30: Simulated return loss of the proposed Discone antenna

1800 e 8 GHz

(a) H-plane (b) E-plane
Figure C.31: Normalised simulated radiation pattern of the discone antenna
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C.5 Summary

The characterization of the electromagnetic signal propag#tiongh the
environment is essential for the understanding of the effedfseoénvironment on
the wireless systems performance. This appendix presented titts wFschannel
measurement campaigns conducted at different frequency bands arftenendi
environments: namely: reverberation chamber, indoor (offices andd@orike
scenarios), and outdoor. Also, BER performance validation of the “Rigyba
channel simulator was presented for an outdoor measurement scerarul
Ipswich City in the 3.5 GHz and 5.8 GHz frequency bands.

Measurements in a reverberation chamber were performed ugiNg avith
ultra-wideband Discone antennas connected to its ports. Measuremetits
environment were performed to obtain reference figures of moerihe assessment
of the diversity gain and MIMO capacity with different antenepasations. The
computed apparent diversity gains across the band in this environmédmx2fand
2x1 antenna configurations were on the order of 1.5-2.5 dB and the achievable
normalised channel capacity for both LOS and NLOS cases iwehe region of
16.18-16.27 b/s/Hz.

A brief overview of the architecture of the newly developed inaftd
channel sounder, at the Centre of Communication Systems at Durhanrsiinive
(U.K), has been presented. Results of the delay spread and patkplossre in the
2.475 GHz and 60 GHz frequency bands for both indoor and outdoor environments
using the newly built sounder have been presented.

Bit error rate performance comparisons of the measuremset lizhannel
simulator against the theoretical Matlab built-in multipath fadihgnnel simulator
have been performed, for the IEEE 802.16 physical layer model. Theinaeast
based simulator imports the real channel measurement directty thie Matlab
workspace; whereas the multipath fading simulator regenergbe®i@etical channel
response based on the user’s specified channel parameters. dtheesl channel
measurements obtained from channel sounding in a rural / semmuiarment in
the 3.5 GHz and 5.8 GHz frequency bands were used. The paranoetehe f
multipath fading simulator have been extracted from the measureimemiel data
using two different estimators namely the method of moment antbthplex based

estimator.
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With parameters estimated from the method of moment, the BER

performance of the multipath fading simulator were found to be miifiglent from

that of the measurement based simulator. A reason for theseewitksr could be

down to the fact that the measurement profiles contain non-zero LAppldD

frequencies and initial phases and the method of moment estionétqrrovides the

estimations of the K-factors and average powers. Consequently, wvagsamption

of zero LOS initial phases and zero Doppler frequencies, the chessmdnses

regenerated by the multipath fading simulator might not fubypresent the

measurement channel. This is reflected in the BER performameesc Differently,

the complex based estimator not only estimates the K-factaaamedge power from

the measurement channel but also estimates the initial phag®oppbkr frequency

of the LOS component. Consequently, the multipath fading simulator cordigure

with parameters from this estimator offers a BER performavtuch fits best to that

of the measurement based simulator.
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