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Chapter 1

Introduction

1.1 Introduction to Ultra-Wideband Radar

Ultra-wideband (UWB) technology, as defined by the Federal Communication Com-
mission (FCC) on February 2002, refers to signals or systems that have bandwidth >
500 MHz or instantaneous fractional bandwidth > 0.20 [2]. Compared to the conven-
tional narrowband radar that operates with the same centre frequency, UWB radar offers
many advantages, including high spatial resolution, for detecting closely-spaced target;
and lower probability of interception, for stealth-like military application [36].

There are many types of UWB waveform. The most obvious and simplest-to-generate
UWB waveform is the impulse or short pulse [25]. The pulse width of these impulses
is usually sub-nanosecond, which enable a range resolution of 15 cm or less, when it is
being transmitted in free space.

A UWB impulse system can be designed as such that it transmits, receives and samples
the RF signal directly. This approach eliminates the use of components such as high qual-
ity oscillators, mixers and tuned circuits that are commonly used by narrowband systems
to modulate a high frequency RF carrier wave to transmit and receive information [32].
However, if the conventional receiver design is to be used, the receiver will require a high
speed sampling architecture, in order to sample large bandwidth signals [19]. Therefore,
a programmable delay line receiver design is proposed and implemented to overcome this
issue, which will be discussed in the later chapter. Consequently, the complexity and cost
of the proposed UWB system hardware is significantly reduced when compared to the
conventional narrowband system.

A UWB impulse system not only has an advantage of simple and low cost hardware de-
sign, the signal itself has a wide frequency spectrum compared to the narrowband signal
with the same centre frequency. A bandlimited impulse signal (in practice, the antenna
used to transmit and receive the impulse signal tends to bandlimit the signal) with a pulse
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width of 0.5 ns, has frequency components that cover from low frequency (close to DC)
to high frequency (3 dB point at approximately 2 GHz). The lower spectral components
tend to penetrate through various materials more efficiently than the high spectral com-
ponents. However, the higher spectral components can utilize smaller antenna designs.
Although there is a trade-off between the size of the radar system and the efficiency in
detecting target through obstructions, the overall system performance for through-wall
detection has been found satisfying. There are number of UWB impulse array systems
available commercially for through-wall imaging. These UWB array system can be used
to create an image behind a wall, which is a great tool for firefighters looking for people
trapped in a smoke-filled building..

UWB radar was used initially in military applications [36, 53], as the range resolution
is much shorter than the length of typical military target, e.g. aircraft and missile. The
fine range resolution enhances the accuracy in locating and recognizing of the targets.
Nowadays, UWB radar can be found in many other commercial applications, such as
ground penetrating radar and medical imaging radar.

1.2 Background

The fundamental advantage of using a wide bandwidth radar is it offers fine range reso-
lution, which enhances the information concerning the location and characteristics of the
target. In order to obtain high range resolution, the absolute bandwidth, which is the sig-
nal bandwidth, need to be wide; whereas the fractional bandwidth, which is defined as the
absolute bandwidth divided by its centre frequency, is not necessary wide [27]. However,
when an application requires a system that operates in a relatively low centre frequency
and has wide bandwidth of several hundred MHz, a UWB system is required.

A previous MSc student from University of Cape Town, Mr. A. Chang, has built a single-
channel UWB impulse radar for short-range application based on the designs found in [30,
39, 50, 51, 52]. This UWB radar system consists of radar circuitry, the data-acquisition
subsystem, the signal processing subsystem and the graphical user interface (GUI) [57].
Based on the results shown in [57], it was concluded that the system was not sensitive
enough to detect objects through brick walls, due to certain deficiencies in its circuits.
Furthermore, the system was not portable, as it used a PCI data acquisition card with
a mains powered PC. Hence, improvements on the UWB impulse system, such as the
circuit design and system integration, are necessary before forming an array system.

1.3 Objectives

The objectives of this thesis are:



1. Revise the existing single-channel UWB radar [57], which was constructed by a
previous MSc student from University of Cape Town. This revision is aimed at im-
proving the system performance in terms of stability, portability and signal strength.

2. Use the revised circuits to build a multi-channel UWB phased array radar.

3. Design and implement an graphical-user-interface (GUI) using the Python program-
ming language. This GUI should enable the user to

(a) Initiate data acquisition.

(b) Process the raw data to form a down-range profile and later, a beamformed
image.

4. Explore the potential of the system for through-wall imaging.

1.4 Limitations and scope of thesis

The scope of this thesis is to improve the existing UWB radar in terms of signal strength,
stability and portability. Hence, the original circuit design for the pulse generator and
the UWB receiver will be revised and modified. In terms of system integration, usage
of a microcontroller and construction of a user-interface are required to control the radar
system, performing operations such as initiating data acquisition.

A printed circuit board prototype of the pulse generator and the UWB receivers will be
used to formed a proof-of-principle UWB impulse array system. Experiments will be
carried out to demonstrate the performance and capability of this array system. These
experiments will be used to justify the improvements made on the circuit design, as well
as the capability of the radar system for detecting the presence and the movement of the
target.

Due to the time availability for this thesis, several aspects of this UWB phased array
system have not been investigated thoroughly or have had to be compromised. These
aspects should be considered as topics for future research:

e Designing UWB antenna for the phased array system. The broad-band antennas
used in this thesis were ‘off the shelf® L-band antennas that were available in the
department at the time.

e The image update rate was limited by the serial RS-232 data transmission interface
between the microcontroller data acquisition board and the PC. The usage of a USB
interface is recommended for future work.



o UWB beamforming is another extensive field of knowledge, which have not been
investigated fully in this thesis. This thesis merely noted on the differences between
the properties of conventional and UWB beamforming. There are no simlated re-
sults that were generated in this thesis to prove those differences, e.g. difference in
the beampattern of UWB and conventional narrowband phased array.

1.5 Thesis Outline

This thesis is organized into the following sections:

e Chapter 2 is a literature review on UWB technology, which briefly describes differ-
ent types of UWB waveform, the historical background on UWB technology, the
UWB impulse array system and UWB applications in radar .

¢ Chapter 3 presents an overview of the UWB radar system. This overview includes
the design specification for this thesis, which is then followed by a discussion on
the UWB radar operation. Lastly, a discussion on the necessary signal processing
techniques required to process the received raw data is presented.

e Chapter 4 investigates the design of the pulse generator. The limitations from the
previous designs are analyzed and improvements made in this thesis, are discussed
in this chapter.

¢ Chapter 5 introduces the receiver circuitry required for the UWB radar. The receiver
circuit is separated into modules. A detailed analysis on the receiver circuit will be
presented in this chapter.

¢ Chapter 6 describes the simulation of the UWB phased array radar system.

e Chapter 7 presents and analyzes the system performance and various target detec-
tion results under different testing conditions.

e Chapter 8 concludes this thesis and recommendations for future research are made.



Chapter 2
Literature Review

A narrowband system is defined as a system with fractional bandwidth < 0.01 [32]. One
of the common ways to transmit and receive information in a narrowband system, is to
modulate the signal to a higher frequency by mixing the signal with a high frequency RF
carrier signal [32]. Since a narrowband system only operates within a specific frequency
band, a large number of narrowband systems, which operate at different frequency bands,
can co-exist in a common environment without interfering with each other. Hence, most
conventional radars are bandlimited narrowband systems.

Ultra-wideband (UWB) technology, as defined by the Federal Communications Commis-
sion (FCC), refers to signals or systems that have bandwidth > 500 MHz or instantaneous
fractional bandwidth > 0.20 [2]. Compared to the narrowband radar that operates with
the same centre frequency, UWB radar offers finer range resolution. For example, a nar-
rowband system, centred on 1.5 GHz, that has a bandwidth of 15 MHz (equivalent to a
fractional bandwidth of 0.01) has a range resolution of 10 m; whereas a UWB system, also
centred on 1.5 GHz, that has a bandwidth of 300 MHz (equivalent to a fractional band-
width of 0.2) has a range resolution of 0.50 m. With finer range resolution, UWB system
is able to reduce the amount of clutter within the resolution cell, resolve closely-spaced
targets in range, and provide high-resolution range profile, which enhances in locating
and classifying the targets [37].

Figure 2.1 shows a comparison between a typical narrowband and a UWB impulse transceiver
architecture and Table 2.1 compares each module of both transceivers in detail [26].

A UWB impulse system directly transmits, receives and processes the RF signal, which
eliminates the usage of components such as high quality oscillators and tuned circuits.
This significantly reduces the complexity and cost of the system hardware. However,
UWB receivers require a more complex sampling architecture, as a high sampling rate is
required for sampling large bandwidth signals [19].
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Another kev advantage of a L'WR system is that ot oflers lower probability of mtereep-
tion. UWH signals have a lower PSIY (power speetral density ) than & narmowband system
raciating the same average power. The PSD of 4 UWB sigmal looks like that of Gaussian
cdistnibuted nose to most narrowband detection systems [37. 43].

The rest of this chapter will present a literature review on UWDB systoms, including an
ntroduction to different types of UWEB waveform and a bricf description on the past work
on U'WB impulse radar system. A discussion on the UWB impulse array system will be
present, which is then followed by its apphcations i the industry. Lastly, an analysis on
the svstem performance of the existing signal-channe! UWR radar at the University of
Cape Town will be present.

2.1 Ultra-Wideband Waveforms

LWH waveforms can be divided into three man categories: impulse. hinear frequency
modulation and step-frequency wavetorm. Although the effectuve bandwadth s acheved
differently with differen: tvpe of waveform. the range wesalution AR, for all thiee cate-
gones 15 given hy

AR == —r —

S 7

where i s the effective bandwadih anid ¢ 1s the speed of clectromagnctic propagation
withn the sensing medium [37].

2.1.1  Impulse (Short Pulse)

A impaolse signal, which 15 a pulse wath pulse width tvpically less thar 1 ns [25]. as
shown in Figure 2.20a). has a 3 dB bandwidth B of

R =

12| —
La

where 75 the pulse duranion. However, i practice, the antenna used to trinsmil and
receive the impulse signal tends to bandhmt the signal Henee. the 3 dB bandwidth £ of
a bardlimited impulse signal, as shown w Figure 2.2(b). s determmed as

B=

- |-

A bandlimited sub-nanosccond impulse has spectrum components from close to-DC to
several GHz Hence. laree cffcctive bandwidth, which implics high range resolution, can
he achievied with a single impulse
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Figure 2.2: Plots illustrate 3 dB bandwidth of (a) an impulse signal and (b) a bandlimited
impulse signal.

Another advantage of using an impulse signal is that it provides an accurate time delay
estimate between the target and the radar system. This is done by measuring the time
elapsed between transmitted and received signal. This time delay is dependent on the

range of the target [19], i.e.
2R
Tdelay = 7

where R is the distance between the target and the radar system.

The hardware design of an impulse generator is relatively simple and low cost if only
a moderate signal power is required. However, the pulse energy is relatively low as the
pulse length of an impulse is very short, i.e. typically sub-nanosecond. This sets a lim-
itation on the system performance in terms of maximum range for detection, especially
when it is used to detect a human target.

Another issue with using impulse waveform is that an analog-to-digital converter with
a high sampling rate is required for digitizing the received impulse echo, if the conven-
tional receiver design is to use. High bandwidth and high resolution ADCs are expensive.
Hence, researches have been conducted to investigate suitable low cost design for UWB
impulse receiver [51, 52].

2.1.2 Chirp (Linear Frequency Modulation)

The linear frequency modulated, or linear FM chirp, is widely used in high-resolution
radar applications [25, 37]. A linear FM chirp waveform is a sine wave in which the fre-



quency increases or decreases with time. Figure 2.3 shows the time and frequency domain
of a 100-400 MHz chirp with a chirp length of 1 us.
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(b) Frequency domain of a 100-400 MHz chirp signal
Figure 2.3: Chirp signal in (a) time domain and (b) frequency domain [25].
A chirp waveform attaines large bandwidth by increasing its frequency with time, instead

of by decreasing its signal length. This has an advantage of increase the signal energy
while maintaining the high resolution of a radar [25].

2.1.3 Step-Frequency Waveform

A step-frequency waveform is a sequence of coherent pulses whose frequencies are in-
creased from pulse to pulse by a fixed frequency increment Af [37]. Figure 2.4 illustrates
a step-frequency waveform.

5 L& 24 fotn-1)
'—" T .‘——— e e
>>
T

Figure 2.4: A step-frequency waveform, which consists of a group of pulses with pulse
width 7 and spaced in T second. The frequency of the pulses is increased linearly by Af
hertz [37].

The pulses in a step-frequency waveform have same pulse width. Pulses used to construct
step-frequency signal is typically narrow in bandwidth. Hence, narrowband equipment
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(except for the antenna and transmitter) can be used to implement step-frequency radar
[371

As mentioned at the start of this section, the range resolution is determined by the effective
bandwidth of the waveform. The effective bandwidth of a step-frequency waveform is
given by

B.rr=NAf

where N is the number of pulses in the waveform. Hence, large effective bandwidth can
be achieved by increasing the number of pulses in the waveform.

Since each pulse situated in a different band of frequency spectrum, the radar receiving
echoes are usually recorded separately for the different bands. The recorded data is then
combined and reconstructed to form a larger portion of the scene spectrum. However, if
not designed properly, i.e. Binsran < Af, Where Biygane i the instantaneous bandwidth of
the step-frequency signal, the processed data will contain gaps in the spectrum, and possi-
bly yielding ghosting artifacts [56]. Hence, researches have been conducted to investigate
methods to process step-frequency waveforms to reduce these artifacts [23].

2.2 Past Work in UWB Impulse Radar

UWB technology can be dated back into the late 1800s, as Hertz generated a short elec-
tromagnetic pulse using a spark-gap generator [24]. Later in 1901, Guglieimo Marconi
developed the first spark-gap radio, which he used it to transmit Morse code sequences
[32]. However, at the beginning of 1900s, the idea of a large number of radio links, where
each operate at a specific frequency, sharing a frequency spectrum, become popular in
the communication and radar industry. Hence, narrowband systems were widely adopted
[37]. By 1924, spark-gap radios were forbidden in most applications due to their unregu-
lated RF emissions that were disruptive to narrow-band radios [19].

However, the low signal bandwidth limits the ability in radar applications to detect closely
spaced targets. Hence in 1960s, UWB impulse systems were revived, with the pioneering
contribution of Harmuth, from Catholic University of America, who did much of the im-
portant early theoretical work in non-sinusoidal impulse technology; Ross and Robbins,
from Sperry Rand Corporation; Paul van Etten, from the US Air Force’s (USAF) Rome
Air Development Center; and Russian investigators [37, 53, 54].

These pioneers investigated the UWB applications in communication and radar, and the
basic design for UWB impulse system, including the transmitter, receiver and antennas,
were developed [53]. Table 2.2 summarizes the major milestones in UWB impulse system
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development after early 1960s.

| Year | Milestone

Late 1960s | The development of commercial sample and hold receiver (Tektronix
Inc.). This receiver architecture uses a sampling circuit with a short
term integrator. This approach enables UWB signal averaging, which
lower the requirement of the receiver’s sampling rate for a UWB signal.
1974 UWRB ground penetrating radar (GPR) system is developed by Morey,
which is commercialized Geophysical Survey Systems, Inc. (GSSI)
Early 1970s | The development in avalanche transistor & tunnel diode detector

1994 T.E. McEwan, at Lawrence Livermore National Laboratory (LLNL),
invented the Micropower Impulse Radar (MIR). This is the first UWB
radar to operate on microwatts power, and the system offers extremely
sensitive signal detection. This technology have been licensed for
various commercial applications. The MIR devices are estimated to cost
about $10 in sufficient production quantities.

Table 2.2: Milestones in UWB system development [53, 55, 37].

2.3 Ultra-Wideband Impulse Array System

A single channel UWB impulse radar can offer high-resolution range profile and resolve
closely-spaced targets in range. However, it does not provide angular information of the
target location. In order to obtain an image of the scene, an array system is required. In
addition of using an array system, the signal-to-noise ratio (SNR) of an impulse system
can be increased. A N-element array system can increase the SNR of a single-element
system by N factor.

A UWB impulse array system for 2-D imaging, usually consist of a pulse transmitter and
N elements of receiver. A UWB array system has several advantages over a narrowband
array system, such as high range resolution, grating lobe cancellation, permitting the de-
sign of sparse array and inter-element coupling reduction [40].

In conventional narrowband array system, the inter-element spacing is constrained to be
less than half of wavelength to avoid spatial aliasing, i.. grating lobe effect (refer to Sec-
tion 3.4.3). This creates a practical limit in the size of the antenna aperture of conventional
phased arrays. The size of the aperture affects the angular resolution of the array. Hence,
high angular resolution narrowband phased array system usually consists of large number
of array elements, which is not a cost-effective solution for some application. Further-
more, as the inter-element spacing decreases, the inter-element coupling effect increases
[41]. The effect of coupling consists of distortion in the main part of the direct signal or,
more often, in the addition of extra-ringing in the signal tail [41].
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Researchers [33, 45] have shown that grating lobes arc suppressed in UWB impulse ar-
ray beamforming. A bnef explanaton end illusiration is presented in Section 3.4.3, This
unique propeny of UWH impulse array allows sparse arrav design and achieves high an-
gular resolution with only a few array elements

In terms of inter-element coupling, studies [46, 41) have shown that the eoupling phe-
nomena i UWBH arrays is less effecuive than in the case of namrowhand arravs, and the
phenomena is negligibie whien the UWR arravs are configured in a sparse arvay tormanon,

Recentlv, UWB nmpulses array systems have been proposed for many applicanons, in-
cluding communicanons, radar, remote sensing and indoor positioning [40).

2.4  Applications of UWB Impulse Array in Radar

In recent years, U'WB radars have become verv popular for militury and medical applica-
nor. UWR impulse systems are mainly used for short-runge Lurget locating and imaging
applications, Vehicle collision-avoidance radar is a well known commercial UWB targer
locaring system [34, 47). There are many imaging syslems that use U'WB impulse tech-
nology. Two types of U'WB imaging applications that will be discuss in this section are
non-destructive evaluation sysiems and through-wall imaging systems,

2.4.1 Non-Destructive Evaluation

MNon-destructive evaluation (NDE) systems are used to evaluate the condition and the
property of a matenal, such as walls, roads and bridge decks [33]. The ability to de-
tect and assess the conditien of the structure s important 1o decide whether (o repair or
1o replace the current structure. Groend pencirating vadar 1s a form of NDE. Figure 2.5
shows an experimem setup for a ground penetratmy imagimy radar (GPIR), which is de-
veloped by Lawrence Livermore Naticnal Laboratory used to evaluate the structure of
bridge decks [35).

Figure 2 5 shows a U'WB impulse radar system, which is mounted on top of a test bed.
I'he test bed 15 made of a concrese slab that contains remnforcing bars. By moving the
radar svstem over the test bed. it simulates the motion of an inspection vehicle, with a
fined lincar array of receiving antennas. over a bridge deck [35],

Thas svstem vsed siep-recovery diades o generate the UWE pulse. This pulse generator
can generate pulses with peak power ar least of 100 W, with puise width of 100 w 300 ps.
The bandwidth of this signal 15 approximately 8 CiHz. The pulse repetition frequency 1s



Figure 2.5. A experiment setup for a ground-penetrating imagmg radar (GPIR) [35].

setupto S MHz

2.4.2 Through-Wall Imaging

Through-wall imaging systems are a relanvely new application for I7WB tachnology.
They can be used o observe the layout and moetion inside a hutlding Through-wall imag-
ing can be used by police and firefighters 1o logate the peaple inside & building. n the case
of a hostage crisis or a fire accident [29).

Two commercially avarleble through-wall imagimg svstem are found. namely Xaver™
system by Camero, Inc. [5]. shown in Figure 2.6{a). and Prism 200 by Cambridge Con-
sultants Ltd [6]. shown in Figure Z.6(h). Both systems can see through most commonly
used wall matenals. such as brick. conerete. wood and swone. Table 2.3 compares these
two systems in terms of physical structure and the system design.

1al ik

Figure 2.6: (2) Xaver™ 800 by Camero. Inc. [3] and {b) Prism 200 by Cambndge Con-
sultants Lid [6].
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Table 2.3, Comparing Xaver' ™ 800 und Prism 200 through-wall imaging sysiem. [5, 6],

2.5 Existing Signal-Channel UWB radar at University of
Cape Town

A previous MSe student from University of Cape Town. Mr. A Chang, designed and
bwilt a single-channel UWRB impulse radar for shon-range application. This UWB radar
sysiem consists of radar circutry, the data-scguisition subsystem, the signal pricessing
subsystemn and the gruphical user interface |57).

Part of this thesis's objective is torevase and identify the deficiencies of this system and
hence. improve the svstem performance. The detarled analvsis on the transcenver circuit
design, e the pulse gencrator and | 'WH recerver. will be presented in Chapier 4 and
Chapter 3 respectivaly. The main focus of this section 15 1o analyze the system perfor-
mance for this single-channel UWHB radar system. Figure 2.7 shows the system layout
and Figure 2 8 shows the radar circuit board of this radar system.

Dunng the radar operation. the pulse generator is mggered by the square wave, which 1s
generated by the pulse truin generator. The recciving signal s sampled by the fast sam-
pler. as shown m Figure 2.7, The Fast sampler s triggered by the delayed pulse, which
15 generated by the pulse wain generator and passed through a delay line. The delav 1s
set by the delay line, which cach nme delay corresponds (o a particular range from the
radar. The delay 15 set 10 be unchanged for a number of pulses. therefore the sampler will
sample the retum echo at a ume delay for a number of times. An integrutor 15 used to
miegrate the sampled ccho. By increasing the delay time generated by the delay line. 1115
cticcuvely sampling the recorving symal at vanous ranges from the radar Henee. a nmpe
profile can be obtained.

Following are the system paramerers
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e The pulse-repetition-rate (PRF) of the pulse generatur = 2.0 MHz

The measured peak voltage of the transmitied pulse == 1.2 ¥

The caleulated processed bandwidith == Y17 MHz (witheut applicatien of Hanning
window )

The calculated range resolution 15 68 = 0,16 m,

Experiments were carried out using fwo bow-tie antennas which operate between | GHz
and 2 GiHz, Grid reflectors and a metal ball were used as targets, A typical experimental
setup is shown in Figure 2.9,

Filgure 2.9, A typical expeniment setup in [S7],

A National Instrument Data Acquisition (NI-DAQ) card (PCI-6070E ) s used 0 provide
an interface between the computer and the mdar curcant |57 Afier the radar circuit sam-
ples the target response, the DAQ card 1s used o digitize the received signal, and transmat
it back to the computer, where signal processing 15 performed. The DAQ) card provids 16
(multiplexed) 12-biis ADC channels, with maximum sampling rate of | 25M5/s (mega-
sample-per-second). This DAQ card uses the PCI bus | 1.¢. it requires 1o fitted onto the
motherboard directly. Therefore, this svstem is difficult 1o be carmied around

Expeniments were carned out usmg the the following procedure

e At start of each experiment, a background profile is captured  This background
profile contains echoes from the stationany objects in the scene, such as tables and
chairs

e After the background profile has been taken. targets are placed in the scene. Another
down-range profile is captured



» The second captured profile contains the echo from the warger, as well as the echoes
irom the stationary objects in the seene. Hence, the background profile that was
caplurcd carlier, can be used W remove the backeroond clutter firom the later profile,
tw reveal the true targel response.

s The background-removed target response 18 processed with an inverse liler, defined
between | GHz und 2 GHz. A Hanming window 15 applied 1o reduce the side-lobes
of the filtered signal,

Figure 2.1{) shows a range profile obtained using this single-channel UWBE radar withon
its front-end amplifizr. The target. a small metal grid (dimension. 350x390 mm). is placed
50 e¢m in front of the radar. Figure 2,10 shows that the recewved and sampled voltage of a

small metal grid target 15 approximately 9.3 mV

100C 2000 ey 2aca 3007

Figure 2.10: An example of the range profile captured by the radas system (without the
RI" amplifier) constructed in [57]. A small metal grid target is placed 50 cm o front of
the radar, X-axis s number of Tange bin (spans from -2.23 m 10 935 m) and y-axis is
volmage( V)

Tahle 2 4 summarizes the results obtained from [37].



Experiment Experiment setup System gain Results
setting
Maximum A small grid reflector (1) Without RF (1) In the target response profile,
range (550mm x 390mm) is used as the front-end the target is visible up to a range of
detection target. The target is slowly moved amplifier 1m.
away from the radar. At each (1) With RF {2) In the target response profile,
position, a target response profile is front-.end the target is visible up to a range of
captured. amplifier S5m
Detecting Two targets were used: a metal ball, | With RF Two target can be resolved from the
multiple which is placed at 1 m away from front-end target response profile.
targets the radar, and the small grid amplifier
reflector, which is placed at 2.5 m
away from the radar.
Detection ¢ A wooden partition with With RF o Target detections were performed
through dimensions front-end from 1 m (the distance between the
wooden 120(W) x 2{B) x 180{H) cm is amplifier target and the radar) up to 3 m. At
. placed at 1 m away from the radar. 3 m, the peak voltage of the return
partition o A small grid reflector echo (after background profile has
(550mm x 390mm) is used as the been removed) is 0.338 V. The gain
. of the front-end amplifier used is
target. The target is slowly moved ~25 dB. However, the gain of the
away from the radar. At each post-amplifier is unknown.
position, a target response profile is o Comparing to the target response
captured. of a small grid reflector positioned
at 3m (without obstructed by
wooden partition), approximately
20.5% of signal voltage is
attenuated by wooden partition.
Detection ¢ The radar system is placed against | With RF Target is only visible when the
through a 23 cm thick cement wall. front-end target is placed next to the 23 cm
concrete ® A large grid reflector amplifier thick cement wall.
partition (830mm x 485mm) is used as the
target. The target is slowly moved
away from the radar. At each
position, a target response profile is
captured.
Signal-to- « 10 noise profiles are captured and | With RF s The averaged noise profile has a
Noise (SNR) | averaged. The noise profile is front-end peak value of 4.28 uV.
Ratio captured without target in the scene, amplifier ® As the target moved away from
* A unspecified target is placed in the radar, the peak value of the
the scene after the noise profiles return echo dropped from 3.28 mV
have been taken. The target is t0 0.425 mV, with target moved
slowly moved away from the radar. from 1 m to 3 m. The SNR is
At each position, a target response reduced from 57.7 dB to 39.9 dB
profile is captured. respectively.
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Table 2.4: Summary of the experiment results shown in [57].




Chapter 3
Ultra-wideband System Overview

In this chapter, the UWB phased array system architecture will be presented. Firstly, the
design specifications of the UWB system will be introduced, which is then followed by
a brief explanation on the radar operation. The signal processing techniques that will be
used in processing the raw data will be discussed the last.

3.1 Design Specifications

3.1.1 Frequency Selection

As discussed in Section 2.1.1, the bandwidth of a bandpass-type (i.e. spectrum similar to
Figure 2.2(b)) is determined by
B=1/t

where B is the 3 dB bandwidth of the pulse and 7 is the 3 dB pulse width.

A bandlimited impulse with pulse width 7 =~ 0.5ns has a bandwidth of 2 GHz, which
has significant frequency components from very low frequency (close to DC) to approxi-
mately 2 GHz.

In order to perform through-wall imaging effectively, the system frequency selection is
important. Although the low frequency components (below 1 GHz) have better penetra-
tion through solid material than the high frequency components, antennas which operate
at low frequency tend to have a large structure. Hence, one is required to select a fre-
quency spectrum, which has moderately low frequency, for good material penetration,
and still works efficiently with moderately small structure antennas.

Hence, this UWB system is designed to operate between 1 GHz to 2 GHz. With 2 GHz
being the highest frequency component, the minimum sampling frequency required is
4 GHz according to the standard Nyquist theorem. If however the signal is bandlimited
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to occupy a range between 1 GHz and 2 GHz prior to sampling, according to the Nyquist
theorem for bandlimited signal (refer to Appendix B), it is actually possible to sample
at twice the bandwidth in this case, i.e. at a rate of 2 GHz. To retain flexibility, it was
decided to design the system with an effective sample rate of at least 4 GHz.

3.1.2 Range Resolution

The range resolution, AR, is measured between the 3 dB points or half power width of
the point target response in the range direction [22]. This also indicates the shortest
distance between two adjacent targets at which the radar system can distinguish the targets
separately. The range resolution is related to the bandwidth by [22]

c
AR &~ —
2B

where c is the speed of electromagnetic propagation within a sensing medium and B is
the bandwidth of the transmitted pulse.

One of this project’s intention is to detect the presence and movement of a person behind
a wall. It was noted that a person’s dimension is normally greater than 15 cm, and under
normal circumstance, people tend to stand at least half a metre or more apart, to avoid
feeling uncomfortable. Furthermore, a step-size of an adult is usually greater than 15 cm.
Hence, it is concluded that a range resolution of 15 c¢m should be adequate to detect
human presence and movement. This sets the required process bandwidth for this this
UWB system, which is 1 GHz.

3.1.3 Pulse Repetition Frequency (PRF)

The pulse repetition frequency is defined as number of pulses transmitted per second.
Consider a radar system transmitting pulses at a frequency fprr. The time interval be-
tween the two successive pulses is known as pulse repetition interval (PRI), which is
given by fpr1 = 1/ fprr- If the total time taken by the transmitted pulse to reach the target,
and retumn to the receiver, is longer than #pg;, one cannot distinguish whether the echo is
return from the first transmitted pulse or the second transmitted pulse. Hence, in order to
accurately determine the range of the target, the pulse must be transmitted and the echo
must be received before the next pulse is transmitted. The PRF determines the maximum

unambiguous range,
cIpri c

Remex = == = 3 e

The PRF of this UWB system is set to 2.5 MHz, which allows a maximum range of
Rpyax = 60m. This maximum range is well adequate for an indoor application (allowing

for mulitiple echoes to die down). Since the room used in experiment is approximately
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5 m long (across the room), the maximum range for the sampled down-range profile was
setto S m.

3.1.4 Image Update Rate

In order to keep the through wall image update as in real-time, a sweep rate of 10 frames

per second is desired. The maximum sample spacing, according to Nyquist theorem, is

X}T,S = % = 0.075m, as the system is operating in the range of 1 to 2 GHz. Since

there are 4 channel receivers used in this system, the total number of samples per second

— R
samplespace

time that one can spend integrating for a range bin (refer to Section 3.2) #;, = 1/2667 =
0.375ms. For a PRF of 2.5 MHz (PRI = 0.4 us), the maximum number of integrated
samples for each range bin is fﬁ% = % = 9375. This objective will be reviewed in
Chapter 5.

is x 4 +0.1 = 2667sample/sec. This is equivalent to the maximum allowed

3.2 System Overview

»| Puise Generator Transmitter
Puise Train : i
T | . [ |Digital
Sliding Range Gate Delay
— 1 Line
RS232
Fast Integrating|| Receiver 1
Sampler -
Microcontroller RF Front-End Amplifier

! Instrumentation
PIC18F4523 li

Amplifier <1~
Fast Integrating .
T T T Sampler Recegwer 2
Instrumentation RF Front-End Amplifier
ADC Channels Amplifier

—

Fast Integrating
‘Sampler

Recsiver N

Instrumentation RF Front-End Amplifier
Amplifier

Figure 3.1: UWB phased array system overview

Figure 3.1 shows the UWB array system block diagram. The UWB array system con-
sists of a single transmitter and multiple receivers. A microcontroller, PIC18F4523 from
Microchip Technology Inc., is used as a centre piece of this design. It was chosen to
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provide various controls and portability to the UWB array system. The functions of the
PIC18F4523 are briefly listed below:

s It generates a square wave train, using the timer and the pulse width modulation
(PWM) modules !. The square wave is used to drive the transmitter and receiver.

e It provides the controls to the programmable digital delay line, which is used in
conjunction with the fast-integrating sampler for sampling the received signal.

e It provides control to the analog switches that are used in the fast-integrating sam-
pler.

o [t provides 13 (multiplexed) 12-bits analog-to-digital converter (ADC) channels,
which are used to digitize the sampled signal.

e It transmits the digitized result from the ADC, via RS-232, to the computer, where
the signal processing is performed.

During the radar operation, the pulse generator is triggered by the square wave, which is
generated by the microcontroller. The output waveform of the generator is a pulse with
pulse width Ty typically less than 1 ns. The bandwidth of the pulse is determined by
1/ %uise. Hence the bandwidth of the generated pulse is typically greater than 1 GHz.

If a conventional radar receiver, i.e. receiver that samples of the return signal directly,
is used to sample the 1 GHz bandwidth return signal, it will require an ADC with a
sampling frequency of at least 2 GHz (Nyquist sampling theorem). In order to lower the
requirement of the ADC, a fast-integrating sampler with a digitally-controlled delay line
is used for sampling the received signal. Figure 3.2 illustrates the receiver operation.

The blue waveform indicates the transmitted signal, which is produced periodically at a
rate of 2.5 MHz. The green waveform indicates the return echoes. The sampler is trig-
gered by the delayed square wave. The delay is set by the delay line, which corresponds to
a particular range from the radar. When the delay line is set to 74, the sampler will sample
the voltage that appears on the receiving antenna. The delay is set to be unchanged for a
number of pulses, therefore the sampler will sample the return echo at 74 for a number of
times. An integrator is used to integrate the sampled echo, and it is reset when the delay
is changed to the next value. The output of the integrator is connected to an instrumen-
tation amplifier, which is used to amplify the difference signal between the output of the
integrator (integrating sampler) and a reference sampler?. Later, by sliding the delay line

!The microcontroller is operated with a master clock frequency of 40 MHz. The frequency of the
driving waveform to the transmitter and receiver is set by the timer module by scale down the master clock
frequency. The PWM module is used to set the duty cycle of the driving waveform [4]. In this design, the
frequency of the output waveform is set to 2.5 MHz and duty cycle is set to 50 %.

2The input to the reference sampler is a 50 Q resistor connected to the ground. Hence the reference sam-
pler integrates any noise and temperature drift seen by the 50 Q load. Since temperature drift is present in
both samplers, hence by taking the difference signal between the sampler, the common temperature related
drift presented to both sampler can be subtracted, so the amplified signal is less temperature dependent.
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Figure 3.2: The UWB receiver operation

to different value, i.e., Tp, T etc., a range profile can be obtained.

The effective sampling rate of the receiver is determined by the step size of the delay line,
i.e. the time difference between T and 73. Hence a high sampling rate can be achieved
by using a delay line with sub-nanosecond step size. With this implementation, a mod-
erate speed ADC will be sufficient for the application. Furthermore, since many received
signals are integrated, the signal-to-noise-ratio (SNR) of the sampled signal is improved.

Finally, a user interface, written in Python, is used to display and process the received

signal. It also allows the user to change the settings of the system and initiates data
acquisition. Figure 3.3 shows the interface.

3.3 UWB Radar Signal Modeling

The material presented in this section was adapted from [57].

For a single transmitter and receiver UWB radar system, the transmitting signal is sent by
the transmitter and reflected from the target in the scene. Since the radar system can be
modeled as a linear system, and the practical antenna has a certain bandwidth, the signal
received at the receiver is a bandlimited, delayed and scaled version of the transmitted
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sipnal Assume g point target is placed 10 the scene, the recerved sipnal 18 expressed as

l:"l:'! } o 1 Iff'l: ‘ f JJ bancdimred :_' l.: it
™
- f |]':4":.'r =it .'Jana'frmrn.-.;;":[r|i'1’1'

where £(7) is the impulse response of the scene, #:,(r] is the ransmirted waveform.

Since a convolution in the nme domain becomes a product in the frequeney domam. the

vadar model can be expressed as
3 | I 5 h |
Fex :.ﬂ ~wlfi [‘l EJ‘ | brreed o eef

Let Hed f) and H,o[f) be the transter functions of the ransmitting and receving antenna
respectively, and Hp,( 1) be the impulse respomse ol the front-end amplifier. The signal

seen by the fast-integrating sampler is given hy
Fia [.lr l =1 fnLir.: Hy, UFJ' ; A,,ar] -"fr:{_i“.' hrfmr‘h | _-l'r-‘I

which 1s valid for a given directions. 1.c. M. £ and £ 00) are a function ol the dircetion

of arrival of an echo.

Since the wansfer function £, £, fhx\ 1) and {p! /) also represent the gain response
of antenna and amplifier respectively. and the gain of the antenna and amplifier change
uver frequency. Hence. for a UWB system, the antenna and amplifier’s transfer function.
Le. He (0 B () and Hougl £, are frequency dependent functions.

3.4 Signal Processing

When targets are placed 1 the scene, the signal received by the recever consists of the
echoes from the targets and the background clutter, 1.2 echoes from ohyects of no mterest
in the scene. In order to extract the location of the targets from the clutter. signal process-
ing 15 required. In this secuon, the signal processing techmques used will be doscussed.
nameiv background subtraction, signal filtering and beamformng.

3.4.1 Background subtraction

In-an indoor envirenment, there are aften a lot of reflective objecis, other than the targer-
of-interest. located m the scene, e tables, chaws. Since these abjects are stationary,
1.e. they will not change 1ts position unless someone moves them. The profile comains
these stationary objects. which can be seen as the constant background clutter. When a

1+
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profile is captured with a target-ot-interest placed in the scence, the background profile.
that was captured carlier, can be used 1w remove the background clunier, 1.¢. the echoes ¢f
the stationary ohjects, from the later profile. Henace. the larget response of the larget-of
imterest can be revealed

3.4.2 Linear Signal Filtering

The signal comrelation techmgue can be used to improve the SNR of the receved signal,
This 15 achieved by correlating the receved signal with a reference signal, In a narrow-
band system. the refersnce signal 15 a replica of the transmtted signal, as the shape of the
signal is normally unchanged during the radar operation. However, for a U'WE signal, the
shape of the signal is changed many times during the radar operation. These changes are
due to the fact that the antenna band-limits the signal, and multiple reflection ocours when
the length of the targer 1s greater than the pulse width, 1. Lyrgei 2 EThse. Hence, the
refercice signal used in the UWB radar 15 a response of a target recorded by the recoiving
element.

Twao linear signal fillering methods are discussed in this section, namely matched filiering
and inverse fillering.

In the matched liltering method. the received signal is correlated with the conjugate of the
reference signal. This process 1s identical 10 cross-correlaniona. Let the recerved waveform
be vit 1. In white noise case. the matched filler 1s defined as |22

arifn = X'ifje''f
huritl = X1=r=1)

where 1 s 8 constant whach can be used to shift the location of the output peak. The
output of the matched filter is given by

wit] - aT =+ 1) e
In the lrequency damam,
Yin = yNghe
= |XNiAfFe

The wansfer function of the inverse filier 1s delined as the inverse of the Founer Trans-
formed reference signal over # delined bandwidth B. For a basebanded signal *, the mverse

*Haschand signal refers to sighal whese spectrum componani centred an zem hare [22]



filter is expressed mathemarically as [21]

A _e-iwr _# < fe
e < -
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where B is the bandwidth of the signal, which 1s inverse of the pulse length T

The transfer function of the inverse lilter can be expressed in teoms of maiched lilter by
multiplying f—u;

i :
Mty = & AW

] el vewhere

i L _Ei g

8=

From above equation it is noted that, the imverse filter and matched filter have same phase
respunse over @ passband. ie —g sf< *,". and the magnitude 1s differs by the factor
H—‘:- [22, 211 In the frequeney domaimn., the output of the inverse filter 15 a recr function.

and 1n fime domain., this is translated o a 1'-’11-—*3 funchen,

The % function has large sidelobes. In order to reduce the sidelobes, the output of the
mverse filter in the frequency domain, the réct funcnon, 15 tapered with windew [22, 21].
The weighning funcuon (the “window') smooths the edges of the band in the frequency
domain, which reduces the sidelobes of the time domain response. However. the main-
lobe of the ume domain response is broaden during the windowing process. Table 3.1
shows the properties of some commaonly used weighting functions.
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Table 5.1 Weighting functions for sidelobe suppression |22],

The antenna response and the recever transler function of LW R radar system tend m han-
dlimn the transmitmng impulse signal Hence the signal processing rechmigue descnbed
in this secthion can be applied to the current UWB radar system, as the received signal 15
bandlimited o a passband. 1.e. —% < f < 4. The simulated results using matched filtering
and inverse filtering are shown in Chapter 6.



3.43 Beamforming / Array Theory

When a linear armay of receivers is used. it is possiblz 10 resolve hath range R and angle
of amival 8 of a target in the scene. Fizure 3 4 illustrates the geometry of & hinear array of

receiving elements.
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Figure 3.4: Geometry of a lincar armay

Assuming a point target is situated sufficiently far from the radar. the wavefront refllecied
from the point targer can be approximated 4s a planar wave when i reaches the egiv-
ing elements, From Figure 3.4, it shows that the wavefront amives at each roceiver at a
differemt e delav. The ume difficrence between two adjacent recening element can be
calculated by 1= m whereof 18 the distance between the adjacem reesiving clement,
@ is the angle of ammival of the Wavefront and ¢ is the speed of hght (= 3 = 10% mss)
This nme difference can wlsobe expressed as a phase shift berween the array element as
v = ;—“—hf’—’&. where A s the wavelength. By summmg the recaived signal from all the
receiving elemenis with apprapriate deluv and phase compensanon. 2 beam may be found

i a pamicular direction.

Since the angle of armmival of the return echo from the point target is unknown. a beam
stecring algorithm is used to focus the image. Frgure 3.5 dlustrates the beam focusing
operution, The beam will be steered from = By, 10 By, where all poims alang 2 partic-
ular angle 8, will be evaluated by “delay and sum’ beamlorming, with appropniate phase
compensation as the processing will be done on basebanded dara ¢ spectrum of the
range compressed dowa is first translaied to baseband). The focused sipnal at point "a” at
angle 8 1 expressed as [22)

\- |
Out pu) g0 = z vlt = raﬂhp'!ﬂml'.nnlu;' A

e}
where n s the clement index in the array, Vs the number of receiving element i the
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Figure 3.5 Beam focasing operation

array. xyi1 ) 1s the baschanded signal for receiver nand 1, g 1s the time delay from focused
point @ at ungle 8 to the reeerving element

Since the signal is sampled at discrete points along the array, the spacing beiween the
array clements needs to be small enough o avoid spatal alasing |22 The result of
spatial aliesing is known as the “gratmg lobe effeet”. where the lobes are repeated an
several angles, with the same amplitude as the mamn lobe. To svord completely spatial
aligsing, the array clements arce required to-be spaced at less thun 4 /2, 1t the requirement
is not met. the first grating lobe oceurs (with respect to @ beam on boresight) when the

pdurl _ 2 yryields

phase shift between the armay clement is 2 [22]. Solving lor =55

ﬂm|m lobs = arcsin! EI

Hence, the maximum steenmg angle is hmited 1o whers the phase shift hetween the armay
element is 1 [22]. Solving for ;:—a‘ﬂ'-' = .t yiclds

Biras = aresin| %;-
Ini the UWB impulsc armay. the gratmg lobes effect is absent Since the spectral compo-
nents of a widchand signal 1s spread over a large range of frequencies, the grating lobes
occur at different angle for & different frequency While the manlohes are added coher-
cntly. the grating lobes are averaged over the frequency spectrum.  Henee. the grating
lobes are suppressed [45]. Figure 3 6 illustrale this phenomenon, where fipgn and fiow
are the armay focused beam for high frequency component and low [regueney component
of the impulsc respectively. As illustrated m Figure 3.6, the mainlobes Tor different fre-
quencics arc located at the swne angle and are bemg added constructively, whereas the
grating lobes are occurred at different angles for different signal frequencies, The mis.
alignment of the grating lobe averaged the lobes over the frequency spectrum.
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Another way to look at this is in the time domain. The delay and sum beamformer aligns
cchoes from a particular direction (or positon (K. 6)). Even if the phase shift 1s an mteger
multiple of 2 at rthe gratng lobe angles, the data will not be perfzetly time aligned for
the grating lobe direction if the range resolution is sufficiently fine
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Figure 4.2: Pulse gencrator crcuit design described in |57

ol 4 vise o 13V, and 7 1s charged throngh the loep V2—R 12 —C7—R |1 3—{reumd
Figure 4.3(a) shows the simulated wavetform al node CS-R 104 and Figure 4 3(h) show
the simulated waveform at node R12-04-C7. The square wavetiom shown Figure 4.3(a)
and (b} is the simulated 2 MHz driving signal. Miceo-Cap simulator is used for this circais

simulation and plots generation,
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Figure 4.3: Stimulated waveform at (a) nede C5-R11-04, and (b) node R12-04-07.

At the instance when the transistor Q4 15 wiggered. the collector volage Is drops trom
approsimately 15 Voo 0 V. which results ina <15 V drop on node C7-R13-D2. Ihis
causes the Schouky diode D2 10 conduet, and discharges C7 via R13. R14 and impedance
of the antenna. Ka, toward (1 V. The charging ume constant of C7 is approximately
Thuchanges = 02 = (RI4/ /RIS Ra) = 30ps, Thus a negative pulse is generated agmss
the antenna feed. Figure 4.4 shows the generated pulse and Figure 4.5 shows the DET
analysis reproduced trom |57] The measuements and the DFT analysis was performed
using Agtlem Infinium S4833A DSO (digital storage oscilloscepe). From Figure 4.5, it
shows that the measure pulse bandwidth is approximately | GHz However, this analysis
is band-limited by the D50 used. Hence, the bandwidth of the gencrated pulse could be
wider,

In this thesis, the pulse generator is furthe: modified from [37) Figure 4.6 shows the
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revised circuit dingram. which is produced using Kicad. RS and C6 are used to generate
a time delay which is used 10 match with the initial delay set by the digital delay line in
the fast-intcgrating sampler (described in Section 5.1). The other changes are aimed 1o
penerate a similar but shoner pulse, with a higher peak-to-peak voltage,
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Figure 4.6: UWD pulse generator circuit diagram.

[ he bandwidth ef the pulse generated is derermined by Lhe sharpness {risetime) of the trig-
pering square wave driving C5 and R | and the transistor base impedance. ['he sharpness
ot the square wave, logether with the characteristic of the wransistor used. will determine
the speed of switching action, which leads o the charging and discharging of the output
wavetorm. 1 he amphitude of the generated pulse is alfected by the response of the charg-
ing capacitor €2 in the high trequency speetrum.

In the followng sections, the improvements that are performed vn the pulse gencrator
will be discussed, and resulis will be presented.

4.2 Triggering Edge of the Square Waveform

In this design, 1wo inverters. ULC and ULD. are used in parallel to shoren the rise- and
fall-time of the square waveform. The Agiient Infinjum 54833A DSO is used 10 measure
the transition time. The averaging furction on the DS is set (o average many pulses. in
which the mean transition time is obtained. Figure 4,7 and Figure 4 8 show the observed
rise- and fall-times for the case of'a single inverter and o two paralle] inverters,

For a single inverter. the 10% - 90% rise-time and fall-time are approximately 2.25 ns and
2.00 ns respectively. In the case of two parallel inverters, the rise-time and fall-time are
approximately 0.91 ns and .88 ns respectively. This shows that the edge of the square
wave in sharpened through this modification. which is due 1o the incresse in cament drive
it the capacitor €5, when two parallel inverters are used.
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The BFGS20W/X RF tansistor was used to replace the transistor BER91A, that was
used in [S7], Table 4.1 15 constructed to compare the performances hetween these two
RF transistor. Table 41 shows that BFGS20W/X has a lower [eedback capacitance (be-
tween collector and base of the transistor), which enables a faster switching action than
the BFR91 A RF transistor. The output wave observed on the DSO, shows a manginally
merease in its peak amplitude. Thers are many other RF transistors which have lower
feedback capacitance, however, it 1s &t the expense of low collector-emifter breakdown
voltage, 1.e tymcally less than 10 V, which is not suitable for this design.

| BFRS20W/X BFRYIA I
[—— — | ——

Collector-sminer breakdown voltage ) 15V T 1AV
Collector current (mauimum) JomA  SOomA
Transmon frequency (unity cument gan ir:qum:y:-_ 9 GHz ___: T - 6 l':fl:Iz_ L_
Feedback capacitance CASpFlep=0VY \0dpFiles=5V)
Nuoise Figure 11 dB jat @OOMM  1.6d1 (o 500 MHz)

Table 4.1: Companng the performance of BFGS20W/X and BFRO1A [16. 17]

4.3 Interdigital Capacitor

The charging capacitor C2 1 Figure 46015 responsible for the pulse smphtude and pulse
shape of the generated waveform. All capacitors have an inductive component n serics
with the capacrance component. The inductive component causes an (ncrease in trans-
mission loss when 2 higher frequency signal 15 appled to the capacior [42] Hence a
cupacilive element with less inductive component will be more suitable for generating
very short pulses.

Two capacitive elements were mvestigated, (1) the surface mount chip capacitor, which
15 widely used in printed cweuit board assembly (PCB), and (2) the mrerdigital capacitor
(1D,

Che LDX is a microstnp hine ciement, which s used for producing small capacitances.
Figure 4.9 1llustrates the geometry of an IDC. The capacitance of the IDC 1s determined
by the thickness, length (£) and width (H) of the conductors {the microstap line), Gen-
erally. when the charactenstic impedance (Z,) of the conductor increases, the effectve
capacitance decreases.  Furthermore. the capacitance 1s also increased as the gaps be-
tween the conductors decrease. Finally, as the conductors are mounted on a subsirate, the
thickness and the dielecine constant (€,) of the substrate affect the effective capacitance
of the conductors [3].
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Figure 4.9: Interdigital capacitor geometry

The capacitance of the |DC can be caleulated using [vllowing cquations obtained from
[42]

(= (n= 1}yl
Ch=¢nl] | ajn@
Kik
k— ran® lﬁf-;_.‘-*]
K =1k

where # 15 the number of conductors. £ 5 the length of each conductor, B is the width of
each conductlor. § is the spacing between the conductor and & is the permittivity of frec
space (= 8.854 - |0~ 21 /m). These cquations assume that the thickness of the conductors
are zero, Kik) s a complete elliptic integral which can be approximated with following
equation with an error of 3% or less [42].

K& I.l'fhnfl::"g 0<E<N3
KKy Lipi 2L E’,- 0.5 < &< |
A, I =47 = =

I'he difference belween the ¢aleulated capacitance and the actual capacitance could result
trom.

¢ The conductors have a non-zeros thickness. Hence the actual capacitance could be

higher,

e A small amount of substrate is removed during the milling process®. which results

in a smaller capacitance than the caleulated value.

Testing boards are made Lo compare the perlormance between a muolti-layer ceramic chip
capacitor and an 1IN, Figure 4.10 shows the testing board made tor the 110 The testing

TBCB milliag machine 5 used for rapad develupment ol protan pes

ik



board for a 1,8 pF ceramic chip capacitor has a similar layout, The 1DC thut is made
consists of 14 conductors (fingers), which are formed on a FR4 board (& = 4.34), The

dimensions of the 1IDC are listed below

e Width of the conductor = 0.508 mm
o Length of the conductor = 2,937 mm

e Space between the conductors - 0.254 mm

Figure 4, 10: Testing board for the interdigital capacitor

I'he culculated capucitance. using the above equations, is approximaicly 1.55 pl.

In onder o compare 1DC with the chip capacitor, an 521 measurement for both boards
was performed with Agilent ESD718 network analvzer. Figure 4,11 shows the circuil
diagram and depicts the 821 measurement condition. Port | of the network analveer is
represented by a signith source with 50 €2 resistor, and port 2 is represented by n 50 €
resistor o ground. This configuration is a high pass filer with a theoretical 3 dB cut-olt

' =] GiHv.

A R R

50 | 1350
R1 €
- ry H:
vi (I_:J ' | =n
PORT1  DUT PORT 2

Figure 4.11: 1 eircuit dingram for S21 measurement of the high pass filier

The foss in the passband of the high pass filer, furmed by the chip capaciter and input
impedance of Port | and Port 2 of the network analyzer, i~ uppreximately 8.16 dB at
1.35 GiHe, as shown in Figure 4.12(a). Companing to the 4.36 dB a1 1.36 GHe Toss due



to the high pass filter formed with an IDC, shown in Figure 4.1 2(b), proves that the inter-
digital capaciior mmproves the efficiency in passmng high frequency signals. Furthennore,

the passhand shown in Figure 4.12(a) is not Hat, and there 15 an unwanted resonance at

1.32 Gitle. which makes it unsuitable for our apphlication.

ta) Chip capacir b} Inerdigital capaciior

Figure 4.12: Comparing the S21 measurement for the high pass filter, using different
capacitor element. The x-uxis spuns from 300 KHz w0 8.3 GiHz. The y-axisis T0dR/div.

The capacitance ol the interdigital capaciter can be estimated trom Figure 4.12(h). The
cut-oft [requency of the high pass lilter, formed with 1120 and input impedance of Port |
and Port 2 of the network analy zer, is appeosimiately 1 Gz (observed on the network an-
alyzer). The capacitunce ol the IDC ¢an be caleulate using the setup shown in bigure 4.1
" |

Cme = 5 —— = |.59pF
o) 2xfopamiRl + R2) i

The measured capaeitance of the 11 is approximately 2.6% higher than the calculated

value,

Figure 4.13 shows the UWDB pulse generatcr board that was made. which is based on the
circuit design shown in ligure 4.6, Figure 4.14 shows the generated pulse observed on
the DSO. Comparing v Figure 4.4, it shows an approximutely 450 mV increase in the
pulse amplitude. while maintaim the same pulse width. The DET analvsis (Figure £.15)
shows u signal bandwidih of 1 GH2 is achieved with the new pulse gencrator. However,
the true pulse width is shoner and the true pulse amplitude s greater than that observed

am the oscilloscope.



Figure 4.13: L'WB pulse generator PCB

Figure 4.14: The measured waveform at the output of the new pulse generator
Vertical scale: 300 mVediv fwith OV oflsel)
Herizomal scale: 2 nyidiv

4]



Fih_ww_-l‘l ‘Afalne . CUtiGew  aip . AT P

I | .
_1 s
m [
a8 i
il e R
. | i*;?‘ - e __lj - ﬂ_!_jé_-.-l__' . ot

Figure 4.15: The measurcd wavelorm al the output of the new piibse wererator with DIFT
analysis

Time-doman vertical seale: 300 mVidiv (with 1,180 mV offset)

Time-domam honzontal scale: 30 nsdiv

DFT vertical scale: 20 dBmy/dw (wath -15 dBm offser)

DFT horizontal scale. 200 MHz/div (range 0 to 2GHz, centre position correspands 1o
| GHz)



Chapter 5

Multi-Channel Ultra-Wideband

Receiver

In order to record and digitize the recerving waveform accurately, the sampling rate of the
receiver must be at least twice the bandwidth of the reccived signal. for a band-limited
signal. For an impulse radar system that uses signal with | ns pulse width, a mimmum of
about 2 Gllz sampling trequency is required for adequale processing and digiizmg ol the
receved signal IF a conventional receiver design is used. this would impose a very high

sampling rate requirement for the analog 1o digitel converter (ADC ),

One of many wavs to sample a widebamd sagnal without using a gh sampling rate ADC,
1s W channelize the receving signal into several parts and use muluple ADC theregfier
[37] This can be done enther methe frequency domain or tme domain.
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Figure 5.1: The frequency domain channelized receiver for (-1 Gllz signals [37]
Figure 5.1 shows a typical frequency domain channelized recaiver architeciure tor a 0 10
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I (iHz receiver. The duplexer. or the channe! dropping filter. sepamtes the signul into so-
tivus which fit imo the sub-channel bandwidihs of 0-200 M1lz. 200-400 Mllz, etc. The
requirement for ADC is determined by the sub-channel bandwidth. The problem of using
a frequency domain channelized receiver is that the duplexers are expensive. In addition,
the duplexer used needs 10 bave & good impulse response and sharp cutofts 1o avoid signal
distortion [37].
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Figure 5.20 The time domain channelized receiver for 0-1 GHz signals [37).

Figure 5.2 shows the time domam channelized receiver architecture for a 010 | GHz
receiver, This architecture uses muluple ume deloy elemems. The nme delay elemem
provides # ume delay between its.output and s input. Each nme delay element has a
different value Taeiay cleman. 1.6 005 08, 1.0 ns, 1.5 ns etc., and each of the rime delay
corresponds 1o a range value of Rl censers — r““"{ 7% The return signal 1s sampled
by the recaver st discrete time intervals, 1e. the output of the 0.5 ns time delay elemem
15 the sampled voltage of the retum signal at ume of 0.5 ns, and so forth. By summing the
output of samplers, i.e. ADCs, a range profile is obtained.

The architecture shown in Figure 3.2 samples the retumn signal directly, wihich minimizes
the possible distortion of the signal thar could ncenr before the sampling process. Fur-
thermore, this receiver preserves the instantaneous | GHz signal bandwidth.

The sampling rate of this receiver is the inverse ol the difference i time-delay hetween
two adjacent delay clement, 1.c. ATgelay clemenee €2 (1.5 08 time-difference hetween delay
elements is equivalent 1w a sampling mate of 2 GGHz. Furthermore, the number of ume
delay clements used, determinegs the maximum range that the receiver can detect. Fora
2 GHz sampling frequency receiver, a total of 14 ume delay elements, with Afgisy cerem™
0.5 ns, und A s are required for detecting @ maximum range of | m.

Therefore, UWB receivers using adjustable delay lines have been deseloped [51. 30, 57



Figure 5.3 shows a receiver cirowit |20] which consists of @ manual delay siructure, using
a potentiomeler with a capacitor, and Figure 54 shows the receiver circuit with o vancap
diode delay line [37] added to make an clectronically adjusiable delay. Only one sample
1s taken per pulse transmitted at the time set by the delay line The 10 nF capacitors are
charged via a “sample and mtegrate’ approach explaned in mure detml m Sechion § 3

The delays are generated by varying the RC nme constam m both designs. The capaci-
tance of the varicap diode can be varied by changing the voltage across the vancap diode.
Together with a resistor. a computer-controlled (a DAC 15 used 1o control the volage
seross the vanicap divde} delay hine was developed [57], This provides a more robust so-
Tution to o radar range profiling system than the manual delay line described in [30)].

* et wlum
il
5 0 ahm dopole
vt (O i Ah ',
i the (e reEe nermam o iiflor 1 ; & Mohe S nATH -
« “ —

Figure 5.3: The delay line and the fast sampler sverager [30]

In this thesis, a programmable digeal delay hine is used with a revised fast-integraning-
sampler Figure 5.5 shows the block diagram of the new receiver. In the following sec-
nens. the funcuon of each madule 1 the recever will be explamed.

5.1 Programmable Digital Delay Line

The range profile is obtained by changing the time delsy produced by the delay hne, in
discrete steps. Several hundred pulses are tvpically transmitted, The echoes sampled and
micgraled at the particular delay corresponding w a3 speafic mnge. Hence the accuraey
and stabilty of the delay element is very imporant. In addition, the step siz¢ of the delay
elemenr determines the effective samphing frequency fs of the receiver (f, — _{, where Ar
15 the step size of the delay line). therefore 1t should be small enough to provide a suffi-
cient sampling rute. The varicap diode delay bine in Figure 5.4 is found not well suited 1o
this appheation as the response of the vancap diode is net hinear. In addinon, the capac-
itance 15 lemperature dependent. Figure 5.6 shows the time delay generated by a vancap
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Figure 3.4 The computer-controlled delay Bineand the fast sampler averager [37].
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diode MV 104, a 2 nF capacitor and a 47 {2 resistor. over a range of voltage that is applied
across the vancap diode [57).

(I T e T

by i

Figure 5.6: The time delay generated by vaneap diede ciremt v.s. reverse voltage [57).

The programmable digital delay line, DS1O20 series [1, 8], was chosen 1o replace the var-
icap diode delay structure, The DSID20 senes 1s an 8-hit programmable delay line, with
delay step size as small as 0,15 ns, In addition, 11 allows an oprion between programming
on 1ts serial port or parallel port. The DS1020.015 (0.15 ns step size) was chesen for
the application, as #t provides an effective sampling frequency of 6,67 GHz for the UWB
receiver. This sampling frequency is slightly higher than the minimum sampling require-
ment calculated in Section 3.0.1. A finer-step-size delay line is commercially available
from [ 7], with the step-size as small as 50 ps (PDH6030). However. the cost of this com-
ponemt 15 much higher than DS1020 senes (PDH6050 costs approximately 81340, whereas
DS1020-01 5 ¢osts $47), therefore, PDHA6050 1s not chesen for this project.

With DS1020-015 delay line. a total of 255 delay steps ic allowed. hence, the maximum
range of detection is appruximately 5.76 m. A secend delay line. DS 1020-050 (0.5 ns step
size) can be used n serics wath the DS1020-015 (¢ provide a longer range profile. How-
ever, by increasing the length of the mnge profile. it decreases the maximum proliling rate
of the system. Furthermaore, zach delay line produces time delav wath a centamn deviation.
Therefore, if rtwo delay lines were used, calibranon is required for delay time alignment.
Calibration is used 1o ensure that the combined delay ume s increased without missing
ur repedt 4 delay step. To demonstrate that using programmable delay line improves the
radar stability and accuracy, when compared to the vancap diode delay line. 1 was de-
cided that the use one delay line, DS1020-0135, will be sufficient, as 1t met the requirement



for maximum range detection caleulated in Section 3,13, Fizure 3.7 illustrate the basic

operation of the DS1020 delay ling.
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Figure 3.7 Block diagram ol the DS 1020 architectore | 8).

The rising-edge of the input signal initiates the top ramp generator. When the output of
the ramp gencrator cxceeds the reference voltage. the output of the comparator will set the
latch. and produce a high level outpul voltage (=2 5 1), The talling-edge of the input signal
will tngger the second ramp generator, which will reset the latch when the output of ramp
generator is higher than the reference voltage. The time taken lor the ramp generators 1o
reach the reference voltage is equivalent to the delay time that is programmed by the user.

The ramp generator contains capacitors and a programmable current source. The mag-
nitude of the current source determines the rate at which the capacitor i1s charged, which
s equivalent to the rate at which the ramp generator is increased. [he current scurce js
generated by an internally derived reference voltage through an array of resistors. The
binury codes that are progromed by the user, determine the selection of the resistor from
the array. which changes the magnitude of the current source [8]. The microcontroller,
PIC LRI 4523, isused to provide the 8-bit parallel programming bits (o the delay line, Fig-
ure 5.8 shows the delay line module and Figure 5.9 shows the microcontreller demao boand

{supplicd by Microchip Technology Ing ) used in this thesis,

Coa 220050

Figure 5.8: Programmable delay line DSTU20-015 and DSTO2Z0-0510,
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Figure 5.9° Microcontroller demo board and the programmable delay module

Although the resistor array inside the DS-1020 is laser tnmmed w match the designed

values, there will stitl be a vanaion ol the generated delay time from the nominal delay

tme. i.¢. the delay programmed inte the delay line. A set of measurements were done
using an accurate digital oscilloscope (Agilent Infinium $4833A D8O w characterize the

observed (messured) delay as a function of the programmed (nonunal) detay. Figure 510
and Figure 5.1 1 compares the measured accumulaled deluy with nominal accumulated

delay for DSTO20-01 5 and DS1020-050 respectively.

Measwed vs Naminal Time Delay for DS1020-015
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[\
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SHnary code o ban o

Figure 5.10: Delay time v.s. programmed code lor DS1020-015 | 1]

The delay time was measured with the DSO by finding the time difference between the
input and cutput of the delay line. The averaged tme difference is obtaned using the
averaging function on the DSO, over 2,000,000 pulses. There 15 an witial delay of 10U ns

for each of the delay element, which s not shown in Figure 510 and Figure 5.11. The
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Figure 5.11: Delay time v.s. programmed code for DS|026-050[1).

measured delay is relatively close 1o the nominal delay valug. with a constant error in
each step. Since the slope of the graph shown in Figure 510 is fairly smooth. il suggests
that each delay step size i5s constant, The time delays represent the sampling points on the
return echoes. Hence, the constant delay step size ensures the return echoes are uniformly
sampled  However, since actual delay step size is slightly larger than 0.5 ns (the slope is
steeper), it suggests that the sampling frequency shightly lower than 6.67 GHz

5.2 Trigger gencrator

The tngeer generator 15 responsible for switching on the sampler module lor a short du-
ration (typically < Tps), which defines the sample “window’. The nput of the trigger
generator is adelayed square wave, in which the time delay is set by the delay line mod-
ule. Figure 3,12 illustrates the basic operation of the sampler module. Samples are taken
at discrete times Ta. Ty, To ete. As illustrated in Figure 5.12, the switched-on time of
the sampler module (e the sample “window’ ) needs te be significantly smaller than the
pulse width of the transmitted signal and the delay step size (0.15 ns). This is to ensure
that, when the delay is set 10 Ta. the sampled signal at Ty reflects the true return echo at
T 4. and not the averaged signal of the retumn echa between T, and Ty,

Figure 3.13 shows the circuit for the trigger generator. This circuit is similar to the circuit
design used for the U'WB pulse generator. The pulse generated by the transistor is used to
switch the sampler module,
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the discharging time for C21 1o reach the new Vyg, where Vgy — Vot =0 +4.31V s
shorter than Ty haging. Figure 5.15 illustrates this operatior.
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Figure 5.15: Passive discharging curve,

The discharging curve can be expressed as

Frarﬂicmrr l” = I'Jr l'n =h }t" i
where Fopaio(f118 the vollage across thecapacitor, Vo, (4 = ;1 is the imitial voltage across
the capacitor and RC is the discharging ime constant Teharging. When 15, is decreased
by Al . the time it takes for the capacitor to discharge 1o the pew value can be calculaied
as following:
| AV,
bli=tpl=dFm =V r—qiet™ M = — ] - ——)
Fi I 1 A I R Vil =1 )

I'rom above equation. it shows that the time requires fir C21 10 discharge 1o a new value 15
related o the ratio between AV, the change in received voltage, and V. (1 =1, ), the initial
vollage across CZ1. Hence there is no fixed discharge ume that can be used to describe
the passive discharging time in the case of Al < 0. Nevertheless, from Figure 5,15, it is
¢lear that the discharging time for C21 is less than the passive discharging time.

Simulations were done using Micro-Cap [48] to confirm the above explananon. Fig-
ure 5.16 shows the integrator circuit diagram that is used in the simulation. The wigger
pulse is represented by the pulse penerator Vo The value for the resistors, capaciiors
and triggering pulse width are scaled lrom the actual value that are used in the hardware,
due 1w the limhation of the simulator. Figure 3.17 shows the simulation result. The red
wavelorm represent the V2, the received signal. and blue waveform is the voltage at node
Ro-RE and node R7-R9. The simulated results verify the above explanation on the circuit
aperation,
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Figure 5.16: Intcgrating sampler module circuit used in simulation,
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Figure 5,17 The simulated output waveform ai (1) node R6-R8 (b} R7-RY, and V2, using
simulation circuit shown n Figure 5.16.

Since the active charging time is less than the passive discharging time, by resctting the
integrating capacitor C21 and €22, the sampler module will always undergo actuve char-
ing process for both condition o' AV, . This s effectively shortening the “discharge” lime
required for C21 to reach the new 1V, when AV, s negative, Analog switch ADGS(
is chosen for this application. The two analog switches are placed across C2) and €22,
‘When the delay line shides 1o a new value, the analog switch will be tumed on by the mi-
crocontroller, and the capacitor will he discharged through the on-resistance of the analog
switch. ADGH01 is a dual supply, 2 £ on-resistance analog switeh [ 18] Hence the reset
time required 1o discharge the capacitor through the analog switch. is determined by the
lime constant Teet = (7 % Ryuiog swich = 205,

To verify the reser action, that using analog switch will rapidly discharge the integrat-
ing capavitors, experiments are conducted by connecting the transminer directly o the
reveiver via a coaxial cable and suitable attenuators and acquiring the sampled received
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waveform Figure 508 shows the samplad wavetorm when the integrating fime 15 scl
o 1250 s, re. the delay line shdes to the next value every 1250 gs. This integranng
tme 15 chosen. 5o that the micgrating capacitor will charged to a point where more sam-
pled sienal will not merease the charged volage any turther Hence, Figure 318 shows
the “true’ received waveform, In this experiment, the sampled wavctonm for both cases
{ with'wrthout reset function) are virtually identical - as they should be

Figure 5.19 shows the sampled waveform when the integrating time is set 10 125 ps
From Figurc 5.1%a). it shows that the the mregraning capacitor is not charged sufficiently
1o the receved signal when the waveform changes rapidly i the negatve direcnon (1e.
Al < 0). The new sampler with reser funcnion produces Figure 5.19%b), which resemble
the sampled waveform i Figure 5.18(p). Thus the new sampler with reset funcuon will
allow much faster range profiling than the original circuit. In pracnce, 5 is dwell time
was used per step

5.4 Post-amplifier module

The post=amplifier module contains 1w stages ot amplification: mstrumentation ampli-
fier ADO20 and operation amphifier TLOYZ.
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Figure 5.20: ta) Simplified circuit diagram (b) Block diagrum of ADe20 [12].

T'he rwe branches of sampler module, the integratmg sampler and the reference sampler,
are connected 1o HIN and -IN pins of the wstrumentation amplibier ADG20. where the
voltage difference between the two pins 1s ampliied and rectified 1o appear as a [DC offset
at the output. Figure 3.20 shows the simphified circunt diagram and the connection block
dingram for ADG2IN which is reproduced from [12]. A low pass nlter structure s required
to place in front of <IN and -IN pin 1o numimize the RF interference from being amplified.
Figure 5.21 shows the circuit diagram for the low pass filter, which is suggest by [12]. The



filter cut-off frequency is determined by

|
Jowolt = SopmE T

where the value for Cn needs to be at least 10 times langer than G- L to easute that the
commaon-mode rejection performance that is designed for AD620 1s not diominished [12]
Since the delay line Is shid at rate of 500 us per step. the mimmum cul-off frequeney of
the low pass filter is 2 KHz. The cut-off frequency of the jow pass filler is set 10 23 kHz.
This allows a choice of faster sweeping rate to be used For future development. The com-
ponent value used in the filter are B = |50k Oy = 22pF and £ = 1.5pF.

VYour

Figure 5.2 1: Circuit diagram for fiitering R signal |12].

The gain of AD620 15 determined by ratio of the internal gain resistors and R;, where R,
15 the external resistor connected between the twe R pins. The gain of the amplifier is

calculated by:
49 448}

i

Figure 5.22 shows the gain v.s. frequency graph for AD620. In this thesis, the gan of

&=
ADG20 15 set 1o 16, Figure 523 shows the circuit diagram for the post-amplifier moduie.

TLOS2 (L9A) 15 used for level shifing and adjusting the signal amphimude before the
sampled signal is digitzed by the ADC. As the mput range to the ADC 1s limited hetween
(and 5V, the Gutput signal of the ADG20 nceds 1o be level shefled w 2.5V, The gan of
T1.0Y2 15 adjusted by turning the potentiometer R 6.

5.5 Front-End Amplifier

A cfrom-gnd” amplifier is required to amplify the relum signal before the sampling pro-

cess,  Through pre-amplification, the overall SNR of the sampicd signal 15 mercased.
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Figure 5.22: Gain v.s. frequency graph lfor AD620 [12]
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Figure 5.23: Circuit diagram lor the post-amplifier module.



which increases the chance of detecting a weak target response. Furthermore, the ampdi-
fied sigral is less susceptible 1o the noise and distortion from the Jater sampling stages.
Fur the LIWH system, the front-end amplifier needs to be low noise and have a flal gain

response over a large bandwidth.

Gali-39+ from Mini-Circuits was chosen for <his application, as it operates from DC 1o
7 GHe with 19.7 dB gain at 2 GGHz. Gali-29+ has a low nnise figure of 2 4 dB (noise tem-
perature of 2 14 kelvin) at 2 GHz which is lower than the room notse of around 290 kelvin.

Figure 5.24 shows the poise figure and gain of the amplifier over the operanng frequen-
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Figure 5.24: Graph shows (@) gain (b) noise figure over the operating frequency [15].

Figure 5.25 show the connection for Gali-39+ amplifier. Gali-39+ is designed w operate
at 3.5 V with 35 mA. for a optimal performance of high gair and moderately low noize.
Therefore. resistors are required for biasing the 15 V supply te 2.5 V. The biasing resis-
taniee needed 15 approximately % = 34082, The power dissipated in the bias resistors
is approximately 0.29 W. Hence two 0.25 W resistors, 160 £ and 180 £ are used in se-
ries o overcome the power dissipation limit, The AC coupling capacitors. 2.4 nF [14]. are
placed at the input and output of the amplifier. which are used to block the DC component
from entering the device. A biasing choke inductor is required 1o place between the cumut
of the amplificr and the bias resistor. to prevenl the RF signal from interfering with the
supply source [13]. The inductor used in Figure 5.25 15 a 65 nH from Coilcrafi 060305
serics. The measured inductance at 1.7 GHz is approximately 168 nH [9].

Figurc 226 shows the fronl-end amplifier test board. Five vias are placed around the am-
plifier to conoeet the wp and bottom ground place. which ensures the RF signal would be
properly puided 1 and out of the device [11], Figure 3.27 showy the output wavelivrm of
the amplifier when a -10 dBm sinusoidal signal, a1 1 GHz, is input to the amplifier, The
sinusoidal signal is generated by Agilent E4400B signal generator. The -10 didm signal 15
measured on the DS, with the input impedance of the DSO set to 30 Q. The measured

bl
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Figure 5.26: Front-cnd amplifier tesr board.

peak-to-peak vollage is approximatels 147 mV. The output signal. shown m Figore 5.27.
is approximately 1.67 V. Henee the gain of the amplilier. at | GHe. is approximately
210 B, This agrees withthe result shown in Figure 5.244a). In thi< thesis, two Gah-39+
arc cascaded o provide 40 AR pam ar 1.8 GHz
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Figure 5.27° Signal measured at the outpul of Gali-39+ A | GHz sinuscidal 1s inject into
the ampliier

Vertical scale: SINEmVidw (wath OV oflset)
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Chapter 6
Simulation

Stonulation of the UWB arrav and the image formation algorithms were implement usmg
Python. In this chapter, the result from cach stage of signal processing will be presenied.
Finally, a simulation of imagimg multiple targets will be performed.

I'he transmitted signal is simulated using the finst denvative of a Guussian pulse [49],
which 15 expressed as
r b
Fuity=d=g s
7] 7

where T s the pulse width and A 15 # amplitude sealing factor, In the simulation. the pulse
width s setto T=05ncand 4 =1 The 3 dB bandwidth of the pulse 1s approximately
B— lr which 15 equivalent 1o 2 GHz, Figure 6.1 shows the simulated pulse in ume domain
and frequency doman.
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Figure 6. 1. Simulate transmitted waveform.

In Chapter 7, the expeniments were conducted using two bow -1 antennas. which operate
between | o 2 GiHz In order 1o simulate the real received dara, the simulzied signal s
band-limited 1o | GHz {frequency compenent from 1 GHz to 2 GHz). Funthenmuore. most



nf the sysicm parameters used in this simulation are the same as the real sysiem hardware
condion,

The parameters used in the sumulavon are summarnzed at below

s Centre frequency fo = | SGHz
e Bandwidth = 1 GHz (frequency component from | GHz 10 2 GHz)

¢ Samphing frequency f, = 24GHz  Figure 6.1 shows that an impulse wath pulse
width = 0.5 ns has frequency components up to 6 GiHz  Hence, a sampling fre-
quency of 24 GHz 1s required 1o sample the highest frequency component of the
impulse. in the real system, the received signal 15 bandlimited by the antennas thar
were used 1o transmn and receive the signal, before it is sampled by the receiver
Henee a lower sampling frequency (= 6.67 Gildz) is sufficient,

e Spacing between the recciver elements o = 0.15m
« Number of recciving clements N = R,

« Muaximum detection range R = 192 m

e Angular field of view 28, = 2arcsin| i':;; =85.6"

e Angular resolution By = ;i. = 9.6° (without aperiure weightimg)

6.1 Effect of Signal Processing

Figure 6 2 shows the position of the trmmsducer elements and the target. A single target i3
placed | hm away from the radar. Figure 6.3 shows the transmined and receved waveform
for the first receiving element in the array. The receved signal is a time delay version of
the ransminted signal. ‘The nme delay for cach recerved signal 15 equivalent 10 the time
required for the transmitted signal to reach the target and return 1o the receiving element.
The amplitude of the received signal is compensated with »~ algorithm, Therefore. the
received signal has same amplinude as the transmitted signal.

Signal processing. using cither a matched filter and an inverse filter. is performed on the
recenved signal. Both filler suppress the out-of-band poise and boost the -band s1gnal,
which improves SNR. The magnitude of the FFT's of bath filters are shown in Figure 6 4
The FFT of the maiched filter is the conjugate of the FF I’ of the ransmit waveform, and
the FFT of the inverse filter is the inverse of the I'TT of the transmitted waveform. Since
the inverse filter is only defined over a bandwidth (refer to Section 3.4 2). a recr function
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with bandwidth of | GHz (frequency component from | GHz to 2 GHz), 1s used o band-
limited the freauency spectrum of the signal.

Figure 6.5 and Figure 6.6 show the analytic representation of the the matched fillered and
inverse filtered signal respectively.

Any real signal has a two-side Fourier transform that are in symmerry. A real signal x(1
has a spectrum where X1 —f1— X" f) [22] The analvtic represemation of a real signal
=t} is defined as having only the positive frequency components [221
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Figure 6.5: The envelop of the matched fittered signal,
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Figure 6.6: The envelop of the inverse filtered signal.

The magnatude of the frequency spectrum of the inverse liltered signal (from a point tar-
ge1) 15 a rect funcuon. Hence, in time domain, this is rransformed 10 a ™" function



The high side-lobes observed from Figure 6.6(a) can be reduced by reshaping the fre-
quency spectrum of the inverse fillered signal [22]. A window function, such g Hanmng
window and Blackman window, can he used for this purpose. The result 15 shown in
Figure € 7, Companng to Figure 6.6{a). the side-lobes m Figure 6.7(a) are significantly

reduced.
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Figure 6.7: The envelop of the myverse (Hltered sipgnal when Hanning wimdow s applicd

Phe spectral components of the filicred sigmal is then basebanded by multiplving the
signal with & =% in the time domam [22]. Figure 6.8 shows the basehanded signal
after using maiched filtering and inverse fillering. The centre frequency 15 chosen as
Fe =1.5 Gliz. Unlike the inverse filtered signal, the maiched filtered <ignal is not ban-
dlimited. |lence. the basebanded matched filicred signal has a two-side Founer transform
that are not symmetrical. Thereafter. the beamforming algorithm, which is described in
Section 3.4.3, is applied on the basebanded signal (for both maiched filiered and inverse
filtered signal) fo produce an image which reveals the range and angular position of the
tareel. Figure 6.9 shows the beamfonmed mmage m the case of matched filicrme and n-
verse filtering, which is applied to the range profiles, respectively

The beamformed images observed in Figure 6.9 have large side-lobes in the azimuth di-
rection. The side-lobes can be reduced by applying a Hanning aperture weighting to cach
of the receiving clements when summing the signals for a focused point. Figure 6.10
shows the beamformed image of the inverse filtered {with Hanning window ) range pro-
filcs. with 3 Hamming aperture weightmg apphicd. In general, the side-lobes are reduced
through window funcuons in rangs ad azimuth direction  However. the main-lobe is
widened in the process Figure 6 100h) 15 the beamformed image display in a fan-beam
formation. This is ohwained by mapping the resulr from Figure 6 10¢a) o Cartesian co-

ordmnmates.
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6.2  Multiple Targets Detection

In this simulation, six targets are placed in front of the rudar, with target | and taget 2
spaced 15 em away trom each other. Inverse filtering, with Hanning window, is applied
to each of the 8 range profiles (as there are B receiving elements). and g Hanning aperture
welghting is used to focus the baschunded mverse filtered signals. Figure 6,11 shows the
comparison between the actual location of the taneets, and the focused fan-beam image
ol the processed result. The result from the fan-beam imuge gives a close approximation
to the location of the targets. The angular resolution can be improved by increasing the
length of the array, which requires introducing udditional clements 1f the angular ambigu-
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Figure 6.11: Companing the processed result with the position of the target specilivd
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Chapter 7

Results

In this chapter. the performance of the LWB system hardware is examined and varoos
target detection scenarios are investigaied.

The sy stem hardware performance is examined from three aspects:
o Nuise characteristics along the various paints inthereceiver circuit
¢ Stability over time

o Signul-tu-noise ratic of the system, before and afier signal processing.

In the rarget detection seciion. the abibiy ef the UW B radar for detecting targets with dil-
terent types of marerial and for resolving clese-by positioned targets is caamined. Later,
imaging is performed using a four element UWDB receiver array. Table 7.1 shows the tar-
get objects that are used in the experiments.

7.1 UWDB antennas

Two tvpes of antenna are used in this thesis. The first 1y pe of antenna is the bow-fie an-
tenne  Figure 7 | shows the two bow-tie antennas that were built by an undergraduate
thesis student in 2004, These antennas are designed to operate between 1 and 2 GHz
[38. 57]

In order 10 examine the antenna’s frequency response, 511 and 52| measurement. using
network analyzer, were performed on the bow-tie antenni. which are shown in Figure 7.2
I he two bow-Lie antenna are held 2 m apart, Figure 7.2 shows that, in the operating [re-
quency range ol | to 2 Gllz, the return loss of the bow-lie untenna i+ between -5 JB
and -20 dB. The transmission gain is spproximately -22.5 dB. However. the gain is na
constant between | and 2 Gz where the gain starts to decrease ar 1.6 Gz, The 3 dB

T2



Target Photo | Dimension{mm)

Small Metal Cirid 335390

|
Large Metal Grid A3 34
Corner Reflector SO0 per side

fable 7.1: Metal objects used in the experiments.

bandwidth of the antenna is approxomutely | GHe.

1a] Flare angle smaller than 40 degree i k) Flarc angle greater than 40 degree

Figure 7.1 Twe bow-tie antennas made by |38]. Photograph reproduced frum [37]

I'he second tvpe of antenna is the Vivaldi antenna. 11 is a special case of a tapered slotan-
tenna with an exponential taper profile [44]. The Vivaldt antennas have lurge bandwidth.
In additiom, the Vivaldi untenpas are ight weighted and cun be cusily fabncated using
printed circuit board technology. These key factors make Vivakdi antenna 4 desirable an-
tenna te use in this thesis, Several Yivaldi antennas were acquired from a previous project
carried out within our departmemn. These could be used 1o form an array.
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Figure 7.2: (a) S11 and (b) 521 measurements of two bow-tie antennas lacing each other
al 2 m apart, The two markers in (k) are located at 1 GHz and 2 GHe.

Fregquency range (s-axish 300 kHz 10 8.5 GH»

Vertical axis (a): =500 S0 dB (10 dB/div)

Vertical axis (hy: =700 30 dB (10 dB/div)

Figure 7.3 shows the Vivaldi antenna used in this thesis and Figure 7.4 shows the ST1 and
S21 measurement performed by using twe Vivalds antenna anning al cach other, which is
placed a1 2 m apart. Figure 7.4 shows that the transmission gam is approximately =30 dH,
in the frequency band of 800 MHz 10 1600 MHz and spproximately <40 dB transmission
gain in the frequency band of 2 GHz 10 T GEz. The Vivaldi antenna has a retum loss ol
hetter than 10.dB lor all frequency above 1 GHz showing that it is well malched w 50 £
over 11s working range.

Figure 7.3: A Vivaldi antenna.
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Figure 74: (a) S11 and (b) S21 measurements of two Vivaldi antennas lacing each other
al 2 mapart, The two markers inib) are located at | Gz and 2 GHe.

Frequency range (x-axis): 300 kHz o 8.5 Gz

Vertical axis (a): -60 to 40 dB ( 10 dB:div)

Vertical axis (hy: =60 wo HdB (10 dB/div)

7.2 System Performance Measurements

7.2.1 Noise Measurement of the U'WBH Receiver

In the UWB radar system, the echo trom atarget 15 often buricd inside the thermally radi-
ated noise from the scene. Henge, it s important 1o minimize the noise within the receiver
circuit a1 least 10 a level below the thermally radimed noise from the scene. For most
indowor Imaging &m!licu!iunh. the receiv HIE dndennis ubserve :‘rl't|-1.'l.ﬂ.- Al room lemperalure.

around 300 kelvin.

Noise measurements are performed along the various paints in the LIWR receiver Sircuil
['he test points are illustrate in Figure 7.5, This experiment is aimed 1o identify the domi-

nant noise factor within the receiver. which is useful for future development.

At each stage of the experiment, a different condition 15 placed on the test points shown
in Figure 7.5, The result from each stage is obtained by measuring the output of the ADC
module, The output of the ADC is recorded in a frame-stvle. where each frame consists
ol 240 sample points, and each sample point corresponds 10 a 013 ns time step. This is

2 15« iy
L ey

equivalent o a range profile of = _ 5 4m. The output of ADC is recorded
at a rate of two Frames per second, and a total of 500 frames are recorded per cach stage

of experiment [or each test point.

I the fiest stage of the experiment, test point | (input of the ADC madule) is connected
a 2.2V DO supply. The DC supply 1s decoupled with 150 nl” and 13 sl capacitors 10

remove any possible ascillation and naise in the supply. Vigure 7.6 shows the mean and
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Point 4

Figure 7.5: The test points in the UWB receiver circuit, which are used for the noise
measurements.

the standard deviation of the ADC output voltage, calculated using 500 frames.
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Figure 7.6: The (a) mean and (b) standard deviation of the ADC output voltage, where
the input of the ADC module (test point 1) is connected to a 2.2 V DC supply.

In the second stage of the experiment, the post-amplifier module is connected in front of
the ADC, with an offset of 2.5 V added to the ADC. The inputs of the amplifier (test point
2) are connected to the ground. The effective gain of the post-amplifier module is set to
one. Figure 7.7 shows the averaged and standard deviation result.

In the third stage of the experiment, the sampler module is connected in front of the post-
amplifier module. While the input of the reference sampler is connected to the ground via
a 50 Q resistor, the input of the integrating sampler (test point 3) is connected to (1) the
ground via a 50 Q resistor, or (2) a bow-tie antenna, which operates between 1-2 GHz.
The antenna is aimed at a brick wall indoors. The waveform recorded at the output of
the ADC module represents the response of the input device connected to the integrating
sampler. The mean and standard deviation of the recorded waveform are shown in Fig-
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Figure 7.7: The (a) mean and (b) standard deviation of the ADC output voltage, where
the post-amplifier module is attached in front of the ADC, with a 2.5 V offset added to the
ADC. The inputs of the post detection amplifier (test point 2) are connected to ground.

ure 7.8 (for the 5042 resistor) and Figure 7.9 (for the bow-tie antenna) respectively.
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Figure 7.8: The (a) mean and (b) standard deviation of the waveform recorded at the
output of ADC. The sampler module is connected to the post-amplifier, where the input
of the sampler module (test point 3) is connected to a 50 € resistor.

The noise standard deviations shown in Figure 7.8 and Figure 7.9 have similar value, in-
dicating that the antenna’s received noise is similar to that from the 50 €2 resistor.

In the final stage of this experiment, the front-end amplifier module is attached to the
sampler module. The input of the front-end amplifier (test point 4) is connected to the
bow-tie antenna that is used at the previous stage of the experiment. A total of 40 dB
gain is provided by the front-end amplifiers. Hence, the recorded waveform contains the
amplified response of the scene (received by the bow-tie antenna) and the noise generated
from all the module in the receiver circuit. Figure 7.10 shows averaged and standard de-
viation of the output waveform. Note that in all these experiments, the transmitter was off.

Table 7.2 summarizes the results obtained at each stage of the experiment (at each of the

717



230 o.0028

2.0022
22% 4.0020

z 0.0018

|
2.20 W g 0.0me
0.0014 |- M
215 0.0012

0.0010

oRtagel¥)

2140, ; YT 00008

0 100 156 200 0 0 00 150 260
Dolay Step Unit Delay Step Unit
(@) ®

Figure 7.9: The (a) mean and (b) standard deviation of the waveform recorded at the
output of ADC. The sampler module is connected to the post-amplifier, where the input
of the sampler module (test point 3) is connected to a bow-tie antenna, which operates
between 1-2 GHz.
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Figure 7.10: The (a) mean and (b) standard deviation of the waveform recorded at the
output of ADC. The front-end amplifiers are connect to the sampler module, where the
input of the front-end amplifier (test point 4) is connected to a bow-tie antenna, which
operates between 1-2 GHz.
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4 points shown in Figure 7.5). Oaverage is the averaged standard deviation measured at
each of the 4 points. These results have shown that the front-end amplifier module is
the dominant noise factor in the receiver. Furthermore, the front-end amplifier increases
the amplitude of the received signal, which makes the distortion caused by the noise in
the receiver circuit, less significant. The second dominant noise factor in the receiver is
the post-amplifier. However, by adding the sampler module, the noise is significantly re-
duced. This shows that the sampler can effectively remove the thermally radiated noise
presented to the receiver, which otherwise could be amplified by the post-amplifier.

| Stage | Stage description | Oaverage |
First Stage ADC only 1.38 mV
Second Stage ADC + post-amplifier 1.64 mV

Third Stage (1) | ADC + post amplifier + sampler (connected to 50Q resistor) | 1.40 mV
Third Stage (2) | ADC + post amplifier + sampler (connected to bow-tie antenna) | 1.38 mV
Fourth Stage ADC + post amplifier + sampler + front-end amplifier 2.16 mV

Table 7.2: Summary of the noise performance at various points in the receiver circuit.

7.2.2 Stability vs Time

This experiment was conducted to examine the drift in the UWB radar system over time.
Knowledge about the stability of the system is important, as during the radar operation,
a snapshot is taken prior to estimating the background clutter in a testing environment.
This background profile is used later to remove the background clutter from the raw tar-
get response. If the system drifts significantly over time, the subtraction of background
profile taken before the experiment would be unable to remove the background clutter
from the raw target response effectively. Details about this operation will be discussed in
Section 7.3.

In this experiment, two bow-tie antennas were placed at 30 cm apart, and were attached
to the UWB transmitter and the receiver circuit board respectively. The response of the
scene was recorded at the rate of one frame (i.e. one range profile) per second. Figure 7.11
shows the system setup for this experiment.

In the first stage of this experiment, the measurement of the scene profile started immedi-
ately after the circuits were switched-on, i.e a cold start. Two pre-amplifiers were used,
in cascade, in front of the sampler module to provide a total of 40 dB gain. The post-
amplifier voltage gain is set to 16. A total of 900 frames are recorded, which corresponds
to a measuring period of 15 minutes. Figure 7.12 shows the voltage recorded at the 50%
sample point in the scene profile, over a 15 minutes period. From the result shown in
Figure 7.12, a temperature related drift is evident over the first 5 minuted period. Hence,
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Figure 7.1 1; UWB radar systemowith two bow-tie antennas used.

for the larzet detection expeniment. & warm-up period of 5 mnultes is required.
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Figure 7.12: The measured voltage a1 the SC™ sample point in the scene profile over a pe-
riod ol 15 minutes | he measurement started immediately after the circuits are switched-

win.

In the sceond stage of this experiment, Y frames of the scene profile were recorded af-
ter & warm-up periud, for the electronic circut, of 30 nmuinutes. The vanation of the scene
prohle over the period of |5 minutes is displayed in Figure 7.13. Figure 7.1 3 shows only
seven of the recorded profiles superimposed, recorded at 3 minute intervals. The drilt
un this scale 1s barely visible. The standard deviation of the scene protile was calculated
using all 900 profiles and the result is shown in Figure 7.14. The devianion in the signal
observed in Figure 7,14 is the thermally radiated noise received by the receiver, as well as

the nuise of the receiver cirewit,
The resulis. obtamed from both figures, show that the recorded profliles remained rela-
tively siable after the electronic circuits have been warmed-up. The caleulated standard

deviation at the outpul of receiver is around 5 mV, which is aceeplable. considering (hat
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Frgure 7.13: Lhis graph shows seven profiles superimposed. The profiles were recorded at
every 3 minutes. | he responses were recorded after the electronic circuits had warmed-up
fur 30 minutes
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Figure 7.14: The standard deviation of the scene profile over 900 frames, which is cap-

tured at one [tame per second. The scene praliles are recorded alter the electronic cireuits
have been warm-up for 30 minutes



the test target gave peak-to-peak responses of around 1000 mV, as will be shown in the
following sections.

7.2.3 Signal-to-Noise Ratio Measurement

The aim of this experiment is to determine the SNR of the UWB system for typical short
range detection applications, before and after signal processing is performed. The SNR

can be calculate with )
(er(pk))
(Gnoise)z

where Vixpk) is the peak voltage of the received signal from a target, and Gpoise is the

SNR =

standard deviation of the noise,

In this experiment, two bow-tie antennas were used as the transmitting and receiving an-
tennas (Figure 7.11). At first, a background snapshot of the test scene was recorded. The
experiment took place inside a laboratory, where the length of the laboratory is approx-
imately 6 m. Office tables and chairs were situated inside the laboratory in rows. This
background profile contains the echoes from the stationary objects, i.e. furniture in the
room, as well as random noise. 500 frames of background profile were recorded and av-
eraged. Thereafter, a corner reflector (see Table 7.1) is placed 1.6 m away from the radar,
and 500 frames of raw target response are recorded at the rate of 2 frames per second.
Figure 7.15 shows the mean and standard deviation of the raw target response and the
background profile that was recorded at the start of the experiment.

From Figure 7.15 it shows that the standard deviation peaks at the distance where the
corner reflector is situated. Although the corner reflector was placed on a flat stable sur-
face to minimize movement during the experiment, however, the wind blowing into the
laboratory and other vibration probably caused it to change its position, hence explaining
the peak.

When the background profile is subtracted from the raw target response, the true echo of
the target is revealed. This is stored as the reference signal, which will be used in the
signal processing in the later stages, as explained in Section 3.4.2. Figure 7.16 shows the
reference signal, in time and frequency domain, that will be used in this section. This is
the echo of the corner reflector that is placed 1.6 m away from the radar. The spectrum
of the reference signal is band-limited by the bow-tie antenna used in the experiment.
Hence, the spectral components between 1 GHz and 2 GHz are stronger than the rest of
the spectral components.

The peak voltage of the received signal, V,,(,1), measured from Figure 7.16(a), is ap-
proximately 0.4 V. The standard deviation of the noise, Oyise, Which is measured from
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Figure 7.15: The (a) (b) background profile, and (c) (d) the raw target response of a corner
reflector that is placed 1.6 m away from the radar.
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Figure 7.16: The reference signal, which is a target response of a corner reflector (see
Table 7.1) that is placed at 1.6 m away from the radar.
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Figure 7.15(d), is approximately 0.005 V. Hence the peak SNR of the target response in
Figure 7.16(a) is

SNR~( )2~(80)2 6400

0. 005

Signal processing is performed in the following steps:

1. Subtracting the background profile recorded at the start of the experiment, from the
raw target response.

2. The spectrum is converted to an ‘analytic’ form zeroing out the negative part of the
spectrum.

3. The background-removed target response is them processed using an linear filter
constructed from the reference signal (shown in Figure 7.16(a)).

Two types of linear filters were investigated: a matched filter (equivalent to correlation in
the time domain), and an inverse filter. These were described in Section 3.4. Furthermore,
a rect window is used to band-limit the filtered signal to a 1 GHz bandwidth, centred on
1.5 GHz, for both matched filtering and inverse filtering. Figure 7.17 and Figure 7.18
show the results from matched filtering and inverse filtering respectively. Since the signal
is in analytic form, the time domain is a complex signal. Figure 7.17 and Figure 7.18
shows the magnitude of the waveform in (a), the positive frequency spectrum in (b), and
standard deviation of the magnitude in (c).

It was noted that in Figure 7.17(c), the standard deviation has smaller peak than in Fig-
ure 7.15. It is suspected that the frequency component of the peak noise in Figure 7.15
is higher than 2 GHz. Hence, in the case of Figure 7.17(c), the high frequency noise is
suppressed by the filtering.

Table 7.3 was constructed to compare the SNR performance before and after the signal
processing was carried out. The results shown in Table 7.3, were extracted from Fig-
ure 7.16(a), 7.15(d), 7.17(a) and Figure 7.18(a). The table shows that with the usage of
signal processing with a filtering technique, the peak SNR is improved from the unfil-
tered result. Of the three cases, the matched filtering give the best SNR performance (an
improvement of 4.8 dB (10/0g28%)). However, the matched filtered output signal has a
wider pulse width and irregular shape compared to the inverse filtered signal, which is a
%(52 function. This is due to the fact that the frequency spectrum of the inverse filtered
signal (Figure 7.18(b)) is a rect function. When transformed into time domain, the inverse
filtered signal has a ="~ s‘”(x)
for the inverse filter over unfiltered was only 1.5 dB (IOIogg%j). Based on the above

shape, which has narrow mainlobe. The improvement in SNR
mentioned observation, inverse filtering was chosen as the signal processing tool for the
later experiment, as it provides a better peak SNR than the unfiltered method, and has nar-

rower main-lobe than matched filtering, which is importance when ones tries to resolve
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Figure 7.17: The results from matched filtering the background-removed target response.
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Figure 7.18: The results from inverse filtering the background-removed target response.
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targets that are placed closely. The sidelobes shown in Figure 7.18(a) can be reduced by
applying appropriate window function, such as Hanning window.

Vr:r
er( pk) Gnoise —0-‘;,_,(}%)- Peak SNR
Unfiltered 04V 0005V 80 6400
Matched filtering | 0.3075V | 0.0022V | 140 19600

Inverse filtering | 0.1529V | 0.0016 V| 95 9132

Table 7.3: The SNR of the received signal when signal processing is used for the case of
the corner reflector positioned at a range of 1.6 m.

7.3 Target Detection

The UWB radar is operated with the following steps during target detection:

1. System setup:
The user must input the parameters of the radar system that are used in the ex-
periment. The parameters include the number of receivers used in the experiment,
spacing between the transducer and the data acquisition interval, i.e. the time be-
tween each caption.

2. Background clutter acquisition:
The noise and the information about the stationary objects in the scene is captured
at the start of the every experiment. 30 range profiles are recorded and averaged.
The background profile is then stored and can be used to remove the background
clutter from the raw target response.

3. Reference signal acquisition:
The echo (signature) of the target is required for the signal filtering process. Since
the echoes from different targets possess different shapes, therefore, range profiles
are recorded for all objects shown in Table 7.1. 30 raw target response are recorded
and averaged for each target. The averaged raw target response is then processed
by subtracting the background clutter from the profile. The background-removed
target response for each target is then stored.

4. Setup the frequency band of interest:
The inverse filtering method is used by the GUI to process target responses. Since
the inverse filter is only defined over a bandwidth, hence, the user is required to
specify a frequency band for signal processing. The default value for the frequency
band is set to between 1000 MHz and 2000 MHz.

This section is divided into two sub-sections. In the first sub-section, experiments are con-
ducted for detecting objects using a single transmitter and a single receiver system. The
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antennas used in this sub-section are the twe bow-tic antenna shown in Figure 7.1 1. Inthe
second sub-sectien. the experiments conducted are aimed al obtaining beamformed im-
ages and detecting objects through a brick wall. The radar system used in this sub-section
consists of tour Vivaldi PCB amennas. which were used as the receiving antennas. and a
bow-tie antenna, which were used as the transmitting antenna.

Ihe Vivaldi PCB antennas are held in place by a wooden base. which has slots cut-in t
fit the antennas. Fach slot is 5 cm apart. The receiver circuit board is connected directly
1o the antenna via a 30 £ SMA connector. Figure 7.19 shows the UWB array radar setup.
The distance between the adjacem PUB amennas is approximately 15 cm. which is lim-
ted by the spacing required For the receiver board when connected to the antenna,

Figure 7,19: UWR array system psing lour Vivaldi PCB antennas and a bow-tie antenna,
I'he transmitter PCB is visible on the left side and the receiver PCB's are visible. attached
1o the four Vivaldi antennas. The ADC microcontroller and delay lime PCH are not visible
in this picture,

.01 Maximum Range Detection For A Small (S50x390 mm) Metal
Gorid

Mis experiment is atmed at determining the maximum range for detecting a small metal
grid (550x5390mm. shown in Table 7.1} without the need o increase the post-amplificr
gain (the voliage gain of the post-amplifier is set e one). A background profile was
captured at the start of the experiment. Then, s small metal gnd was placed in front ol the
radar. Figure 7.20 shows the background pronile and the raw target response of the small
metal grid at 2 m away from the radar.

Mhe small metal grid was then moved turther away from the radar 1o different positions
e background profile was then used to subtract the background clutter from the raw
trget response. Figure 7.21 shows the background-removed target response of the metal
grid, which was placed at the distance of 2 m. 3 m, 4 m and 5 m away from the radar.
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Figure 7.21 shows that the target response of a small metal grid is clearly visible at 5 m,
without the need of signal processing or increase the gain of the post-amplifier.

7.3.2 Target response of various objects

In this experiment, the target responses of all the objects shown in Table 7.1 were acquired
and investigated. Although target classification is not addressed in this thesis, these target
responses, which contain the signatures of the targets, can be used for future research.
Figure 7.22 shows the background-removed target responses of these objects, which were
positioned at 2.2 m. The standard deviation of the noise, which was recorded in the pre-
vious experiment, is approximately 5 mV on the raw signal.
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Figure 7.22: The target response of different targets. The target is located 2.2 metres away
from the radar.

Figure 7.22 shows that the target response from the metal grids have similar shape. Fur-
thermore, the target response of a human is more elongated. Table 7.4 shows the peak am-
plitude of the target responses. Assuming the peak voltage decays proportional to Elf’ then
Vok(R) = Vpc(2.2m) x 2Z°. The range Rmax at which the SNR=1, i.e. Vpk(R) = 0, = 5mV,

90



is

2.2
R =1y = V. X
max(SNR=1) Vv ¥pk(2.2 m) o

= 11(ypk(2.2 m) x31.1m

The range Riax at which the SNR=10 is

2.2
Ruax(sNR=10) = 1/Vpk@2m) X ——=
v V100,

= /;’;ak(2.2 m) X 17.5m

Table 7.4 shows the calculated maximum range of detection for various objects, in the
case of SNR=1 and SNR=10.

| Target | ¥ ofthe target response (positioned at 2.2m) | Maximum R (SNR=1) | Maximum R (SNR=10) |
Large metal grid 162V 39.6m 23m
Small metal grid 112V 329m 18.5m
Comner reflector 021V 143 m 8.0m
Human 021V 143m 8.0m

Table 7.4: Amplitude of the target response of different target and calculated range for
V(R) = 6, (SNR=1) and ¥(R) = V100, (SNR=10).

7.3.3 Range Resolution Test

The range resolution experiment is conducted to verify the range resolution of the system
when a 1 GHz bandwidth pulse is processed, occupying the spectrum range from 1 GHz
to 2 GHz. Two targets, a small metal grid and a large metal grid, are located in the scene.
The two targets are placed 15 cm apart, with the small metal grid closer to the radar. Fig-
ure 7.23 shows the background-removed target response of the two targets.

It is difficult to distinguish the two targets from the range profile shown in Figure 7.23.
Hence, the target response is processed, using the inverse filtering method, with a pre-
recorded reference signal used to form the inverse filter. The reference signal used in
this experiment is the target response of the small metal grid. Figure 7.24 shows the in-
verse filtered target response. Two windowing functions, rect and the Hanning window,
are used to band-limit the signal, which is required for the inverse filtering and shape
the spectrum. Both windows are centred on 1.5 GHz and the bandwidth of the window
is 1 GHz. The resuits shown in Figure 7.24 confirm that a radar system using a 1 GHz
bandwidth band, has a range resolution of about 15 cm. One is able to visually resolve the
two targets in Figure 7.24(a) but with undesirable sidelobes. The Hanning window sup-
presses the sidelobes, but broaden the mainlobe by 50%, causing the mainlobes to overlap.
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Figure 7.23: Target response of the two metal grid targets, being the small and larger grid
reflector, spaced 15 cm apart in range.
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Figure 7.24: The processed target response using inverse filtering with (a) rect window
(b) Hanning window. Two targets are in the scene, placed 15 cm apart in range.
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7.3.4 UWB Phased Array Beamforming

As mentioned in Section 7.3, four Vivaldi PCB antennas, spaced at 15 cm, are used as
the receiving antennas in the UWB array radar. The background profiles and reference
signal profiles were captured at the start of the experiment. Since each receiving antenna
has a slightly different antenna characteristic, therefore, each antenna has a different set
of background profile and reference signal profile. Thereafter, the two metal grid targets
were placed in the scene. Figure 7.25 shows the position of the antennas and the targets.
Target 1 and Target 2 labeled on Figure 7.25 are the small metal grid and the large metal
grid respectively (descriptions in Table 7.1).

Array Formation and Target Placement
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Figure 7.25: Position of the radar and the targets.

Inverse filtering with a Hanning window was used to process the raw target responses.
Figure 7.26 shows the processed target responses for all the four receiving channels.

Thereafter, the filtered responses were basebanded, and beamforming process with Han-
ning aperture weighting was performed. Figure 7.27 compares the fan-beam images,
which are generated using (a) simulation and (b) captured data set. Although the image
is smeared due to the noise from the scene and receiving circuit and the limitations of the
calibration process, the location of the targets shown in the image is close to the actual
position of the target.

7.3.5 Through Wall Detection - Wall thickness

When an electromagnetic wave enters a medium of a different reflectivity, some of the
signal is reflected. Hence, when a UWB signal travels through a wall, two reflections oc-
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cur; as the signal enters the wall and as the signal exits the wall. By finding the distance
between the two reflection, Lthe thickness of the wall can be obtained.

[n the previous experiment. a background profile, which is fiee of the targel. is captured
at the start of the experiment, Tt is subtracted from the mw targel response (o reveal the
tareet signature from backeround clutters, However, the larget-under-detection for this
experiment 1s the brick wall, which can not be remove from the sceng. Henge, the raw
target response ol the brick wall, without removing the background elutter, is processed

directly with a reference signal,

I'he relerence signal used in this experiment is the echo of the smail metal grid. The
thickness of the wall under examination 1s approximately 21.5 cm. Figure 7.28 shows
a picture of the brick wall and the processed target response of the wall, using inverse
filtering with Hanning window.

.}

et

fap {h} Hamning window

Figure 7.28; (a) Picture of the brick wall {b) processed targel response of the wall. Inverse
filtering with Hanning window is used to process the taruel response.

I'rom Figure 7.28(b), the distance measured between the two peaks is = 27 ¢m. The error
between the measured and detected thickness of the wall, is due 1o the speed of propa-
gation in brick wall being slower than the speed of propagation in the air. Presently, the

distance-conversion ulgorithm wsed in this thesis, has not vel accounted for this transition.

7.3.6 Through Wall Detection - Moving Target

This experiment was conducted to illustrate an application of L WH radar involving mo-

tion deteclion,
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Ihe UWD arrav radar is placed in front of 10.5 cm thick wall, where a walking passage
1s behind the wall. A background prolile of the scene was reconded a1 the stan of the ex-
perment. Alterwards. a persun was asked o walk thruugh the passage repeatedly, while
the response of the scene was being recorded. Figure 7.29 illustrates the geosnetry and

operation involved in this experiment.
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Figure 7.29: The setup ol the experiment lor detecting muotien throdgh g 105 ¢m brick
witll,

The target response was obtained by removing the hackground clutter from the response
of the scene recorded, Therealter, signal processing using inverse filtering with Hanning
window. and beamiorming process with aperture weighting was used 1o process the target
response. Figure 7.30 shows S consegutive “an-beam images that were recorded.

The sceme is caplured every twa seconds. The main limitation in image update rate is due
to the slow transmission mte between microcontroller and PC, via the serial pon. Future
improvement can be made using a USB pont for data transmission. Figure 7.30 shows
that the position.and movements ol a person can be detected. Huowever, the speed of the
svstem is not fast enough to demonstrate smooth mation sensing of & person walking.

INigure shows the same data but with background profile included. Three targets are iden-

tified in each framc:

o First brick wall, which is 5 em away from the radar,
o A persen walking forward. stopping end backward through the passage

» Second brick wall, which is 1.7 m away [rom the radar.

Figure 7.51 shows that the reflection off a person and the reflection off the second brick
wall is much smaller than the reflection oft the first brick wall. hence in most cases of
Figure 7,31, the actual target (the persang can not be clearly identified. This illustrates the
importance of back ground-subtraction-algorithm used in this thesis.
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Chapter 8
Conclusions and Recommendations

A four channel phased array UUWB radar was developed in this thesis. The mult-channe]
design made use of opumized sub-system circuits from previous waorks, Several improyve-
ments were made:

o The amplitude of the trunsmitted signal 15 increased by using an initerdi gital capaci-
tor as the charging capacitor. The interdigital capacitor that was built in this thesis,
has a betrer high frequency response than the ehip capaciter. ie, a Aatter requency
response between | GHz and 4 GHe with 436 4B Joss.

e lhe usage of a programmable Jdelay Jine enhanced the delay coatrol and aceuracy
used in the imegrating sampler.

o Twoanalog swirches are Used 10 discharge the inlegrating capacitors that are used in
the integrating sampler. The analog swilches can discharge the integrating capaciton
mure efficiently than the previous design. This increases the maximum sweep rate
ol the svvtem by & factor of 10.

o The usage of a low-noise miccowave ampiilicr improved the SNR of the receiver

svslem.

o The wsage of @ microconteoller integrated Lhe radar system, which is now a step
closer to a porable system.

o A Gl was developed vsing the Pyihon programming lunguage, which allows the
user ta continl the system

Fhe svstem performance of the new UWB radar was measured and analyzed. From the
results presented in Section 7.2, 11 can be concluded that the new system has an improved
performance in terms of stability and SNK.

Experiments were conducted 1o illusirate the possible applications Tor UMW W aray radar,
These inglude



e Detecting various targets with a different geometry.
e Detecting objects through an obstruction.

e Movement detection through an obstruction.

From the result shown in Section 7.3, it can be concluded that UWB radar system is ideal
for detecting objects in short range applications, as the fine range resolution enables the
radar to resolve closely-positioned targets. Furthermore, this UWB radar has shown its
ability to perform through-wall imaging and detect a human walking behind a brick wall.

Overall, an integrated UWB phased radar has been developed. It can be used to detect
objects and movement of metallic and non-metallic targets.

Future work should include

e Develop a battery power supply for the UWB radar system. This would allow a true
portability of the radar system.

e Additional research into methods of increasing the pulse amplitude to further im-
prove the detection of weak targets.

o A full investigation on UWB beamforming algorithm should conducted. This sim-
ulation should demonstrate the differences in beam pattern and grating lobe effects
between a UWB and a narrow-band system.

e Develop a USB interface for higher data rate transmission between the microcon-
troller and computer.

e If a longer range profile is required, the potentiometer that is used to control the
second post gain stage (TL092), can be replaced by a programmable potentiometer
for a better user control.

e Investigating of the system in various applications (GPR, through-wall etc.)
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Appendix A

Ultra-Wideband Circuit Schematics
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Figure A.1: UWB transmitter circuit diagram
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Figure A.2: UWB receiver circuit diagram
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Appendix B

Nyquist Theorem for Bandpass Signal

The material presented in this appendix was adopted from [21].

Consider a signal of bandwidth B, centred on fy = 1.5B, as shown on the left of Fig-
ure B.1(a). If the signal is sampled at Nyquist sampling frequency for low-pass signal,
which is f; = 2 finax = 2 X (2B) = 4B, the spectrum of the sampled signal will have some
unoccupied space, as depicted on the right of Figure B.1(a).

In the case of reducing the sampling frequency to f; = 2B, the result indicates that there is
no overlap in the spectrum of the sampled signal, as depicted on the right of Figure B.1(b),
which suggested that the original signal could be recovered from it.

Signal sampled at fs = 2fimar = 4B

B B
M| LANAV/ SN AV A
. 131'213 .
fo fo=2fmas
Signal sampled at f, = 2B
/ 5 f 5
AN AVAVAVENAVAVAVAVAVAVAVAN
B 2B B 2B

Figure B.1: Frequency domain representation of sampled bandpass signals [21].

However, if the centre frequency of the signal is reduced slightly, the sampling frequency
of fs = 2B will not be sufficient as the replicas of the signal spectrum will not fit the gaps
without overlapping with each other. In this case, the signal is required to be sampled at
twice of the highest frequency component of the signal.
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For a bandlimited signal, the Nyquist sampling frequency fu,quiss changes as the lowest
frequency component of the signal f; increase. Figure B.2 shows the relationship between
them (both expressed in terms of B).

fNyq

4B

2B

‘ ' " — f;
B 2B 3B 4B 2B

Figure B.2: Graph showing the relationship between the Nyquist frequency and the lowest

frequency component of a bandlimited signal. Both frequency are expressed in terms of
B, which is the bandwidth of the signal [21].
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