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Abstract

Ultra-wideband (UWB) impulse technology for radar involves transmitting short (sub-
nanosecond) pulses at baseband and measuring the reflected echoes from targets. Using a
receive antenna array and an appropriate multi-channel sampling receiver, the capture of
multiple downrange profiles of a scene/target is theoretically possible.

The purpose of thisthesisisto:

e provide a brief investigation into radar, antenna and ultra-wideband (UWB) theory

e perform software simulations of the expected beam patterns for an antenna array;
amulti-channel, bi-static UWB radar system and to develop a beam focusing algo-
rithm

e analyse the operation of an existing UWB radar system

e design and implement a multi-channel, bi-static UWB radar system using predom-
inantly surface mount components

¢ test and see whether the system can be used to obtain downrange profiles for multi-
ple receiver channels

The software written successfully performed the desired simulations, as well as imple-
mented the beam focusing algorithm used for electronic beam steering. The hardware
built managed to capture downrange profiles for single and multiple (three) channels.
The performance of the multi-channel system was however not optimal. Thiswas chiefly
due to the on-board RF amplifiers, and the lack of UWB antennas. However, the concept
has been successfully demonstrated, thus achieving the purpose of this thesis. Future re-
search could include integrating the design of the multiple channel system with the beam
focusing algorithm devel oped, to achieve 2D images of target position.
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Chapter 1
| ntroduction

This project report describesthe simul ation, design and implementation of a multi-channel
ultra-wideband (UWB) radar system (using multiple receivers and an antenna array) for
use in short range target positioning applications. Since UWB impulse technology con-
sists of transmitting pulses of extremely short duration (nanoseconds and shorter), a sys-
tem bandwidth in the gigahertz range is attainable. Thisin turn translatesinto avery high
radar range resolution, meaning closely spaced targets can be accurately resolved, which
isvital for precise target positioning applications.

UWB pulses are also characterised by short duty cycles, and this fact, combined with
a high bandwidth means that these pulses typically possess low average power spectral
densities (PSD’s) which can be further reduced through techniques such as pulse repeti-
tion frequency (PRF) dithering. Thisresultsin alow probability of detection/interception
(LPI/D) RF signature for UWB pulses, making this technology ideal for covert military
operations, and useful for communication purposes.

UWB radar systems designed to operate below 1 and possibly 2GHz can also be used as
ground penetrating radars (GPR’s) useful for, among other things, geographical subter-
ranean surveying applications. There is also much research being conducted into using
UWB radar to perform through wall sensing. What this means is that the positions of
targets hidden behind walls can be obtained through non-invasive methods. One such
product (Iabelled Radarvision) has already been reputed to have been produced by acom-
pany called Time Domain, see [4]. Time Domain’s through wall sensing system claims
to be able to produce 2D images of the positions of moving objects through concrete and
other non-metallic walls. Applications of a system like this could include:

e Providing tactical information (such as the positions of occupants in aroom/hiding
place) to aid the police and law enforcement teams

¢ Allowing covert detection of enemy locationswithout being detected (through UWB
technology’s inherent LPI/D) to aid the military

e Aiding rescue teamsin the search for victims buried under rubble



1.1 Objectives

The objectives of this project are to:

e provide a brief investigation into radar, antenna and UWB theory with the aim of
providing a basic understanding of these topics

e perform a software simulation of a far-field generated sinusoidal plane wave inci-
dent on an antenna array to obtain magnitude versus incident angle plots (beam
pattern plots), and to provide an understanding on antenna arrays

e perform a software simulation of a multi-channel, bi-static UWB radar system in
order to obtain idealized downrange profilesto aid in the understanding of an UWB
impulse radar system

¢ develop asoftware focusing algorithm to perform beam focusing on agrid of points
representing atypical radar scene, to obtain 2D profiles of target position

e analyse and describe the operation of the University of Cape Town's (UCT’s) single
channel UWB radar systemin [6]

e design the printed circuit board (PCB) layout for a multi-channel, bi-static UWB
radar system in miniature circuit form and have it fabricated

e populate and test to seeif the PCB can operate as a multi-channel receiver

¢ draw conclusions and make recommendations on how the system can be improved/extended

1.2 Sourcesof Information

The chief sources of information on which this thesis was based upon include knowledge
handed down by Dr A.J Wilkinson, gained from reading relevant books and articles, as
well as from searching on the Internet.

1.3 Limitations of Research

The limitations of this research project include time delays in the procurement of compo-
nents and manufacture of the PCB, as well as the limited availability of UWB antennas.,

1.4 Plan of Development

Therest of the document is arranged as follows:

Chapter 2: Background Information



This chapter provides a brief informative summary on some of the concepts regarding
radar, antenna and ultra-wideband (UWB) theory, pertinent to this thesis.

Chapter 3: Software Simulations

This chapter describes the simulation of expected beam patterns for an antenna array as
well as the idealized downrange profiles for a multi-channel UWB impulse radar system.
It then proceeds with the derivation and implementation of a beam focusing algorithm
used to obtain the positions of targetsin 2D.

Chapter 4: Analysis of a Single Channel System

This chapter dealswith the analysis of an existing UWB single channel radar system, with
the purpose of aiding in the understanding and design of a multi-channel version.

Chapter 5: Design and Implementation of an UWB Multi-Channel Radar System

Thischapter provides details and cal culations of the design criteriaand stepsimplemented
in order to create an UWB multi-channel radar system.

Chapter 6: Testsand Results

This chapter describes the testing performed on the hardware, the technical difficulties
encountered, as well as the results that were achieved.

Chapter 7: Conclusions and Recommendations

The final chapter presents the conclusions drawn, based on the outcomes of the findings.
It also makes recommendations on how the radar system can be improved, and highlights
possible future work.



Chapter 2
Background Infor mation

The purpose of this section is to take a brief ook into radar, antenna and UWB theory.
It is not intended to delve too deeply into this theory, as most of the important ideas and
concepts are better brought out through the investigations performed, whether they be
simulation or implementation.

2.1 General Radar Theory

The term radar is a contraction of the words radio detection and ranging. It is ulti-
mately an electronic device used to determine the range and/or position of objects [16].
It achieves this function by transmitting electromagnetic (EM) waves and measuring the
attributes (time delay, attenuation, phase etc) of the echo signals. What follows is a bit
of information on basic radar theory with the aim of aiding in the understanding of the
concepts involved with this technol ogy.

211 A SimpleRadar Modd

Consider the smple radar model of Figure 2.1.
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Figure 2.1: Diagram of asimple radar model (taken from [21])
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It consists of a transmitter, receiver, circulator (to multiplex the signals from the mono-
static antenna), antenna and single point target at range R from the antenna. The radar
operates by transmitting an RF signal given by vy, (¢). If the signal bandwidth isless than
the receive antenna, the return response from a single point target can be modelled as a
delayed, scaled version of the transmitted signal given by:

Upge () = QUi (t — 7) (2.1)

where 7 = 2& jsthe time delay of the echo,
and ¢ isascaling factor accounting for system and propagation effects[21].

For narrowband systems, ( is related to the radar equation (see Section 2.1.5), as can be
illustrated by the following proportionality:

G20 )\?
C o\l s (22)

o istheradar cross section (RCYS) of the target

where GG isthe gain of the antenna,

and )\ isthe wavelength of the signal [21].

For wideband radar systems, however, ¢ may vary considerably over alarge enough fre-
guency range, and so it is necessary to compute ¢ as a function of frequency (and hence
time) using the integral relationship given by:

vt = [ CEalt = Tdr = () @ valt) = Ve ) = CNVielS) 23

where ((t) isthe impulse response of the scene or target.

This interpretation is quite insightful, as it shows us that the radar’s received signa is
effectively just awindowed version of the scene’s impulse response, where V,,.(f) isthe
windowing function [21]. The larger the bandwidth of the transmitted signal, the more
detailed the target’ s/scene’simpulse response is. This has possible implications for radars
being able to detect what type of object is being interrogated (rather than just its position),
by characterising the target’s RF signature.

2.1.2 Range Ambiguity

Consider a radar waveform being transmitted at a frequency (also known as the pulse
repetition frequency, or PRF) given by fr = % where T' is the period of the pulse. If a
target is at too large a distance away from the radar, the echo from the first transmitted
pulse could possibly arrive just after the transmission of the second pulse, making the
target seem much closer than it really is[16]. This maximum target distance is known as
the radar’s unambiguous range, and is given by:



C
unam — 4~ g 2.4
Honen = 57, 24

The target must thus lie within this unambiguous range in order to avoid range discrepan-
cies.

2.1.3 Radar Bandwidth

Theradar system bandwidth of the detector is commonly chosen as the bandwidth needed
to obtain the largest possible peak signal from the target and the minimum amount of
white noise. Thisis also known as the matched filter bandwidth and, for a rectangular
pulse, is given by:

(2.5)

S

where 7 is the pulse width.

Another interpretation isthat all realisable filters (any linear, time invariant system can be
modelled by a filter) have a finite impulse response which can be represented by a sinc
function, where B corresponds to the width between the nulls[10].

2.1.4 RangeResolution

This is defined as the minimum range separation needed between two targets in order to
be able to distinguish or resolve their return echoes. Consider a radar pulse of width T,
and two objects separated in range by adistance AR = <. At sometimet; = t, + 3,
pulse 1 arrives at target 1 and is about to be reflected. At some later time, t, = 1 + 7,
asecond pulse arrives at target 2, and is about to be reflected, while pulse 1 has travelled
a distance back towards the transmitter proportional to 7, and liesat ¢, — 7 = . Thus,
at time t,, the trailing edge of pulse 1 is at ¢y, while the leading edge of pulse 2 is at
ty—7 = (to+ 5 + 5 —7) = to. Thus, if two objects are spaced closer than a distance,

AR="2=°

=55 (2.6)

the returns from the two pulse will overlap each other, and the detector will not be able to
resolve the two objects separately. This minimum target separation is known as the radar
range resolution [10].

2.1.5 TheRadar Equation

The radar equation relates the peak power received in aradar system, to the peak trans-
mitted power. It is given by the following expression:



2
P, = B@ﬁ; 7 2.7)
where P, = received power (in W),
P, = transmitted power (in W),
(¢ = gain of transmit antenna,
G, = gain of receive antenna,
A =wavelength (in m),
o = the radar cross section (RCS) of the target (in m?),
R =rangeto the target (in m).
What is important to notice is how rapidly the received power decreases with range due
to the inverse power of four relationship [10]. The radar equation applies mainly to nar-
rowband systems however, as aluded to in Section 2.1.1.

2.1.6 Signal to Noise Ratio

The amount of received noise in a system is given by [20]

N, = kT.B (2.8)

where k = Boltzmann’s constant = 1.38 x 10-22J/K
T. = the equivalent noise temperature of the receiver in degrees Kelvin (K),
B = the bandwidth of the receiver in Hertz (H z).

The signal to noise ratio (at the input to the receiver) isthus given by:

P
NR = " 29
SRNT (2.9)

where P,= received power (in W),

N,.= received noise power (in W).

2.2 General Antenna Theory

Antennas are basic components in radar systems whose function it isto radiate or receive
electromagnetic (EM) waves, using free space as the primary medium of propagation.
They arethusresonating elements, and are designed in order to achieve various objectives,
some of which can include (but are not restricted to) the ability to radiate efficiently, to
provide a desired gain, directionality, compactness (for mobile technology) etc. A few
aspects of antennatheory were researched in order to gain a better understanding of some
of the concepts involved when using antennas for radar.



2.2.1 Antenna Dimensions

Antenna dimensions can vary from fractions of awavelength to several wavelengths. The
wavelength (inm) is calculated from the simple formula:

\ = 7 (2.10)

where ¢ isthe speed of light in the propagating medium (usually air, in which case the in
vacuo value of 3 x 10%m/s is used),

and f isthe operating frequency (in H z) of the antenna.

Common (but by far the only) wire antenna dimensions used to achieve effective radiation
aretypically lengths{ = 2 and [ = 4 for dipoles and monopoles respectively [17].

2.2.2 Antenna Radiation Patterns

The radiation pattern of an antennais a plot of the magnitude of the far-field strength (or
sometimes power) versus angular position around the antenna. A typical antenna beam
pattern is shown in Figure 2.2.

0 308 bearmwidth

Magnitude of
Power

200

Figure 2.2: Antennaradiation pattern showing 3dB beamwidth

The lobe with the maximum value is usually referred to as the main beam, while addi-
tional, lower level lobes are called sidelobes [12]. The 3d B beamwidth of an antennais
defined as the angular width of the main beam at which the power level has been halved

8



(dropped by 3dB from its maximum value). The 3d B beamwidth (in radians) of an an-
tenna can be approximated by the formula:

A
Osap = 5 (2.12)

where )\ = the wavelength of the radiated/received signal in metres (m),
d = the antenna aperture dimension (usually azimuthal length, in m).

Antennas thus have the ability to focus power in a certain direction. The larger the length
of the aperture, the more narrow or focused the beam is, and vice versa.

An antennaradiating power equally in all directionsin the azimuthal (horizontal) planeis
referred to as omni-directional or isotropic, while a directional antenna has a main beam
over an angular region less than 360°.

2.2.3 Far-Field Distance

Thefar-field distance of an antennarefersto the distance at which the spherical wavefront
of aradiated/received wave can be approximated by that of anideal planewave[12]. This
distance (in m), also known as the Rayleigh criterion, is given by:

Ry =~ (2.12)

where )\ isthe wavelength of the radiated signal (inm),

d = antenna aperture dimension (in m)

2.2.4 Antenna Polarization

The polarization of an electromagnetic (EM) wave is usually defined with regards to the
orientation of its electric field vector, E. This vector is orthogonal to both the magnetic
field vector as well as the direction of propagation of the wave, forming a 3D plane (see
Figure 2.3).



Duection of propagaton

Figure 2.3: Typical Ellipticaly Polarized EM field [5]

In the figure, E, refers to the z-component, and £, refers to the y-component of the
electric field vector, £ (the vector sum of E,and E,). In the most general case, the
electric field is elliptically polarized as shown[5].

The |EEE defines the polarization of an antenna as the polarization of the radiated (elec-
tric) field when the antennais operating as a transmitter [12].

2.2.5 Linear Antenna Arrays

A linear antenna array usually consists of a number of identical individual elements,
equally spaced in aline. Because an array is a sampled aperture (not continuous as in
a horn antenna, for example), there are limitations on the spacings between the array ele-
ments. If these spacing requirements are violated, a phenomenon known as grating lobes
occurs, in which repeated main lobes appear in the array radiation pattern at positions
other than the array boresite. Without going into the detailed maths involved to derive
the spacing criterion (which can be found in [17]), in order to avoid grating lobes, the
spacing, d between each element must be such that d < .

With an antenna array, beam steering can be performed (often digitally with software), by
phase shifting the received signals from each element relative to some reference phase,
and adding the signals together to focus the beam for a specific point in space. In Sec-
tion 3.3, abeam focusing algorithm is described, devel oped and implemented in software.

2.3 Ultra-Wideband (UWB) Technology

2.3.1 Déefinition of Ultra-Wideband (UWB)

The term ultra-wideband (UWB) refersto signalsthat have afractional bandwidth greater
than 0.25 with respect to their centre frequency. A signal’s fractional bandwidth is given
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by [?]:

a (fn+ 1)

where f;, = the upper frequency limit of the signal,

and f; = the lower frequency limit of the signal (in H z).

Since ultra-wideband (UWB) can refer to any system that meets the requirements of the
definition given above, it is necessary to specify what type of UWB system is being in-
vestigated in this thesis. This thesis deals specificaly with UWB impulse technology
(commonly used as the umbrella term, UWB), where basebanded pulses are generated
directly. Ultra-wideband (UWB) impulse technology typically involves the transmission
and reception of extremely short (usually sub-nanosecond) pulses with relatively low per-
centage duty-cycles (often less than 1%), and high fractional bandwidths (in the GHz
range). Whereas most narrow-band systems modul ate the baseband information on a car-
rier, due to the extremely broad bandwidths associated with UWB, it is often impossible
to determine an RF centre frequency, hence these types of transmission techniques are
often termed “ carrier-free”. The average transmitted energy of an UWB pulseisalso very
low, due to the pulse’s short duty-cycle [1].

2.3.2 Advantages of UWB Technology for Radar

In radar, short pulse durations (viz. high bandwidths) translate into very high radar range
resolution, meaning the positions of closely spaced targets can be accurately resolved [1].

It iseven postul ated that the high signal bandwidths and detailed frequency content carried
by the UWB return echo could provide more information than just the presence of atarget,
aswas suggested in Section 2.1.1. The content of UWB return waveforms has been shown
to change depending on the target’s morphol ogy and composition, using aradar technique
known as the Singularity Expansion Method (SEM) [?].

Due to UWB pulses possessing large bandwidths and low duty cycles, these signals are
characterised by having alow average power spectral density (PSD) which can be further
reduced through techniques such as pulse repetition frequency (PRF) dithering. Thisre-
sultsin alow probability of detection/interception (LPI/D) RF signature for UWB pul ses,
making UWB radar technology ideal for covert military operations.

UWB (or impulse) radars operating in frequency ranges below 1 and possibly 2GHz can
also serve as ground penetrating radars (GPR’s) in applications such as geographical land
surveying, underground object detection etc.

2.3.3 Advantages of UWB Technology for Communications

Since ultra-wideband (UWB) pulses have extremely large bandwidths and short duty-
cycles, their use in communication allows for high speed data transmission ideal for
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packet-burst traffic and time-division multiple access (TDMA) sharing of resources. In
addition, due to the pulses’ short widths, multi-path rejection for wireless communica-
tionsisimproved since direct path and multi-path components are easily discriminated in
time, resulting in less destructive interference.

Due to UWB signals possessing a low probability of detection (LPD) RF signature (as
was described in Section 2.3.2), the probability of interception by unauthorised receivers
isminimised [1]. Thisimpliesthat UWB radio communication possesses a certain level
of inherent security, and is especially useful in military applications where stealth isim-
portant. An LPD also reduces interference with proximity and legacy systems while also
minimizing RF health hazards, which are key aspects for both military and commercial
applications [2].

2.3.4 Advantages of UWB Hardware Implementation

Fewer RF components are needed in an UWB radar system configuration than in tra
ditional narrowband systems employing carriers. Since UWB baseband pulses can be
generated directly, no heterodyning is performed thus obviating the need for transmit fil-
ters, mixers, phase locked loops and other traditional RF components. As aresult, UWB
systems can be less complex and expensive. UWB systems also operate at very low pulse
repetition frequencies, meaning their signals possess low average power, thus requiring
less prime power and allowing for smaller transceiver antennas and battery operation [?].

2.3.5 Other Applications of UWB Technology

These include:

e Through-wall Radar Imaging for Military and Law Enforcement Applications
e Altimeter/Obstacle Avoidance

e RF ID or Radar Tags (Facility and Personnel Security, Intelligent Transportation
Systems, Electronic Signs, Smart Appliances)

e Intrusion Detection Radars

e Precision Geolocation Systems

e High Speed (20Mb/s++) Local AreaNetworks/Wide AreaNetworks (LAN/WANS)
e Collision Avoidance Sensors

e Industrial RF Monitoring Systems[2],[?].
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Chapter 3
Software Simulations

This chapter outlines the software simulations performed in order to gain valuable insight
into antenna array beam patterns and idealized ultra-wideband impulse radar downrange
profiles. It also explains the beam focusing algorithm developed in this thesis, as well as
demonstrates its implementation on the data generated by the simulation in Section 3.2.

All software was written in MATLAB v7, Release 14 running on Windows XP, and can
be found in Appendix A, as well as on the CD supplied with this thesis (see the inside
back cover).

3.1 Antenna Beam Patterns

The aim of this simulation is to observe the effect on the magnitude of a received plane
wave versus the angle of incidence (¢, from — to 7 radians) for varying values of antenna
aperture resolution (viz. the spacing between the recelver elementsin the array).

Consider a sinusoidal pulse of the form v, (t) = cos(w,t), possessing an angular fre-
quency (in rad/s) of w, = 27 x 1.5 x 10°, unity amplitude and zero initial phase shift.
This signal can be expressed in analytical form as, v, (t) = expt«e?, [21].

Now consider an NV element linear receiver antenna array of length D. Since the receive
antennaisin the far-field of the transmitted beam, the elements can be approximated as
point targets, with a separation d = % between each element. From the extended target
radar model [21], the received signal is just a sum of scaled and delayed versions of the
transmitted signal. Hence, it can be expressed as:

N N
UT:E (t) = Z ATL exp(jwi)[t_tn]) — A exp(jWOt) Z eXp(_jWDt’ﬂ) (31)
n=1 n=1

where A, is the attenuation factor to the n'”* receiver element, and t,, is the time delay
to the n'* element. In the equation, A,, has been factored out as the constant A, since
the scaling factor A,, for each element is approximately the same (the attenuation due to
the extra distance the received waveform has to travel to adjacent recelver elements is
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negligible with regards to the attenuation due to the distance from the transmitter). The
term A expU«e? isthusjust arevolving phasor with magnitude A.

If we assume A is unity, then the magnitude of the received signal v,, can be simplified
to:

(3.2)

N
[0ra] = | D exp(Iete)
n=1

I.e. the combined received signal from all the receiver elementsisjust a sum of complex
exponentials, each with a phase shift relative to some reference element. Let the N -
ements each be labelled E,,, where 1 < n < N. Let the reference element be the first
element, i.e. F, with ¢; asthe time delay from the transmitter to ;. All other elements
will thus be phase shifted from E; by an amount At = ¢,, — ¢;. From geometry, At can
be calculated as follows:

Since the transmitted sine wave was generated in the receiver’sfar-field, it can be approx-
imated as a plane wave at the receiver. Assume that the plane wave arrives at F; such
that aline perpendicular to its wavefront creates an arbitrary angle of incidence 6 with the
horizontal (dotted line), see Figure 3.1.

Far-field
Sine wave

Ay

Plane wave

Figure 3.1: Recelver array and incident plane wave

The wave must have travelled the longest distance to £, and the smallest distance to the
last element, E. Thus, the extra distance the wave has to travel from the nt" element E,,
to F; can be given by An = (n — 1)dsin(#). This, in turn, can be converted into atime
delay,

At =t, —t; = _An (3.3

C

The programme sin_array_sim.mthus cal cul ates the magnitude of the received waveform
as 6 varies between —7 and = radians, and plots the results in both polar and Cartesian
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form.

For the simulations, the array length, D = 1. This corresponds to an aperture 3dB

beamwidth of 0, = % = 0.2rad = 12° (see Figure 3.2 for a plot of the receiver beam

pattern, showing the 3dB beamwidth for N = 40).

Plot of Beampattern, N = 40
40

35—

—_—> <—— 3dB Beamwidth = 12 degrees

251

Magnitude
N
o
T

10+

0
-200 -150 -100 -50 0 50 100 150
Angle (degrees)

Figure 3.2: Receiver beam pattern showing the 3dB beamwidth for N = 40

Furthermore, different values of N were chosen to observe the effect of an under-sampled
aperture. If N is not chosen large enough, then the distance (d) between the receiver
elements approaches the wavelength of the received waveform and we observe a phe-
nomenon called grating lobes (see Figure 3.5), thus concurring with the theory in Sec-
tion 2.2.5.

Thisresult isanalogousto violating Nyquist’s sampling criterion, (e.g. by under-sampling
awaveform in digital signal processing), except in this case we are dealing with a“sam-
pled” antenna aperture.

Grating lobes are side-lobes that take on unacceptably large magnitudes, and can eventu-
ally manifest themselves as duplicates of the main-lobe, off the antenna boresite.

In this example, the frequency of the sine wave is f, = 1.5G H z and the wavelength is
A = 0.2m. To avoid grating lobes, we must have a receiver array with spatial resolution
finer than the wavelength of the received wave. Thus, if d > A = 0.2, grating lobes are
formed. Thiswould betruefor N < 5 in the ssmulation.
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Below areaseriesof polar plots of the receiver beam pattern versus ¢ (angle of incidence),
for various values of N (number of receiver elements).

In Figure 3.3, we see anormal antenna beam pattern, for N = 40.

Figure 3.3: Polar plot of beam pattern versus angle of incidence, N = 40

In Figure 3.4, one can see the side-lobes starting to increase.
In Figure 3.5, grating lobes are clearly seen at = +90°.
Additional grating lobes are seen in Figure 3.6, as the aperture is further under-sampled.

Finally, as N = 1, thereceiver isno longer an array and instead models a point or mono-
pole, with omni-directional beam pattern, as can be seen from Figure 3.7.
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Figure 3.4: Polar plot of beam pattern versus angle of incidence, N = 6

Figure 3.7: Polar plot of beam pattern versus angle of incidence, N =1
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Figure 3.5: Polar plot of beam pattern versus angle of incidence, N = 5
3.2 Multi-Channel UWB Radar Simulation

The aim of this simulation is to generate downrange profiles from UWB return echoes
as well as sample data to use in the beam focusing algorithm in Section 3.3. It must be
emphasised that these downrange profiles are idealized representations, and do not take
into account the finite impulse response of receive filters, antenna bandpass filtering as
well as antenna ringing.

As was mentioned in Section 2.2.5, an antenna array increases the receive aperture di-
mension, narrowing the 3d B beamwidth of the receiver. The added advantage of having
an array (such as a linear antenna array), is that electronic steering of the beam can be
achieved by processing the difference in time delay to each element (i.e. itsrelative phase
variation), see Section 3.3.

In the programme UWB_radar_sim.m, N receiver antennas are spaced equally apart on

the x-axis at positions|[ (]’\‘,jll) , 0], where n represents the n'" receive antenna element, and

1 <n < N. The aperture dimension, D has been chosen to be 1m long (as before).

The default value for N = 5, thus the receive antennas (elements one to five, or F; to
E5) are placed at [0,0], [0.25,0], [0.5,0], [0.75,0] and [1,0] respectively (where the co-
ordinates given are Cartesian co-ordinates, [x,y]).

The individual antennas are placed next to one another in a straight line, thus the aperture
beamwidth of each antennaisf,,,;, = N0p, i.e. inthe default case, 0,,,,; = 60°(five times
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Figure 3.6: Polar plot of beam pattern versus angle of incidence, N = 4

broader than the 3dB beamwidth 6,,,,, = 12° of the array as a whole). The aperture
dimension of each antenna, d,.x = & = + = 0.2m.

A transmit antenna can be placed at any position, with the default position being [0.5,0],
I.e. the third (middle) element or antenna functions as a transceiver (transmits and re-
ceives).

The transmit antenna transmits a short, UWB pulse which can be expressed in analytical
form as:

~ t—1
Vg = expU?™ol) rect ( d) (3.4)
T

where f, = 1.5G H z (the antenna operating frequency),
tq = 0.5ns (time shift to position start of rect pulse at timet¢ = 0),
and 7 = 1ns (the pulse width).

Thesignal isthus 1ns wide, extending from 0 to 1n.s, with an arbitrarily chosen magnitude
of unity. The pulse repetition frequency (PRF) of the transmit antennais set at 2M H z.
Figure 4.10 shows the transmitted pulse.
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Figure 3.8: Transmitted signal

The unambiguous range of the radar system is given by Rynam = =& = 218 — 75,

2fr 4%106
(3x108) x1x10~9

5 =0.15m.

Therangeresolution AR = 5 =

In order to make the assumption that the wave front incident on the receiver is a plane
wave, the targets should be in the far-field of the recelver. The far-field range of each

. 2 2
antennaiis Ry, = 2ant = X027 _ () g4

A 0.2

Any number of point targets can be placed anywhere in front of the antennas to form a
scene. Let each point target be represented by a number m, where 1 < m< M, and M
Is the total number of targets. The default setting for the total number of targets, M = 2,
and these two targets are placed at positions [0.1,4] and [0.8,8] respectively. With these
co-ordinates, the targets are well within the unambiguous range, lie in the antenna’s far
field and are spaced far apart enough so that they can be resolved separately.

To place an upper bounds on the length of the time vector, the maximum target range has
been chosen arbitrarily to be R,,,.. = 15m. This corresponds to a maximum time delay

—_— 2Rmﬂ,z
Of Tma:r - f.

Since the duration of the transmitted pulse is 1ns, this corresponds to a bandwidth of
roughly 1 GHz. If the received signal was basebanded, its maximum frequency compo-
nent would be 0.5GHz. Thus, in order to satisfy Nyquist’s Criterion, we would have to
samplethereceived signal at 1GHz. Sincewith UWB technology it isdifficult to make out
the centre frequency of the transmitted pulse and the band-limiting nature of the antennas
has not been taken into account, we shall choose to sample the signal at a high enough
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rate to avoid any discrepancies. The sampling frequency, f, has arbitrarily been chosen
to be 100GHz, thus certainly satisfying Nyquist’s Criterion. The time between samples,
dy = fi = 10ps. The time vector thus extends from 0 to 7,,,... in steps d;, resulting in a
vector of length 10001. The Figure 3.9 isa graphical representation of the receiver/target

configuration.

Target 2
a8+ *

Range in y (m)

Target 1
4+ +

Receiver elements: 1 2 3 4 21

-1 0.5 i 0s 1 15
Range in % (m)

Figure 3.9: Receiver/target configuration

Since the transmit and receive antennas are matched, we can assume that the signal band-
width and received bandwidth are roughly equal and hence it can be assumed that the
received responses are just phase shifted (time delayed), scaled versions of the transmit-
ted pulse (as described in Section 3.1). The programme thus simulates the radar responses
asfollows:

For each receiver element, the programme cal culates the two way range (from transmit-
ter to target, and back from target to receiver element) to every target (simple distance
formula@). It then converts the two-way range to each target to an equivalent time delay,
T, = %, where m represents the m" target. Since we are dealing with a simulation
(and hence are excluding external system propagation and antenna effects), the attenua-
tion factor, ¢,,, (for the m'* target) as applied to narrowband systems (see Section 2.1.1) is
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used to scale the transmitted pulse. Since G (the gain of the transmit and receive antenna,
assuming they are equal) and o (the radar target cross section) are not known, the value
for ¢, has been simplified to ¢,,, = %, where R is the distance to each target, m. The
received signal for a particular receiver element, n is just the sum of the returns from all

the targets, and can be expressed (in its basebanded form) as.

M
. t— T, —t
Urgn = Y Cm exp( T2 FoTm) pect (d) (3.5)

m=1 T

wherel <n < N.

Figure 3.10 and Figure 3.11 show the total received signal (i.e. from both targets) versus
time and range respectively, for F;. Inradar circles, these plots are commonly referred to
as downrange profiles.
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Figure 3.10: Magnitude of received signal vstimefor £
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Figure 3.11: Magnitude of received signal vsrange for E;

Figure 3.12 was plotted using the "imagesc’ command, and represents the magnitude of
the Fourier transform of the received signal (due to the two targets) versus sample number
for F/;. Note how the closer target (the one that occurs at the lower sample number, also
in red) has alarger magnitude than the target further away (in blue).
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Figure 3.12: Image plot of the Fourier response of the received signal for F;

Figure 3.13 shows the downrange profiles for each of the five elements plotted on the
same figure. Although the magnitudes and phase |ook the same, they are actually slightly
varying, as the micro attenuation and time delay due to the extra distance the received
waveform has to travel to adjacent receiver elements is small in comparison with the
macro attenuation and time delay due to the distance from the transmitter.
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Figure 3.13: Downrange profiles for the five receiver elements

3.3 Beam Focusing Algorithm

The purpose of the beam focussing algorithm is to combine (in time) the signals (gener-
ated by the programme UWB_radar_sim.m described in Section 3.2) received from each
element for every point in agrid of points. In so doing, it is possible to achieve el ectronic
beam steering of the receive beam, and thus determine the position of one or more tar-
gets. (Note that the positions of targets within 0.15m of each other will not be accurately
resolved due to the finite radar resolution).

The programme focus_alg.m begins by defining a rectangular grid, extending in the z-
direction from -1 to 2 in steps d, = 0.1, and extending in the y-direction from 3 to 9,
in steps d, = 0.05. This creates a 30.X120 point grid, containing the “unknown” target
positions. The programme then scans the grid in both the = and y directions, and, for
each receiver element, calculates the two-way range to each point, [z, y] (Similar to the
procedure in Section 3.2) and hence the time delay. This delay, 7, , is then converted to
a sample number, Ny, by dividing 7, by the time step size, i.e. N, = T;t’y, rounded

down. This sample number is then used to extract the value of the received signal from a
particular receiver element at that grid point.

In order to combine all the received signals (from each receiver element) for a particu-
lar point, each signal needs to be phase-shifted or aligned in time. This is because the
received signals are vectors (or phasors), each with a specific magnitude and phase. See
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Figure 3.14 for an example phasor diagram.
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Figure 3.14: Example of a phasor diagram showing vectorsV1to V5

The signals received at each element are thus phase shifted with respect to one another,
and hence cannot simply be added together, as cancellations may occur. Their magnitudes
may also not simply be added, since they are vectors (not scalars) and require vector
addition. Thus, the whole crux behind the beam focussing algorithm is to phase shift
the signal received by each element so that they are aligned in time, and then perform
vector addition, which means we get maximum signal (or maximum resultant vector, see
Figure 3.15) asthe addition is completely constructive.

Imaginery
axis

W V2 V3 V4 W5

Real
axis

Zero-phase shift for
maximum resultant

Figure 3.15: Phasor diagram showing maximum resultant due to phase shifting

Thus, for each element, the received signa from a point (and a possible target) in the
grid is phase shifted by an amount equal to the delay 7,(, , to that point, where n is the
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number of the receiver element, and [x, y] are the coordinates of the grid point. Thisis
equivalent to multiplying the received signal for each element by exp/?™/oTn@w),

Range compensation gain has also been added to this algorithm by multiplying the re-
ceived signalsby A = % By performing the above operations, we are thus able to elec-
tronically steer the beam so that it focuses the received signal for each point in agrid, and
obtain image plots showing the positions of targets.

Figure 3.16 shows an image of the two focused targetsin a 30X 120 point grid.

Image of the focused grid points

y-axis grid point nurmbers

20 40 60 =in] 100 120

yw-axis grid point numbers

Figure 3.16: Focused targetsin the 30X 120 point grid

Figure 3.17 was created using the meshgrid command, and isa 3D plot of the two focused
targets.

In order to reduce the magnitude of the sidelobes somewhat, a windowing function can
be applied to the receiver elementsin space. Figure 3.18 and Figure 3.19 show the effects
of applying a spatial Hanning window to the receiver aperture array.

Notice in Figure 3.19 how the sidelobes have effectively been halved, e.g for target 1,
their magnitude has been reduced from 4 to 2, at the expense of main-lobe broadening
and flattening (magnitude dropped from 12 to 6.5).
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Focused targets in the 30X 120 point grid after the appli

Figure 3.18
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Chapter 4

Analysis of a Single Channel Radar
System

The design of the multi-channel ultra-wideband (UWB) radar system is based on the
single channel system described in [6]. In order to proceed to build a multi-channel
version of this system, the existing system’s operation needed to be analysed and fully
understood to facilitate this process. Figure 4.1 shows a block diagram of this system.
This UWB radar system functions by transmitting short pulses which reflect off objects
and are then received. The received signal is amplified, sampled and sent to a computer
where a programme converts the signals into down-range profiles which are displayed
real-time. The actual circuit was built on a ground plane, with a separate plug-in RF
amplifier in the receiver front-end (see Figure 4.2 for a photograph of the setup).
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Figure 4.1: Block diagram of UWB single channel radar system, based on [6]

Figure 4.2: Photograph of the UWB single channel radar system described in [6]

In order to be able to analyse the extremely narrow pulses involved in this UWB sys-
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tem (roughly 1nsin length), it was necessary to use an Agilent Infinium 54833A digital
oscilloscope, which has a 1GHz bandwidth and is capable of delivering 4Gsals. See Fig-
ure4.3.

Figure 4.3: Agilent Infinium 54833A Digital Oscilloscope

4.1 TheAntennas

A pair of twin bow-tie antennas made by [15] are used for transmitting and receiving
power. They have an aperture dimension of approximately d = 0.2m. They are fed via
BNC connectors and RG58 (500hm) coaxial cabling. The antennas are mounted on metal
plates, to minimize back reflections. The graph of their gain versus frequency is shown
in Figure 4.4. One can see that they have a useful gain over a roughly 1GHz bandwidth
between 1-2GHz (beyond these poi nts the gain rolls off). This bandwidth corresponds to
arangeresolution of AR = 5% = 0.15m = 15c¢m. Figure 4.5 shows a photograph of the
twin bow-tie antenna pair.

4.2 TheNI-DAQ Card

In order to interface between the computer and the circuitry, a Nationa Instruments Data
Acquisition Card (NI-DAQ PCI-M160E) is used. This card has both analog inputs and
outputs which work in conjunction with on-board ADC’s and DAC'’s respectively. Its
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Figure 4.4: Graph of bow-tie antenna gain versus frequency [6]

Figure 4.5: Photograph of the twin bow-tie antennas designed in [15]

function isto output the controlling voltage used to generate the variable delay mentioned
in Section 4.5.2, as well as to sample the output of the differential amplifier (AD620) in
the receiver (see Section 4.5.4).

The current system is designed to sweep (sample the echoes from targets) over a range,
R = 10m in 0.5s. Thus, in order to satisfy Nyquist's Criterion spatially, the minimum
number of samples (sa) required (to sweep over a 10m range) is N,, = & = % =
66.66sa, which corresponds to a sample rate fs = 133.33sa/s in order to sample the
full range in 0.5s. To ensure that Nyquist’s is not violated, the system was designed to
sample at a slightly higher rate than that, and so a sample rate of 200sa/s is the default
(the Ni-DAQ card can sample up to 1.25M sa/s) [6]. Figure 4.6 a photograph of atypical

NI-DAQ card.
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Figure 4.6: A typical NI-DAQ card

4.3 The Pulse Generator

In the original ultra-wideband (UWB) radar system design described in [?], the pulse
generator produced a 2MHz square wave with random jitter due to the signal being
noise modulated (spreading the power of the signal over a broad frequency range). Since
the UWB system being analysed here is used primarily for imaging the position of ob-
jects/people rather than for communication, aviation or naval purposes, the addition of a
stealth modulation scheme was considered superfluous. Thus, the current system derives
the 2MHz, 50% duty cycle clock signal from an Agilent 33220A signal generator. See
Figure 4.7 for a photograph of the signal generator.

4.4 The Tranamitter

Figure 4.8 shows a diagram of the transmitter chainin [6].
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Figure 4.8: Transmitter circuit
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Figure 4.7: Agilent 3320A 20MHZ Arbitrary Waveform Generator

The first element in the transmitter array is a manually adjustable variable RC (R62 and
C43) delay. This variable delay allows the user to control when the transmitted pulse is
released relative to the sampler (since they are both triggered from the same clock). Thus,
if wewant to sample objects at varying distances (further away than the range of the swept
gate described in Section 4.5.2), we can do so by adjusting R62.

The next element in the transmitter chain consists of a pul se shaper, formed from a cascade
of lead circuits. The effect of this element isto apply short, roughly 120ns-wide pulsesto
the base of the BFR91A transistor, see Figure 4.9.

These pulses trigger the transistor to turn on, which almost instantaneously discharges
(via the shorted emitter to ground) the left hand plate (LHP) of capacitor, C1 (initially
charged to +15V). When the transistor turns off, the left hand plate (LHP) of the capacitor
charges up to +15V again (through R64). Conversely, when the LHP discharges to zero,
the right hand plate (RHP) of the capacitor (initialy at OV) tries to drop instantaneously
to -15V (athough rise/fall times are in redlity finite). When the transistor turns off, the
RHP charges up (to OV) much faster than the LHP due to the smaller resistance offered to
the circuit through the parallel combination of R65 and R66. The result is that a negative
going pulsein the order of 2V with apulse width of 1nsisfed to the transmitting antenna.
This forms a transmitted pulse with an ultra-wide bandwidth (B = 1 = 1GHz). See
Figure 4.10.

The oscillations trailing the negative pulse are most likely due to antenna ringing. Ap-
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Saved: 13 SEP 2005 15:53:05

Acquizition Sampling mode real time Mormal
Memory depth autamatic 64000 pts
Sampling rate automatic Sampling rate 4.00 GSa/s
Averaging off Interpolation on

Channel 1 Scale 500 mY/ Offset 0.0%
Coupling DC Impedance 50 Ohms

Channel 2 Scale 2.00%/ Offset 0.0Y
Coupling DC Impedance 1M Ohm

Time baze Scale 200 ns/ Position 0.0 s Reference center

Trigger Mode edge Sweep auto
Senszitivity normal Holdoff time 50 ns Coupling DC
Source channel 1 Trigger level -486 mY Slope rizing

Figure 4.9: Pulses triggering transistor
plying a pulse to a resonating element such as a dipole antenna causes a wave of pulses

(in addition to the main pulse) to be emitted, which eventually die out in a damped fash-
ion[7?].

4.5 TheReceiver

The receiver chain consists of various modules, each of which will be dealt with system-
atically and separately. Figure 4.11 shows acircuit diagram of the receiver setup (bar the
front-end RF amplifier, which is a separate unit).
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Saved: 28 SEP 2005 22:15:58

Acquizition Sampling mode real time Mormal
Memory depth autamatic 64000 pts
Sampling rate automatic Sampling rate 4.00 GSa/s
Averaging off Interpolation on

Channel 2 Scale 500 my/ Offset -969 mi
Coupling DC Impedance 50 Ohms

Time baze Scale 1.00 ns/ Poszition 0.0 = Reference center
Trigger Mode edge Sweep auto

Senszitivity normal Holdoff time 50 ns Coupling DC
Source channel 2 Trigger level -369 m¥ Slope falling

Figure 4.10: Transmitted signal
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Figure 4.11: Receiver circuit

45.1 TheRF Amplifier

The RF amplifier (developed by [22]) is a separate modul e into which the receive antenna
Is plugged in the receiver front-end. It consists of two MAR8 RF amplifiers in cascade,
as shown in Figure 4.12. These amplifiers are quoted in [6] as having again of 25dB at
1.5GHz, and anoisetemperature T,, = 400K (corresponding to anoisefigure, F' = 2.38).
These low noise, high gain amplifiers are needed to boost the weak radar return signals.
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Figure 4.12: Photograph of the plug-in RF amplifier module

452 TheDeay-line

The function of the nanosecond variable delay-line (in Figure 4.13) isto act as a diding
range gate in order to be able to sweep the sampler over a predefined range.

From pulse generator A To sampling transistor
47 5 (receiver)

From DAC i 1000R

JP1
N 014
"I ffy 104
G

D

Figure 4.13: Voltage-controlled, nanosecond variable delay-line

This is aso known as a sample-and-hold procedure, and the advantage of adopting this
method is that we can sample at a much lower frequency than if we had to continuously
sampl e the receiver between transmitted pul ses.

The operation of the sample-and-hold circuit can be described as follows: the transmitter
continuously transmits pulses while the receiver waits a predefined time period before
sampling. This predefined delay is voltage controlled and is stepped up in length via the
DAC output of the NI-DAQ card (see Section 4.2) linked to acomputer. These incremen-
tal delays thus correspond to the stepped ranges at which samples are being taken. The
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delay is achieved by varying the reverse voltage across a dual variable-capacitance diode
called the MV 104 (D19 in Figure 4.13), which in turn varies the capacitance of the diode,
creating a variable RC time delay (together with resistor R1).

The capacitance of the device can vary between 20pF (at 30V) and 110pF (at 0.3V). In
the system, the voltage is varied from 10 to 0.3V to achieve a 0 to 60ns variable time
delay (see Figure 4.14 for a plot of voltage versus resultant time delay). Since the radar
range for atarget echo is twice the actual range of the target (in mono-static mode), using
Rigrget = CXT% a 0 to 60ns time variation corresponds to a maximum sweep range of
0 to 9m. The DAC output of the NI-DAQ card is connected to the varicap diode via an
inductor which acts to choke any RF signal from feeding into the card and compuiter.

Voltage vs. Delay
1 0 T T T T T

Voltage (Volt}
o

0 10 20 30 40 50 80
Delay (ns)

Figure 4.14: Graph of reverse voltage versus resultant time delay

4.5.3 Fast Sampler/Averager

The fast sampler/averager (depicted in Figure 4.15) has the same initial operation as the
transmitter, up to the right hand plate (RHP) of capacitor C25, as it adopts the same
architecture up to that point.
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Figure 4.15: Fast sampler/averager

As the RHP of C25 is pulled negative (-5V in this case), the Schottky diodes (D4 and
D5) are forced to conduct which means that C27 is charged up via the multiple received
echoes (a type of averaging) received from the antenna during the conduction phase [7].
In this way, half-bridge rectification of the received AC signal is performed, and thislow
frequency (DC) signal isthen sent to the differential amplifier in the next stage.

The branch from the receive antenna is matched with a mirrored branch to allow the
differential amplifier to get rid of the common DC bias built up on C26 and C27 when
the diodes conduct, as well as common mode distortion picked up by the circuitry from
direct coupling and room reflections.

454 TheDifferential Amplifier

The signals from the fast sampler/averager are passed through RC low pass filters to get
rid of any RF distortion. They are designed to cut out al frequencies above 160Hz. The
low frequency signals are then fed into a differential amplifier (AD620), which helps to
get rid of common mode distortion and to make the output single-ended [?]. The AD620
also helps to provide some gain to the low frequency signal, which is controlled via the
potentiometer (R36). Figure 4.16 shows the configuration of the differential amplifier.
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Figure 4.16: Differential amplifier configuration

4.6 Software |nterface

A graphical user interface (GUI) was developed by [6] in Matlab using the GUIDE tool-
box. The program is called myRadar. This GUI displays real-time, down-range profiles
of targets, showing their distance relative to the antennas. In order to use the interface,
the user must execute the following steps:

1. Choose the sweeping frequency, in sweeps per second (default is 0.5s per sweep)

2. Take a sequence of background snapshots for background removal, by clicking the
background button

3. Perform point target calibration (to compensate for the differing filter effects of the
antennas) by placing the antennas approximately 2m apart, facing each other and
then executing the filter command

4. Click “Start” to activate areal-time display of the downrange profiles

5. Choose afrequency band of interest by adjusting the* L ower frequency” and “ Higher
frequency” fields

6. Choose adisplay mode. Theseinclude:
e Raw : showing real-time downrange profiles plus background clutter

e Background : displaying atill of the background clutter captured in Step 2

e Difference : displaying a downrange profile with the background removed
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e Filter : displaying a snapshot of the downrange profile obtained during point target
calibration, described in Step 3

e Matched : showing real-time downrange profiles (with the background removed)
processed by a matched filter, with the option of applying a windowing function
(Hanning, Hamming or Blackman) to the signal

e Deconvolved : showing real-time downrange profiles (with the background re-
moved) processed by a deconvolution filter, with the option of applying a win-
dowing function as above

Figure 4.17 shows a screen shot of the GUI.
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Figure 4.17: Screen-shot of the GUI myRadar
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Chapter 5

Design and | mplementation of an UWB
Multi-Channel Radar System

The design of a multi-channel system with the following characteristics was proposed:

1. Thesystem would comprise of multiple channels based on the single channel design
in[6]

2. The entire system would be built on a single PCB using predominantly surface
mount components

3. The PCB would be atwo layer board, with atop signal layer, and a bottom ground
plane also carrying the power tracks

4. An on-board oscillator would be designed and used instead of the signal generator
shownin Figure 4.7

5. The RF amplifiers would be on-board instead of plug-in modules

Figure 5.1 shows a block diagram of the proposed system.
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Figure 5.1: Block Diagram of Proposed Multi-Channel System

5.1 Design Criteria

5.1.1 ArrayLength

One of the system design criteria needed to be established when considering a multi-
channel UWB system isindeed how many channelsto include. What is clear from Section
3.1, isthat grating lobes need to be avoided in order to prevent unwanted reflections and to
preserve the directionality of the radar setup. The existing single channel system currently
utilizes twin bow-tie antennas for transmitting and receiving. These antennas have an
aperture dimension of roughly 0.2m each, and provide suitable gain over roughly a 1
GHz bandwidth, between 1-2GHz. Although the system is UWB (transmitted pulse), due

44



to the band-limiting nature of the antennas, the system operates at a centre frequency of
around 1.5GHz. Thus the wavelength of the received pulsesis A = 0.2m, and we should
have N > 5, or have greater than five receiver elements in our array to avoid grating
lobes.

Five antennas each with an aperture of 0.2m placed next to each other results in an ef-
fective antenna aperture of 1m (as in the ssimulations). With a little bit of thought how-
ever, we can see that we could possibly get awvay with exactly five elements if we have
a look at each antenna element’s 3dB beamwidth. Each antenna has an aperture di-
mension, d = 0.2m. This means that each antenna has an effective 3dB beamwidth

0345 = 5 = 32 = lrad or 57°.

If we look at the beam pattern for a multichannel receiver array with N = 5, (see Fig-
ure 3.5, in Section 3.1) we see that the grating lobes fall well outside of a60° beamwidth,
and only take effect at angles +60°, on either side of the array boresite. The assumption
isthat any reflections each antenna picks up outside of this 3dB beamwidth will be be low
enough in magnitude not to interfere with the desired response. Thus, five channels will
be used in the design and construction of the UWB radar system.

5.1.2 PCB Layout

The PCB for the multi-channel UWB radar system was laid out in Eagle CAD, using
the notes in [9]. This process involved drawing the circuit diagram (called a schematic)
in Eagle, choosing/creating the correct component footprints, routing the tracks on the
board, and, finally, creating Gerber files (needed to manufacture the board) from the Eagle
files (the latter process was conducted with the aid of Mr Samuel Ginsberg). Copies of
the schematic, board and Gerber files can be found on the CD supplied with this thesis
(see the inside back cover).

One of the criteria needed to be established when laying the board was what part of the
receiver circuit was to be shared, and what part needed to be duplicated to accommodate
multiple channels (i.e. up to what point could the circuit be shared by all five channels).
There were only two options to be decided between: either sharing the single channel
circuit up to the collector of the sampling transistor, Q2 (see Figure 4.11) or up to the
output of the hex inverter, ICAF.

Sharing the circuit for each channel up to the collector of Q2 means that the transistor’s
collector current needs to be shared by five channels, and hence R20 needs to possibly be
five times smaller (2kS2 instead of 10k2) to account for this increased current demand.
The problem with adopting this approach is that the current deliverable by a transistor is
finite, and to drive it too hard or close to maximum rating is undesirable (thermal effects
etc). The other effect that this permutation could have is that by connecting multiple
capacitors (effectively in parallel) to the collector of Q2, the total capacitance as ‘ seen’
by the collector is increased five-fold. One could then argue that since the voltage (v)
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across a capacitance (C) rises as % = é where i isthe current delivered to the capacitor,
these two changes would then cancel each other out. However, to be sure of the effects,
unwieldy voltage superposition equations would probably have to be derived.

Sharing the circuit up to the output of one of the gates of a hex inverter (74HC04) means
having to use separate sampling transistors for each channel, but the advantage is that
each channel can be buffered by a gate. Since the sampling transistors (BFR91A) were
cheap and readily available and because of its inherent ssimplicity, it was decided that the
best configuration would be the latter. The five channels were thus each replicated from
an output of ahex inverter.

In terms of the layout of the tracks, for the RF sensitive parts of the circuit (mainly trans-
mitter and RF amplifier stage of receiver), the use of straight, in-line tracks was advised,
as any 90° bends or sharp discontinuities could act as corner reflectors, causing radiation
losses and interference. It was also advised that the length of any tracks be kept as short
as possible, since unnecessarily long lines add extra inductances to the circuit.

5.1.3 On-board Oscillator

The current system of using a signal generator to produce the 2MHz clock (needed as
the PRF for the transmitter, and to provide coherent detection) was considered bulky and
inappropriate, and so an on-board oscillator was designed using a SOI C package CD4047
oscillator in astable mode (see Figure 5.2).

In the application notes for the device (derived from [14]), in order to achieve a 2MHz
signal, the IC was quoted as having to run off 15V, but since it was driving a CMOS hex
inverter, the oscillator output had to be voltage divided down to 5V. In astable mode, the
oscillator produces a guaranteed 50% duty cycle square wave of frequency f on the Q
output (pin 10). The formulafor the frequency, f is:

1
44RC

The frequency would be fine-tuned with the 10k potentiometer (R80) in series with the
10012 resistor (R18).

f= (5.1)
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Figure 5.2: CD4047 oscillator

514 RF Amplifiers

In deciding on which RF amplifiers to use, a number of considerations had to be taken
into account:

H

. therequired gain

N

. tolerable noise figure
3. linearity of gain versus frequency

4. component lead time and availability

o

. packagetype: drop-in, surface mount or plug-in

To provide arough idea of the required gain, the following reasoning was adopted:

Assume an acceptable level of white, Gaussian noise (WGN) with no DC offset at the
output of the RF amplification stage (before the sampler). For the purposes of this calcu-
lation, the magnitude of the standard deviation, o of the noise (in volts RMS) was chosen
as 5mV. This gives us an effective RM S voltage swing of V, = 10mV, centred on OV, at
the output of the amplifier stage. The output noise power (across a matched, 5012 load R)
isthus N, = % = 0.5uW.

Assume that the receive antenna is operating at standard noise temperature 7, = 7T, =
290K. The input noise to the receiver system is thus simply N; = k7,B, where B =
1GHz (the bandwidth of the antenna), and & is Boltzmann’s constant. Thus, N; = 4pW.
Hence, the overall system gain is G,,s = % = 1.249 x 10° = 50.967dB. Note, this
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calculation isageneral onethat does not take into account the noise added by the elements
in the receiver chain (see Figure 5.3). Thus, again in the region of 50dB is arough guide
as to the amount required for the system.

The amplifiers used for the system were sourced from the chief suppliers of RF and mi-
crowave components, namely Minicircuits. Since the amplifiers were to be mounted on
the PCB, it was decided to use the surface mount amplifiers, for which the ERA series
matched this description. Table 5.1 shows a selection of medium power ERA-series am-

plifiers and afew of their typical characteristics.

Model number | Frequency (GHz) | Gain at 1 and | IP3 pt (dBm) Noise Figure (dB
2GHz (dB) & linear)
ERA-6 DC-4 125 12.2 36 45 2.8
ERA-4 DC-4 14.0 34 34 42 2.6
ERA-5 DC-4 19.5 185 325 43 2.7
ERA-6SM DC-4 125 2.2 36 45 2.8
ERA-4SM DC-4 14.0 134 34 42 2.6
ERA-4XSM DC-4 14.2 135 35 42 2.6
ERA-5XSM DC-4 195 17.6 33 3522
ERA-51SM DC-4 17.4 16.1 33 41 2.6
ERA-55M DC-4 195 17.6 325 43 2.7
ERA-50SM DC-15 19.4 18.3 325 3522

Table 5.1: ERA medium power amplifier characteristics (typical)

From thetableit is clear that in terms of providing wideband response, high gain and low
noise figure, the ERA-5XSM should be the amplifier of choice. The ERA-5XSM pos-
sesses afairly high 7 P3 point (to avoid intermodulation distortion caused by third order
products [10]) and also has again that isrelatively linear over a broad (4GHz) frequency
band. Since the gain for the ERA-5XSM is approximately 20dB, and it was calculated
that a gain of roughly 50dB was desirable, it was decided that using two amplifiers in
cascade for each receiver channel would suffice. This would theoretically provide again
of 40dB, which corresponds to an open circuit voltage gain of 100.

To get afed for how sensitive our system would be, let us consider all the noise and gain
contributing elements that compose the RF receiver amplifier stage and perform some
calculations. Figure 5.3 depicts adiagram of the likely setup.
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Figure 5.3: Receiver chain

Let us assume that ideally we would want a 1V (peak voltage) signal at the output of
the amplification stage. Assume also, that the amplified received signal is of a sinusoidal
nature, i.e. V, = Asin(wt), where A istheamplitude of the sinewave, and w istheangular
frequency in rad/s. The average power at the amplifier’s output (across a 5052 load) is
givenby P, = 234 ‘where A = 1V (peak signal) and R = 50Q. Thus, P, = 10mW,
Theoverdl systemgainisG = G; x Gy x (G3, i.e. the product of the gainsfor the various
elementsin Figure 5.3.

The attenuation factor for typical RG58 (50¢2 co-axial cable) at 1.5GHz isroughly 1dB/m[3].
Assume a two-metre length co-axia cable is used to connect the receive antenna to the
receiver. Thus, the loss of the cable, indB, is L,z = 2dB. Theloss, L, on alinear scale,
isthus L = 1.585. Thegain, G; duetothecableisG; = + = 0.631. G, = G5 = 20dB.
On alinear scale, G, = G5 = 100. Thus, the overdl gain, G = 6.31 x 103, and the input
power to the system is P, = £2 = 1.585uW.

The peak input voltage (acrossa 502 load, R) isV;, .., = v2P,R = 13mV,and V;,,,,, =
8.902mV. Thus, if we received aroughly 13mV peak signal at our input, after amplifica-
tion, we can expect a1V peak at the output of the amplifier stage.

In order to gauge the effect of placing the RF amplifiers after the (lossy) co-axial cablein-
stead of before, some noise calculations were performed. As can be seen from Figure 5.3,
we have athree element (cable and two amplifiers) receiver chain. The noise power N; at
the input to the systemis V; = 4pW (asbefore). The overall equivalent noise temperature
(in degrees Kelvin, K) of the systemis[12]:

Ter | Ty
N
Since we assume that the line is at room temperature (7, = 290K), the equivalent noise
temperature of the lossy lineisT,; = (L — 1)T, = 169.619K. The noise figure for
the amplifiersis F' = 2.239 (from Table 5.1). This corresponds to an equivalent noise
temperature 7., = (F — 1)T, = 259.229K = T,3. Hence, T, = 744.625K.

Te =T +

(5.2)
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The output noise, N, for the equivalent three element cascade system can now be cal-
culated as N, = kT.BG = 6.484 x 10~3W. This is the noise expected at the output of
the second stage of the amplifier. This corresponds to noise with an RM S voltage (across
5092) of Vi = VNL,R = 1.801mV, which is equivalent to the RMS standard devia-
tion of the noise. The signal to noise ratio (SN R) at the output of the amplifier (for the
case where a 1V peak-to-pesk signal was detected, i.e. P, = 10mW), would then be
SNR = & =1.542 x 10° = 51.88dB.

Let us determine the effect on system noise temperature 7., if we placed one of the am-
plifiers before the co-axial cable as opposed to having both of them succeeding the cable.
In this case, T.; = T3, T.o = 17 and T,3 would stay the same. Similarly, G; = Gs,
G5 = G4 and G5 would remain the same. Thus, 7., = 366.619K, and we would effec-
tively halve the noise temperature. However, since the noise temperature is quite low in
both instances, it was decided to proceed with positioning the RF amplifiers on-board.
The biasing configuration of the ERA-5XSM amplifiers was derived from the datasheet
for the device, which can be found on the Minicircuits website (www.minicircuits.com) as
well as on the CD supplied with this thesis (see the inside back cover) . Figure 5.4 shows
atypical biasing configuration for the amplifiers.

RBIAS (Req u?fad&
cc

ORIENTATION DOT = - Coyposs
Ibi -
84 °° L RFC (Optional)
Cblock 3
mo——l > | ——our
1 Vd I
Cblock

Q2

Figure 5.4: Typical biasing configuration for the ERA series amplifiers

For a 15V power supply, a 158(2 biasing resistor is recommended. Under normal biasing
conditions, the output should lie halfway between the supplies. Thus, the output should
be biased at approximately 7.5V, and hence the power dissipation through the resistor can
be givenby P = V{ = 0.36W, in which case a0.5W resistor will be needed (instead of a
chip resistor).

The use of an RF choke (inductor) at the output of the amplifier is optional, and can be
used to increase the AC gain of the amplifier by presenting a large AC load in series
with the 50¢2 output impedance of the amplifier and the biasing resistor. DC blocking
capacitors are present at the input and output of the amplifier.
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515 Power Suppliesand Decoupling

It was suggested that the power tracks be routed on the same side as the ground plane.
This was reasoned according to the notion that to an AC signal, a DC power line looks
like afixed or unchanging voltage element. There were three power supplies needed: 15V,
5V and -15V (to beindicated by red, orange and green on-board light emitting diodes or
LED’s). Three main power lines were laid, and power was routed where necessary by
tapping branches off these main lines.

The supplies to each transistor, amplifier or integrated circuit (IC) were to be decoupled
with sufficiently large decoupling chip capacitors. The value chosen for the capacitors
was 100nF, which presents an impedance to earth of Z<1) for signals greater or equal
to approximately 1.6MHz. These decoupling capacitors were to be as close to the power
pins as possible to short out unwanted signals effectively.

5.1.6 Impedance Matching

In order to match the 502 impedance of the antennas and co-axial cable, the width, w of
the tracks for the RF sensitive parts of the circuit had to be calculated. In [5], equations
to calculate the impedance of a microstrip line are given (referenced to have originally
appeared in [13] ). These equations are for approximation only, and were assumed for a
PCB board of relative dielectric constant £, = 4.8 and thickness h = 1mm (values that

appeared in [5]). These formulae are given below: (note, Z, = 5012)
1199

2(E,+1)
b=05 (2= I (5) + lnéf)]
d — 59.957
VEr

w=h(D{[F-1-m(F -]+ () (2 -1) + 0203 - 27}

Using these microstrip width synthesis formulae, avalue for the width of w = 1.6mm for
a 502 microstrip line was obtained. Thus, in Eagle, atrack width of 66mil or 1.6764mm
at the input/outputs of the RF stages was used.

5.1.7 Ground Viasfor Possible Shielding

It was suggested that additional ground vias overlayed with non solder-masked tracks
surrounding the transmitter as well as each receiver channel should be put in place in the
event that cross coupling might occur between channels, and shielding would need to be
erected.

51



5.1.8 Placement of Probe Pins

It was suggested that probe pins be placed at numerous points along the circuit in order to
be able to easily measure the waveforms at those locations.

5.2 Hardware |mplementation

5.2.1 Procurement and Choice of Components

Before the Eagle board files could be finalised and converted into Gerber files for PCB
manufacture, all the components had to either be sourced or their dimensions had to be
known in order to place the correct size footprint in Eagle. Most of the RF components
were chosen to be surface mounts (SM), astheir small size provides lower loss and better
performance for RF signals. Since there was no tight constraint on board size (had to
simply be less than A4 size), C1206 SM packages were chosen for the capacitor and
resistor components.

All the chips (bar the differential amplifiers which operate at DC for our purposes) were
chosen to be small outline IC (SOIC) packages. Most of these components were bought
locally from Communica and Mantech, obtained from UCT’swhite lab, or salvaged from
spares found in the Engineering department. The RF amplifiers (produced by Minicir-
cuits) were ordered from ECS in Johannesburg as they are the sole distributors of Mini-
circuit components.

5.2.2 Manufacture of PCB

The Gerber files for the PCB were sent locally to WH Circuits for manufacturing. These
filescontain the drill plan, silkscreen, solder mask, pad and other vital information needed
to construct a PCB.

5.2.3 Soldering of Board

Once the components arrived, they were soldered personally by hand. The entire board
was popul ated except for the RF amplifiers which were |eft for last, to be soldered as each
channel was tested/made active. The BNC connectors were also soldered piecewise. Vital
equipment needed to carry out the task of soldering surface mount components included:
inverse and normal tweezers, sharp-tipped soldering iron, magnifying glass, croc-clips
stand, liquid flux, wire cutter and a pair of long nosed pliers.

Obstacles encountered when soldering the board included having to etch away bits of
the tracks leading to the input and output pins of the RF amplifiers, as their pads were
designed a bit too small in Eagle and having to file the leads of the board-mountable
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BNC connectors (square leads instead of circular ones). Figure 5.5 shows a picture of the
soldered board.

_E—rgam:—_-'o .
‘ g w
AR e . e .- *
e £

Figure 5.5: Soldered multi-channel UWB PCB
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Chapter 6

Test and Results

6.1 Testing

Testing of the various modules of the board was carried out for system fidelity checks.
Table 6.1 lists the equipment used in testing.

| Equipment \ Model |
DC Power Supply Escort EPS-3250
Digital Multimeter Escort EDM 1111A
1GHz Oscilloscope Agilent Infinium 54833A
Signal Generator Agilent E4400B ESG
Data Acquisition Card& PC | NI-DAQ& Celeron 433MHz

Table 6.1: Bench equipment used for testing

6.1.1 Oscillator Testing

It was found that by adjusting the potentiometer (R80) in the oscillator circuit of Fig-
ure 5.2, aclean 2MHz, 15V square wave was produced at the output. However, once this
square wave was voltage divided down to 5V, triangular distortion of the waveform was
noticed. This was most likely due to the stray capacitance of the IC combining with the
resistors to create edge rise-time. In order to reduce this effect, the value of the dividing
resistors was dropped from 10k<2 to 1k<? to reduce the RC time constant causing this slop-
ing. This did not improve the shape of the waveform sufficiently, and so it was decided
to test and see if the IC could produce a 2MHz signal off a5V supply. The resistors were
removed, the 15V supply line etched away, and a 5V line was routed to the IC supply
pins. By adjusting the potentiometer, the oscillator was able to produce a 2MHz clock
signal adequate for our use. Figure 6.1 depicts this generated clock waveform.



Saved: 11 OCT 2005 22:19:52

Acquizition Sampling mode real time Mormal
Memory depth autamatic 64000 pts
Sampling rate automatic Sampling rate 4.00 GSa/s
Averaging off Interpolation on

Channel 1 Scale 2.00 %/ Offset 160 my
Coupling AC Impedance 1M Ohm

Time baze Scale 200 ns/ Position 0.0 s Reference center

Trigger Mode edge Sweep auto
Senszitivity normal Holdoff time 50 ns Coupling DC
Source channel 1 Trigger level 160 mY Slope rising

Figure 6.1: 2MHz clock waveform

6.1.2 Transmitter Testing

The transmitted signal was tested by connecting the transmitter to the oscilloscope via a
length of co-axial cable. The resultant waveform (into 50¢2) is shown in Figure 6.2.
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Saved: 27 SEP 2005 18:53:04

Acquizition Sampling mode real time Mormal
Memory depth autamatic 64000 pts
Sampling rate automatic Sampling rate 4.00 GSa/s
Averaging off Interpolation on

Channel 2 Scale 100 my/ Offset -285 mi
Coupling DC Impedance 50 Ohms

Time baze Scale 1.00 ns/ Poszition 0.0 = Reference center

Trigger Mode edge Sweep auto
Senszitivity normal Holdoff time 50 ns Coupling DC
Source channel 2 Trigger level -285.0 mY Slope falling

Figure 6.2: Transmitted pulse

It was noted that the pulse had a magnitude of around 650mV. This was over two times
lower than expected from our analysis in Section 4.4. Since the the instantaneous peak
transmitted power is proportional to the square of the transmitted voltage (P = ‘%),
in order to radiate sufficient power, this voltage magnitude had to be increased. After
scrutinising the bottom layer of the circuit, it was thought that the clearance between
the ground plane and the pads of the through-board components was too small, possibly
representing a small capacitor to ground for the RF signal. Through-board components
in the transmitter section included severa probe pins. These were removed, their pads
drilled through, and the track rejoined with solder on the top layer. This did not seem to
produce any visible improvement to the situation.

It was al so noticed that afew power linesrouted on the bottom layer ran acrosswhat would
be the RF signal path on the top layer. Since electromagnetic (EM) waves are actually
guided between the signal and ground path, it was thought that perhaps this disruption
in the continuity of the ground plane below the signal track would act by lengthening
the RF transmission line, causing the addition of extra inductances and capacitances to
the circuit. It was decided to bridge the two ground areas temporarily split by the power
line with little wire jumpers. No noticeable improvement occurred however. To make
this bridge more solid, it was decided to etch away the power line “crossing” the signal
path, and connect the earth areas with a more direct connection by physically soldering
the sections together. Once again no perceptible improvement was observed.
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It was decided the only way to increase the signal strength was to adjust transmitter com-
ponent values. From the description of the transmitter in Section 4.4, the transmitted
signal is generated when the right hand plate of capacitor C1 (see Figure 4.8) charges
up from some negative value to OV. Since ‘jl—: = % by increasing the capacitance of C1,
we limit the rate at which the the voltage across the capacitor can increase (a disadvan-
tage), but since the capacitor has alonger time to charge up (and a larger capacitance), it
can hold more charge and hence develop a greater voltage across its terminals over time.
Thereis thus a trade-off between pulse width and pulse magnitude.

The effect on the amplitude of the transmitted signal after adding one and two additional
1pF capacitors is shown in Figure 6.3 and Figure 6.4 respectively. Note how the mag-
nitude changes from about 1.4 to 1.7V, and how the addition of the extra capacitance
Increases the pulse width.

Saved: 06 OCT 2005 20:46:11

Acquizition Sampling mode real time Marmal
Memory depth automatic 64000 pts
Sampling rate automatic Sampling rate 4.00 GSa/s
Averaging off Interpolation an

Channel 1 Scale 500 my/ Offset -470 mY
Coupling OC Impedance 50 Ohms

Time baze Scale 1.00 ns/ Pozition 0.0 = Reference center
Trigger Mode edge Sweep auto

Senzitivity normal Holdoff time 50 ns Coupling DC
Source channel 1 Trigger level -500 m' Slope rizing

Figure 6.3: Transmitted signal after the addition of one capacitor
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Acquizition Sampling mode real time Mormal
Memory depth autamatic 64000 pts
Sampling rate automatic Sampling rate 4.00 GSa/s
Averaging off Interpolation on

Channel 1 Scale 500 mY/ Offset 0.0%
Coupling DC Impedance 50 Ohms

Time baze Scale 1.00 ns/ Poszition 0.0 = Reference center

Trigger Mode edge Sweep auto
Senszitivity normal Holdoff time 50 ns Coupling DC
Source channel 1 Trigger level -560 mY Slope rizing

Figure 6.4: Transmitted signal after the addition of two capacitors

It was decided to adopt the latter configuration and use two additional capacitorsto boost
the strength of the signal. The transmitted signal now has amplitude 1.7V, with the draw-
back that the signal is now 2ns wide. This means that the effective bandwidth of the
signa is B = } = 500MHz instead of 1GHz which decreases the radar’s resolution as
well as SNR (since the bow-tie antennas are effectively 1GHz bandpass filters). Fourier
transforming the transmitted signal shows it has a 20dB bandwidth over 1GHz, i.e.the
effective power of the signal drops by 20dB over a 1GHz band, which is equivalent to the
effective output voltage dropping by afactor 10. See Figure 6.5.
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Acquizition Sampling mode real time Mormal
Memaory depth autamatic 1000 pts
Sampling rate automatic Sampling rate 4.00 GSa/s
Averaging on # of averages 16 Interpolation on
Channel 1 Scale 1.00 %/ Offset 1.355 W
Coupling DC Impedance 50 Ohms
Time baze Scale 1.00 ns/ Position 0.0 = Reference center
Trigger Mode edge Sweep auto
Senszitivity normal Holdoff time 50 ns Coupling DC
Source channel 1 Trigger level -560 mY Slope rizing
Function 1 FFT magnitude channel 1

Wertical scale 10.0 dBm/ Offset -28.8851 dBm
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Figure 6.5: Fast Fourier Transform (FFT) of transmitted signal

The instantaneous power of the transmitted signal is roughly 35mW, as can be seen from
Figure 6.6.

smw

2ns

Fy
A4

Figure 6.6: Waveform showing instantaneous transmitted power
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6.1.3 RF Amplifier Testing

Once the RF amplifiers (ERAS5XSM’s) for a single channel were soldered, ssmple hand-
wound RF chokes (seven turns) made from ordinary insulated copper wire were placed at
the output of both amplifier stages. These were indicated as optiona in the data sheets,
and were inserted so asto increase their gain. Once they were in place, the RF amplifiers
were tested to see if they were correctly biased. Under optimal biasing conditions, the
amplifier outputs should lie roughly half-way between the supplies for maximum voltage
swing. Testing indicated that their DC biasing was around 6V (slightly out for a 15V
supply, but acceptable), although it was also noticed that oscillations were present, su-
perimposed on the DC waveforms at both amplifier outputs. Initially it was thought that
these oscillations were caused by cross coupling between the inductors. 1t was decided to
remove these inductors, and to use only the biasing resistors. The oscillations were how-
ever still present, and in an effort to make the amplifiers stable, ssmilar changes to those
performed on the transmitter (see Section 6.1.2) were conducted (removing probe pins
and bridging ground sections interrupted by power lines). These modifications seemed to
stem the oscillations (since the inductors were optional, they were not replaced, to ensure
that the system remained maximally stable).

It was also noticed that when the transmitter was on, the transmitted signal managed to
couple (radiated from the board or fed along the tracks) to the amplifiers and was visible
at fixed intervals at the output of the amplifiers. Since the software for the system includes
abackground removal algorithm, it was thought that these pulses would not appear in the
downrange profiles. If not, it was envisioned that a grounded housing might be necessary.

To test the gain of the amplifiers, asinusoidal signal was injected at the input to one of the
receivers and the output stage of the amplifiers was monitored. A 40mV peak-to-peak,
500MHz sinusoidal signal was injected at the input to the first amplifier, and the voltage
was measured at the first and second amplifier outputs. The oscilloscope measured a
100mV peak-to-peak signal at the output of the first stage (a voltage gain of 2.5), and a
400mV signal at the output of the second stage (a voltage gain of 4). Thisresulted in a
two stage voltage gain of 10, which is much lower than and far from the expected gain of
100 (see Section 5.1.4).

Since the signal from the generator started to become severely attenuated by the oscillo-
scope for frequencies approaching 1GHz (the oscilloscope’s limit), the amplifiers broad-
band gain could not be properly tested. It was decided that the best way to test the am-
plifiers would be to connect them directly to the transmitter, viaa 10dB attenuator, and to
observe how much the signal would be amplified by. A 10dB attenuation corresponds to
decreasing the voltage of asignal by afactor of 3. Figure 6.7 shows the attenuated signal.
It has a magnitude of roughly 600mV (across 502), indeed closeto athird of 1.7V (across
50¢2).
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Acquizition Sampling mode real time Mormal
Memory depth autamatic 64000 pts
Sampling rate automatic Sampling rate 4.00 GSa/s
Averaging off Interpolation on

Channel 2 Scale 200 my/ Offset -325 mi
Coupling DC Impedance 50 Ohms

Time baze Scale 2.00 ns/ Poszition 0.0 = Reference center

Trigger Mode edge Sweep auto
Senszitivity normal Holdoff time 50 ns Coupling DC
Source channel 2 Trigger level -325 m¥ Slope falling

Figure 6.7: Transmitted signal attenuated by 10dB

The transmitted signal at the output of the second amplifier stage (see Figure 6.8) had an
amplitude of roughly 2V across (1IM(2), which means that the effective value should be
halved to find out the 50¢2 gain (1M corresponds to an open circuit, which means the
voltage is doubled). Thus, the magnitude of the amplified signal is 1V. This indicates a
ganof G = ﬁ = 1.67 which is extremely low. It was then decided to test and observe
how the gain of an external amplifier (used in the existing system) would perform in
amplifying the transmitted signal. With this amplifier (2XMARS8's), the voltage (across
1IMQ) was 6V, corresponding to 3V (for a50¢2 impedance) and again G = 0—36 = 5, about
three times that of the on-board amplifiers (see Figure 6.9).
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Acquizition Sampling mode real time Mormal
Memory depth autamatic 64000 pts
Sampling rate automatic Sampling rate 4.00 GSa/s
Averaging off Interpolation on

Channel 2 Scale 500 my/ Offset 2.788
Coupling DC Impedance 1M Ohm

Time baze Scale 5.00 ns/ Poszition 0.0 = Reference center
Trigger Mode edge Sweep auto

Senszitivity normal Holdoff time 50 ns Coupling DC
Source channel 2 Trigger level 2.908 ¥ Slope falling

Figure 6.8: Transmitted signal first attenuated and then amplified by on-board ERA am-
plifiers
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Trigger

Memory depth autamatic 64000 pts
Sampling rate automatic Sampling rate 4.00 GSa/s
Averaging off Interpolation on
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Figure 6.9: Transmitted signal first attenuated and then amplified by plug-in amplifier

Possible reasons for the poor RF performance of the on-board amplifiers could include

the following:

lack of alarge, solid ground plane directly under entire RF signal path to act as an
effective wave guide

use of non RF specialised capacitors in the amplifier stages

track lengths to the RF amplifier leads (especialy between the output leads and
ground) were possibly not kept short enough, resulting in extra inductance being
created [7]

ground vias were not placed directly under or as close to the ground pins of the RF
amplifiers as possible to reduce the above effects

the surface mount amplifiers were not drop-in modules but had leads bent at right-
angles possibly creating extrainductance

the calculation of the track width necessary to achieve a 50¢) impedance (conducted
early on in the design phase) was based on a 1mm thick board (as opposed to
1.5mm, the actual PCB thickness), with an assumed relative dielectric constant of
E, = 4.8 (whereas this value could have been marginally off and vary from PCB to
PCB)
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The width of the track was recalculated with the correct board thickness (1.5mm) using
the same approximation formula used in Section 5.1.6. The correct track width was found
to be w = 2.424mm. To verify this, another approximation formula found in [11] was
used, and this resulted in a calculated width of w = 2.681mm. Using these formulae,
the existing track width (w = 1.6764mm) actually corresponds to a microstrip with a
characteristic impedance of Z, = 63¢2. Although the relative dielectric constant could
also change these values, one can see that a small change in board thickness can cause
afairly substantial change in 502 track width. These impedance mismatches (between
the antennas and the tracks) could lead to power being reflected, thus minimizing the
realizable gain of the on-board amplifiers.

In order to gauge what effect additional track lengths (effectively transmission line sec-
tions) between the amplifier output leads and ground might have on the amplifier stage of
the circuit, the approximate equivalent series inductance for a short transmission line was
calculated. For this scenario, (short transmission line, [ = 4mm and alarge characteristic
impedance, Z, = 62Q0) Bl < 7, where! = 4mm = the extra length of track to ground,
and B = 27” = 31.42 = phase constant in rad/m. For a 1.5GHz signal, A = 0.2m. Thus,
for a transmission line section with characteristic impedance Z, = 63(2, the equivaent

series inductance of the line was calculated, using the following formula[12]:

X = Z,BI (6.1)

where X = equivalent seriesinductance (in €2) of the transmission line.

The extralength of transmission line thus potentially looks like an inductor with reactance
X = 7.79Q in series with the RF amplifier load. This could result in the gain of the
amplifier being lowered due to the voltage division at its output.

6.1.4 Delay-line Testing

The next step was to test the delay-line. The procedure for testing this module was to
compare the expected waveforms (recorded when analysing the existing system) with the
measured waveforms on the multi-channel PCB version (each waveform at a particular
point in the circuit was given a particular reference number). For the digital delay-line,
it was discovered that a capacitor to ground (indicated in the original circuit diagram
in [6]) was in fact an error. Once this was removed, the correct controlling waveform
(alogarithmic function) needed to sweep the sliding range gate (see Section 4.5.2) was
observed at the output of the digital delay-line.

6.1.5 Recever Testing

The receivers were tested in a similar way to the delay-line. The waveforms at critical
stages in the circuit were measured and compared to those expected/recorded from the
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existing system. There is a subtlety involved however, in that the performance of the re-
ceiver at the front-end (RF amplifier) could not be accurately ascertained asthe amplifiers
were not delivering the expected gain. It was decided that the best way to test a receiver
channel would be to connect the channel to the computer and to run the radar software
interface myRadar.m in an attempt to obtain down-range profiles.

Initially no response could be obtained from the receiver channels. The on-board RF
amplifiers were changed, and the gain of the differential amplifiers was adjusted, produc-
ing no visible effect. Once the the changes described in Section 6.1.4 were made to the
delay-line however, the software was successfully made to interface with the circuitry.

Due to the poor gain of the on-board amplifiers, it was decided to test the single channel
operation of the radar using the separate plug-in amplifier (described in Section 4.5.1).
By bypassing the on-board amplifiers on one of the channels, and using the twin bow-tie
antennas (described in Section 4.1), downrange profiles of a scene were obtained (see
Section 6.2.1 for these results).

One of the problems encountered when running the radar software was that the origin of
the sampler (usually sample number Q) was shifted about 3000 samples to the right (in
the system, 1000 samples corresponds to a range of roughly 1m, and the screen shows a
maximum range of 5m). This was due to the fact that the delay settings (potentiometer
positionsin RC delays, and length of cables) for the existing system did not match those
of the new system. Since the origin of the sampler was designed to be hardware triggered,
the software could not be modified to change this setting without reprogramming the
sampling code. In order to try and shift the origin of the sampler to the left (earlier) using
hardware, either the delay to transmit the pulse had to be shortened, the receive cable
length shortened to reduce echo time, or the sampler had to be delayed. Since there was
alimit as to how short the length of the cables could be made (for practical reasons), it
was decided to add a variable RC time delay to the pul se sent to each sampling transistor
(before the hex inverter buffer to each receiver channel, after pin 10 of IC4E in Figure 5.3).
Adjusting these delays, the origin of the sampler was able to be moved more to the middle
of the screen, but due to the set delays of the cables, was not able to be configured to start
at sample number 0.

Once one channel wasworking, in order to be able to demonstrate multichannel operation,
it was necessary to activate another channel. Dueto thelack of UWB antennas (there were
only two), Ellies TV Grid antennas (of which there were four) had to be utilized instead.
See Figure 6.10 for a photograph of one of these antennas.

The advantage of using grid antennas is that they have larger apertures and hence higher
directivity/gain (between 10-13 dB), but the drawback is that they have a bandwidth of
only 288 MHz (frequency of operation roughly between 512-800 MHz), thus reducing the
achievable range resolution to AR = 5% =0.52m or 52cm (as opposed to the twin-bow
tie antennas’ resolution of 15cm).

The centre frequency of operation is 656MHz, which corresponds to a wavelength of
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Figure 6.10: Ellies TV grid antenna

A = 0.46m or 46cm. The antennas (including their mounting grids) have dimensions
830X590mm, and due to their large size, in order to place them side by side to form
an array, it was decided to it use the antennas in their upright position (horizontal polar-
ization). In an upright position, their effective aperture length (length of radiating ele-
ment) is d,,,; = 0.4m or 40cm. Their horizontal 3dB beamwidth can be calculated by

_ A _ 046 _ o
Osap = 77— = {730 = 05.89°.

Due to the fact there were only four Ellies antennas available, it was decided to test and
see if amaximum of three channels could be activated (one antennafor transmit, the other
three for receive, placed side-by-side to form an array). Since the last goal of this thesis
was to test to see if multichannel (i.e. more than one channel) operation was possible, it
was decided that three channels would sufficiently demonstrate this concept. In order to
avoid grating lobes, as was mentioned in Section 3.1, the spacing d between the radiating
elements must be less than or equal to the wavelength. The antenna’s width (including
its mounting grid) is 59cm, but the radiating element is 40cm wide, so the separation
distance d between the receiver elements (considering they are placed next to one another)
isd = (0.59 — 0.4) x 2 = 0.38m. The wavelength of the radiated signal, as calculated
above is A = 0.46m. Thus, placing these antenna side by side we should be able to
avoid grating lobes (d < \). Section 6.2.2 shows the results obtained for multichannel
operation.
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6.2 Results

The experiments were conducted in a UCT laboratory, with the antennas facing an open
space. At approximately five metres from the antennas there exists a back wall. Unnec-
essary background clutter in the vicinity of the scene was removed as best as possible.
Unfortunately an anechoic chamber was not available so as to optimise the experimen-
tal conditions by removing room reflections, although these should be eliminated by the
background removal step in the myRadar software (see Section 4.6).

A few points to consider: in the single channel experiments, the origin of the sampler is
around 1000 samples (due to different length cabling and system parameters compared
to the original system, thus introducing extra delays). Since the sampler is hardware
triggered, the origin could not be easily changed (e.g. by changing the existing software).
In the software programme for the single channel, 1000 samples corresponds roughly (but
not exactly) to a1m range, but what isimportant to notice in the downrange profilesisthe
relative phase and magnitude of the various plots.

For the multichannel plots, the software had to be modified (with the assistance of UCT
Msc student Alvin Chiang) to sample multiple channels. Increasing the sampling rate
rescales the time axis, and so 10000 points instead of 5000 points is shown for the mul-
tichannel plots. The purpose of these plots are mainly demonstrative, to show that a
working multi-channel UWB system can be built on a PCB, rather than for conducting
any post processing on the data (requiring accurately scaled plots).

In the downrange profiles, there exist some pulses at around 4200 samples (in the single
channel version of myRadar) and around 8000 samples in the multichannel version. Note
that this these pulses are not due to noise, but are in fact reflections from the back-wall.
When a target is present, it blocks certain transmitted pulses from reaching the back-
wall (part of the background), thus, when the background (containing the back-wall) is
subtracted from nothing, it in fact reappears.

6.2.1 Resultsfor Single Channel Operation

As described in Section 6.1.5 the external plug-in amplifier was used to test the radar’s
single channel mode of operation. The UWB, twin bow-tie antennas of Section 4.1 were
also used in this experiment. Figure 6.11 shows a photograph of their configuration,
perched atop a box facing a scene or small open spacein aUCT laboratory.
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Figure 6.11: Twin bow-tie antenna configuration for single channel testing

Various metallic reflectors were used in the experiments. They included: a metal pole
(Figure 6.12) of length 2m, metal grid (Figure 6.13) 550X 390mm and a pyramidal corner
reflector (Figure 6.14) with sides 500mm long. The metal grid acted as the best reflector,
and so was used for the majority of the experiments (unless otherwise stated).

Figure 6.12: Meta pole used as reflector/target
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Figure 6.13: Metal grid used as target/reflector

Figure 6.14: Pyramidal corner reflector used as target/reflector
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The target was propped in a stand and its position or range from the antennas was varied.
The software myRadar was then run, with the steps taken to derive downrange profiles
described in Section 4.6.

Figure 6.15 shows the background snapshot of the scene.
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Figure 6.15: Background snapshot

Figure 6.16 shows a target at 1m using the difference display mode (downrange profile
minus the background clutter). The pulses trailing the main pulse are confirmed to have
been caused by antenna ringing (as they disappear once the target is removed). Thisis
because an antenna is a resonating element, and when excited by a pulse, will result in
additional oscillations forming (which eventually become dampened and die out). Notice
how the received pulse is not just a scaled and shifted version of the transmitted pulse (as
in the idealized case for the simulation in Section 3.2), but has in fact been reshaped due
to both system propagation and antenna filtering and resonance effects.

Figure 6.17 shows atarget at 1m, match filtered.
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Figure 6.17: Target at 1m (match filtered)

Figure 6.18 shows a target (corner reflector) at 1.5m, match filtered and hanning win-
dowed.
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Figure 6.18: Target (corner reflector) at 1.5m

Figure 6.19 shows atarget at 2m, match filtered and hanning windowed.
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Figure 6.19: Target at 2m

Figure 6.20 shows atarget at 2.5m, deconvolved and hanning windowed.
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Figure 6.20: Target at 2.5m

Figure 6.21 shows atarget at 3m, match filtered and hanning windowed.
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Figure 6.21: Target at 3m

6.2.2 Resultsfor Multiple Channel Operation

As was described in Section 6.2, the software was then modified to display simultane-
ous downrange profiles for multiple channels. Since multiple channels were needed, the
on-board amplifiers had to be used, despite their substandard gain. To combat this lack
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in gain, the gain of the differential amplifiers for the multiple channels was increased,
thereby increasing the signals fed to the NI-DAQ, and unfortunately the systems sen-
sitivity to noise as well. For this reason, the multiple channel operation could not be
demonstrated for distances much greater than 1m.

As was described in Section 6.1.5, Ellies grid antennas were used to form the receive
antenna array.

It was endeavoured to keep the length of the cables as similar as possible, in order to
samplethereturns at the same point for each receiver. Figure 6.22 showsthe configuration
of the grid antennas, as they were arranged in the three channel setup.

Figure 6.22: Ellies grid antenna configuration for the three channel setup

The target used was a large grid with dimensions 850X390mm, propped up against a
plastic structure (smaller in size).

Thistarget was positioned 1m (vertically) in front of the antenna array, while its horizon-
tal position was moved, from left to right i.e. from in line with thefirst receiver, toin line
with the last receiver. Sincethe gain for each receiver channel was dlightly different (com-
ponent tolerances, subtle PCB layout changes, different cabling etc), the main objective
was to see if the peaks of the received pulses shifted to the right in time as the distance
to the receivers was increased, and that the relative magnitude of the pulses decreased as
well.

Two Channels

For the two channel system, the transmitter antenna was placed in between the two re-
ceiver elements. Returns from the first receiver element (to the left of the transmitter,
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looking towards the transmitter) are plotted in blue, while returns from the second receive
antenna are plotted in green.

Figure 6.23 shows the background snapshot.
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Figure 6.23: Background snapshot for two channels

Figure 6.24 shows the target in front of the first receive antenna, using the difference
display mode.
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Figure 6.24: Target in front of first (blue) receive antenna

Figure 6.25 shows the target directly in front of the transmitter. The peaks of the two
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returns are aligned, as the time delay to each element is roughly the same.
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Figure 6.25: Target directly in front of transmitter

Figure 6.26 shows the target in front of the second receive antenna.
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Figure 6.26: Target in front of second (green) receive antenna

Figure 6.27 shows the target snapshot for two channels.
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Figure 6.27: Filter snapshot for two channels

Figure 6.28 shows the target in front of the first antenna, match filtered.
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Figure 6.28: Target in front of first (blue) receive antenna, match filtered

Figure 6.29 shows the target in front of the transmitter, match filtered.
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Figure 6.29: Target in front of transmitter

Figure 6.30 shows the target in front of the second antenna, match filtered. The relative
movement of the peaks is not easily seen, due to the relatively low target range resolu-
tion,and small range over which the target is moved.
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Figure 6.30: Target in front of second (green) receive antenna, match filtered

Three Channels

For the three channel system, the antennas were arranged in the following order, from |eft
to right (looking towards the antennas): first receiver, transmitter, second receiver, third
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receiver. In the downrange profiles, returns from the first receiver are plotted in blue, the
second in green, and the third in red.

Figure 6.31 shows the background snapshot for the three channels.
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Figure 6.31: Background snapshot for three channels

Figure 6.32 shows the target in front of the first antenna, in difference mode.
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Figure 6.32: Target in front of first (blue) receive antenna, difference mode

Figure 6.33 shows the target in front of the second antenna, in difference mode. Note the
shift and lowered magnitude of the red pulse, as thisis the return from the third antenna
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(next to the second antenna, green pulse, hence further away).
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Figure 6.33: Target in front of second (green) antenna, difference mode

Figure 6.34 shows the target in front of the third antenna, in difference mode.
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Figure 6.34: Target in front of third (red) antenna, difference mode

Figure 6.35 shows the filter snapshot for the three channel configuration.
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Figure 6.35: Filter snapshot for three channels

Figure 6.36 shows the target in front of the first antenna, match filtered.
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Figure 6.36: Target in front of first (blue) receive antenna, match filtered
Figure 6.37 shows the target roughly in the middle of the scene (between transmitter and

second, green, receive antenna). The target reflection from the second antenna (green) is
stronger in magnitude and its peak should be slightly advanced from the other returns.
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Figure 6.37: Target in middle of scene, match filtered

Figure 6.38 shows the target in front of the third (red) antenna, match filtered (note how
the green pulse is lower in magnitude, and delayed in time, and the blue pulse has died
out).
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Figure 6.38: Target in front of third (red) receive antenna, match filtered
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Chapter 7
Conclusions and Recommendations

This document detailed the research, simulation, design and implementation of a multi-
channel, ultra-wideband (UWB) radar system. The resultsindicate the potential for UWB
impulse radar to be used for short range target detection/positioning applications. A num-
ber of conclusions have been drawn based upon the findings of thisthesis. They arelisted
in this chapter, along with recommendations for improvements and future work.

7.1 Conclusions

e The software simulations were successful and demonstrated important conceptsin
antenna array theory, UWB impulse radar downrange profiles and beam focussing.

e The UWB transmitter produced a pulse that enabled downrange profiles to be dis-
played real-time using a software interface. The pulse was however broader than
1ns (due to the trade-off between pulse width and pulse magnitude), having impli-
cations for the radar’s range resolution.

e Theon-board RF amplifiers, although operational, did not deliver the expected gain
of 40dB. Lack of a continuously solid ground plane, the dielectric constant of the
PCB, impedance mismatches and inductance caused by extra track/lead lengths is
held responsible for this. Results obtained with the plug-in amplifier allowed the
capture of downrange profiles at larger ranges (>1m).

e Thereceiverssuccessfully performed their task of sampling the radar return echoes,
and three channels were activated to demonstrate multichannel operation. The per-
formance of the system during multichannel operation was however not of the same
standard asthat attained for asingle channel. Use of the on-board amplifiers (as op-
posed to the higher gain plug-in amplifier), Ellies grid antennas (as opposed to the
high bandwidth twin bow tie antennas) and low quality cabling are cited as possible
reasons for this deviation.
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7.2

The modified version of the radar software interface myRadar managed to produce
real-time downrange profiles for multiple receiver channels.

Recommendations

For future designs, the schematic of the multi-channel system could be modified to:
include a separate supply layer to accommodate alarger, independent ground plane
for improved RF performance (improved waveguide) and to include shorter track
lengths.

The track widths should be corrected for accurate impedance matching.

The board should be manufactured on high quality, low loss (low relative dielectric
constant) microstrip for improved RF performance.

Drop-in RF amplifier modules instead of surface mounts should be used to reduce
extrainductance caused by longer, bent leads. Any viasto the amplifier leads should
be placed as close to the component package as possible.

High quality, low loss SMA coaxial cable should be used to connect the antennas
to the radar system for enhanced performance.

Higher quality, smaller package, RF specific surface mount components should be
used for improved RF performance.

The transmitter should be modified (improved components and fine-tuned values)
to produce sub-nanosecond pulses in order to achieve finer range resolution thus
providing more detailed scene impul se responses.

Additional UWB antennas with larger bandwidths should be designed and con-
structed for use with an improved version of the multi-channel system.

Higher gain RF amplifiers and/or a higher power transmit signal should be em-
ployed to improve the range capabilities of the multi-channel design.

The existing software interface should be modified to incorporate the beam focusing
algorithm developed in this thesis, to achieve rea-time target positioning capabili-
ties.
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Appendix A

Softwar e Sour ce Code

A.1 Antenna Beam Pattern Simulation Code

fo = 1.5e9;

c = 3e8;

| anda = c/fo;

theta_mn - pi ;

t heta_max pi ;

d theta = 2+pi/ 200;

N =60; %if we make the di stance between receiver ele’'s too |arge,
% e poor resolution,we get grating |obes we start to see grating

% obes when n = 6. Wien n = 5, large grating | obes are observed,
%f roughly equal magnitude to the main | obes but with a |arger
Y%eamm dth. At n =5, d = 0.2, i.e. the distance between

%le’'s is equal to the wavel ength. This phenonenon is simlar to
%l i asi ng when sanpling - to avoid grating | obes, we nust have a

% eceiver array with spatial resolution finer than the wavel ength
%of the received wave, i.e. d<lanbda, i.e. N = 6 elenents at |east
%or landa = 0.2m . |If we decrease our aperture |length, we can
%lecrease our el ement spacing, and avoid aliasing again. For N = 5,

%mth D= 0.85 d=0.17, and we start to see grating | obes.
WNth D= 0.84, the grating | obes are the sanme size as the
%si de-| obes.

D=1,

d = DN,

i = 0:N1;

theta = theta_mn:d _theta:theta nax;

for a = 1:1ength(theta)
delta_i =i.*xd.*sin(theta(a));
deltat = -delta_i./c;
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mag = abs (sum(exp(-j=*2*pi*fo.*xdelta _t)));
mag_v(a) = mag;

end

plot((thetal/pi)*180, mag v);

%figure % % pol ar(theta, mag_v);

A.2 Multi-Channe UWB Radar Simulation Code

c = 3e8; % Speed of [|ight

fo = 1.5e9; %entre frequency of pul se

pul se_length = le-9;

fs 100e9; % This is the sanple rate (15*xNyqui st)
dt 1/fs; % This is the sanple spacing

PRF = 2e6;

Runanbi g = ¢/ (2*PRF);

R max = 15; td = 0. 5e-9;

| ambda = c/fo;

%5 ant =

%igma =

Y%zeta = sqrt((G ant2+si gma*| anbda”2)/ ((4+pi )" 3*xR"4));

T _nmax 2*R _max/ c;
% _max = 5e-09;
t = 0:dt: T_max;

numsa = length(t);
% tx = rect((t-td)/pulse_length); %ns pul se extending from
% to 1ns

%l ot (t,v_tx);

%/ _tx = cos(2+«pi*fo.xt).+rect((t - td)/pulse_length);
% pul sed sinusiod,fromO to 1ns

% tx = exp(j*2+«pi*fo.+t).+rect((t - td)/pulse_length);
%anal ytical representation of pul sed sinusoid

% i gure;

%l ot (t, abs(v_tx));

W _TX = fft(v_tx);

%l ot (abs(V_TX));

array_length = 1;

N elenments = 20; tar = [0.1 4 0.8 8];

figure;

N targets = length(tar(:,1));

ele([(1: N elenments)],1) =
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((0:N_elenents-1)/(N el enments-1))=*array_| engt h;

ele([1: N elenents],2) = 0;

tx = [0.5 0];

for i = 1:N elenents

line( [ele(i,1)-0.1 ele(i,1)+0.1],[ele(i,2) ele(i,2)]);
end %

for | = 1:N targets

line([tar(l,1) tar(l,1)+0.1], [tar(l,2) tar(l,2)] );
end

hol d on;

for I = 1:N targets plot(tar(l,1),tar(l,2),’ *r"); end
axis([-1 2 -1 12])

v_rx_tot(1l: N el enents, 1: numsa) = O;

el e_wei ght = hanni ng(N_el enents); %apply hanmm ng w ndow
% n space to receiver elements to reduce sidel obes

for n = 1: N el enents

v_rx_ele(l:numsa) = O;

for p = 1:N targets

xpos = tar(p,1); ypos = tar(p,2);

R x tx_tar = tx(1,1) - xpos;

Ry tx tar = tx(1,2) - ypos;

Rtx tar = ((Rx_tx tar)?2 + (Ry_tx tar)”2)"0.5;

R x ele_tar = ele(n,1) - xpos;

Ry ele tar = ele(n,2) - ypos;

Reletar = ( (Rx ele tar)?2 + (Ry_ ele_tar™2) )"0.5;
R 2way tar = Rtx tar + Rele tar;

Ti = R2way_tar/c;

zeta = 1/ (R tx_tar)”"2;

% rx = zetarexp(j*2+xpi*fox(t-Ti)).*rect((t-Ti-td)/pul se_|l ength);
% ecei ved signal, i.e. scaled, delayed version of v_tx %ransfer
%down to baseband, by nultiplying by %xp(-j=*2+pi*fo*t)
v _rx = zeta*rexp(-j*2+xpi*foxTi).*rect((t-Ti-td)/pul se_| ength);
V.Ix ele =v rx + v rx_ ele;

end

v_rx_tot(n,:) = ele_weight(n).*v_rx_ele;

% _rx_tot(n,:) = v_rx_ele;

end

figure;

for p = 1:.N elenments

subpl ot (N el enents, 1,p), plot(t, abs(v_rx tot(p,:))),
xlabel ("tinme (s)’),
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yl abel (" Magni tude of Return’),title(’ Elenment’);

end

figure;

plot(t,abs(v_rx tot(1,:))),xlabel("tine (s)’),

yl abel (" Magni tude of Return Signal’),title(’Elenent 1');
%how tinme plot for receiver el enent#l

figure;

r = (cxt)/ 2

plot(r,abs(v_rx_tot(1,:))), xl abel (' Range (m’),

yl abel (" Magni tude of Return Signal’),title('Elenent 1');
% show range pl ot for receiver elenent#l

figure;

i mgesc(abs(v_rx _tot(1,:))), xlabel (' Sanpl e Nunber’),

yl abel (" Magni tude of Fourier Response’),title(’Element 1');
% show i mage plot for receiver el enent#l

% V_RX _TOT = fft(abs(v_rx_tot(1,:))); %figure;

% pl ot (abs(V_RX_TQN) ) ;

A.3 Beam Focusing Algorithm

% ocussing the i mge recei eved by each receiver el enent for
Y%every point in a grid
c = 3e8; % Speed of |ight

fo = 1.5e9; %entre frequency of pulse pulse length = le-9;
fs = 100e9; % This is the sanple rate (15+xNyqui st)

dt = 1/fs; % This is the sanpl e spacing

R max = 15;

td = 0. 5e-9;

T max = 2R _max/ c;

%l _max = 90e-09;

t = 0:dt: T _nmax;

% tx = exp(2+«pi*fo.+t).+rect((t-td)/pul se_|l ength);

Xxo = -1;

yo = 3;

dx = 0.1;

dy = 0.05;

X_ Wi dth = 3;

y width = 6; % ange direction

Nx = round(x_wi dt h/ dx)
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Ny = round(y_w dt h/ dy)

N el ements = 20;

v_foc_tot = zeros(Nx, Ny);

ele([(1: N elenments)], 1) =
((0:N_elenents-1)/(N el enents-1))+*array_| engt h;

-co_ord of elenents

ele([1: N elenents],2) = 0; %-co_ord of elenents

tx =[0.5 0];

v_rx = zeros(1l,length(t));

v rx _ele = zeros(1,length(t));

for iy = 1. Ny

for ix = 1:Nx

v_foc = 0;

Xpos = ix*dx + Xo;

ypos = iyxdy + yo;

for n = 1: N el enents

R x_tx_tar tx(1,1) - xpos;

Ry tx_ tar tx(1,2) - ypos;

Rtx tar = ((Rx_tx tar)”2 + (Ry_tx tar)”2)"0.5;

R x_ele_tar ele(n,1) - xpos;

Ry ele tar el e(n,2) - ypos;

Reletar = ( (Rx ele tar)?2 + (Ry_ ele_tar™2) )"0.5;

R 2way tar = Rtx _tar + Rele_tar;

Ti = R2way_tar/c;

A = 1/ zeta; % ange conpensation gain

% rx = zetarexp(j*2+pi*fo.*(t - Ti)).*rect((t-Ti-td)/pul se_length)
% ecei ved signal is scaled shifted version of transmtted

ts = round(Ti/dt); % ind sanple nunber which represents the del ay
%0 a point in the grid

v_foc = Arv_rx_tot(n,ts).xexp(j*2+xfoxpi*Ti) + v_foc; % focus that
%poi nt for each receiver elenent by tine shifting %t by the two
%vay tinme delay to the point

end

v_foc tot(ix,iy) = v_foc; %tore the focused radar returns

% rom each elenent for each point in the grid

end

end

figure;

i mgesc(abs(v_foc_tot));
figure;
mesh(abs(v_foc_tot));
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