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Abstract

Multiple transducer single-pass synthetic aperture sonar interferometry in air is a tech-
nique that can emulate topographic mapping techniques that have not been implemented
using radar or that are relatively expensive and difficult to obtain in practice for the radar
engineer who wishes to test algorithms using suitable data. This dissertation describes the
implementation of a 40 kHz synthetic aperture sonar for acquiring radar-like data. Inves-
tigations into beamformed synthetic aperture sonar images as well as multiple-baseline
sonar interferograms resulting from imaging a variety of scenes are presented in this the-
sis. Research that has been completed by previous students is presented as background
to the design of the current emulator system. Theory that is common to both radar inter-
ferometry and sonar interferometry is discussed. Design parameters are then discussed,
followed by a description of the emulator system. Focussed images are combined to form
interferograms of different baselines. The coherence was calculated and compared to the-
oretically predicted values. The result of this dissertation has been to demonstrate that
emulation of SAR interferometry is achievable using the designed desktop system as im-
plemented in this dissertation. Further research is now possible using the emulator system
to take readings of scaled down phenomena observed in current and future implemented
radar systems.
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Chapter 1

Introduction

1.1 Statement of Problem

Synthetic aperture radar (SAR) images are produced using a signal processing technique
that uses data recorded by a radar transmitter and receiver pair. The transmitter and re-
ceiver move past a scene on the ground that reflects a transmitted radar signal back to the
receiver antenna through the air. SAR interferometry involves using multiple SAR images
that are obtained either by using multiple simultaneous recording receivers and only one
transmitter (single pass) or by taking multiple SAR images of the scene repeatedly using
the same transmitter/receiver antenna pair after a time gap (repeat-pass). The purpose of
this dissertation is to produce suitable images using a 40 kHz air sonar system that can
emulate characteristics of SAR images that are used in SAR interferometry.

1.2 Emulation of SAR Interferometry using sonar

Dr A.J. Wilkinson has supervised emulation of radar using sonar by undergraduates [24,
20]. Further work was done by emulating inverse synthetic aperture sonar (ISAS) [18]
by the author of this dissertation by dragging reflective targets past a transmitter/receiver
sonar transducer pair that had been used in [24, 20]. Inverse synthetic aperture sonar
(ISAS) was further investigated in a paper [7] co-authored by the author of this disserta-
tion. Software was subsequently written by the author of this dissertation together with
P. Menting to form repeat-pass ISAS interferograms.

Single-pass SAR interferometry emulation using sonar requires simultaneous recording
of sonar returns on multiple antennas. This is achievable by building a sonar system that
can simultaneously transmit a signal as well as simultaneously record echoes on multiple
receiver channels. Echoes can then be stored after sampling by a data acquisition card.
Signal processing can then be performed on these echoes to form focussed ISAS images
and air sonar interferograms.

1.3 Objectives

The objectives of this thesis are to achieve the following:

e Design a laboratory scale acoustic radar emulation system that is capable of moving
transducers along a specified track while simultaneously recording echoes

1



e To investigate the properties of the radar emulation system

e Perform signal processing on the data and to form Synthetic Aperture Sonar (SAS)
images and interferograms

# To take readings of scenes that demonstrate specific features of radar interferometry
using emulation by sonar

e Draw conclusions and to make recommendations regarding the suitability of the
system for its intended purpose

1.4 Plan of Development

Chapter 1 is the chapter that introduces the work done in this dissertation.

Chapter 2 discusses existing SAR interferometry configurations that have been imple-
mented. Literature that describes the implementations of these systems is reviewed. As-
pects of these designs that are relevant to emulation of radar in air using sonar are then
examined. The SAR image formation process is then described, followed by an overview
of SAR interferometry.

Chapter 3 looks at the hardware aspect of the project. Input, output and other design is-
sues involved in reading data that are to be used for signal processing are considered.

Chapter 4 describes fixed-length array beamforming, followed by a description of the
back-projection image processing algorithm implemented for processing the air sonar im-
ages. The limitations of emulating SAR back-projection processing using a fixed-length
array beamforming technique is discussed.

Chapter 5 presents readings taken using the emulator.

Chapter 6 describes conclusions and makes recommendations for further research.



Chapter 2

Sonar-Specific Considerations for
Emulating SAR Interferometry

This chapter presents theory related to implementing a functional SAR interferometry
system. Information related to the background and theory of the SAR imaging process
is followed by a discussion of SAR interferometry. The first aim is to describe the kind
of data that is required for emulating SAR interferometry. The preliminary section that
describes the theory behind SAR interferometry is presented as an introduction to the
design of the SAR interferometry emulator, and is meant to present well-established facts
from previous works.

Design parameters are then identified that illustrate how the SAR interferometry tech-
nique can be implemented using a laboratory scale sonar emulator. Calculations with
corresponding graphs are presented. This is followed by a comparison between SAR
interferometry and the beamforming interferometric technique that is proposed for the
emulator.

2.1 Background to SAR

Synthetic aperture radar (SAR) is a radar imaging technique that has seen many applica-
tions in fields as diverse as modern military surveillance, terrain mapping and the moni-
toring of climate change. The benefit of SAR image formation comes from the fact that
almost independent of distance from the scene that is being imaged, it is possible to use
image processing techniques to synthesise a sufficiently large aperture that produces im-
ages with fine cross range resolution [10].

2.1.1 Overview of implemented SAR Systems

The method of taking data in SAR imaging involves flying a radar antenna transmit-
ter/receiver pair over a scene in parallel tracks. Measurements of the phase and magnitude
of a reflected signal are recorded after transmission of a radar pulse to the imaged scene.
Measurements are normally taken using spaceborne antennas or antennas that are carried
by a plane that flies over a scene. Factors under consideration when deciding whether to
use an aircraft or a spaceborne satellite can be summarised as follows [12]

e Dimensions of area that is to be imaged

o Time needed to observe the scene to satisfaction of requirements
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e Performance parameters of available equipment used for imaging

e Details pertaining to how soon results are obtained and expenses incurred in the
process

Figure 2.1 shows a simplified representation of a typical SAR imaging geometry. A trans-
mitter/receiver antenna pair is flown over a scene and successively transmits a signal that
is reflected back to the receiving antenna for recording. SAR uses coherent radar, which
means that both the magnitude of the received signal as well as its phase relative to the
transmitted signal are recorded. It is the storage of the phase-history of a point target that
allows the SAR focussing algorithm to compress a typical point target response in cross
range. This is achieved by performing a cross-correlation of the received signal in the
cross range direction with a template of the received response from a point target.

Direction of travel of
antenna (cross-range
direction)

ra———— Next antenna recording
- position

—Current antenna
recording position

Beamwidth in
Cross-range
Previous antenna direction

recording position

Beamwidth in
downrange
direction

Antenna footprint on ground

Figure 2.1: Illustration of SAR Imaging Geometry



Table 2.1 compares system parameters for existing SAR Systems as provided by [10]. As
seen in Table 2.1, both dimensions of azimuth and elevation of the DRA Airborne SAR
antenna are smaller than that of the ERS-1 antenna. The operating altitude of the Airborne
SAR system is also significantly lower.

| [ ERS-1 DRA Airborne SAR |
Wavelength (1) 5.67 cm (C-band) 3.1cm (X-band)
Polarization Vv HH
Bandwidth (B) 15.5 Mhz 100 Mhz
Transmitted pulsewidth (7,) 37.1 ps 5 us
PRF 1680 Hz adjustable - 1.1 kHz
Antennna size (azimuth X elevation) 10m x Im 1.8m x 0.18m
Altitude 785 km <14 km

Table 2.1: System Parameters for Satellite and Airborne SAR Systems [10]

2.1.2 Existing SAR Image Formation Technology

SAR images are produced using signal processing techniques that take into account both
the magnitude and the phase history of the returned signals from each position along the
flight track of the antenna. Early systems used optical processing for focussing raw data
into SAR images. This technique optically correlates raw SAR data onto film to produce
a focussed image, and according to [12] has advantages. Software (digital) processing
techniques that produce SAR images from raw data have largely replaced these earlier
implementations.

2.2 SAR design considerations applicable to emulation

The extended radar system model and subsequent theory that are described in this section
are based on the description provided in [5].

2.2.1 Introduction to classical time-domain SAR Image Formation

The closest-approach position of the point target as the antenna flies by is known as the
zero-Doppler position of the point target Ry, The goal of a typical classical time-domain
SAR algorithm would be to focus a point target as a point on a two dimensional grid in
its zero-Doppler/slant range position.

Time domain SAR image processing involves considering each pixel in the final image
that is to be calculated one at a time. Each sample in each of the range-compressed
down-range profiles that corresponds to this pixel is time-compensated and weighted by
multiplying by a range-dependent factor. All time-compensated pixels are then added
together to produce the value of the pixel under consideration. The time domain SAR
focussing algorithm uses a sliding aperture in which aperture length is range dependent.

2.2.2 Extended Radar System Model

The extended radar system model describes signals in terms of time £. Consider the case
of a signal vpx () with bandwidth Brx that is transmitted to a point target at distance R
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from a transceiver. If the receiving antenna has sufficient bandwidth greater than Bryx,
the received signal Vrx(t) will be recorded as a delayed, scaled version of Vrx(¢). This
is represented by the formula

Vex(t) = GVrx(t—T) (2.1)

where 7 = %—5 is the time delay and (; is a constant factor that is directly proportional to
1
'R'i.

This linear radar system model can be extended to include the case of N point targets
at ranges R, that produce responses that add linearly in the model to form the time-
dependent received signal

N
Vax(t) = > Gurx(t—7) 2.2)
i=1

Vrx(t) can be further extended to include the case of a distributed target or scenc where
it is the result of the impulse response of the scene ((¢) convolved with the transmitted
signal vrx (t). This is described in the equation

vepx(t) = /OO C(Tvrx(t — 7)dr (2.3)

The scene impulse response ((7) has infinite bandwidth, It is therefore a real-world lim-
itation that only a section of ((7) can be recorded. In the frequency domain, {(f) is
multiplied with the band-limited approximately rectangular signal Vz(f) as illustrated
in Figure 2.2.

2.2.3 Choice of Signal for Transmission

The signal analysis as applicable to this dissertation takes into consideration the main-
stream approach to measuring coherent down-range profiles as being reflections of trans-
mitted chirp pulses. According to [13], a chirp pulse has experienced almost universal
application in remote-sensing SAR,

A chirp pulse is a pulse that has instantaneous frequency that is linearly swept across a
range of frequencies that are set by the designer. The description of the transmission and
reception of a chirp pulse in this section follows the nomenclature and methodology of

[5].

The real RF signal representation of a chirp signal centred on frequency fj is

ver(t) =rect (—;—;) cos (27r [fot “+ %Kt(z}) 2.4

where T is pulse length in seconds and K is sweep rate in Hz/s.
The analytic representation of the chirp signal using complex phasor notation is

£\
vrx(t) = rect (?f) e 2mlfot+ 3 KE%] (2.5)

The RF phase of the chirp signal is then
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Figure 2.2: Frequency domain version of extended target model



Yrr = 27 (fo 3 %Kﬂ) [rad) (2.6)

The RF instantaneous frequency is

fR,F(t) = %ﬂ(%@

= fo+ Kt[H?] Q.7)

Note that the function frp () is linear and therefore represents the range of frequencies
over which the chirp pulse is swept.

Basebanding of the analytic chirp signal vrx(#) involves multiplication with complex
phasor e~927/ot jn the time domain, resulting in a basebanded version of the chirp pulse:

AN
uw(t) = rect (-j;) e3P (2.8)

The benefit of using a chirp pulse is that a chirp pulse can be made arbitrarily long inde-
pendent of the desired bandwidth. The energy in a pulse increases in direct proportion to
the length of the pulse. According to matched filter theory, a high signal to noise ratio is
obtained at the output of a matched filter when an input signal has high energy. It is there-
fore a desirable feature of a chirp pulse that the energy in a chirp can be set by creating a
chirp pulse of a desired length.

A number of parameters can be used for determining the choice of the transmission signal.
Pulse length is limited by the distance to the scene under observation. The maximum pulse
length is

[m] (2.9)

717”0,"z — 21Rfm'in
C
where R,.;. is the distance to the closest edge of the scene and c represents the speed of

light in air in m/s.

As a result of the length of the chirp pulse, a deadband region exists in slant range where
point targets are typically not received because of receivers being swamped by the output
signal of the transmitter and therefore being unable to receive faint returns from near point
targets. The calculation for determining the closest range of a measurable point target is

T
Closestrange = %—[m} (2.10)

where ¢ represents the speed of light in air in m/s and 7" represents the time length of the
pulse in seconds.

A chirp waveform is characterised by a time-bandwidth product D that is defined by the
equation

D = AfT=KT? .11
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where A f is known as the sweep range and represents the range of frequencies over which
the chirp pulse is swept.

For D >50, the magnitude spectrum of the matched filter response is approximately rec-
tangular and has a 3 dB bandwidth of approximately A f.

2.2.4 Range Sampling and Compression

A compressed point target response can be seen in Figure 2.3 where the matched filter
output has a 5‘-“15—“:) shape in the time domain. This shape corresponds to a rectangular

shape in the frequency domain. Range compression using a matched filter compresses the
reflected chirp signal to a 3 dB range resolution of

6Rain = 57 2.12)
where & Rsyp is the 3dB resolution in the downrange direction, ¢ represents the speed
of light in air, and B represents the bandwidth (i.e. the frequency sweep) of the chirp
pulse that is transmitted. The high sidelobes need to be reduced after range compression.
Applying a Hanning Window in the frequency domain of the range-compressed signal
will result in side-lobes of the signal being reduced in the time domain.

Time

Figure 2.3: Mlustration of Compressed Point Target Response

2.2.5 Cross-range compression

Figure 2.4(a) shows the distance of a point target to the antenna as the antenna moves
past the point target in a straight line. Positions of the antenna are included from the time
position before, during and after the time position at which the point target is closest to the

9



antenna. This cross range position has the shortest time delay of return of the transmitted
pulse.

Figure 2.4(b) shows a plot that clearly demonstrates the hyperbolic nature of the range
R(x) from a point target to the antenna as the antenna moves past the point target.

I
| Track along which
L Antenna moves
X=X, ‘_! ; i
| | L—-
: R{x) l
] i
| i
All R, , !
x=x, . Point target Al R,
(Closest | -1 Zero-Doppler
approach | | position of
antenna ! | point target
position) | 1 (position of
[ ; closest
| : approach)
h
X=Xy }
: I
| v
¥

Direction of motion
of antenna Al in increasing
cross-range direction (x)

(a) Illustration of distance to point target R(x) as a  (b) Hyperbolic function of range R(x) to point

function of position in cross-range direction at differ-  target (measured relative to an antenna that

ent values of cross-range x moves past the point target along a straight line
track in cross-range x). The zero-Doppler posi-
tion of the point target is clearly indicated

Figure 2.4: Diagrams illustrating range as a function of cross range position

The closest-approach position of the point target as the antenna flies by is known as the
zero-Doppler position of the point target and has range Rg. The goal of a typical classical
time-domain SAR image would be to focus a point target as a point on a two dimensional
grid in its zero-Doppler/slant range position.

Consider the case of an unfocussed SAR image that contains a history of coherent re-
sponses of a stationary point target received by a transceiver that moves past the point
target. In this case, the phase-history of the point target response when considered in the
cross range direction approximates a chirp pulse.

The longer the synthetic aperture that is synthesised, the higher the instantaneous frequen-
cies at the edges of the synthesised beam while the point target is still illuminated by the
beam. The sampling in azimuth according to the Nyquist theorem needs to be twice the
highest frequency, which in this case would occur at an edge of the synthetic aperture.
The wavelength X of a transmitted signal is rclated to the frequency f; at which it is
transmitted and its speed c in air by

A= = (2.13)
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Figure 2.4 illustrates range as a function of cross range. The received signal can be ap-
proximated as follows [5]:

Viz) = A(z)e 74/

= A(z)e??® (2.14)

where V(z) is the received signal, A(z) is the amplitude of the received signal, and ¢(x)
is the two-way range-dependent phase as a function of cross range z. Since the phase
as a function of cross range of the returning pulse is dependent on an approximately
parabolic range function [5], the point target response curve in the cross range section is
an approximate chirp waveform.

Cross-range compression can take place by matched filtering and produces a 3dB resolu-
tion of

0.89

Sx B

(2.15)

The cross range bandwidth of the point target response history curve with wavelength A
is
4sin(6/2
B, = 4sin(6/2) (2.16)
A
provided that the synthesised aperture is symmetrical with respect to the range line joining
the middle of the synthesised aperture to the point target that is to be imaged.

The length of a synthetic aperture in cross range direction is limited by the distance in
cross range that the transceiver can move past a point target while simultaneously illumi-
nating the target.

2.2.6 Limitations of Synthetic Aperture Image Formation
Layover

Since sonar images are measured in slant range, a situation can occur where two points
occupying different points on the ground and that have different heights can occupy iden-
tical slant ranges. This phenomenon is known as layover and results in a mapping of
multiple points in the downrange profile into the same slant range bin. Layover is illus-
trated in Figure 2.5 where points A and B will map to the same position in slant range
since both points share a common range arc from the imaging antenna.

Shadowing

Shadowing occurs when an obstacle is found between the imaging radar and the target,
resulting in information from the obstructed target section being absent from the scene
profile. Region BCD in Figure 2.5 is an example of a region in a scene that experiences
shadowing.

11
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Figure 2.5: Illustration of Layover and Shadowing

2.3 SAR Interferometric Processing

2.3.1 Background to SAR Interferometry

Interferometric processing typically pays attention to the difference in phase of the re-
turned signals from the multiple SAR images produced after focussing multiple raw SAR
images obtained from an imaged scene [10, 4, 8].

SAR interferometry is typically operated in one of two modes: single-pass or repeat-pass
configuration. Single-pass SAR interferometry simultaneously takes all recordings that
will later be processed. In contrast, repeat-pass SAR interferometry configurations take
readings from the imaged scene multiple times separated by a period of time [4, 8, 19].

Focussed SAR images that have simultaneously been taken from different vantage points
in single-pass configuration can be used to produce a height map of the area on the ground
that is common to all the images. Signal processing algorithms can be used to determine
the common area of the SAR images where different reflection characteristics as seen
from different vantage points from the scene can be utilized to provide more information
about the scene than would be possible with only one recorded SAR image [4, §].

Differential interferometry involves taking more than one pass over a scene and producing
an image that displays a measure of the difference between the images after a period of
time has passed. An example of a real-world application for this form of interferometry
includes measuring shifts in the earth’s surface as a result of earthquakes.

2.3.2 SAR Interferometry Geometry

Consider a dual antenna SAR Interferometry system as in Figure 2.6 with two trans-
ceivers, TxRx1 and TxRx2, a distance b apart. The distance b between the two antennas

12



is known as the interferometric baseline. With this geometry the time delay for the echo
of a transmitted pulse to return to TxRx1 is ¢4 and for TxRx2 it is t4, as described in the
following formulae

2
ty = 21 (2.17)
C
2
by = % (2.18)

where r; and r, represent the slant ranges from TxRx1 to a point target P and from TxRx2
to a point target P respectively, and c is the speed of sound.

TxRx2

(J’z,zz)

TxRx1

X
Figure 2.6: Side-view illustration of a multiple antenna interferometric SAR geometry

In [4] the interferometric phase ¢ of a dual pass system is then derived as

o = 2nfolta —ta)

4
= "}\—(7"2—7“1> (2.19)

A general equation for the interferometric phase ;5 is given by

P12 = %(—T}—ﬁ (2.20)

where Q is a constant defined as Q=1 for the case of a single pass dual antenna system,
while Q=2 for the case of a dual pass system.

The interferometric phase that is measured is a modulo 27 measurement that is limited to
the range (—, 7] of the absolute phase 3, i.¢. 113 = arg{e’¥12} where
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w12 = Y12+ k2w (2.21)

for k an integer. This means in effect that wrapped phase 11, needs to be unwrapped by
adding the proper multiple of 27 to it in order to determine the absolute phase ¢,,. Height
reconstruction techniques use the unwrapped interferometric phase to form height maps.

The absolute interferometric phase @1, for a single-pass where Q=1 can be calculated as
follows:

2 1
@mz_g(pf+ﬁ—2nmmwn5~n) 2.22)
Rearranging terms allows the angle of arrival to be made the subject of this formula:
(Ao b
= — - = 2.23
¢ = arcsin ( 27h + 2ry  8w2bry ( )

Finally, the angle of arrival parameter § and the angle of the baseline from the vertical §,
can be used to reconstruct the position of a point in cartesian co-ordinates according to
the following equations:

Yp =M1+ 71 sin (9 + 9},) (224)
zp = 71 — r1c0s (6 + Op) (2.25)

2.3.3 Ambiguity Analysis

The wrapped interferometric phase needs an unknown constant integer multiple of 27
added to it before the absolute phase is determined. It should be noted that there are
multiple values of unwrapped phase that could have identical wrapped phase values. If
the two-dimensional case in Figure 2.7 is considered, the spacing along an arc of identical
ranges has angular ambiguities that are offset from the true direction of arrival by an
integer multiple of Af,,,,;. This ambiguity can be calculated as follows [4, 8]:

dé do
Aoy = ] AWI? = ‘ 2m (2.26)
dpia dp12
A[b* + 72 — 2r1bsin(6)]2
Abymp = 1 .
’ r1bcos(h) (2.27)
Using far field approximation where r; >> b leads to the equation:
A
Al = | 2.28
*™ bcos(6) ’ (2:28)
The height error Ahg.,, as illustrated in Figure 2.7 can be calculated as
dh
Ahgmp = '@l Abymp (2.29)

which simplifies to
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Figure 2.7: Ambiguous direction of arrival
Ahamb == Aeamb""l sin(a) (230)

The displacement ambiguity Al,my and horizontal ambiguity Ay, as shown in Figure
2.7 1s

Al = Agmp1 2.31)

AYamp = Abymp.ric08(cx) (2.32)

2.3.4 Speckle

The speckle effect is a property of a distributed scatterer scene that displays random sig-
nal return characteristics. According to [10] this random signal return is as random as
Gaussian noise. However, for the purposes of single-pass interferometry, which consists
of using two or more receivers that receive echoes from a target, the multiple scenes have
a correlation that is affected by baseline size.

2.3.5 Coherence

The coherence description that follows takes into account factors described in [8]. The
complex coherence v of two complex signals V] and V; can be defined as [22]:
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where E{z} is the expected value of z. The coherence magnitude || is called the degree
of coherence and is affected by the following 3 factors:

e temporal coherence,
e geometric coherence and

® receiver noise coherence.

The relationship can be modelled as shown in the following formula [14, 4, 8] involving
three components:

h" = |7time‘ . [’Ygeometry[ . {’\/snrl (233)

where v represents coherence, YViim. represents temporal coherence, Yyeometry represents
geometric coherence and v, represents receiver noise coherence.

Temporal coherence

Repeat-pass SAR interferometry involves measuring differences between SAR images of
a common surface taken at different times. During the time that elapses between passes,
it is possible for changes to occur to the imaged scene. Examples of possible changes
include a change in density of vegetation on the imaged scene’s surface, and a change in
atmospheric conditions that would affect propagation of radar signals. The surface change
causes decorrelation.

The effect of these changes can be modelled by introducing a temporal decorrelation
factor Yiime-

Geometric coherence

Decorrelation that is a result of different viewing angles results in an observable spectral
shift in returned signals [11, 8). This shift is directly proportional to the baseline distance
between antennas receiving the returned signal. The decorrelation effect due to baseline
can be measured by a geometric coherence indicator that is calculated as follows:

BW - lAfrange|

Ygeometry BW (234)

where BW is the radar pulse bandwidth and A f,4,.4 is a spectral shift in the range direc-
tion that lies within the limits —BW < Af4nge < BW.

The geometry under investigation in this dissertation involves a common transmitter and
multiple receiving antennas. The following formula [8] can be used for modelling spectral
shift in the case of one transmitting antenna and two receiving antennas:
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_ sin(0:1) + sin(6,1)
5.f'ra,nge - fO [1 - (sin(()“) +Sin(9r2))J (235)

where the angles are defined in Figure 2.8. Spectral shift is represented by ¢ frange, fo 18
the radar operating frequency and # is the incidence angle relative to the surface normal
of a point on a sloping surface.

Surface Normal

Rxantenna 2 §Eg
Rx antenna 1 il
||

Tx antenna 1

Sloping Surface
Horizontal Plane

Figure 2.8: Geometry used to describe spectral shift in terms of incidence angles

Receiver noise coherence

Receiver noise reduces the coherence between images, and is modelled by the factor [15,
8]

Yonr (2.36)

1 1
1 ‘ 1
\/1 + SN Ry \/1 + SNRo

where SN R; and SN R, represent the signal to noise ratios of the two SAR images.

2.4 Sonar-specific design considerations

In practice, the main differences between sonar signal processing, as discussed in this
dissertation, and radar signal processing, are

e the size of the imaged scene, and

o the propagation properties of the transmitted signal.
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The speed of sound in dry air is calculated according to the formula [1]

Vsoundinair ~ 331.4 + OGTC m/‘; (237)

where T is the temperature of the air in degrees Celsius.

The following points summarise the differences between SAR interferometry and SAS
interferometry

o Speed in air: Radar signals travel in air at approximately 3 x 108 m.s™!, the speed
of light in air, while sonar signals typically travel at the speed of sound in air, at
approximately 340.5m.s™! in dry air at 15°C.

e Air Propagation range of operation: Radar typically outperforms sonar in its
ability to operate over much larger distances in air with less attentuation than a
sonar system experiences.

» Polarization: Radar signals are electromagnetic waves that are polarized, whereas
sonar waves are non-polarized.

o Hardware costs: Satellite or airplane radar systems are expensive to implement
and operate, whereas a small laboratory scale sonar system is built using cheap
components and requires little maintenance.

e Sampling rates: Radar systems typically use much higher sampling rates than
sonar systems. This means that more sophisticated equipment with higher specifi-
cation are required for radar systems.

o Wavelength: A radar signal’s wavelength is typically larger than that of a sonar
system in air. Typical values of radar wavelengths for a radar system as seen from
Table 2.1 would be for example 5.67 cm for ERS-1 and 3.1 cm for DRA airborne
SAR. This is larger than a typical sonar wavelength of for example 8.5 mm for a
chirp signal centred on a 40 kHz carrier signal.

2.5 Sonar Design Graphs

Initial values of antenna heights, spacing and frequency parameters were assumed in or-
der to perform calculations that reflect the restrictions on space in a typical laboratory
environment.

The scale of imaging required for the emulator was implemented after consulting the
design graphs that follow. The design graphs that follow were plotted using equations
reviewed in the preceding sections of this chapter. The lower limit to baseline length was
imposed by the fact that the readily available 40 kHz sonar transducers that were to be
used for the design investigation each had a diameter of 16 mm. It was also assumed in the
design graphs that a scene for imaging was to be placed onto a mobile platform of height
13 cm from the ground for imaging from a mounted antenna platform. A cross-section of
the imaging geometry is depicted in Figure 2.9.

Figures 2.10 to 2.14 were plotted using the following geometry and assumptions:

e Sonar transmitter antenna height is 1.4 m above the ground. Note that for the ex-
periments, the transmitter antenna height relative to the scene is 1.27 m, as a result
of the use of the platform
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o Sonar transmitters and receivers are identical (diameter 16 mm). Transmitter TX1
is to be placed at the bottom and three receivers, with names RX1, RX2 and RX3,
are to be placed above it, one on top of the other, all on a platform that is oriented
45° from the vertical. This platform in turn will be mounted onto a stepper motor
controlled platform on a straight track that will be standing on a table.

e The incidence angle for the scene (in slant range) would be 39° at near range, 53°
at mid range and 62° at far range .

e Figure 2.9 shows the observation angles, measured from the vertical, from the trans-
mitter to the scene to be 39° at near range and 62° at far range (spanning an angle
of 23°) . Mid range would have an observation angle measured from the vertical of
53°.

e Slant range would be 1.648 m at near range, 2.122 m at mid range and 2.671 m at
far range

e Ground range would be 1.05 m at near range, 1.7 m at mid range and 2.35 m at far
range

e Calculations also assume a centre frequency fq of 40.55 kHz (corresponding to a
wavelength of 0.0084 m) and a pulse bandwidth of 2.5 kHz. These parameters were
assumed to be suitable for use with the sonar transducers that were planned to be
used.

e The sampling frequency is set to 94340 Hz for each input channel since this is more
than double the highest frequency that needs to to be sampled.

o The temperature affects the speed of propagation of sonar signals in dry air and was
calculated to be 340.5 m.s™! for an assumed temperature of 15°C.

e The aperture length of 33.4 cm is to be sampled in spacings of 1.7 mm in cross
range.

e The size of a typical focussed scene is 1.3 m in ground range by 0.93 m in cross
range.

The previously stated geometrical assumptions are illustrated in Figure 2.9.

It is desirable for coherence between images obtained from the emulator at mid-swath not
to drop below 0.8, which is the calculated value as seen in Figure 2.10 for a baseline of
32 mm. The receiver transducers are 16 mm in diameter and therefore impose a lower
limit of 16 mm on the smallest baseline. As a result of this limitation, the most sensible
baseline choices for achieving mid-swath coherences above 0.8 are baselines of length
16 mm and 32 mm.

Figure 2.11 shows that for the previously discussed baselines of 16 mm and 32 mm, the
displacement standard deviation is approximately the same for near-, mid-, and far-swath
for the chosen geometry. The 16 mm baseline corresponds to a displacement standard de-
viation of approximately 125 mm, while a 32 mm baseline corresponds to a displacement
standard deviation of approximately 80 mm.

Figure 2.12 shows plots of phase standard deviation versus coherence for interferograms
that are not averaged using a smoothing window, as well as a plot for the result of the
interferogram being smoothed by a 4-by-4 independent resolution cell smoothing window.
Notice that after applying a 4-by-4 independent resolution cell smoothing window (i.e. a
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Figure 2.9: Side view of assumed geometry for design purposes
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Figure 2.10: Coherence versus baseline
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Displacement Standard Deviation versus Baseline (with no multi-looking)
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Figure 2.11: Displacement standard deviation versus baseline
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Figure 2.12: Phase standard deviation (without and with smoothing) versus coherence
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window effectively containing 4 x 4=16 statistically independent samples), phase standard
deviation decreases quite dramatically.

Figure 2.13 shows a plot of phase standard deviation as a function of baseline; Figure 2.14
shows fringe spacing on a slant-range interferogram as a function of baseline.

Phase Standard Deviation versus Baseline
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Figure 2.13: Phase standard deviation versus baseline

Figure 2.15 shows a plot of slant range versus ground range as measured from a point at
different heights H1 = 1 m, H2 = 2 m, and H3 = 3 m. The plot is shown for values of
ground range from 0 m to 5 m.

Figure 2.16 is a plot of the ratio of (ground range resolution/slant range resolution) versus
observation angle. For a fixed value of slant range resolution, the ground range resolution
value varies as a function of observation angle. This graph is needed in order to deter-
mine ground range resolution from near to far swath. The ratio is calculated by using an
incidence angle 0, idence from the vertical that varies from 8° to 90°. The ground range to
slant range ratio can be approximated by m The graph indicates that increase in
incidence angle improves the resolution until ground-range resolution equals slant range
resolution.

Figure 2.17 shows a plot of slant range resolution versus bandwidth using equation 2.12
and sweeping over values of bandwidth from 1 kHz to 10 kHz. According to this graph,
approximately 2.5 kHz bandwidth corresponds to a slant range resolution of approxi-
mately 0.07 m .

From Figures 2.16 and 2.17, the approximate ground range resolutions for the chosen
geometry and 2.5 kHz bandwidth are therefore:

near ground range: 1.5 X 0.07=0.105m = 10.5cm
mid ground range: 1.2 x 0.07 =0.084 m= 8.4 cm
far ground range: 1.1 x 0.07=0.077m=7.7 cm

From aperture theory, the 3 dB beamwidth &1 ;nsenne Of an antenna operating as either
transmitter or receiver is given by

A
# o o= 2.38
1Lantenn D ( 3 )
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Range ambiguity vs baseline

§500.0
6000.0 +—o
5500.0 +—
§000.0
4500.0
4000.0 +—-+
3500.0 "
3000.0 »
2500.0 s
2000.0 e

1500.0 %,
1000.0 S,
500.0 s

0.0 T T T T T T T =

range ambiguity [mm]

baseline [mm]

Figure 2.14: Range ambiguity in slant range (corresponding to fringe spacing on a slant-
range interferogram) versus baseline
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Figure 2.15: Slant range versus ground range as seen from different heights above a flat
scene
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Figure 2.16: Ground range resolution/slant range resolution versus incidence angle
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Figure 2.17: Slant range resolution versus bandwidth
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where A is the wavelength of the transmitting frequency and D is the aperture width. For
the case of a synthesised aperture in which both the transmitter and receiver are moved
along a track of length D, the synthesised beamwidth 63 4 ptennas 15:

A
b ntennas ~ T .
2ant s (2:39)

The factor of £ is a result of the fact that the (two-way) phase changes at twice the rate if
both the transmitter and receiver are moved across the aperture length.

The cross range resolution C'R for a focussed point target is then :

CR = Rtargetﬂ?antennas (240)

where F;,,qe¢ 15 the closest approach range to the target.

The cross range resolution varies over the swath from near to far range. A plot of cross
range resolution versus aperture length can be seen in Figure 2.18 for three different values
of slant range beingrl =1 m, 2 =2 mand 13 =3 m.
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Figure 2.18: Cross range resolution versus aperture length

The beamwidth of the focussed beam is also a function of the offset angle (squint angle) «
from boresight, as is illustrated in Figure 2.19. When the data is focussed in the direction
perpendicular to the motion of the synthesised aperture (boresight A in Figure 2.19),
the cross-resolution is the finest. In contrast, if the data is focussed along angle o from
boresight A as indicated in Figure 2.19, the cross range resolution becomes coarser as a
result of the synthesised aperture in that direction reducing in size.

As seen in a plot of aperture beamwidth versus angle from boresight in Figure 2.20, aper-
ture beamwidth increases as a function of angle from boresight, the angle from boresight
being the direction in which squinting or beamforming at an angle from boresight occurs.
This was done assuming a 33.4 cm synthetic aperture with centre frequency of 40.55 kHz
and wavelength of 8.4 mm. The increase in squinted beamwidth results in broader cross
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Figure 2.19: Illustration of difference in cross range resolution as offset angle from bore-
sight increases

range resolution. This is due to the smaller aperture size that can be synthesised when
beamforming in a direction other than along the boresight. It should be noted that for
SAR, the cross range resolution is independent of range. In contrast, the aperture length
of the ultrasonic emulator is however of a constant length and hence focussing at a squint
angle results in broader cross range resolution.

Figure 2.21 uses the slant range values r1 = 1 m, 12 = 2 m and 13 = 3 m for plotting
different cross range resolution curves that correspond to these slant ranges and that il-
lustrate the decrease in cross range resolution as angle from boresight increases. This
was done assuming a 33.4 cm synthetic aperture with centre frequency of 40.55 kHz and
wavelength of 8.4 mm.
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Aperture beamwidth vs angle from boresight
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Figure 2.20: Aperture beamwidth versus angle from boresight for a 33.4 cm synthetic
aperture (centre frequency of 40.55 kHz and wavelength of 8.4 mm)
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Figure 2.21: Cross range resolution versus angle from boresight for a 33.4 cm synthetic
aperture (centre frequency of 40.55 kHz and wavelength of 8.4 mm)
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Chapter 3
Emulator Design and Implementation

This chapter describes work done in implementing a suitable emulation system for pro-
ducing sonar interferograms that emulate characteristics of radar interferograms. Mea-
surements taken using a data acquisition card (DAQ), as well as the physical geometry of
the system are described.

3.1 Emulator System Overview

For emulation purposes, at least four channels need to be recorded, one being the record-
ing of the amplified and filtered transmitted signal (referred to as “local loopback™). This
channel is used in order to remove time delays. Three other channels that each record
data from a different receiver are necessary in order to have more than two baselines. The
design of the multiple antenna single pass interferometry system took into account the
following requirements:

e one output channel that could output a signal at a sufficiently high sampling rate,
while simultaneously being able to record input signals,

e strict control over the timing of transmission and reception of signals,

e a mechanism for moving the transducers along a straight track that could be con-
trolled by a logic signal sent by the PC, and

e the co-ordination of the movement of the transducers along a track as well as trans-
mission of chirps and recording of echoes.

Figure 3.1 shows a block diagram that illustrates an overview of the input and output
processes that are controlled using a PC with data acquisition card (Eagle Technologies
PCI703S-16A card).

3.1.1 Output

The output chain of the emulator system consists of an output channel of a data acquisition
card that produces an output analogue signal. This is connected to circuitry by means of
an external connector. The circuitry consists of a bandpass filter and amplifier. The output
of the amplifier is connected to a transformer with a turns ratio of approximately 5:1. The
output of the transformer is then connected to the output transducer. This transducer is
connected with the intention of placing a voltage of approximately 50 V peak to peak
across its terminals during pulse transmission.
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Figure 3.1: Block diagram showing system overview for the simultaneous transmitting
and receiving process

3.1.2 Receiver and Transmitter Transducers

Identical SQR40 ultrasonic transducers were used for both transmission and reception of
sonar signals. The design decision to use these transducers was because of the approxi-
mately constant frequency response of 2.5 kHz centred approximately around 40 kHz.

3.1.3 Input channels

The input channel circuitry consists of three input channels that each consist of the fol-
lowing: a receiver transducer that is connected to a bandpass filter and amplifier that is
connected via an external connector to the data acquisition card. Figure 3.2 contains the
circuit diagram that is implemented each time for each of the 3 receiver input channels.
The circuit uses a cascaded version of a state-variable active filter [16] that performs the
bandpass filtering and amplifying function using LMF100 operational amplifiers. Band-
pass filtering and amplication functions are tuned by adjusting the variable resistors. The
input of Figure 3.2 is connected directly to the output of a receiver transducer. The out-
put of Figure 3.2 is connected to an external connector that in turn is connected to the
data acquisition card. The circuit has an output bandwidth of 2.5 kHz centred around
40.55 kHz.

A fourth input channel is connected to the output of the transmitter channel on the data
acquisition card on a channel referred to as the “local loopback” channel. This output does
not use the input channel circuit in Figure 3.2 but is fed directly into an input channel via
a data acquisition card external connector.

3.1.4 Eagle Technologies data acquisition card

The first design consideration was to decide which interface to use to read received signals
into the PC. In [18, 24, 20], a sound card of a PC was used with transmitter and receiver
circuitry in order to record and transmit signals. However, a major flaw in this design was
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Figure 3.2: Input circuit diagram

the inability to record multiple inputs simultaneously using the sound card of the PC. A
design decision was therefore made to use the Eagle Technologies PCI7035-16A because
of its ability to simultaneously transmit and receive on multiple channels. Technical de-
tails concerning the PCI703S-16A card and programming interfaces were obtained from
[3,2].

The card has the following features that make it desirable for use as part of an emulator
system:

8 digital input/output lines

16 analogue input sampling channels with 14 bit A/D resolution (stable to 12 bits)

2 analogue output channels

an A/D FIFO depth of 4096 samples for storing samples from the sampling channels

According to the documentation of this equipment [2] the PCI703S-16A card can sample
N channels simultaneously at 400 kHz/(N-+1) where N represents the number of channels
that are recording samples. The card is also able to transmit a signal at 400 kHz on the
output channel while simultaneously sampling the input channels.

Digital to Analogue Output

The maximum output frequency of the Eagle PCI703S-16A is 400 kHz. The software
interface to the card requires parameters to be set so that a sample output frequency of
400 kHz is used to transfer samples in a supplied data buffer to the output of the card.

Data Acquisition Software

The data acquisition software for the interferometric emulator system uses a Matlab script
to call an executable that uses C++ functions to use the Eagle data acquisition card.
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This executable that is written in the C++ programming language interfaces with the sig-
nal generation and signal sampling functions of the Eagle data acquisition card. The
C++ programming interface library of functions provided by Eagle Technologies with the
PCI703S-16A card provides a means for directly setting up parameters and activation of
the input and output functions of the card. Software used in [9] to interface with the Eagle
data acquisition card was modified in order to interface with the Eagle data acquisition
card. The functions performed by software are summarised in the flowchart of Figure 3.3.

Set up Eagle Card Parameters

/

Record local loopback and input channels

A
Output chirp pulse

Perform inverse filtering (Cross-Range Compression)

¥

Move printer to next position

¥

Perform Basebanding Operation on Downrange Profiles

Save Recorded Data To Disk

Figure 3.3: Flowchart showing functions performed by software

The previous sections have described the output and input chains for the imaging process
as demonstrated in Figure 3.1. The signal from the output analogue channel of an Eagle
PCI7038-16A data acquisition card is first filtered and then amplified by circuitry on a
printed circuit board. The signal voltage is increased to approximately S0 V peak to peak
using a step-up transformer before being fed to an output transducer. The signal on the
transmitter chain is recorded on an input channel after being filtered and amplified, as it

31



is presented on the input side of the transducer. It is used for cross-correlation operations
that are similar to matched filtering, but that are used for synchronisation of transmission
and recordings of signals. The need for synchronisation is due to the need to cancel the
effect of the variable time delay involved in transmitting the output signal. A variable
time delay in transmission that is not accounted for causes uncertainty as to the round-trip
time and therefore the range to a target.

The output chain is implemented as shown in Figure 3.4 and in the following derived
equation, relating the recorded response Vj (w) to the transmitted signal Vrx (w) and the
impulse response ¢ (w) of the scene

Vo(w) = Vrx (W) Arx (W) ((w) Arx (w) Hree (w)
¢ (w) Hs (w) (3.1)

Arx (w) represents the response of the output stage and the 40 kHz transmitting trans-
ducer. Apx (w) represents the reshaping effects of receiving transducer and the input
circuitry involved in the input stage for the input channels. H,.. (w) models the response
of the amplifiers and filters that are applied to the signal between transmission and record-
ing by the data acquisition card. Hg (w) is the system response, combining all the linear
system effects.

Vo (w) ~—— Ary (w) Lﬂ z;(w)L A (0) 1 H . (w) ——8 V,{w)

]

TX transducer Scene RX transducer  Amplifier and Filters

Figure 3.4: Implementation of output chain

Signal Processing

The signal processing involves two steps:

1. time alignment of the return echo via correlation of the received signal with the
local loopback recording of the transmitted signal, and

2. application of an inverse filter to deconvolve all linear system effects.
The signal processing involved in inverse filtering is implemented in the frequency do-
main as
(w) = Vo(w)He (w) Hy(w) (3.2)

where Vp (w) is the signal that will be inverse filtered. This correlation filtering is achieved
by using H¢ (w), the complex conjugate of V71, (w) that is recorded on the first channel
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The signal that is received on the first receiver channel is shown in Figure 3.7. The filtering
and distortion effects on the transmitted signal are seen in the recording. The signal
is still clearly 5 ms in length after passing through the transducers, air and after being
amplified and filtered. The received signal clearly needs to have compensation introduced
for system distortions in order for signal compression efficiency to be maximised.

Received Signal on First Recelver Channel
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Figure 3.7: Received signal from the first receiver channel

The previously mentioned filtering and distortion effects are most clearly seen in the fre-
quency domain. Figure 3.8 shows the magnitude of the positive frequency spectrum of the
recorded local loopback signal in the frequency domain. After system effects are intro-
duced, Figure 3.9 shows the magnitude of the positive portion of the FFT of the returned
signal from the receiver connected to the first receiver channel. A comparison of the two
previously mentioned figures clearly shows the resultant decrease in bandwidth of the
frequency spectrum. The amplitudes of certain frequency components have also clearly
become smaller.

Figure 3.10 shows the positive frequency spectrum of the matched filter that is used on
all channels in order to remove the variable time delay. All frequency components other
than those shown on the graph are zeroed out. The bandwidth that is usable for signal
processing as measured from this figure is 2.5 kHz.

Figure 3.11 shows the result of matched filtering the first receiver channel’s recording.
Figure 3.12 shows the magnitude of the FFT of the inverse filter that is used to compensate
for the system effects on the received data.

The magnitude of the FFT of the inverse filtered signal on the first receiver channel, as
shown in Figure 3.13 is clearly rectangular. The corresponding slant range compressed
signal is shown in Figure 3.14 where the time axis has been relabelled to the correspond-
ing range 7 in metres using the equation

ct
2

r o=

sini z)
T

where c is the speed of sound and ¢ is the time value. Notice the characteristic

shape of the range compressed signal.
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Figure 3.8: Magnitude of FFT of Local Loopback Signal
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Figure 3.9: Magnitude of FFT of first receiver channel signal
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Figure 3.10: Magnitude of positive frequency spectrum of the FFT of the matched filter
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Figure 3.11: Magnitude of the FFT of the time-compensated matched filtered result for
the first receiver channel




Magnitude of Positive Portion of Inverse Filter for First Receiver Channel
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Figure 3.12: Magnitude of the positive frequency spectrum of the FFT of the reshaping
filter
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Figure 3.13: Magnitude of the FFT of the inverse filtered signal of the first receiver chan-
nel
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Figure 3.14: Magnitude of the inverse filtered signal of the first receiver channel

Figure 3.15 shows the magnitude of the inverse filtered signal of Figure 3.14 after base-
banding, while Figure 3.16 shows the phase of the basebanded signal. Notice that the
phase is flat over the main lobe of the basebanded signal.

In order to suppress sidelobes, a Hanning window is applied in the frequency domain as
shown in Figure 3.17.

Figure 3.18 shows the frequency spectrum of the signal received on the first receiver chan-
nel after basebanding but before applying the Hanning window in the frequency domain.

Figure 3.19 clearly shows the suppression of sidelobes and broadening of the main lobe
after applying a Hanning window.

Figure 3.20 shows the constant phase over the main lobe of the downrange profile is
maintained.

3.1.6 Emulator Physical Setup

The printed circuit board used for the experiments is shown in Figure 3.21. Only the
output stage of the circuit board was used for the purposes of this dissertation. The printed
circuit board was the result of work done by Stewart Reid in implementing a printed
circuit board version of the circuitry described in [24, 20].

Notice the output transformer that is used for the amplification of the output signal that is
placed across the terminals of the output transducer in Figure 3.21 with a winding ratio
of approximately 5:1. This was wound by the author of this dissertation and placed on
the printed circuit board. The output voltage of the amplifier that is placed across the
terminals of the transformer is typically of magnitude 10 V peak to peak and the output
voltage of the transformer is then typically 50 V peak to peak.

The computer and input circuitry setup can be seen in Figure 3.22.

The bottom transducer TX1 functioned as the transmitter while the three transducers RX1,
RX2 and RX3 above TX1 functioned as receivers, as indicated in Figure 3.23. All trans-
ducers were placed one on top of the other. Each transducer had a diameter of 16 mm.
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Figure 3.15: Magnitude of the basebanded and inverse filtered signal of the first receiver
channel
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Figure 3.16: Phase of the basebanded and inverse filtered signal of the first receiver chan-
nel
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Hanning Window in Frequency Domain
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Figure 3.17: Hanning window that is applied in the frequency domain
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Figure 3.18: FFT of basebanded and inverse filtered first receiver channel signal before
the Hanning window is applied
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Figure 3.19: Magnitude of basebanded and inverse filtered first receiver channel signal
after the Hanning window is applied
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Figure 3.20: Phase of basebanded and inverse filtered first receiver channel signal after
the Hanning window is applied
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Figure 321 Printed circuit board with aotpur translormer

Fipure 3.22: Computer and input circuitry sctup
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Figure 3.26: Distributed scarterer srone seene
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J.1.7  Emulator System Qutput Data Format and Storage

The output of the recording process consists of three files that each contain the haschanded
range-compressed receiver channel information recordings of one of the three receiver
channels respectively. These (iles are stored in a matrix format in Matlab files that are
saved on disk. These files are then used by further signal processing scripts written in
Matlab to form focussed images.
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Chapter 4

Cross range focussing and
interferogram formation from

beamforming array data

This chapter first describes the calculations required to determine required synthetic aper-
ture size. The sonar beamforming algorithm that was used is then discussed, followed
by steps taken after beamforming to form a sonar interferogram. This chapter concludes
with a discussion of major differences between radar and sonar interferograms that use
synthetic aperture and beamforming techniques respectively.

4.1 Sonar synthetic aperture and beamforming design

This section first discusses calculations required to determine synthetic aperture size for
a chosen resolution. This is followed by a discussion of the implemented beamforming
algorithm.

4.1.1 Sonar synthetic aperture

The beam from a radiating aperture is initially columnated in the so-called “near field”
and then diverges (in the “far field”).

The identical sonar SQR40 40 kHz transducers that were used as transmitter and receivers
each had a diameter of 16 mm that included external casing, but a circular aperture of
diameter D of 14 mm. For a centre frequency of 40.55 kHz the wavelength X\ of the
transmitted signal is calculated using equation 2.13:

4
Jo
340.5
40550

= (.0084m

= B.4dmm
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The near to far field transition region for sonar transducers with aperture diameter 14 mm
is approximately [17]

2D? 2 x 0.0142
A 0.0084

0047 m

= 4.Tcm
Figure 4.1 shows a cross section side view of a sonar transducer. It also illustrates the

aperture size, the near field region that extends to 4.7 cm, and the far field region that
extends beyond 4.7 cm in range.

aperture

sonar transducer

16 mm I ’ I l i I
-
near field '
<= 4.7 cm'
metal casing . tar field
>4 7om

Figure 4.1: Cross section side view of a sonar transducer as well as near field and far field
regions

As a result of the far field region extending beyond 4.7 cm, all the targets will be in the
far field of the transducer in the geometry of the scene as described in section 2.5 and
illustrated in Figure 2.9.

The 3 dB far field beamwidth of the SQR40 transducers can be calulated using the formula
for the 3 dB beamwidth from equation 2.38 as follows:
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f3gp = arcsin | —
D

0.0084)

= qaresin ( 0014

=~ 37°

Using the same transducer as the transmitter and receiver effectively makes this 37°
beamwidth the 6 dB beamwidth. The geometry of the scene as described in section 2.5
and illustrated in Figure 2.9 falls within this 37° 6 dB beamwidth since the angular span
of illuminated scene from near to far swath of the imaging transducers is 23°.

The maximum size of the synthesised aperture D,,,,, is limited by the 3 dB beamwidth in
cross range. For a slant range R, to a point target and 3 dB beamwidth ¢ the maximum
aperture length for which targets will remain in the 3 dB beamwidth is

Dy = 2Rgtan (g)

The value of D,,,, at far swath is limited by the value of zero-Doppler range Ry. For
Ry = 2.7m at far swath,

Prge = 2% 2.7 X tan (%\)

~ 1.8m

The cross range resolution of the focussed beam dx at range R is calculated using the 3 dB
beamwidth 05 sniennas Of the synthesised aperture for an identical transmitter and receiver
pair as follows:

dr = 92 antennas X R (41)

Rearranging terms and substituting equation 2.39, the calculation of the approximation
for minimum aperture width D,,;,, to produce square ground range pixels of ground range
resolution 7.7 cm at far swath with a total bandwidth of 2.5 kHz processed (as mentioned
in section 2.5) where R =~ 2.7 m is

AR
26z

0.0084 x 2.7
2 % 0.077

Dmin =

0.147m

Q

== 14.7em
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The minimum aperture length needed to achieve square ground range pixels is 14.7 cm.
In the experimental work reported in chapter 5, a somewhat larger synthetic aperture of
size 33.4 cm was used. This synthetic aperture size of D = 33.4 e corresponds to a finer
cross range resolution at far swath of

AR 0.0084 x 2.7

9D ~ 2x0.334

= 0.034m

= 3.4ecm

4.1.2 Time-domain based fixed-length array beamforming

The beamforming algorithm that is described in this section uses unfocussed data that has
been received from the emulator and that has subsequently been inverse filtered, Hanning
windowed and basebanded. The algorithm employs a method that focusses the pixels
in the imaged scene on a flat surface relative to the centre of a fixed array of antenna
positions using the two way range to the pixel under consideration for focussing.

The beamforming algorithm sums range compensated and phase aligned responses from
points on a flat ground scene. This is achieved by rotating the phase by an appropriate
amount in order to perform coherent addition of the phase response.

Figure 4.2 shows the parameters that are used in the description of the beamforming
algorithm that follows.

R(i) represents the round-trip distance to a pixel on the focussing grid from antennas
TX (i) and RX (i), the transmitter and receiver at position ¢ in the beamforming array.
R_T X (%) represents the distance from T X () to the pixel and R_RX (i) represents the
distance from RX () to the pixel. The round trip range is given by

R(i) = R.TX()+ R_RX(i) @.2)

Similarly, R_mid represents the round trip range to a pixel on the focussing grid from
antennas T'X _mid and RX _mid, the transmitter and receiver at the middle position in
the beamforming array. B_T X mid represents the distance from T X _mid to the pixel
and R_RX_mid represents the distance from RX _mid to the pixel. The round trip range
from the middle of the array is given by

R_mid(i) = R_TX_mid(i)+ R_RX_mid() (4.3)

Vioc(z,y) is the pixel on the plane that is being focussed corresponding to cross-range x
and ground range y, and is calculated by

S Vilt(z, ) (e ¥ R_Rlxm) x exp (2= (R(i) — R_mid(i)))

ZN 1 1 ?
i=1 \ B_TX(i) X BRX

Vfoc(xa y) =

(4.4)
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Figure 4.2: Illustration of parameters involved in beamforming




where V;(t(z,y)) is a sample extracted (or interpolated) from the ** range profile at time
delay t(z,y). The time delay t(z,y) represents the two-way time delay from the pixel,
i.e. transmitter to pixel and from pixel to receiver as a function of cross-range z and
ground range y, calculated using the formula ¢t = 2R/c. Vi(t) represents the i** an-
tenna’s sample extracted at time instant t. R(i) — R_mid(i) calculates the additional
range to the point target from its position of closest approach. The reason for range
compensation using this amount is in order to preserve the phase of the point target at
its closest approach zero Doppler position for the purposes of interferometry. The fac-

2
tor 21N=1 ( B Tlx(i) X 5 RlX(i)) in the denominator compensates for the range-dependent
weakening of the echo of the transmitted signal and facilitates the formation of an im-
age where the same point target at near and far range will have approximately the same

brightness.

It is important to note that V;,.(z, y) in this beamforming algorithm assumes a nominally
flat scene.

4.2 Sonar interferogram formation

Each pixel of the first basebanded cross-range focussed image was multiplied with the
complex conjugate of the corresponding pixel in the second image. The result was a
complex interferogram. This process is described by the formula:

Vnt(z,y) = V_1{(z,y).V_2"(z,y) (4.5)

where V_int (z, y) represents the complex interferogramresult. V_1 (z,y) and V_2(z,y)
represent the beamformed results of focussing of images recorded from the outputs of two
different receiver antennas respectively.

4.3 Differences between standard synthetic aperture in-
terferometry and the emulator interferometry beam-
forming algorithm

o Size of beamforming array and resultant effect on resolution: Standard syn-
thetic apertures as produced in SAR algorithms involve a finer focussing beam that
is a result of a very long synthesised aperture that “slides” past a point target and
focusses it into zero Doppler co-ordinates. In contrast, the beamforming algorithm
that was chosen for research purposes treats the imaging antennas as being part of
a fixed array that focuses pixels relative to a centre beam that is swept across the
focussing grid, with the best image resolution being perpendicular to the direction
of motion of the mounted antennas.

e Focussing grid location in space: Typically interferograms are focussed in slant
range. The beamforming algorithm focusses in ground range.
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Chapter 5
Emulator Readings and Analysis

This chapter presents the results of taking readings using the emulator and analyses the
results. Phase stability, range resolution and cross range resolution are first investigated.
Scenes are then imaged using the emulator and the results are discussed.

S.1 Investigation into emulator properties

The phase stability of the emulator is first investigated, followed by an investigation into
range and cross range resolutions of the system.

5.1.1 Phase stability

This section describes an investigation into phase stability of the emulator in air. Figure
5.1 shows the physical setup for recording repeated transmissions of pulses from a sta-
tionary transmitter to a stationary receiver. Phase stability was investigated by performing
the following steps:

1. recording the signal that was transmitted from the transmitter (that was placed
1.53 m away from the receiver) for subsequent creation of an inverse filter,

2. and then waiting approximately a minute before subsequently placing the actively
transmitting transmitter 1.60 m away from the receiver and recording.

The one minute delay was introduced in order to investigate the effect on phase a short
time delay causes. The transmitter was moved 0.07 m from 1.53 m to 1.60 m from the
receiver in order to investigate whether or not a typical Hanning window response would
be observed despite the short offset. 257 transmissions of the transmitted signal over a
205 seconds period were subsequently recorded since 205 seconds is a slightly longer
delay than the time required for recordings for the aperture to be recorded (approximately
180 seconds).

Figure 5.2 shows a magnitude plot of an ideal point target response that is created using
the inverse filter. Notice that the shape of the downrange profile that was produced clearly
looks like a Hanning response function.

The corresponding phase profile is shown in Figure 5.3. It is important to note the phase
variation is small over the main lobe of the down range profile; this is a desirable property
as it means that the created interferogram is less sensitive to registration errors. Since
the phase over the main lobe of the down range profile experiences sufficiently small
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fluctuation, i.e. less than 0.125 of a cycle in a time period that is approximately the same
time period that a 33.4 cm synthetic aperture data is recorded, coherent processing of the
data is feasible.
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Figure 5.3: Phase of an ideal downrange profile created using the inverse filter

The recorded history of the transmitted signal was then basebanded and Hanning win-
dowed in the slant range direction. The phase history of the range compressed peak of
the main lobe is shown in Figure 5.4 while a histogram plot corresponding to Figure 5.4
is shown in Figure 5.5. The phase fluctuated by less than 0.125 of cycle, which is low
enough to allow coherent aperture synthesis. The primary cause of the phase fluctuation
is disturbance in the air.

Phase of Ideal Target Response

Phase {radians’
1
o°

5‘{) 100 150 260 2&0 300

Sample Number
Figure 5.4: Phase history of range compressed peak of received signal at peak of main
lobe

The histogram of phase history shows a tendency towards a central value.

5.1.2 Focussed Corner Reflector

The purpose of presenting a focussed corner reflector is to determine cross range and
ground range resolutions for the emulator system. The imaging geometry and parameters
are described in section 2.5. This geometry and its applicable parameters are relevant to
the geometry illustrated in Figures 2.9 and 3.24. Four corner reflectors were placed on the
corners of the scene that was to be imaged.

Ground range and cross range profiles of a focussed corner reflector are presented in this
section (5.1.2). The corner reflector that is shown was extracted from the upper right
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Figure 5.5 Histopram of phase history corresponding lo phase history i Figuare 5.4

corner of Figures 5.6 and 5.7, The orienlation of the pholo of Figure 5.6 corresponds to
Lhe omentation presented in the focussed lmagzes,

+ B.Fm

Figure 5.6: Scene wilh four cardboard commer reflectors oricnied 1o match the presentation
ol results ol [oeussing and interferosrum fonmation

Figure 5.7 15 91 pixels in cross range and 131 pixels in around range, Each pixcl represenls
a coherenl sum ol disinibuted scatterers imoa (L01 m cross range by .01 m ground rangu
cell. One of the four corner rellectors is not very clearly scen in the locussed image of
Figure 5.7. A possible reason for Lhis low amplitude is that this particular corner retlector
was nol vriented in such a way as W elfectively reflect the tranamitted chirp sianal back in
the dircction ol the receiver transducers. Figore 5.8 shows the magnitude of the focussed
extracled corner reflector that is 21 pixels in cross range and 31 pixels in ground range.
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According to Figure 2.17. the expected 3 dB resolutton fin slant range) for a chirp band-
width of 2531 He is 7 em with no windowing applicd. The sround range 1o slant range
3B resofution ratin according to Figure 216 is approximately 13 al mid-swath. The
expected ground range resolution is theretore 9.1 ¢m. The ground range profile of a range
and cross range compressed corner reflector is shown In Figures 3 %a) and (b) in magni-
tude and phase plots respectively. The 3 dB range resolotion ol the lbeossed groond range
profile of the cardboard corner reflector was measured from the magnitode of the main
lobe in Figure 5.10(a) as 10 em after a Hanning window had been applied in the slant
range direction before focussing in ground range onto a flat surface. The application ot
Lhe Hantine window results 1t a broadening of the main lobe in the down-runge direction.

qata 3 I agniude of drourd Harge pralle . Fhacs ol Grasnd Aass cofil
n
H 1 F
! I| I |
T | II Fl \ | |
I
B o - I [ e "I
II | E 1 = 3 [ | |
5 = R
[ En -y !
i - 3 |
| | £ ) I !
; | It Al !
1 | i | ||' T J.l
| =+ | i =
Zr : I| . IIl-\. !
| \ /
I | AL
i . | k] e
P i
s T . gema, e
ol - JICTL TSP A b, g gy - -q
4 1.5 z 256 1 ¥ H 2.5
Hange (m) ReRnigh |k
4l dapnitude plot (b Phase plol

Figure 5.9: Magnitude and phase plots of a ground vange profile of 4 mange and cross
range compressed corner reflector
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Flgure 5.1 Magnitode and phase of a main lobe of a ground range profile of a range and
cross range compressed corner refleclor

The ¢ross range prolile ol the exiracted corper reflector is presented in magnitude and
rhase plots i Frgure 5, 0L I s anportan o note that cross range resolution is displayed
co-ordinates of ground ange and angle from horesight. The maw lobe of the cross range
profile ol the extracted corner reflector is presented in a zoomed-in format for magnitude
and phase in Figure 5 12, The corner reflector cross range protile over the imain [obe is
centred at approximalely 7 degrees off the boresight, The dength £ ol the synthesised
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dperture alomge the borcsighl is 334 ¢m, The eross range reselution s a lunclion of baoth
range and angle, [nthe dircction of the cormer reflector, the effeetive synthesiscd aperiute
length £2 in the squint direction 15 caleulated as follows:

o= Loseccos(o) (3.1}
where L oas the lenglh of the synibesed aperture that is formed when focussing usings the

boresight of the artay, aond o 15 the squint angle w the targect,
Substituting values, gives

P = 331 % cos{77)
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Figure 5.11: Magnitude and phase of a cross range cut as a function of angle along a
constant range arc of a range and cross range compressed corner reflecior’s main lobe
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Figure 5.12: Zoomed in versions of a magnitude and phase of a ¢ross range cut as a

function of angle along a constant range are of a range and eross range compressed corner
reflector’s main lobe

The corner reflector in the tfucussed image s centred at a value of ground range from the
centre of the array to the target ¥ o0 2218 m. The expected size of the unvwindowed
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3 dB cross range resolution using angular resolution di and ground range Irom the centre
of the atray 1o the targe! v, 15 caloulaled using the Tollowing formula;

Frpertedornss rengeresolutionalang are = Fonee % (d8) (52N

The value of angular resolation ¥ is calculatcd using eguation 2349

A
FRENES
2% 0,331 % cas{T")
(LA raduarns

The gxpected cross range resolution in metres 15

: A
FErpected nrass range resolibion aloig are = Fanges # a0
. 00ha4
2 2 033 s coniTr)

= 014N

DA e

The measured cross range resolution €74 was slighuly finer than this approximation. 1l
was converied to cross range resolution along the constant ground range are that 18 found
by using the measured angular width ol 1,37 between the 3dB pownts ol the main lobe
shown i Figure 5,120 Tt was found 1@ be 00202 m as shown (o the lollowing caleulation
that converts from angle to distance it cross range:

C'TR = Fientre # dﬁ"l
2218 = 0.57
= QE02m

3.2 SAR Interferometry Emulation Using Sonar

5.2.1 Beamforming using a distributed scattcrer seene with four cor-
ner reflectors

‘the purpase of presenting four focussed corner reflectors is to demonsirate the ability
of the emulator system o compress point target sionaturcs in unprocessed data. The
ceomety and applicable parametcrs of this scene are as descnbed 0 secnon 2.5 and
tlustrated in Figures 2.9 and 3.24. Four corner relleclors were placed on the comers of
the seene that was i be Inged.

Sigmaly recerved on recevers R and RXZ with bascline 16 mm belween thom were
used for analysis,

The photograph of the scene that was imaved can be seen aloneside a locussed SAS image
fromm B0 in Tiguee 313, Note thar the orientation of the photographb corvesponds to {he
orvientation of Figures 5.14, 5.15 and 5.16.

Figure 5.14 shows Lhe two unfocussed images from antennas RX1 and RX2 that clearly
look similar to one angther as was expegted. Notice that the images contain signaturcs
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Figure 5.13: Photographed distributed scarterer stone scepe with four cardboard comer
reflectors placed alongside o mugnitude plot of SAS image from antenna KX ]

of the point targets, An interference pattern s visible resulling [tow consiructive and
destructive interference of echoes received [om two comer reflectors at the same slant
range. The [requency is higher for the closcr pair of corner refleciors al (slant range =
L& m} than the Turthor pair at (slant range == 2.55 m). This 15 beeanse one of the corner
reflectors at identical slatt range from the closer puir in slant rangze did not cetorn a steong
cohe o the reccivers since it was not onenled twards the receivers as well as the other
threc corner reflectors were,

Eajnaafinl - la i=HIe Aoy dgoel Saomanh

- a
.r e E
i [ ) =
5-\. I3
: = :
£ H]
Lonen —— F
: = ;
i = ¥
i — P
o — I
E - al=.
& i - &
= e E.
E .y 3
Loy —l x
§ = £
s -—
m 1A 2 EE] 3 e . - 5 z 25 ] 7
A aer R Sha Py e 1

() Lhnfocussed mauer fron B By WUnfocussed imaps from BX2

Figure 5.14: First Flat Stone Scene: Unfocessed jmages from aptennas RX1 and RX32
respectively

Figure 3.135 shows the magnitudes of the SAS images from RX1 and RX2. Nouce the
similarity betweon these twe images that werg foeussed in ground range. Take note thal
the complex SAS images arc 91 pixels in cross range and 121 pixels i ground range.
Fach pixel represents a colicront sum of distnibuled scatterers ina 0,01 m cross range by
0.01 m ground range cell.
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Figure 5.15; Magniludes of SAS mages [tom anlennas BRX ] and 18X 2 respectively

Figure & 1615 4 3 dimensional plol ol the magnitude of the SAS image from BX1 plotted
ot a g reprosenting cross range and ground range. Cley, the [oeussing of dilferent
praind corner rellectiors on the corners of the desired arca For Imaging was suceessiul, even
thoueh the one coener releetoe bad a low ampliade doe to ds orentation wway Gom Lhe
MECeIvers.
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Figure 516 Mcesh plot of magnitnde of SAS image from antenna RX1

Interferograms of a distributed scatterer stone scene (Baselines
16 mm and 32 mm)

The geomctry and applicable paramicters of this scene arc as deseribed n section 2.5 and
tlustrated o Vignres 2.9 and 3,24 The scene was set up by removing the four corner
rellectors fromm the scene described in section 521,

The haselines between reccivers that were used for interforometry were:
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s 16 mum between RXT and RXZ, and
o 32 mm between RX 1 and RX3.

The bottom transducer functionsd as the ransmiller while the three trunsducers above
it functioned as receivers, as mdicaled in Figwe 3230 All unsdacers were placed one
an top ol the other, Fach transducer had a diameter of 16 mm1. The basclines belweeen
receivers that were used were 14 mm belween X1 and RX2 and 32 nun between BX |
and RX3. Stgnals received em receivers RX1 and RX2 with bascline 16 mm belween them
were used for interterogram formation. The recorded signal on RX3 was used in order Lo
[orm an tterterogram using Lhe baseline of 32 mm between recervers RX1 and RXG.

A photo of the imaged scene can be seen in Figure 3,26, Nolice in Figure 326 the scar-
tered slones thal arc meant 1o cmulate the distnbuled scatierer sceng, The muaes reeovding
process took spproximately 3 minules w complete,

Unfopussed magnilude images are prosenied in Figures 517 and 508, Notee the high
degrec ol suntlarly between the differenl imnages.
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Figure 5.17: [Mstributed scatlerer stone seene: Unfocussed magnilode images [rom an-
tennas RX 1 and RX2 respeetively
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Figrare 5,18 Thstoboicd scatterer stome scene: Unfocussed magnitude image from an-
lenma B33

High degrees of similacity between SAS images from the distributed seatterer stone seene
can be obscrved m Lhe {ocussed SAS images in Figures 5.19 and 5.20. Take note that
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fhe complex SAS mmages, from which mlerferograms are formed, are 91 pixels in eross
range and 10 pixels in ground range. Each pixel represents a coherent sum af distribued
scatterers (LO1 m cross range by (LG m pround range cell.
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Figure 5 F9: Thistributed scatterer stone seene: Mapgnitudes of focussed SAS images from
antennas RX 1 and RX2 respectively
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Figure 520 Dhstriboted scatlerer stone scene: Magilude of the [oeussed SAS image
o anlenng 1LX3

Magnitudes and plase plots of interferograms formed using tRX 1 and RX2 with baseline
L6 i Y and (RX 1 and BX2 with baseline 32 mm} ave preseated in Figures 5.21 and 5.22.
Unwrapped and smoonthed connplex aarerferagrams are preseated in Figure 523, The
seenes were smoihicd by using a 4-hy-4 independent resolution cells gveraging window
tor niinimising the effect of nomse on Lhe mterlerogram. The window size was 40 piacls
in around range and 10 piscls in cross range.

A range prolile along the bovesicht ol the amay (Le. al oross mmge position of 0m) s
presented showing mlerlirometnie phases between (BX] and RX2 winli bascline 16 )
and {RX] and RX3 with baschine 32 mun) mn Figure 524, The plot shows that the 32 mm
baseline hetween RX | and RX3 resulls in a phase slope that is. as predicted, approxi-
malchy taice the slope of the plase slope for the (BEX1 and RX2 with baseline 16 mm)
CANC.

Figure 5.25 shows plots of the simulaled phase caloulated according 10 Equahon 2,20 us-
e ground range spacing idenoeal 1o hal of SAS images, as well as measured phases
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Figure 5.21: Distribuied scatterer stone scene: Magnitudes of the unsmonthed complex
interferagrams (RX1 and RX2 with baseling 16 mum) and {RX] and BRX3 with 32 mm
basaeling}
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Fieure 3.22: Distributed scatterer stone scene: Phase plats of the unsmaathed complex
mterferograms {RX] and RXZ with baseline 16 mm) and {RX1 and RX3 with baseline
32 rm)
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Fizure 5.23: Disinibuted scattercy stone scene! Unwrapped smoothed complex inerfero-
grams (RX 1 and RX2 with bascline 16 o ) and (KA1 and RX3 with baseline 32 mmy
ablained using g 4-hy-4 independent resolution cells smoothing window
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Frgure 524 Distobuled seatlerer stone seonss Range prolile along boresight of arvay
companng simulawed phases wilh smoothed (4-by-4 wdependent reseluton cells aver-
agan window ) nterlemymelrie phases obtumaed slong boresight for inteeferograms adc
using (RX] and RX2 with baseling 16 mm) and (RX ] and B30 with basclhing 32 mwnw)

using (RX1 and RX2 with |6 mm baselme} and (R2X ] and RX3 with 32 muan bascling),
Simulations scom 1o disagrce with measured nterlerograms. The dillerenees m phase
slope are muost prorminem. The seene was unaeed agam using rdenneal conditions. This
repeated daty recording is ecliorred (o as the “sceond measorement”™ as opposed to the first
dala recording whicl is releresd 1o as the “Tist measurement™. The seeond measurement
was perlormed in ordor to chock whether or not the difterence in phase slope measure-
ment from the cxpected simulated result is a tvpical feature of the emulator system, The
secord measurement was made approximately 3 minutes alter the first measurement was
completed. 'T'he time o complete data recomdimg oo the sceond measurcinenl was approx-
mmately 3 minutes.
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Analysis of coherence and repeatability of svathetic aperture recordings

The cohercnee image lor the first measurement for (RX 1 and RX2 with baseline 16 mm)
was menerally above 0.9, while slightly lower coherenee can be seen in the coherence
mmage for (RN and RX3 with baseline 32 nun). This was still generally above (L8, 'T'he
vxpectod coherence at mid-swath at 1.75 mon ground-range for the imaped scene is 0.9 for
a 16 mm bascline and 0.81 for a 32 mm baseline according to Figure 2,10, The coherence
images for the first measurcment were plotied in Figure $.26.
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Figure 3200 Distributed seatterer stone seene: Coherence images for (R X1 and RX2) and
(RX1 and RX3) respectively

Figure 5.27 shows coherence images of the sccond measurement.  These images show
that cohereuce remains acceptable for the second measurcment of the imaged scene as in
Lhe case of the first measurement of the scene. Notice that the cohercnces of the first and
sceond measurcients look identical. This implics repeatabiliny of imaging of a scenc as
a result of stability of the cohierence images.
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Figurc 5.27: Celwrence images for second measurcment using the distributed scatterer
stune scene of the birst measvrement: {RX | and RX2 with bascline 16 mm) and (RX]1 and
RX3 with baseline 32 mm) respectively

Figures 3.28¢a) and (b) show histoarams from the first recording ol coherence values for
the region defined by ¢ross range values varying trom 008 m 1o 4.58 m and ground-rangc
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values varying from 1.34 m te 184 m [or the patrs (RX1 and RX2 with bascline L6 mm)
and {RX1 and RX3 wich baseling 32 mu respectively. Take note that Figures 5. 28(a) and
(b} have ditferent spans. As seen from these fipntes, o Jonger bascline resulls in lower
mnetdenees of pgh coberence.
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Fieure 5.2K: llistogram of coherence values

Figuras 3.2%a) and 5.29(0) depict the smoothened boresichl interferometric profiles (at
cross range = (hm) for 16 mm and 32 mun basclines from the [irst measurement. Compar-
isons hetween interferometric phases during the two passes over the distnbuted scatterer
stone scene are shown to remain almaost identical. Tt wrelore scoms thal the deviation of
neasured phase from expected phasc is a feature of the emulator system and remanns a
constanl Getor.
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Floure 529 Companson ol inlerterometne phases obtained along boresight for intgr-
ferosratns taken dueing Lwo recordings of the distributed scatterer stone sceng using (al
(RX ] and RX2 swith Baseline 16 tim) and (b (RX]1 and RX3 with baseline 32 mim) after
smocilang using a 4-by-4 independent resoluton cell window
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5.2.3 Distributed scatterer stone scene with step (Baselines 16 mm
and 32 mm)

The purpose of this measurement is to establish the effect of adding a step to the scene by
comparing the phase from a scene with a step to a scene that does not have a step. The
physical setup and geometry of the distributed scatterer stone scene as described in 5.2.2
was left the same except for the addition of a step by adding three 72 mm high boxes to
the scene on top of which stones were placed.

The geometry and applicable parameters of this scene are as described in section 2.5,
and illustrated in Figures 2.9 and 3.24. The scene was set up by placing the previously
mentioned three 72 mm high boxes onto the scene that was used in section 5.2.2.

The baselines between receivers that were used for interferometry were:

e 16 mm between RX1 and RX2, and
e 32 mm between RX1 and RX3.

The bottom transducer functioned as the transmitter while the three transducers above
it functioned as receivers, as indicated in Figure 3.23. All transducers were placed one
on top of the other. Each transducer had a diameter of 16 mm. The baselines between
receivers that were used were 16 mm between RX1 and RX2 and 32 mm between RX1
and RX3. Signals received on receivers RX1 and RX2 with baseline 16 mm between
them were used for interferogram formation. The recorded signal on RX3 was also used
in order to form an interferogram using the baseline of 32 mm between receivers RX1 and
RX3. A 72 mm high step was introduced into the part of the scene furthest away from
the imaging transducers in ground range. This was achieved by the placement of 72 mm
high cardboard boxes on top of the distributed scatterer stone scene on the cardboard that
in turn had been placed onto the mobile platform. Stones were then placed on top of the
boxes. The step was located at approximately 2 m in slant range. The image recording
process took approximately 3 minutes to complete. The scene that was imaged is shown
in Figure 5.30.

Figures 5.30 and 5.31 show two views of the scene with the 72 mm step that was imaged.
Figure 5.31 shows a profile of the distributed scatterer stone scene with the 72 mm step.

Figures 5.32 and 5.33 show data that is uncompressed (unfocussed) in cross range for the
distributed scatterer stone scene with the 72 mm step. The step is located at approximately
2 m in slant range.

Figures 5.34 and 5.35 show the magnitudes of the focussed data corresponding to the
aforementioned unprocessed data. Take note that the complex SAS images, from which
interferograms are formed, are 91 pixels in cross range and 101 pixels in ground range.
Each pixel represents a coherent sum of distributed scatterers in a 0.01 m cross range by
0.01 m ground range cell. The similarity between the different images is clear.

Figure 5.36 shows the magnitudes of the interferograms that were formed using the beam-
forming algorithm. Both the magnitudes of the interferograms show a disturbance in cross
range at 1.8 m in ground range. This would be caused by the perpendicular slope pro-
duced by the placement of the cardboard boxes on the stone scene. Strong returns from
the boxes were expected and were subsequently recorded.

Figure 5.37 shows the phase plots of the complex interferograms that were produced. As
with the magnitude images in Figure 5.36, a definite change in phase is noticed at 1.8 m
in ground range.
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Flogure 3 300 Distribuled scatierer sione scene witl 72 mom siep as scen from the eonulator
lrack

Figure 5.3 1 Profile of distributed seatteror stone seone with 72 mm step as seen from the
left hand side of the scene when looking at the scene from hehind the emulator track

i



wMagritude of RX image Magnitude of RX image

e
E

0.18

4
P

o4

o
2

&
2

2

Crose~range pesidion from sperture bonesipht (m}
Cross-tange position from sperturs boresight fm)
=

&
&

~0.18

18 24 28 18

@

2.4 2.8

2 2.2
Slant Range (m)

2 2.2
Stant Range (m)

(a) Unfocussed image from RX1 {b) Unfocussed image from RX2

Figure 5.32: Distributed scatterer stone scene with 72 mm step: images from antennas
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Figure 5.33: Distributed scatterer stone scene with 72 mm step: Unfocussed image from
antenna RX3
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Figure 5.34: Distributed scatterer stone scene with 72 mm step: Magnitudes of SAS
images from antennas RX1 and RX2 respectively
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Figure 5.35: Distributed scatterer stone scene with 72 mm step: Magnitude of the SAS
image from RX3
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Figure 5.36: Distributed scatterer stone scene with 72 mm step: Magnitudes of the com-
plex interferograms (RX1 and RX2 with 16 mm baseline) and (RX1 and RX3 with 32 mm
baseline)
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Figure 5.37: Distributed scatterer stone scene with 72 mm step: Phase plots of the com-
plex interferograms (RX1 and RX2 with 16 mm baseline) and (RX1 and RX3 with 32 mm
baseline)

71



3.2.3  Distributed scatterer stone scene with step (Basclines 16 mm
and 32 mm)

The purposc ol thas measurement 1s to establish the effect of adding a step to the scene by
comparing the phase from a scene with a step to a seene that docs not have a step, The
physical selup and geometry of the distributed scatterer stone scene as deseribed in 5.2.2
wity lefl the same except [or the addition of a step by adding three 72 mnt high boxes to
the seene on top of which stones were placed.

The geometry and applicable parameters of this scene are as described in scetion 2.5,
and illustrated in Figures 2.9 and 3.24, The scene was sct up by placing the previously
menlioned three 72 mm high boxes onto the scene that was used in scetion 3.2.2.

The basclines between recewvers that were used for interfermmctry were:

o |6 mm between RX1 and RX2, and

o 32 mm botween RX ] and RX3.

The bottom wransducer lunctioned as the transmitter while the three transducers above
i funcrioned as receivers, as indicated in Figure 3230 Al rmansducers were placed one
on top of the other. Lach wansducer had 4 diameter of 16 mum. The baselines between
receivers that were used were 16 om berween RX | and RX2 and 32 mm between RX|
angd RX3. Signals received oo receivers RX 1 and RX2 with bascline 16 mum between
them were used for interferogram formation, The recorded siznal on RX3 was also used
in order to form an interferogram vsing the basehne of 32 mm butween recervers RX | and
RX3. A 72 muim high swp was introduced into the part of the scene furthest away from
the imaging transducers in ground range, This was achieved by the placement of 72 mm
high cardboard boxes an top of the distribuled scatterer stone scene on the cardboard Lhat
in turn had been placed onto the mobile plaform, Stones were then placed on wop of the
boxes. The step was located at approximately 2 m in slant range, The tmage recording
process took approximately 3 minutes 1o complete. The scene that was imaged 13 shown
in Figure 530

Figures 5.30 and 53] show two views of the scene with the 72 mm step that was timaged.
Frgure 5.3 1 shows a profile of the distributed seatterer stong scene with the 72 mm step,

Figures 5,32 und 533 show data that 15 uncompressed funfocussed) in cross range for the
distributed scatterer stone scene witl the 72 mm step. The step is located al approximately
2 min slanl rangee.

Frgures 5,34 and 3,35 show the magnitudes of the focussed dala corresponding 1o the
alorcmentioned unprocessed data. Take note Lhat the complex SAS images, from which
wnerferograms are formed, are 91 puxcls in cross range and 101 pixels n ground range,
[Each piscl represents a coherent s of disinbeled scatterers wa 0.01 m cross range by
(L] 1 eround range cell, The similariry between the different images (s clear,

Figure 3.36 shows the magnitudes of the Tnlerferograms that were formed vsing the beam-
forming alzorithm, Both the magnitudes of the interlerogroms show a disturbance in cross
rareze at |8 m in ground range. This would be cavsed by the porpendicular slope pro-
duced by the placement of the cardboard boxes on the stone scene, Strong roturns from
1he boxes were expecled and were subsequently recorded.

Fioure 53,37 shows the phasc plots of the complex interferoprams that were produced. As
with the magnitude timages o Fusure 5,30, 4 delimwe change in phase 1s onotfeed at 1.8 m
in ground range,

of
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Figure 5 38 shows plots of the phases of the complex interferigrams afer smoothing using
a 4-by-4 independent resodution cell smoothing window wdentical 1o the one described lor
Figure 5 23, The effeet of the step aller 19 m o ground range becomes more obyvious
with the smoothing as can be observed by the darker colour in the images,
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Fiowre 5,38, Distmbuted scattemer slone scone wilth 72 step: Phases of smoothed complex
wterlferograms (B2X] and BX2 with 16 mm baschag) and (RX1 and RX3 with 32 mm
bascline}

Figurcs 5.3%a} and (h) shows eoherence images of the scene with the 72 mm step. These
tmages shinw that cohetenee yemamns above 0.8, Thas 15 aceeptable for the measurement
of the imaged scene as it was in the case ol previows r2sults in Figuee 5.27.
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Figure 5.3%: Coherence images for measurement using lhe distributed scatlerer stone
scene with 72 mm steps (BX 1 and RXZ with bascline 16 mam) and (BX 1 and BX3 with
haseline 32 mm} respectively

Figures 540(a) and 5. 406(b} show comparizons of sinoothed interferomemce phases ob-
lained along the boresight for interferograms taken during two measurcments: the fiest
bolore the step was added, and the second alier the slep was added. This was done for
mterferograrms formed using {RX] and BRX2 swith 16 mun bascline in Figure 5.40{(al) and
{RX1 and RX3 with 32 mm bascline 15 Figure 5.4G{b}). The results are clear: the phase of
the scenc with the step deviates most subslantally at the location of the step, namely from



1.5 m in ground range onwards. This section would naturatly correspond e the section
i which the 72 mim high step was introduced into the scene, The phase of the scene in
this scction can be scen at approxmmately 1.8 m ay a dark low coherence band. The band

varies in the range with slight variation in range versus cross-runge because the step was
poaitioned at a slight angle m cross range versus range.
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Figure 5,40 Comparison of smoothed interferometric phases taken during two measure-
menls

Figure 5.41 shows a comparison of flattened phases for smoothed interlerometric phases
obtained along boresighi for interlerograms faken during 1wo neasurements using (kX1
and RX2 with 16 mm baseline): the first before the step was added, and the second afier
the step was added. The remon where the slep 1y lound can clearly be seen from the reglon

of ground range extending from (9 m to 2.1 m since the phase cleary deviales largely
from the flat scene’s phase by approximately 0.06 eveles.
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Figure 5.41: Comparison of flattened phases for smoothed interferometric phases ob-
taingd atong boresight tor interterograms taken during two measurements using (RXE
and RX2 with [6 mm haseline): the first hetore the step was added, and the second alter
the step was added



In order to verily Lhe phase obiained along boresight as a result of intreducing the 72 mm
slep Lo the seene, approximations of the expected phases of twa paints P {on the a1 part
ol the stone scened and P2 {on ihe edge of the 72 mm step) were caleulated. This was
done by caleulating the expected phase between RX 1 and RX2 twith 16 mun baseline) as
seen 1n the side view geometry depiction of the 72 mum step scene shown in Figure 5,42
[or the cases of P1oand P20 Using Equaiion 2.20 [or single-pass. the expected phases tur
' oand P2 as seen by transdocers RX T and RX2 were calculated as:

Expected phase [or PI=—'}'—T"%ﬂ =~ 1% eadians

Expected phase lor F2=—_Tf;“” = --2.22 ruddians

Theretore. the expected phase dilfercoge was -1 84--2 2270 38 radians. This difference
of 0.38 radians represenis (.06 cveles that the phase of the flal scene s expocted 1o drop
by with the introduction ol the step. This implies that the approxsmalely 0.06 eyeles phase
drop that is found in the region from 1.9 m to 2.1 1w as was scen o Figure 5 41 was 1o he

uxpected.

igure 5.42: Side view geomcry used lor caleulation of expected phase difference be-
tween P1oand P2 as seen by RX| and RX2

5.3 Analysis of Results
The first matter thal is obvious in the syathetic aperture measureients is the matter of

the phase [rom iolerferograms dilTering from the simulated phase values as is seen in
Figure 5.25. 1L seems that the difference in phase 15 a problem that persists, sinee the dil-

T4



farence between simulaied and measured interferometrie phase remaned approximalely
constanl aficr taking a second reading of the fat distributed seatieror stone scene,

The shift in the arca where the slep was introduced is clearly seen in the interferograms
that are produced. Clearly the sonar inteeferometry s sensitive to changes t haight m the

RCCNE,
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Chapter 6
Conclusions and Future Work

The mvestigatton mmto the possibality of cmalating SAR mlerforometry using o laboratory-
scale sonmar transducer system revealed that coulation was mndeed (casibie:

Facussed sonar mierlerograms were produced and satislactory resolutions were obtained
using 1his sysiea,

Inverse biltering was shown to produce a siznal that displaved small variation over the
main lobe of the Hanning windowed range-compressed signal, The characteristic of phase
varying by less than Es ol a cyele is desirable tor remisiration of images in sonar imrertee-
ametry o the laboratory-seale environiment,

Increasing the baseling between maging transducers produced a decrease in coherence as
wils predected,

The process ol chirp siznal production was also described at vavious stages of the imaging
processes, The case with which the sonar system allews for parameters snch as chirp re-
shaping and defaying that result in phase ditference measarements to be recorded demon-
strafes 118 usefinlness g5 a teaching 1ol

The builr sonar imeasurement system is multi-fiunctional since ransducers can be placed
in many ditferent pesitions. The only limitatiens are the physical lengths of the cables
connected 1o the transducers and the number of transducers that can be used for input tw
the 16 channel simultaneous samphing card.

Future work could ingtude applving reconstruction algorithims o interferograms aml in-
vestigating simelarities and dilTerences between sonar and radar interferomelry geome-
trics. Further investigations inte deviations of measurements from predicted phase values
can be pursued.
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