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ABSTRACT

The current performance issues related to a single receiver Synthetic
Aperture Radar (SAR) were studied and illustrated. Specifically, the tradeoffs
between swath, resolution and ambiguity in both the across-track and along-track
directions were considered and documented. To improve upon current
performance, it is proposed that the SAR be modeled in a multiple receiver
environment. To physically illustrate the current situation and proposed solution,
a SAR simulator was constructed using the C programming language. A square
image was used to represent a target area. A single receiver SAR environment
was developed and the data obtained clearly demonstrated the shortcomings of the
present system. Subsequently, a multiple receiver SAR environment was created.
The data collected has proven that a multiple receiver SAR produces higher
performance with respect to swath width, resolution and ambiguity. Specifically,
it has been shown that in a multiple receiver SAR environment, it is now possible
to obtain wide swath, high resolution, and unambiguous SAR images within a

wide range of pulse repetition frequencies.
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1 SYNTHETIC APERTURE RADAR IMAGING

1.1 Overview

Synthetic Aperture Radar (SAR) [1] is a powerful surveillance tool that
can perform a multitude of functions in an all-weather day and night situation. In
the military area, SAR may be used as a ground surveillance system to monitor
troop and equipment activity. In the civilian area, SAR is a popular choice for
ocean surveillance and deforestation assessment.

This type of radar employs signal processing techniques to effectively
obtain the performance of a long antenna whilst maintaining a relatively short
physical one, hence the term “Synthetic Aperture Radar”. This technique was
developed in response to the need for improvement in radar imaging resolution,

especially in the direction of radar flight.

1.2 Current SAR Performance Limitations

There are two critical criteria that a SAR needs to fulfill in order to
perform optimally. Firstly, it must be able to map a wide spatial area in order to
locate all objects of interest. In addition, it must also be able to exhibit fine
resolution in order to specifically identify particular objects on the ground.
Unfortunately, these two criteria are not easily achieved at the same time because
of a tradeoff that is currently inherent in standard SAR sensors: observations of

high spatial resolution are achieved unambiguously only when the swath width of



the observed area is limited. Given that the converse of the previous statement is
also true, it is now clear that this limitation could seriously inhibit the ability of a

standard SAR sensor to produce unambiguous, wide swath, and high resolution

images.

1.3 Ongoing Research

There has been much research performed in this area to attempt to limit
the impact of the above restriction. Possible techniques for obtaining wide swath
SAR images are presented in [2] and [3]. These references primarily focus on
techniques now referred to as Multiple Elevation Beam (MEB) and Multiple
Azimuth Beam (MAB). Whilst these techniques are effective, they each possess
shortcomings. With MEB SAR, the discontinuous swath in the across-track
direction affects the clarity of the imaged area. With MAB SAR, there remains
unresolved ambiguities in the doppler direction due to overlap of the sidelobe
beams with that of the mainlobe. Yet another technique [4] involving the use of a
broader elevation-plane beamwidth only reduces ambiguity in range.
Furthermore, the suggested algorithms for this method are computationally
imtensive and could place a limit on the hardware used. Finally, efficient filtering
methods [5] to improve upon the resolution of SAR images have also been
offered, but (as they use a variation of the MAB technique) assume that

ambiguities have been resolved. In addition, in all the techniques mentioned



above, the theories presented have not been physically illustrated with a SAR

imaging simulator.

1.4  Motivation

This thesis deals with the proposal to employ the use of multiple receive
apertures in a SAR antenna as a method of removing the swath width - ambiguity
tradeoff currently present in a conventional SAR.

With the introduction of these multiple receivers, it now becomes possible
to increase the number of samples taken by the SAR over a fixed observation time
and thus remove swath width - ambiguity tradeoff. With these additional
samples, the SAR may now be (perhaps) able to eliminate ambiguity and observe
a wide swath width simultaneously. This is presently not easily achieved in the

case of a standard SAR sensor.

1.5 Aim

The aim of this project is to introduce, discuss and physically validate the
theory and concepts leading to the development of a Synthetic Aperture Radar
model that utilizes the concept of multiple receive apertures and digital
beamforming techniques [6,7] to produce unambiguous, wide swath, and high

resolution images.



1.6  Current Situation

Figure 1.1 shows the basic geometry of the SAR model. A fully focused
airborne SAR traveling at a speed of v will image over a time T a total area of
approximately RvT, where R; is the ground swath coverage in the across-track

direction.

SAR & V

height
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Figure 1.1: Basic Geometry of the SAR Model (Adapted from [8])

We shall say that this imaged area, A, has an along-track length of I, and
an across-track width of 1,. Therefore,

A=11 =R T. (1.1)



A standard SAR sensor with a single receiver of bandwidth B will amass
complex data at a rate equal to the bandwidth B. If the total observation time is
fixed at T seconds, then we can expect this sensor to collect a total of BT
independent complex samples over this observation period. With this data, an
unambiguous image of up to BT pixels may now be constructed.

The SAR sensor must not illuminate more than BT resolution cells if we
wish to avoid ambiguity. Here, a “resolution cell” has a length represented by the
SAR’s along-track resolution and a width represented by its across-track
resolution. If there are more than BT pixels illuminated, then the scattered energy
from the extra area will appear in pixels of the imaged area, thus causing
ambiguity. We are at liberty to develop a large image of moderate resolution, or a
smaller image of high resolution. But in both cases, we remain constrained by the
time-bandwidth product so long as we wish to produce an unambiguous image.

To avoid ambiguities, the pulse repetition frequency (prf) has to be
carefully chosen. We require a low pulse repetition frequency to avoid range
ambiguities. At the same time, a high pulse repetition frequency is required to
eliminate ambiguity in the doppler direction. If the SAR antenna beamwidth
illuminates more than BT resolution cells over an observation time T, then no

value of the prf can be found to produce an unambiguous image.



1.7 The Use of Multiple Receive Apertures

If, however, we were now to implement N receive apertures, each with a
coherent receiver, then the total number of independent samples available would
increase to NBT. This now enables us to obtain an image with either greater
resolution or larger size. As an example, let us consider the implementation of a
three receive aperture antenna array. A graphical illustration of this is shown in
Figure 1.2. We observe the existence of a low transmit pulse repetition frequency
to accommodate a wide swath width. This results in the synthesized aperture
being undersampled in the along-track direction. However, the spatially displaced
receive apertures now provide the additional samples and, in essence, enable the
synthesized receive aperture to now exhibit spatial samples of a SAR with N

times the pulse repetition frequency [8].
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Figure 1.2: SAR Spatial Sampling in Doppler (Reproduced from [8])



Since the single transmit element shares an aperture with the center
receive element, we can now say that the along-track illumination pattern of each
of the receive elements and the single transmit element are identical and will have
a beamwidth three times larger than the original single receive aperture. When
added correctly, the azimuthal response of these three sub apertures will be
equivalent to that of a single larger receive aperture [8]. This now provides us
with a beamwidth narrow enough to eliminate along-track ambiguity.

The three element receiver is essentially implemented as a phased array.
Since each element is individually and coherently detected, digital beamforming
may now be used in the processing of data. Because each sub aperture possesses
a broader beamwidth than a single large aperture of the collective length, a single
target may be observed long enough to obtain a fine along-track resolution. At
the same time, the coherent adding of the receiver channels will now ensure that
there will be a sufficiently narrow beam in the doppler direction to eliminate

along-track ambiguities.

1.8  Thesis Structure

This thesis is divided into five chapters. Chapter One contains an
overview of Synthetic Aperture Radar and its main uses in imaging. Included
here are the critical criteria that typify the SAR and its operation. Also mentioned

is a summary of the current and past research in this area as well as their



shortcomings. Following this is a detailed analysis and breakdown of the present
situation involving SARs. Detailed explanations are provided into its current
workings and limitations in terms of performance. Our proposed solution is also
introduced and theoretically explained.

Chapter Two provides the detailed mathematics behind the development
of the multiple receive element SAR simulator, A complete derivation is
provided here, beginning with the definition of the SAR model in question and
thereafter proceeding to the definition and performance of all components of the
multi channel SAR systems environment.

Chapter Three deals with the design of a suitable simulation environment
for the testing of the multiple receive aperture SAR simulator. With the design
parameters obtained, a numerical example is also shown to highlight once again
the restrictions imposed by the present system and the possible benefits of the
proposed solution. In addition, the calculations are performed in a particular
manner in order to prove that the theoretical concept proposed would be
appropriate for implementation in both fully and partially focused SAR.

Chapter Four details the results obtained from the simulation and testing
of the proposed multiple receive aperture SAR model. A test matrix of fifteen
different situations was developed. The first half of this matrix focused on the
single receive aperture SAR environment whereas the second half of the matrix

represents the transition to a multiple receive aperture environment. Resulting



images for all situations were generated to gauge the effectiveness of the proposed
solution in relation to the current situation.

Chapter Five represents the wrap up of this thesis. The conclusion
reiterates the current problems and the encouraging results obtained after
implementation of our proposed multiple receiver SAR solution. In addition, as
the multiple receive aperture SAR simulator has been developed with additional
functionality for detection of moving targets, there are thus also several possible
recommendations listed pertaining to the future use of this simulator for research

into SAR moving target indication (MTI).



2 THE MULTIPLE RECEIVE ELEMENT SAR MODEL

2.1 Radar and Object Positions
Figure 2.1 presents the geometry for the SAR model in question. In the

development of this model, we have invoked the flat earth approximation.

Z A
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Figure 2.1: Radar and Object Coordinate Geometry

We observe a three-dimensional grid in the x (along-track or doppler), y
(across-track or range), and z (height) directions. The radar maintains a height h
above the ground. It also travels in the x direction with a speed v. Therefore, the

velocity vector of the radar may be defined as



v=vX. 2.1)

We define time t = 0 as the point where the radar is at coordinates {0,0,h}.

The initial position vector of an object on the ground can now be defined as
I, =aX + by, 2.2
where a and b are arbitrary scalars.

This object may also have a velocity vector s with components in the x, y
and z directions. Thus, the position vector of this object at any time t may be
defined as

L =tS+T . (2.3)
If the object in question is stationary, we would naturally expect its

velocity vector to be null. Tt also follows then that

=T, (2.4)
when t = 0. This is in agreement with our earlier definition of the radar position at
time t = 0.

We thus note here that equation (2.4) is always valid when dealing with

stationary objects since the velocity vector is null in that case.

2.2 Receiver and Transmitter Positions
Figure 2.2 shows the geometry of the radar antenna with respect to the

conventional axes. It is important to note here that the radar antenna is commonly



tilted at an angle to the ground. Thus the coordinate axes of the radar antenna are
not identical to the coordinate axes already defined previously for the object. The
radar antenna is tilted towards the ground such that the normal out of the plane of

the antenna, z’, makes an angle 8 with the z axis.

A height,z
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Figure 2.2: Radar Antenna Coordinate Geometry

From the geometry provided in Figure 2.2, the radar antenna coordinate

axes can now be determined to be:

=%, (2.9)
¥ =(—cos0)y —(sin0)Z, (2.6)
and 7' =(sin®)y —(cos0)z. (2.7)
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A complete derivation of equations (2.5) through (2.7) is provided in
Appendix A.

Figure 2.3 also illustrates the proposed radar antenna receiver and
transmitter design. A single transmitter, Tx, is located at the center of the radar
antenna.  Traditionally, the antenna will possess a single receiver as well.
However, we now propose implementing multiple receivers, Rx, within the radar

antenna.

. A I
!
!
!
!
;
!
|

O |

Figure 2.3: Radar Antenna Example Layout

In Figure 2.3, there are now nine receive elements, with the center receive

element occupying the same location as the single transmitter.



The position of the radar transmitter can now be defined to be
L =tV+hz. (2.8)
However, based on equation (2.1), we may now rewrite equation (2.8) as
I =VtX+hZ. (2.9)
It may also be inferred directly from equations (2.8) and (2.9) that
I, =hZ, (2.10)
when t = 0.
From Figure 2.3, the position of any radar receiver with respect to the

transmitter is defined as

i =ck’+dy’, (2.11)

where ¢ and d are arbitrary scalars.

Finally, the position of any radar receiver with respect to the origin of the

object coordinate axes is now

’

I =T+, . (2.12)
We notice here that the nine receive apertures in Figure 2.3 are laid out in
a three by three orientation. Firstly, it is important to note that there may be any
number of receive apertures in a system. This may be set during the design phase.
As the number of receive apertures increases, so will the number of independent
samples collected. In addition, the multiple receivers may not necessarily be lined

up one against another. In other words, there may also be space placed between
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receivers.  This allows us to focus specifically on a particularly narrow
illumination area. In this instance, careful design will be required to ensure that
the range and doppler ambiguities do not coincide within the antenna illumination
patterns of the SAR. We should also recognize that it is possible to design the
apertures in any orientation as well. For example, the design in Figure 2.3 may
also be represented in a nine by one or one by nine manner. The decision on the
orientation of the apertures will depend on the selection of the pulse repetition
frequency. A choice of a high pulse repetition frequency would require us to line
the apertures up in the across-track direction so as to eliminate ambiguity in the
direction of range. Similarly, a low pulse repetition frequency selection will
require that the apertures be lined up in the along-track direction so as to eliminate

ambiguity in the doppler direction.

2.3 Receiver Electric Field Component Response
The complex component response from the electric field at each receive

aperture of this multiple channel SAR model can be defined as
E, (T 1= WRYXZEXE =P xK. (2.13)
Here, W is the transmitter antenna pattern,

Y is the receiver antenna pattern,

Z 1s the complex radar cross section of the object,



Py is the mathematical representation of the propagation from the
transmitter to the object,

P: is the mathematical representation of the propagation from the
object to the receiver,

K is the spectrum of the transmitted radar pulse,
and n is the particular receive aperture used.

We notice straightaway that equation (2.13) is, in essence, a complex form
of the Radar Range Equation [9]. Tt is also important to see at this point that this
multiple channel SAR model provides an electric field component output
response for every step of time, frequency, and receive aperture position. The
multiple receive apertures will provide an extra degree of freedom that now
enable us to obtain a larger number of independent samples, thus removing the

restriction imposed by the time-bandwidth product.



2.4 Antenna Pattern Definitions

Figure 2.4 depicts the layout of a single receiver (or transmitter) aperture

for the multi channel SAR model.

Figure 2.4: Radar Antenna Single Aperture Layout

The height of the aperture in the y* (or across-track) direction is given as
Ly and the length of the aperture in the x” (or along-track) direction is given as L,.

We can see here that the single transmit aperture is of the same size as
each receive aperture. The single transmitter is also located at the center of the
array. Whereas the conventional approach has been to design a single transmitter-
receiver unit, we now instead propose implementing an antenna array that
maintains a single transmitter but possesses multiple receive elements oriented in
a chosen manner.

Once again, we note that the x” axis corresponds to the along-track

direction and the projection of the y’ axis corresponds to the across—track



direction. Finally, this entire antenna is tilted to face the ground in such a manner

that its normal, z’, will make an angle of 6 with the z direction of the conventional

axes.
The transmitter antenna pattern of the radar antenna may be next defined
as
4 k L k,L
W= |ZTL L sin| 2% |gin| — 2 | (2.14)
A ’ 2 2

Here, the operating wavelength A is defined as

A=—, (2.15)

¢
f
where ¢ is the speed of light and f is the operating frequency of the radar.

In addition, ky is the x component of the spatial frequency, and is defined

as
’ T _fs
k. =k X'e _.p : (2.16)
rp__fs[

Here, k is the wave number and is defined as
k=—o. (2.17)

Similarly, ky is the y component of the spatial frequency and is defined as

Y PV 2.18
y =kl yo——|. (2.18)
‘I'P*I's



We can confirm here that the transmitter antenna pattern as defined in

equation (2.14) is a dimensionless quantity. This is consistent with the fact that

W is simply a scaling factor.

We also can state here that
k,+k, +k, =k2, (2.19)

or, equivalently,

k:\/kxg+ky2+kzz. (2.20)

Similarly, the antenna pattern of the receiver may next be defined as

k,L
Y=Jl.L. sin[k";"}sin[ = ”] (2:21)

From equations (2.14) and (2.21), we can derive the ratio of the

transmitter antenna pattern to the receiver antenna pattern to be

E_ dn

= |—. 222
Y Ve (2.22)

This is analogous with the theoretical result that was derived in [10].



2.5 Complex Radar Cross Section
Every object on the ground will possess a unique radar cross section due

to its position vector with respect to the origin. This complex value, Z, is such that
Z=+[ce”*. (2.23)

Here, ¢ is commonly referred to as the radar cross section (rcs) and

influences the amount of radar electromagnetic energy scattered by an object on

the ground, and ¢ is the random phase representation between the object on the

ground and the SAR.

2.6 Pulse Propagation

The pulse emitted from the transmitter of the SAR travels towards the
ground as an electromagnetic wave. From [11], we may define that the
propagation of an electromagnetic wave in the direction of any position vector r
conforms to the following wave equation:

_exp(jkIT|—jomt)
ITi

B

. (2.24)

where k is the wave number,
o is the angular frequency,
and t is the time instant.
Since the term ot in equation (2.24) is independent of position in space, it

is more common for equation (2.24) to be expressed as

20



P:exp(jklfl)l

7] (2.25)

We are now able to adapt equation (2.25) for our purposes in designing the
multi channel SAR model. We should first take note that in our case, it is
necessary to monitor the electromagnetic wave as it travels from the transmitter to
the target as well as when it returns from the target to the receiver. Therefore, we
are required to define two electromagnetic wave propagation equations.

In the situation where the electromagnetic wave travels from the

transmitter to the target, the pulse propagation equation may be defined as

P :M@, (2.26)
m
where
m=T -l (2.27)

Similarly, we may next proceed to define the pulse propagation equation

from the target on the ground to the receiver on the SAR to be

P. :M, (2.28)
q
where
q=T" -1 1. (2.29)

21



It is important to note here that both P, and P, are complex quantities. This
then results in the final electric field component output response in equation

(2.13) turning out to be a complex quantity as well.

2.7  Pulse Spectrum
Figure 2.5 shows the pulse g(t) used as the transmitted signal from the

radar. This figure was reproduced from [12].

g(t)

SRS

T 0 T
-3 5

Figure 2.5: Transmitted Radar Pulse
In our situation, we have normalized g(t) such that it provides us with
unity area. This now requires us to specify the following:

AXT=1. (2.30)

This constraint thus leads us to

22



A=— :
T (2.31)

We may now define g(t) as follows:
g(t) = Axrect[%} , (2.32)

where rect(t) is the rectangular function of unit amplitude and duration centered at

t=0.
The spectrum of this pulse g(t) may be obtained by computing its Fourier
Transform. By definition,
T/2
G(f)=He(®}=A [exp(- j2nft)dt. (2.33)

T2

Evaluating this integral, we can arrive at

G(f :ATM] 2.34
(f) [Tﬂ (2.34)

Since the spectrum we expect to obtain will be complex, it is commonly

viewed, as shown in Figure 2.6, in terms of the absolute value of G(D) [12].
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Figure 2.6: Amplitude Spectrum of Rectangular Pulse

We should also note that in our case, the SAR utilizes an operating
frequency that is non-zero. Thus the spectrum that we expect to obtain would not
be centered at zero frequency but, instead, about the operating frequency.
Specifically, equation (2.34) should, in our situation, now be more appropriately

written down as

(2.35)

G AT{sin(Tc(f —f, )T)}

n(f —f )T

where f is the operating frequency that the radar is currently utilizing.
Based on the provided operating (center) frequency, frequency sampling is
performed in steps of the pulse repetition frequency. Time sampling is also

performed in steps of the reciprocal of the pulse repetition frequency.
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2.8  Matched Filters in Target Detection

The SAR model developed thus far is able to produce an output response
at each receive aperture of the radar antenna for every time and frequency step. A
method now needs to be developed to perform target detection. We employ the
concept of a matched filter to perform this function.

As explained in [10], a matched filter is a filter whose transfer function is
determined by a certain signal in a way that will result in the maximum attainable
signal-to-noise ratio (SNR) at the output of the filter when both the signal and
white noise are passed through it.

Let us consider a signal s(t) that has a Fourier Transform S(m). Additive
white noise of power spectral density No/2 is also present and this composite
signal is then passed through a linear filter with a transfer function (in the
frequency domain) of H(m). The SNR equation governing this system may now
be defined to be

| ]iH(m)S((o)d(a)) I’

SNR = —= . (2.36)
N, [I H(w) I* d(w)

—oa

We next invoke Schwarz’s Inequality which states that for any two

complex signals H(w) and S(w),

25



| j H(w)S(w)d(w) I*< TI H(w) I? d(a))TIS((D) 1> d(w).

(2.37)
Applying equation (2.37) to equation (2.36), we see that in order for the
SNR to be maximum,
H(w) =bS" (). (2.38)
Here, S'(m) is the complex conjugate of S(®) whereas b may be any arbitrary
constant. Normally, we say that
b=1, (2.39)
and this therefore reduces equation (2.38) to
H(w) =S"(w). (2.40)
This concept will now be adapted to our new multiple aperture SAR
model. Consider an imaged area illuminated by the SAR. If we assume that this
imaged area is square and has 256 pixels in each direction, then there will be a

total of 65536 pixels in this image. The sum of all responses from this area may

be defined to be

i=65536

IG"f,0= Y E(E"f,1). (2.41)

Here, E; is defined as given in equation (2.13). Following this, we would like to

match this summed response with a particular point on the ground to obtain an

26



output response for that point. Here, the output response for any point (pixel) will

be defined as
R, =|I(%".f,t)e K (" ,f,1)|, (2.42)
where i now ranges from one to 65536 and K; is such that
K (T F 0=B @"1.4. (2.43)
As we wish for all our matched filter scattering coefficient component returns to
be normalized, the scattering coefficient Z that contributes towards E’ will now
have a unity value, thus distinguishing E; from E;. Therefore, for E/’,

Z=1. (2.44)

2.9  Summary

Finally, we have developed a multiple receive element Synthetic Aperture
Radar model. This model possesses receivers that are able to detect the returned
signal scatter energy at every step of time, frequency, and receive aperture
position. What we have developed here, is, in essence, a model that obtains and
stores data samples in a three-dimensional storage array of time, frequency and
receive aperture position. Following this, we constructed a matched filter that
performs the function of target detection.

It is appropriate now to next attempt to set up a suitable simulation

environment for our model.
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3 DESIGN ENVIRONMENT

31 Parameter Design

Given that the SAR has an operating wavelength A, its along-track

resolution can be determined from [9] to be

Ax = (3.1)

Since the slant range R is defined as

h
R = ; 3.2
cos@ (52
equation (3.1) may now be written as
ey (3.3)
2vTcosB

Similarly, the across-track resolution of the SAR may also be found from

[9] to be
c
= . 3.4
2Bsin 0 B9
If we let each pixel be square, then
Ax = Ay. (3.5)

Subsequently, by equating and rearranging terms in equations (3.3) and

(3.4), we can thus arrive at

E:cvcote- (3.6)
T hA
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Making our tilt (or grazing) angle 45°, then from [13] we know that
cotB=1, (3.7)

we can now further simplify the time-bandwidth ratio in equation (3.6) to be

|
I
|

(3.8)

Based on design suggestions from [14] and values from typical low earth

orbit (LEO) radar applications, we set the following parameters:

Radar Height: h =183km, (3.9)

Radar Speed: v =7.8km/s, (3.10)

Radar Frequency: f =10GHz, (3.11)
and Tilt Angle: 6=45°. (3:12)

Using the above values, we can next numerically determine the time-

bandwidth ratio in equation (3.8) to be

?—:4.26x108s‘2. (3.13)

We select a square image containing 256 pixels in both length and width.
If we wish to reconstruct the image unambiguously with nine receive apertures,
then
9BT = 256256 = 65536. (3.14)
This implies that

BT >7281. (3.15)
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Since equation (3.15) merely stipulates a lower bound for the time-
bandwidth product, we are able to specify a higher value as well. Let us now say
that

BT =10650. (3.16)

Solving equations (3.13) and (3.16) simultaneously, we can determine that

B=2.13MHz, (3.17)
and also that
T=5ms. (3.18)
With these values obtained we can confirm that
Ax = Ay = 100m . (3.19)
This is now in accordance with equation (3.5).
To eliminate range ambiguities, we can determine from [9] that

C

fop S ———. 3.20
™ 721 sin@ 520

To eliminate doppler ambiguities, however, we also require from [9] that

S 2Vl

i 2525

(3.21)

Equations (3.20) and (3.21) clearly illustrate once again the current
difficulty faced in reducing ambiguity in both the range and doppler directions.

Rearranging (3.20) and (3.21), we can arrive at
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c

l, € ——7— | 3.22
©2f ;sinb @:22)
and
f (AR
oy (3.23)
2v

The maximum area may now be determined by setting the values of 1, and
ly to their individual maximum values. Therefore, the maximum area may be
found by taking the product of equations (3.22) and (3.23) at the maximum values

of Iy and 1. Specifically,

cAR
11, = . 3.24
"Y' 4vsin® G2
From this, as well as from (3.1) and (3.4), we can find that
1.1 i
xly  cAR 2vT 2Bsm8=BT. (3.25)

AxAy  4vsin® AR ¢
This proves that we require at least BT independent time-bandwidth data
samples in order to generate an unambiguous image containing BT pixels.
Therefore, the use of BT data samples to generate more than BT image pixels will
cause ambiguity.
Replacing (3.24) with its numerical values,

1,1, =105.6x10°m”. (3.26)

Since the image is square,

I, =1, =10.27km. (3.27)
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In our proposed solution design, we now specify the presence of nine
receive apertures instead of just one. Therefore, we now expect our maximum
area to be nine times larger. Given that the resolution in both the range and
doppler directions is approximately 100 m, we may now set the pixel length in
both range and doppler directions to be, say, 105 m. Therefore, the new image

length and width is now

I, =1, ~26.88km. (3.28)

X

Finally, we are now able to return to equation (3.20) and calculate that in

order to eliminate range ambiguities,
fow <T891Hz: (3.29)
Once again, as equation (3.29) is merely an upper bound, we can specify
that in order to eliminate range ambiguities,
f.s =7kHz. (3.30)
Similarly, we are now also able to return to equation (3.21) and calculate
that in order to eliminate doppler ambiguities,
f . 254009Hz . (3.30)
As equation (3.31) also stipulates a lower bound, we can next say that in
order to eliminate doppler ambiguities,

f . =60kHz . (3.32)

From [9], the along-track aperture length can be determined to be
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L. < Ah
1, cos®

=~ 29cm. (3:33)

Similarly, the across-track aperture height may now be theoretically found

to be

h
L, S—k—z—z4lcm. (3.34)
ly cos“ 0

Using these upper bounds, we find the values of L, and L, such that the
nearest point of ambiguity in both the range and doppler directions lies within the
location of the first null of the radar antenna pattern. With this method, we
determine the aperture length and height to be, respectively,

L, =25.5¢cm, (3.35)
and also that

L, =37.lcm. (3.36)

This concludes the parameter design phase of the simulation. At this
point, we have all necessary design parameters to simulate several different
situations.

We notice that, as expected, there are conflicting requirements for the
choice of a single radar pulse repetition frequency. We are required to select a
value of 60 kHz for the pulse repetition frequency if we wish to eliminate
ambiguities in the doppler direction. But, we are also required to select a value of

7 kHz for the pulse repetition frequency if we wish to eliminate ambiguities in
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range. This conflicting dependency on the pulse repetition frequency is the
problem that we anticipate the multiple receive aperture SAR model to be able to

resolve.

3.2 A Numerical Example

With the values obtained, it is now appropriate to develop a numerical
example to physically illustrate the present problem and the proposed solution.

It should be noted here that the design methodology provided in the
previous section centers on a radar with apertures that are not fully focused,
whereas in reality the SAR is often operated with tully focused apertures. This
was done only to reduce computation time in the simulation. The problem of
obtaining wide swath, unambiguous, and high resolution radar images remains the
same, regardless of the type of aperture used. To prove its validity, the following
numerical example will use the derived values to illustrate the problem in the case
of a fully focused SAR.

In the case of a fully focused SAR, the along-track resolution is defined as

AX = B, (3.37)
2
where D is the length of the antenna.
Using the value for D found in (3.35) we can say that
Ax =0.1275m. (3.38)
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Based next on the assumption of square pixels,

Ay = Ax =0.1275m. (3:39)

Returning to equation (3.4), we can find the bandwidth to be

B=167x10°Hz. (3.40)

Similarly, we may next return to equation (3.1) and determine the new

observation time to be
T =3.09s. (3.41)

We can see now that a fully focused SAR operating in our defined
environment would actually have a bandwidth of 1.67 GHz and a (longer)
observation time of 3.9 s. This will only result in a larger time-bandwidth product
than that calculated earlier. The qualitative treatment of the problem from this
point on remains the same whether one is dealing with a partially focused aperture
or a fully focused one.

Assuming the physical aperture length of 25.5 cm, equation (3.21) will
require that in order to eliminate doppler ambiguities,

f . >61176Hz. (3.42)

pef =
However, since the maximum unambiguous swath width is defined as

C

R, Se——
2f ; 8in®

(3.43)

we can see that this choice of pulse repetition frequency would seriously limit the

unambiguous swath width to be
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R, =3500m . (3.44)

On the other hand, we note that the approximate image area may be

determined to be
A=R vT=1.05x10*m>. (3.45)

Since we also know that

A
< BT, (3.46)
AxAy

we can determine the maximum unambiguous swath width to be

R, ~3500m. (3.47)

It is clear now that we have arrived at the same value of maximum
unambiguous swath width using two different approaches. We can now see that
it is possible to obtain more time-bandwidth samples by simply increasing the
number of antenna elements. If we now had N elements, the total number of time
bandwidth samples would now have increased by a factor of N to NBT.

Let us now specify a new swath width requirement of three times the
value found in equations (3.44) and (3.47). That is, we now want the swath width
to be

R, =10500m . (3.48)

To eliminate range ambiguity at this new swath width, equation (3.20) will
require that the new pulse repetition frequency be reduced by a factor of three.

Specifically, we now require
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f; <20203Hz. (3.49)

Obviously, this value of pulse repetition frequency does not agree with
that defined earlier in equation (3.42), and will cause ambiguity in the doppler
direction unless the antenna length is altered. Now, to satisfy equation (3.49), we
require that the new antenna length be

L, =25.5cmx3=76.5cm. (3.50)

Finally, returning to equation (3.37), this new aperture length would result
in degradation of the along-track resolution. Now,

Ax =0.1275mx3=10.3825m. (3.51)

It is clear that we have now traded swath width for resolution. This is the
current problem we face.

If, however, we instead implemented the receive antenna as three
individual apertures each of length 25.5 c¢m, then the number of independent
samples increases by three times to 3BT instead of just BT. More importantly, we
can see from equations (3.37) and (3.43) that we can now achieve the enlarged
swath width of 10500 m whilst maintaining the (original) superior resolution of
0.1275 m because we do not alter the physical length of each aperture. Rather, we
have instead employed the use of multiple receive apertures to provide us this
increase in overall antenna length.

Because the transmit antenna aperture possesses the same size as the

center receive antenna aperture, the illumination patterns in the along-track
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direction of the single transmit aperture and the three receive apertures are
identical. In addition, each is also three times as broad as that of the original
enlarged aperture of length 76.5 cm. From this broader beamwidth of each sub
aperture, a single target can be observed long enough to achieve a fine along-track
resolution. At the same time, this beamwidth is narrow enough to attenuate
ambiguities in the along-track direction.

From this, it is evident that the use of multiple receive apertures has now
allowed us to potentially obtain wide swath, high resolution, and unambiguous
radar images. It is now an appropriate time to move towards a computer
simulation environment and put our proposed theoretical solution to a practical

test in order to determine how effective this design is.
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33 Test Matrix

Following the completion of the parameter design, a test matrix was

developed to list the situations to be addressed. This test matrix is listed as Table

3.1 and shows the different input parameters necessary to attain a particular test

environment.
Situation | f,r (kHz) L, (cm) L, (cm) Apertures (N) NBT
1 7 25.5 371 1 10650
2 7 23.5%19 37.1 1 10650
3 60 25.5 37.1 1 10650
4 60 25.5 37.1*%9 1 10650
9 20.5 23.5 37.1 | 10650
6 20.5 23.5% 3 371 1 10650
7 20.5 25.5 37.1*3 | 10650
8 20.5 255#*3 37.1 =3 | 10650
9 20.5 255by 3 37.1 3 31950
10 20.5 25.5 37.1 by 3 3 31950
11 7 255by3 | 37.1by3 9 95850
12 7 25.5by 9 37.1 9 95850
14 60 235by 3> | 37.1by3 9 95850
14 60 25.5 37.1by9 9 95850
15 20.5 25.5by3 | 37.1by3 9 95850

Table 3.1: Test Matrix for Simulation

As is evident, the first eight situations in this test matrix will reflect the

problems present in a single receive aperture SAR environment.

The pulse

repetition frequency and aperture size will be varied to test a variety of situations

with the intention of proving that, whilst it is possible to obtain an image that has
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high resolution, wide swath, or low ambiguity, it is not presently possible to have
all these traits present in a single image.

In the single receive aperture SAR environment, the physical length and
height of the receive aperture is altered to reflect the particular test situation. For
example, in Situation 8, the physical aperture length and height is three times as
large because the pulse repetition frequency in that instance is less than each
extreme by a factor of three. There will be further analysis of each test situation
in the following section.

The final seven situations will represent the transition to a considerably
more ecfficient multiple receive aperture SAR environment. Here, the pulse
repetition frequency will be varied together with the number of apertures with the
intention of obtaining a single image that possesses wide swath, high resolution
and low ambiguity.

In the multiple receive aperture SAR environment, we notice that there is
no longer a physical change in the size of each aperture. All receive apertures (as
well as the single transmit aperture) are of the same size. In the multiple receive
aperture SAR environment, several of these receive apertures are placed in a
suitable orientation depending on the test situation. For example, in Situation 12,
there are nine receive apertures placed in the along-track direction due to the

presence of a pulse repetition frequency that only eliminates ambiguity in the
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across-track direction. Once again, further analysis of each situation will
provided in the following section.

The pulse repetition frequency (fyy) is varied between three values. A
value of 60 kHz reflects a situation in which doppler ambiguities will be
eliminated. A value of 7 kHz reflects the situation where we wish for range
ambiguities to be eliminated. A value of 20.5 kHz was also chosen as it is the
geometric mean of the other two test frequencies. This would represent a position
of “compromise” between the complete elimination of range and doppler

ambiguities in the test environment.

3.4  Test Image

Figure 3.1 shows the test image used for the simulation. This picture was
obtained from the KUIM Image Processing System. More details on this system
are provided in the next section. This image has (for decades) been an extremely
popular choice of input in image processing research. It is understood that this
image was first used by researchers in the 1970s and has since become a de facto
standard for performance comparisons. The image consists of 65536 pixels
oriented in a 256 by 256 manner. The intensity of each pixel ranges from zero
(pure black) to 255 (pure white). The along-track direction would be equivalent to
viewing this image from east to west (or left to right) and the across-track direction

would be equivalent to viewing this image from north to south (or top to bottom).
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The intensity of each pixel represents the magnitude of the object radar
cross section at each point on the ground. In addition, a random number generator
was introduced to implement the random phase component of each point on the
ground.

ACTOSS-
track

along-track

Figure 3.1: Test Image used as Target Area
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35 Coding of the Multiple Receive Aperture SAR Simulator

The code for this entire project was written using the C programming
language [15-16]. There were several reasons for the choice of this language.
Firstly, it is an extremely versatile language that is very commonly used in
software engineering these days. Hence, they are many qualified people who
would be able to read, execute and amend this program as necessary.

Secondly, whilst it was felt that procedural programming would suit this
project more than an object oriented style, future changes to the functionality and
performance specifications of the program may invariably require a switch
towards object orientation. Having a software program already written in C
would subsequently make the transition to a C++ environment a relatively
painless process.

Thirdly, all C (and C++) code can be implemented as Matlab functions.
Matlab is an extremely popular software tool that can be easily used for
mathematical and scientific calculations. Being able to port functions of code
over to Matlab for verification before implementation in a global framework is a
useful aid.

Finally, it was necessary to select an image processing program for
processes like image display and pixel intensity rescaling. The package chosen
was the KUIM Image Processing System, developed by Prof. John Gauch of the

University of Kansas. This entire package is written in a C and C++ environment.
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Several chunks of code from KUIM have been adapted for use in the development
of software for the multiple receive aperture SAR simulator. An early decision

was thus made to maintain a common language throughout the program.

3.6  Graphical Example using the Ambiguity Function

An effective method of presenting a graphical illustration of the problem
and proposed concept is to employ the use of the ambiguity function in a radar
imaging environment. As stated in [10], the ambiguity function is defined as the
absolute value of the envelope of the output of a matched filter when the input to
the filter is a doppler-shifted version of the original signal, to which the filter is
matched.

Figure 3.2 shows the target area designed. We observe the presence of a
single white spot (of intensity 255) in the center of the image. This indicates the
presence of a single object at that point. Elsewhere, the presence of pure black
pixels (of intensity zero) simply indicates that no object exists at any other point
within the imaged area. This designed target area will be used to illustrate the

conceptual idea supporting our solution.

44



Figure 3.2: Ambiguity Function Test Input

Here, we specify the pulse repetition frequency to be 20.5 kHz. In
addition, we also set the along-track length and across-track height of the antenna
aperture(s) to be 25.5 cm and 37.1 cm respectively. In the single receiver SAR
environment, we can predict that our resultant receiver image will be ambiguous.

Figure 3.3 shows the results obtained in a single receiver SAR test
environment. With a prf of 20.5 kHz, we expect an ambiguity factor of three in
both range and doppler directions of the resultant SAR image. We notice that in
addition to accurately identifying the test point in the center of the image, our
single receiver SAR simulator has also falsely detected the presence of several
other objects within the test area. It is clear (from Figure 3.2) that these objects

do not really exist.
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Figure 3.3: Single Receiver Ambiguity Function Test Result

The single receiver SAR simulator has been unable to generate sufficient
independent data samples and cannot resolve ambiguities in both its along-track
and across-track directions. This has resulted (from Figure 3.3) in a false
detection of targets. This current situation is, clearly, unsatisfactory.

The situation can be remedied with the introduction of multiple receivers
to the SAR simulator. Since we are faced with an ambiguity factor of three in
both directions, we now introduce nine receivers designed in a three by three
format, similar to that shown in Figure 2.3. We anticipate that this measure will
result in the collection of nine times as many independent data samples.
Consequently, this will be sufficient to eliminate ambiguity in both range and

doppler directions. Maintaining all previous simulation parameters in a nine

46



receive aperture SAR environment, we now obtain the results shown in Figure

34.

Figure 3.4: Multiple Receiver Ambiguity Function Test Result

We have now accurately detected the single object in the test area without
falsely detecting the presence of additional objects. In essence, the multiple
receive aperture SAR model has been able to accurately (or unambiguously) map
the entire test image area.

Having illustrated the concepts with the use of the ambiguity function, it is
now appropriate to begin simulation of the various test environments designed

earlier.
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4 RESULTS

4.1  Situation 1

In this situation, the prf is set at 7 kHz whilst the single receive aperture
has a length of 25.5 cm in the along-track direction and a height of 37.1 c¢m in the
across-track direction. The receiver response is shown as Figure 4.1. The prf
setting is sufficient to eliminate range ambiguities, but not doppler ambiguities.
The aperture size settings result in a wide swath that illuminates the entire input
image area. But, the broad illumination beamwidth now detects points of
ambiguity in the doppler direction. This is why we observe repetitions of the input
image in the along-track direction. The result is an image that possesses wide

swath but also high ambiguity in the along-track direction.

Figure 4.1: Radar Receiver Response for Situation 1
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4.2 Situation 2

The poor observation in Figure 4.1 is a result of the wide beamwidth
highlighting areas of ambiguity in doppler. We now attempt to alter this
beamwidth to lower ambiguity. Thus the prf here is maintained at 7 kHz. To
counter the effects of ambiguity in the along-track direction, the along-track
aperture length of the single receiver will now be made nine times larger than the
original value of 25.5 cm. The across track aperture height remains at 37.1 cm.
In Figure 4.2, we observe a thin illumination area in the doppler direction that is
now able to eliminate the ambiguities present in the along-track direction. We

now have an unambiguous image with a narrow along-track illumination width.

Figure 4.2: Radar Receiver Response for Situation 2
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4.3  Situation 3

Figure 4.3 shows the radar receiver response for Situation 3. In this
situation, the pulse repetition frequency is now set at a level of 60 kHz. This
satisfies the requirement for non-ambiguity in the along-track direction, but does
not eliminate ambiguity in the across-track direction. The single receiver aperture
size is once again set at 25.5 cm in the along-track direction and 37.1 c¢m in the
across-track direction. This will result in a wide swath width, but our concern
here is that this wide swath will now detect ambiguity in the across-track
direction. As expected, Figure 4.3 now shows repetitions of the input image area
in the across-track direction. The result here is an image with wide swath but also

with high ambiguity in the across-track direction.

Figure 4.3: Radar Receiver Response for Situation 3
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4.4  Situation 4

We observe once again that the poor observation in Figure 4.3 is a result
of the wide swath width detecting points of ambiguity in range. A possible
solution would be to narrow the swath width. Therefore, in this situation the
single receive aperture has an along-track length of 25.5 cm but an across-track
height of nine times the original value of 37.1 cm. The pulse repetition frequency
is maintained at 60 kHz. Figure 4.4 shows the results obtained for this situation.
We observe that there is now a narrow strip in the across-track direction that is
able to eliminate all the ambiguities in the direction of range. However, this has
come at the expense of narrow coverage in the across-track direction. The result

we obtain here is an unambiguous image that now has a narrow swath width.

Figure 4.4: Radar Receiver Response for Situation 4
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4.5  Situation 5

Next, the pulse repetition frequency was set at a value of 20.5 kHz. This
is a factor of three away from either 7 kHz or 60 kHz. The single receive aperture
is also set at its original value of 25.5 cm in the along-track direction and 37.1 cm
in the across-track direction. With this aperture size, we expect the entire image
area to be illuminated. Figure 4.5 shows the results obtained in this situation.
With the pulse repetition frequency set at a factor of three away from either
extreme, we would thus expect three times less ambiguity in both range and
doppler directions. In Figure 4.5, we are able to notice more of the original image
than we did in Figures 4.1 and 4.3. We are also able to observe the distinct
ambiguous positions in either direction. Thus this situation returns an image with

full coverage and moderate ambiguity.

Figure 4.5: Radar Receiver Response for Situation 5
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4.6  Situation 6

In the next test situation, the pulse repetition frequency was maintained at
the intermediate value of 20.5 kHz. This would again lead us to expect our
resultant image to have less ambiguity in both directions. However, in this
instance, we alter the value of the along-track aperture length to now read as three
times its original value of 25.5 cm. The across-track aperture height remains at
37.1 cm. From this, we would expect a slightly wider illumination beamwidth
than we did in Figure 4.2. Figure 4.6 shows the results obtained. We see that by
increasing the along-track aperture length, we have eliminated a considerable
amount of ambiguity. However, ambiguity remains in the across-track direction

due to the fact that a pulse repetition frequency of 20.5 kHz is still too low.

Figure 4.6: Radar Receiver Response for Situation 6
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4.7  Situation 7

In Situation 7, it is the across-track aperture height that is now altered to
read as three times its original value of 37.1 cm. The along-track aperture length
returns to its original value of 25.5 cm. Therefore, we expect a swath width that
is slightly wider than that of Figure 4.4. We maintain the pulse repetition
frequency at the intermediate value of 20.5 kHz. Once again, this leads us to
expect a factor of three reduction in ambiguity. Figure 4.7 shows the results
obtained for this situation. As expected, we have eliminated all the ambiguity in
the across-track direction by enlarging the across-track aperture height. However,
a pulse repetition frequency of 20.5 kHz is not sufficiently high enough to
eliminate all the along-track ambiguity within the illumination area. We are left

with an ambiguous image that has limited swath coverage.

Figure 4.7: Radar Receiver Response for Situation 7
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4.8  Situation 8

Here, we aim for some sort of compromise between ambiguity and swath
width. We maintain the pulse repetition frequency at the intermediate level of
20.5 kHz. We alter the along-track aperture length to be three times its original
value of 25.5 cm and the across-track aperture height to be three times its original
value of 37.1 cm. The intermediate pulse repetition frequency will reduce the
ambiguity by a factor of three in each direction. In addition, the larger aperture
size in both directions will also be able to reduce ambiguity by a further factor of
three in both directions. We would thus expect an unambiguous image here.
Figure 4.8 shows the results obtained in this situation. We observe that our
prediction was true. But, this has now come at the expense of a narrow swath

width and a narrow illumination beamwidth.

Figure 4.8: Radar Receiver Response for Situation 8
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4.9  Situation 9

This situation marks the transition to a multiple receive aperture SAR
environment. From hereon, all receive apertures have a fixed length of 25.5 cm in
the along-track direction and height of 37.1 cm in the across-track direction.
Here, we design three receive apertures lined up in the along-track direction. The
pulse repetition frequency is maintained at the intermediate value of 20.5 kHz.
We see a marked improvement now in the performance as compared to Figure
4.6. The additional apertures in the along-track direction have allowed for a
wider illumination beamwidth in Figure 4.9 without any further increase in
ambiguity from Figure 4.6. This was previously unachievable in the single
receive aperture environment. However, whilst this is an improvement over the

single aperture environment, the existing across-track ambiguity is undesirable.

Figure 4.9: Radar Receiver Response for Situation 9
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4.10 Situation 10

In this situation, the pulse repetition frequency is maintained at 20.5 kHz.
The three receive aperture design is also maintained, but these apertures are now
laid out in the across-track direction. The result for this situation is shown as
Figure 4.10. Here, we also notice a marked improvement in performance as
compared to Figure 4.7. Whilst the ambiguity in the along-track direction
remains the same, the three receive apertures in the across-track direction have
allowed for a wider swath width to be present in the image. This, once again, was
an unachievable goal in the single receive aperture environment. However, the
remaining ambiguity is undesirable and clearly indicates that three apertures is an

insufficient number to return an unambiguous image.

Figure 4.10: Radar Receiver Response for Situation 10
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4.11 Situation 11

This situation marks the beginning of the nine receive aperture design
phase. Here, we start once again by returning to a prf of 7 kHz that will eliminate
range ambiguities but not ambiguities in the doppler direction. We also design
the multiple receive aperture unit such that there are three apertures in the across-
track direction and three in the along-track direction. With three apertures
present, we expect the ambiguity in the along-track direction to be reduced by a
factor of three. The result is a significant improvement over Figure 4.1.
However, because the apertures are not oriented in the right manner, there
remains ambiguity in the along-track direction. With a low prf, all ambiguity in
the across-track direction is eliminated and it is pointless to place additional

apertures in the direction of range.

Figure 4.11: Radar Receiver Response for Situation 11
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4.12 Sitoation 12

In this situation, we work to improve the result achieved in Figure 4.11.
From the results achieved in Situation 11, it is clear that with a pulse repetition
frequency of 7 kHz, there is no longer a need for additional apertures in the
across-track direction. A more appropriate design would be to maintain the nine
aperture design but orientate the apertures in such a manner that there are nine
apertures in the along-track direction. With a low prf, the along-track direction is
where ambiguity exists and, thus, needs to be removed. Finally, we have arrived
at a satisfying result. We now have a resultant unambiguous image that possesses
high resolution and wide swath. A multiple receive aperture SAR environment

coupled with proper orientation of apertures has allowed us to achieve this.

Figure 4.12: Radar Receiver Response for Situation 12
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4.13 Situation 13

We now refocus our attention on a pulse repetition frequency of 60 kHz.
This value will eliminate ambiguity in the along-track direction but not in the
across-track direction. We return to our nine aperture receiver design with three
apertures aligned in the across-track direction and three aligned in the along-track
direction. We can now predict that this may not be the best receiver orientation to
give us optimum performance. Although the multiple receivers have provided us
with a wide swath, there exists ambiguity in the across-track direction due to
incorrect receiver orientation. It is pointless here to add receivers in the along-
track direction when our choice of prf will already ensure that no ambiguity is
present in the doppler direction. The three receive apertures in the across-track

direction are only sufficient to reduce ambiguity by a factor of three.

Figure 4.13: Radar Receiver Response for Situation 13
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4.14  Situation 14

We now attempt to improve upon our results achieved in Figure 4.13. It is
clear that our receiver design in Situation 13 was incorrect. A choice of 60 kHz
as the pulse repetition frequency effectively eliminates doppler ambiguities.
There is no longer a need to place additional receivers in the along-track direction.
Rather, it would seem that the nine receivers should all be placed in the across-
track direction. This would provide the desired ambiguity reduction factor of nine
in the across-track direction. Figure 4.14 shows the another extremely satisfying
result obtained. We have once again managed to obtain an unambiguous image
that possesses high resolution and wide swath width. The result obtained in
Figure 4.14 is identical to that obtained in Figure 4.12. This point of note will be

extremely useful once the results for the following section are finally obtained.

Figure 4.14: Radar Receiver Response for Situation 14
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4.15 Situation 15

Finally, we return to a prf of 20.5 kHz. With experience from previous
situations, we know that this choice of pulse repetition frequency reduces
ambiguity in both along-track and across-track directions by a factor of three. We
are now able to predict that our multiple receive aperture design must reduce the
ambiguity by a further factor of three before we are able to obtain an
unambiguous image. Thus, there must be three apertures in the across-track
direction and three apertures in the along-track direction of the receiver. We have
obtained an unambiguous image that has high resolution and wide swath. Also,
whilst they were all generated based on different pulse repetition frequencies,
Figures 4.12, 4.14, and 4.15 are identical. The multiple receive aperture SAR

environment has relinquished the dependence of its receiver response on the prf.

Figure 4.15: Radar Receiver Response for Situation 15
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4.16 Summary of Results

The results obtained are extremely encouraging. From Situations 1
through 8, we have illustrated the current limitation in conventional SAR data
processing. Through careful adjustment of design parameters, we may obtain a
high resolution, unambiguous image at the expense of a narrow swath width. In
addition, we may also obtain a wide swath, moderate resolution image that
possesses ambiguity. However, the conventional single receive aperture SAR will
not allow us to obtain a wide swath, high resolution, and unambiguous image at
the same time.

Situations 9 and 10 represent the initial transition to the multiple receive
aperture SAR environment. From the previous chapter, we know that the system
was designed to provide an ambiguity factor of nine. The three receive aperture
SAR model environment was created to show a significant, albeit insufficient,
performance improvement. We have obtained a wide swath image but reduced
the ambiguity by only a factor of three. There clearly is room for improvement.

Situations 11 through 15 show the final results with the nine receive
aperture SAR model. We have seen that, regardless of the pulse repetition
frequency, we are able to adjust the orientation of the receivers in such a manner
to obtain a wide swath, high resolution, and unambiguous image simultaneously.
This was the original aim of this project and it is satisfying to note that our theory

has been physically proven.
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We reiterate here that there may very well be more than nine receive
apertures in a particular design. From the previous chapter, we understand that
this simulation environment was designed to produce unambiguous images when
a total of nine receive apertures are used. The three receive aperture environment
was introduced to show an intermediate performance improvement over the single
receive aperture scenario. Whilst using nine receive apertures in our design
situation is sufficient to produce unambiguous images, selection of a number that
is larger than nine will result in a larger collection of independent samples. The
presence of these additional receive apertures will consequently cause a larger
amount of energy backscatter to be collected and, therefore, lead to an increase in

the SNR of the radar system.
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5 CONCLUSION AND FUTURE WORK

5.1 Conclusion

This project has documented in detail the performance benefits of a
multiple receiver Synthetic Aperture Radar system in contrast to a single receiver
one. The workings of a SAR in both a single and multiple receive aperture
environment have been illustrated through the use of both mathematics and
graphics.

Numerical examples have been provided as a proof of the current
limitations of the present system. The same example (for both a fully focused and
partially focused aperture) was executed after the proposed solution was
documented to show mathematically the performance improvement that a
multiple channel SAR has over a single channel one.

A design and simulation environment was developed to test the new SAR
model. The model was developed in a manner such that only minor changes were
necessary for conversion from a single receive aperture environment to a multiple
receive aperture one. The single receive aperture case illustrated all the present
problems. For the multiple receive aperture case, situations involving both three
and nine receive apertures were tested to show some variation in the performance
improvement.

In particular, it has been shown that the single receiver SAR environment

constantly faces a tradeoff involving ambiguity, resolution, and swath width. A
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high pulse repetition frequency is necessary in order to eliminate ambiguity in the
along-track direction. However, we also require a low pulse repetition frequency
to eliminate ambiguity in the across-track direction. Compensation to this
ambiguity may be made in either direction by reducing the illumination area.
However, this later results in a narrow swath width. As a result, it i1s impossible
(in the single receiver SAR environment) to complete eliminate ambiguity in both
the along-tack and across-track directions whilst maintaining wide swath width
and high resolution.

A Synthetic Aperture Radar simulator was constructed using the C
programming language. This simulator was first employed in a single receive
element environment. Several test situations were developed and then simulated
to generate output images that physically illustrate the difficulties currently
present in the single receive aperture SAR environment.

The multiple receiver SAR environment has alleviated this problem
because the restriction imposed by the time-bandwidth product is now lifted. We
are now able to obtain a sufficient number of independent samples in order to
generate an unambiguous result. This model has now relieved the dependence of
the receiver response on the pulse repetition frequency. An unambiguous, wide
swath, high resolution image may be now generated independent of the choice of

pulse repetition frequency.
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We presently only need to add a minimum number of receivers that will
allow us to obtain data samples equal to the number of pixels in the imaged area,
thereby eliminating ambiguity. The inclusion of additional receivers that generate
samples in excess of the total number of image pixels will result in the collection
of a larger amount of energy backscatter. This will in turn result in an increase in
the SNR of the system, which is a desirable feature. Alternatively, we may also
wish to maintain the SNR at a pre-defined level and subsequently lower the power
level of the radar system.

The SAR simulator developed earlier was next modified to operate in a
multiple receive element environment. Once again, several test situations were
developed and simulated to produce output images that reflect a significant
improvement in performance over the single receiver environment. Specifically,
it was proven that when multiple receivers are employed in a SAR, it is possible

to generate a high resolution, wide swath, and unambiguous SAR image.

5.2  Future Work

Moving target indication (MTI) is another area of Synthetic Aperture
Radar data processing where there is currently a considerable amount of ongoing
research. In conventional SAR imaging, it is the ground - and any stationary
object on it - that is the target. However, the doppler shift that a moving target

generates now competes with the SAR’s doppler shift generation. It is this
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phenomenon that makes moving targets difficult to resolve in SAR imaging.
Whilst there have been new methods such as reflectivity displacement [17] and
radial velocity band filtering [18] that have been offered as possible partial
solutions to this problem, there undoubtedly remains a great deal of research work
to be done in the area of SAR moving target indication.

It was because of this current demand that, in the course of software
development for the multiple receive element SAR simulator, it was ensured that
functionality for future testing of this model on moving targets was also included.
In essence, a velocity vector that defines each point in the imaged area has been
included as part of the model. As this project primarily focused on obtaining
wide swath, high resolution, and unambiguous images from objects that were
stationary and ground-based, this velocity vector was simply defined as null.

Furthermore, this velocity vector has been designed with three
dimensional X, y, and z coordinates. This has allowed for the possibility that an
object may be moving on the ground, i.e. the x-y plane, or it may be heading away
from the ground and in the air, i.e. the x-y-z space. Consequently, the position of
the object at any time t may now lie on the ground (the x-y plane) if it is
stationary or has a two dimensional ground velocity vector. Alternatively, the
position vector may also lie in the air (the x-y-z space) if it now has a three

dimensional airborne velocity vector. For this reason, the position vector of the
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object at any time t has also been designed with three dimensional x, y, and z
coordinates.

Therefore this model has been consciously designed to be suitable for
radar signal processing research projects involving ground moving target
indication (GMTT) as well as airborne moving target indication (AMTI). With a
few straightforward modifications and the simple introduction of a ground or an
airborne velocity, the multiple receive element SAR simulator constructed may

easily be employed in a variety of test situations for future research projects on

SAR-MTL
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APPENDIX A DERIVATION OF RADAR ANTENNA

COORDINATE AXES

For convenience, Figure 2.2 depicting the radar antenna coordinate

geometry is reproduced here once again.

A height,z

across-
track, ¥
>
along- o ’
track, z
®

Figure 2.2: Radar Antenna Coordinate Geometry

Since the radar antenna is essentially rotated about the x axis, the

derivation of the relationship between x” and the conventional axes is trivial:

AL

=%, (A1)
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A significant portion of the remaining derivation involves the use of the
dot product. By definition,
aeb=ldllblcosd, (A.2)
where ¢ is the angle between vectors a and b.
Keeping in mind that 0 is the angle between the z and z’ directions, we can
now see that
2’82 =cos(n—0), (A.3)

and also that
ey = sinE A e} ; (A.4)
From trigonometry [13], we know that

cos(n—B):—cos@, (A.5)

and also that
kT 3
sm[a - 6] =sinB. (A.6)

Therefore, we can now use equation (A.5) and simplify equation (A.3) to

read as
2’ ®%=—cosH. (A.7)
Similarly, we can now use equation (A.6) and simplify equation (A.4) to

read as

2’e§ =sin® (A.8)
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From equations (A.7) and (A.8), we can collectively deduce now that
Z'=(sin0)y —(cos 0)z . (A.9)

Similarly, we are now also able to make the following statements:
e T
Zey =cos[§+9}, (A.10)
and

§e 9 =cos(n—0). (A.11)

From trigonometry [13], we also know that
n ;
cos|:5 e 9} =-—3inB. (A.12)

Therefore, we are now in a position to use equation (A.12) to simplify
equation (A.10) to be
7oy =—sinb. (A.13)
We can also use equation (A.5) to simplify equation (A.11) to now read as
Je§ =—cosh. (A.14)
From equations (A.13) and (A.14), we can now further deduce that
¥ =(—cos0)§ —(sin0)z . (A.15)
Equations (A.1), (A.9) and (A.15) now provide us the relationships

between the radar antenna coordinate axes and the conventional object coordinate

axes.
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