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Abstract

Joint Time-Frequency Analysis (JTFA) is used in applications such as music, radar, and
sonar, where the frequency content of a signal during successive time intervals must be
determined. Synthetic Aperture Radar (SAR) is a specific radar application where JTFA is
crucial for the generation of images because the frequency content of the radar signal is
required during successive windows of time. Denis Gabor presented a JTF technique
where a signal could be described as the sum of shifted and modulated gaussian functions
that are weighed by complex constants. These constants are the Gabor Transform
coefficients and they describe the magnitude and the time during which certain frequencies
occur in a signal. It was not possible to calculate the Gabor Transform coefficients using
an analytic equation until only recently. The formulation of an analysis equation for the
Gabor Transform by Bastiaans has j:ermitted the practical implementation of the Gabor
Transform on digital computers.

In this thesis a Window Based Gabor Transform (WBGT) is presented that is suitable for
real time digital signal processing. Other Gabor Transform approaches presented in the
literature such as the Orthogonal Like Discrete Gabor Transform (OLGT) are not suitable
for real time processing. The reduction in analysis time using the WBGT instead of the
OLGT is proportional to the ratio of the analysis window to the signal length. Using the
WBGT the number of JTF coefficients required to accurately represent the original signal
is far less than when using the STFT. Two filterbank implementations for the WBGT
which reduce analysis times are developed, one using serial input and the second using a
parallel input, each of which computes the frequency content of the signal using N parallel
band pass filters. In the case of the parallel input filterbank, the analysis times are similar
to those using a Short Time Fourier Transform with FFT, The parallel input filterbank can
be implemented using a matrix formulation for the N band pass filters. This approach is
suitable for software implementation and results in analysis times that are lower than when
using an STFT or the parallel input implementation with the bank of band pass filters. The
WBGT, along with the filterbank implementations result in very accurate JTF spectra,
Near perfect reconstruction of the original signal from the JTF spectra was obtained for
several cases for the Gabor Transform techniques presented in this thesis. Finally, the use
of the parallel input filterbank in the context of SAR processing is presented and the
hardware requirements are derived and shown to be achievable using commercially
available products.
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Chapter 1: Introduction

In a paper published in 1946, Denis Gabor [4] presented a method of representing signals
with both time and frequency axes. This initiated the development and application of Joint
Time-Frequency Analysis (JTFA) of signals. Gabor's representation, often referred to as
the Gabor Transform was rarely used for signal processing applications because time-
frequency coefficients could not be calculated by a direct analysis equation but instead had
to be determined by an iterative technique. The formulation of an analysis equation for
the Gabor Transform has permitted the practical implementation of the Gabor Transform
on digital computers. In this thesis a Window Based Gabor Transform (WBGT) is
developed that is suitable for real time processing. Filterbank implementations of the
WBGT are then developed and are shown to be suitable for use in processing Synthetic
Aperture Radar (SAR) images.

1.1 The Motivation for Synthetic
Aperture Radar Systems

SAR is a technology that has been used for remote sensing, defence, forestry and
geophysics to generate images of objects, terrain or sea from airborne radars. SAR is an
active system that transmits electromagnetic radiation at microwave frequencies and
produces an image of the object that is being viewed by recording the energy reflected
from it and then processing this information.

Unlike technologies that employ optical frequencies, which may only be used in the day,
SAR can be used at any time, because it receives part of the energy that it transmits by
reflection from objects. In addition to this, microwave frequencies are not attenuated or
scattered by bad weather (as are optical frequencies) and can therefore be used to image
areas that may be covered by clouds.

The Canadian Forces (CF) have a use for SAR in both maritime patrol and search and
rescue. Maritime patrol aircraft fly along Canada's coastlines, monitoring territorial waters.
Tasks such as identifying foreign fishing trawlers that may be operating illegally, surface
vessel search and tracking or carrying out drug interdiction are conducted. Search and



rescue operations can require aircraft to locate, identify and make contact with ships in
distress. Given that both Atlantic and Pacific coasts are often covered by cloud and fog,
there is a requirement to view the ocean surface from aircraft even though optical visibility
may be close to zero. This is where SAR is extremely useful.

1.2 Need for Joint Time-Frequency
Analysis in SAR

In the era prior to the existence of digital computers, the processing of SAR signals posed
a severe technical challenge [1]. Early processors were based on optical systems that used
lenses and photographic film to generate SAR images. These systems were large and
heavy and were unsuitable for aircraft installations and as a result, could not be used for
real time processing in airborne environments [2].

Digital signal processing techniques have been widely used in SAR to generate images
ever since the size and speed of computer hardware made it possible. The first commercial
airborne SAR processor for non-military applications is believed to be the MacDonald

Dettwiler and Associates (MDA) system built for the Canadian Centre for Remote Sensing
in 1979 [11].

SAR images are generated by determining the energy of the transmitted radar signal
reflected from each resolvable pixel of terrain, the position of which is determined by the
range (distance from the aircraft, or more specifically, from the radar antenna) and cross
range (coordinate perpendicular to the range axis). Range information is determined by
the time frame during which a reflected signal is received and cross range information is
gained by calculating the frequency content of the signal in a given time frame. The details
of SAR processing are presented in chapter 2.

Joint Time-Frequency Analysis (JTFA) techniques are used for applications where there is
a requirement to determine the frequency content of a signal during successive finite time
intervals of the signal. This is in contrast with traditional frequency analysis techniques
where the frequency content is determined for the signal over its entirety. Thus, JTFA
techniques are well suited to SAR where for every range gate (time frame), it is required
that the cross range (frequency content) be calculated.



The JTFA technique most commonly used in SAR has been the Short-Time Fourier
Transform (STFT). The STFT calculates the Discrete Fourier Transform (DFT) for a
finite length window that is shifted along the length of a longer sequence. The Fast
Fourier Transform (FFT) is the technique that is generally employed to calculate the DFT
used in Short Time Fourier Transforming, Using the STFT one can calculate the
frequency spectrum of a signal for a given window of time. The STFT has been used for
SAR processing in an Exploratory Development Model (XDM) radar employed by the
CF [3].

Although several techniques have been developed to improve the speed of the FFT (which
the STFT employs), the STFT suffers a few drawbacks. The STFT generates as many
frequency domain samples as there are time domain samples for every window of time
domain data. This means that the wider the time window, the larger the number of
frequency coefficients required to represent the information contained in the original
signal. This obviously slows down the speed of processing STFT data. If a small time
shift (relative to window length) is desired between successive calculations of the local
frequency spectrum, then a very large quantity of JTF data is generated over the length of
the signal. This can become a problem especially when this data must be transmitted (such
as from an aircraft to a ground replay facility) or when post processing operations are
performed on this large amount of data.

By taking rectangular windows (weighing the input signal by unity), the frequency content
for the window of data will contain some amount of ripple (because the real frequency
content is essentially being convolved with a sinc function) and thus distort the actual
frequency content of that window of data. The general practice applied to solve this
problem has been to weigh the input signal by Hamming, Kaiser or Gaussian windows.
This however, results in signal information that is weighed out (towards the window
edges). As a result of this, considerable overlap is required between adjacent windows to
ensure that information about the original signal is not lost. This requirement can further
stow down processing of the STFT.

The Gabor Transform (GT) is a JTFA technique that was first developed by Denis Gabor
[4). Gabor was dissatisfied with traditional frequency analysis techniques that did not
yield any information about the time frame during which particular frequencies occurred.
In a paper, titled "Theory of Communication", published in 1946, Gabor showed that a



infinite non-stationary signal could be expressed as an expansion of shifted and frequency
modulated gaussian basis functions. The weighting (or Gabor Coefficients Cpy p) of each
of these bases is the frequency content, n of the signal in a given time frame, m. Gabor did
not present an analytical technique for determining Cyy pp, but instead used an iterative
technique. In essence, Gabor presented a synthesis equation but not an analysis equation.

Even though it was recognized that the Gabor Transform had potential advantages for
various signal processing uses, it was not used for industrial applications until an analysis
equation was developed. The development of an analysis-synthesis transform pair in the
past two decades has led to applications of the Gabor Transform in industry. The CF have
an interest in using the Gabor Transform in SAR processing. This is because claims have
been made [5] that it can improve the speed of generating images and can improve the
resolution of those images when compared to using a traditional STFT approach,

1.3 Problem Statement

The Gabor Transfrom has been identified as a possible process to be used for generating
SAR images. However, its structure is not readily suited to handling SAR signals since
the calculation of the Gabor Transform, as described in the literature [6,7] , requires the
position of a particular data sample in the overall sequence of the digitized returned signal.
It is also unsuitable for processing SAR signals because it can only be calculated once the
signal is received in its entirety. This makes it unsuitable for real time processing. The
simultaneous reception of a signal and JTFA processing is not possible. The goal of this
thesis is to study the performance of the digital implementation of the Gabor Transform
and implement it in filterbank structures that could be used to generate SAR images in real
time in an airborne environment.

1.4 Thesis Presentation

In this thesis, the Gabor Transform is studied and modified into a Window Based Gabor
Transform (WBGT) which is suitable for real time implementation. The WBGT is then
implemented in filterbank configurations for SAR image processing.

In Chapter 2, a review of the principles of SAR and the motivation for employing JTFA
techniques for SAR image processing is presented. The second half of this chapter
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reviews two JTFA techniques: the STFT and the Gabor Transform. These two techniques
are described since the STFT is used in SAR image processing and the Gabor Transform
has been recognized as a possible candidate for implementation in SAR. The JTFA
aspects of Gabor's Theory of Communication are introduced and the problems associated
with the Gabor Transform are discussed. The relationship between the Gabor Transform
and Wavelet Theory is also briefly discussed.

In Chapter 3, the Orthogonal Like Gabor Transform (OLGT), which is a digital
implementation of the Gabor Transform is reviewed. A theory developed by Wexler and
Raz {6] for determining the analysis window (i) for finite length input sequences is
presented and then Qian and Chen's [7] extension of this theory to infinite length
sequences is described.

In Chapter 4, a Window Based Gabor Transform (WBGT) that can be used for analysis
and synthesis of non-stationary non-periodic infinite length sequences is developed. It is
suitable for real time processing. The WBGT is based on the OLGT presented in chapter
3. Another approach using truncated versions of the windows used in the WBGT and
titled the Truncated WBGT (TWBGT) is also proposed. This version uses analysis and
synthesis functions of reduced length in an effort to decrease processing speed without
losing significant signal information. The STFT, OLGT, the WBGT and TWBGT are
simulated in software and analysed to determine their performance in terms of
computational speed (for the calculation of Gabor Transform coefficients) and the error
for signal reconstruction from Gabor Transform coefficients.

In Chapter 5, two filterbank implementations for the WBGT are proposed. One approach
uses serial signal input to a bank of Band Pass Filters (BPF), while the other uses a parallel
signal input. The parallel input implementation is achieved by employing a serial to parallel
converter for the input signal. A bank of equally spaced Finite Impulse Response (FIR)
BPF's is used for the filtering and decimation is used to control the overlap between
successive windows, The filterbanks are digitally simulated and compared with the results
of the OLGT, WBGT, and the TWBGT. The parallel input implementation is then
performed using a matrix formulation that is suitable when software implementation of the
WBGT is desired. The use of the parallel input filterbank is then shown in the context of
SAR processing and the hardware requirements for the filterbank are determined.

Chapter 6 provides a conclusion with recommendations for further study.
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Chapter 2: Background

A review of some of the principles of SAR and an introduction to JTFA is provided in this
chapter. The cross range resolution of a conventional radar is determined by its half
power beamwidth [2,8]. This can be improved by placing a number of antennae in a
linear array [8]. In SAR systems, a linear array is simulated by transmitting pulses at
successive intervals and then processing the returns, simulating that they were transmitted
simultaneously as in a linear array. The result is an image of far superior quality than if
only one pulse was used. Joint Time Frequency (JTF) processing is used to describe a
signal by both time and frequency domain information. Using JTF techniques, one is able
to determine the time frame during which a given frequency occurred. This is essential to
the formulation of SAR images.

Section 2.1 of this chapter contains a review of SAR outlining the range and cross range
processing of a SAR signal. Section 2.2 provides an introduction to JTFA. The two
JTFA techniques studied are the Short Time Fourier Transform (STFT) and the Gabor
Transform (GT).

2.1 A Review of Synthetic Aperture Radar

SAR can be used to generate images of terrain, sea surface or man made objects from an
airborne or spaceborne platform. The application of a synthetic aperture permits the
airborne radar operator to achieve resolution far superior to that of using the physical
radar aperture only. Superior resolution of SAR results in a finer image quality than when
using the radar antenna's physical aperture only.

2.1.1 SAR Configuration

The concept of SAR is similar to using a linear array of antennae. The longer the array, the
better its resolution, or half power beamwidth [8], in cross range, where cross range is the
coordinate along which array elements are placed. The SAR system is configured as
shown below:
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Figure 2-1: SAR Configuration for Stripmapping in Broadside Mode

In the figure 2-1, the coordinate parallel to the flight path (along track coordinate) is cross
range, y and the one perpendicular to it (on the surface being imaged) is range, R. The
radar emits successive pulses at a given pulse repetition frequency, fp , in a direction
perpendicular to the aircraft flight path (along the range coordinate), illuminating an area
of terrain referred to as the antenna footprint. The antenna footprint is that area contained
within the -3db beamwidth of the antenna radiation pattern, as shown in figure 2-1. This is
the broadside configuration which is used in stripmapping SAR. The broadside
configuration results in range and cross range return signals that have no cross correlation
[1,9]. This permits independent processing of the range and cross range coordinates.
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The distance that the aircraft travels between successive pulses is given by [1]:
d= V/f, 2-1

where V, is the aircraft velocity. The distance, d, is analogous to the inter-element spacing
in a physical array of antennae. At an aircraft velocity V, = 200 m/s and f, = 1000 hz, d =
0.2 m. To generate a synthetic aperture of physical length Lap, The radar returns are
stored at each transmission and then the number of pulses transmitted during a length Lap
are combined and processed coherently (as if they had ail been transmitted and received

simultaneously). The number of pulses transmitted over the length of the synthetic
aperture is Lyy and is related to Lap by:

Lap = Lyd 2-2

The limit on the effective length of the synthetic aperture (Lap) is the width of the antenna
half power radiation pattern at a range of R (see figure 2-1) which is given by:

Lap <ROp 2-3

In (2-3), 6y is the half power beamwidth of the antenna radiation pattern in radians. At a
range R = 20 km and 6, = 2°, the maximum length of the synthetic aperture is Lap = 698
m. For SAR, Lay will be slightly less than the width of the half power beamwidth unless
focused SAR is used [1]. The limitation of (2-3) is imposed by the physical width of the
radar beam because pulses can only be considered for use in synthetic aperture processing
from a point scatterer during the time frame that the point was illuminated by the radar
beam and the range to those points are effectively constant at R [1]. The half power
beamwidth can be approximated by:

Op = AL, 2-4

where L, is the physical length of the antenna aperture and A is the wavelength of the
radiated signal energy.
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The reflected radar signal following each pulse will consist of the superposition of the
reflectivity from every point within the area illuminated by the pulse. The location of each
point can be determined by digital or optical processing techniques [2, 11].

2.1.2 SAR Processing

The SAR processor computes the amount of signal energy reflected by each range - cross
range pixel (R,y) to generate an image. Provided that the radar transmits in a broadside
configuration (as in figure 2-1), digital processing can be decoupled into range and cross
range [9] processes. The range and cross-range processes are described below.

2.1.2.1 Range Processing

Conventional radars transmit short pulses (in time duration) and achieve range resolution
by separating the reflections returning from different parts of the ground by differing
arrival times [12]. The time at which a radar reflected signal is received yields the distance
to the reflecting object. All reflections received at the same time originate from points at
equal range. These points form an isorange contour. The range resolution process
determines the reflectivity, g(R), from an isorange contour of the terrain at a distance R.
Mathematically this can be described by:

05Lap

g(R)= [g(R,y)dy 2-5

-05La

(2-5) assumes that the isorange contour is effectively a straight line along the cross range
coordinate (this assumption is valid for unfocused SAR but requires some phase
correction if focused SAR is used [14 1. All physical points that fall within a pulse will
appear as one point to the radar. As a result, the narrower the pulse (in time) the better
the resolution in the range coordinate. An approximation of the system range resolution is
given by:

8R = Cpr/ 2 2-6

where ¢ is the speed of light and Ty is the signal pulsewidth in time. The shorter the
Tpw, the better the range resolution. A short pulse however limits the amount of energy
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that can be transmitted (the peak power has to be increased to increase the total amount of
energy). This results in a pulse that would not have adequate energy in it to produce the
sufficient signal to noise ratio for reliable detection [1]. An effectively narrow pulse along
with a sufficient amount of transmitted energy (for a suitable signal to noise ratio) can be
achieved by using pulse compression. Pulse compression actually uses a physically wide
pulse which means that more power can be transmitted than when using a narrow pulse [9,

10]. However, the pulse compression process results in an effectively narrow pulse
resulting in superior range resolution,

Pulse compression is achieved by transmitting a signal that is a linear FM chirp pulse [1,
10] and then filtering the reflected signal (after demodulation) with a matched filter. The
matched filter's impulse response is the time reversed complex conjugate of the
transmitted signal. Generally, the transmitted linear FM pulse [1] is of the form:

s(t) = rect(t/Tpw)exp(j2nt(f .+ 0.5«t)) 2-7

where f,, is the carrier frequency, and K is the chirp constant for the linear FM signal. The
frequency of the signal varies in a linear manner with time and the phase factor varies
quadratically (with t2). The longer the pulse the greater the frequency range contained in
the transmitted signal. In fact, from the above it is evident that every frequency contained
in the pulse can be mapped to a time within the pulse through the linear FM property. The
linear FM bandwidth (Byy) of the transmitted signal is given by:

B, = 0.5kT,, 2-8

The output of the matched filtering (where the reflected signal is filtered by the time
reversed complex conjugate of the transmitted signal) is effectively g(R) convolved with a
sinc function [1]. The narrower. the sinc function the gloser the approximation of g(R).
As g(R) convolved with a unit impulse gives g(R), and since a sinc function in the limit
approaches an impulse, an approximation of g(R) is obtained by the matched filtering
process. For linear FM pulses with a large time bandwidth product this sinc function is
approximated by sinc(2aByR/c), where 2R/c is the round trip travel time for the signal
reflecting from a point at a distance R from the radar. The range resolution obtainable
using matched filtering is given by [1]:
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8R = c,2Bw 2"9

Pulse compression can be achieved in the time domain by convolving the digitized
returned radar signal with the matched filter impulse response. A more affective approach
used in most SAR systems is to take the Fourier Transform of the returned signal and
multiply it with the Fourier Transform of the matched filter and then taking the Inverse
Fourier Transform of the product to achieve the pulsed compressed output (this is shown
in figure 2-3).

As the aircraft flies along its flight path, pulses are transmitted in the direction of the range
coordinate as shown in figure 2-1. The returns from each pulse is digitized and digitally
pulse compressed using FFT's to yield a range line. A range line contains the reflectivity
of the terrain between the innermost and outermost resolvable ranges within the antenna
footprint for a given pulse. Range lines are stored for each successive pulse, forming a
two dimensional array as shown below in figure 2-2. The column index of this array is the
range line, and the row index contains the resolvable ranges (or range gates) for each
range line. This array is then passed to the cross range processor so that the final SAR
image can be determined by calculating the intensity of the signal for every range - cross
range pixel.

PULSES

01234 Lw-1

inner range

RANGE
GATES

outer ranga

Figure 2-2:  Array containing the returns from Ly, successive pulses
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2.1.2.2 Cross Range Processing

Since the range processing operation computes the signal energy in each range gate for a
given range line {or pulse), it is the the cross range processing operation that determines
the energy reflected from each point in cross range within each range gate. In SAR, cross
range processing is based on doppler filtering [10]. The key observation that ultimately led
to SAR and the vastly improved resolution in cross range (compared to using real aperture
radar) dates from about 1951 and is attributed to Wiley (1965) [11]. He observed that
two point targets, at slightly different angles (off broadside) with respect to the track of
the moving radar, have different speeds at any instant relative to the radar. Therefore, the

radar pulse when reflected from two targets will have two distinct Doppler frequency
shifts.

Point scatterers that are within the half power beamwidth of the radiation pattern but are
off the beam centre (see figure 2-1) will form an angle that is slightly off broadside when
compared to the aircraft flight path. The angle subtended by the scatterer, the antenna and
the flight path is the azimuth angle, B, which is given by:

tanp = y/R 2-10
where y is the offset from beam centre in cross range and x the range. For SAR, the

range to the illuminated area is much larger than the offset in cross range R>>y so tan(B)
~ 3 (B measured in radians). Thus

B~yR 2-11

The relative motion between the antenna and the ground gives rise to a doppler frequency
shift. The doppler frequency shift at all points within the physical radar beam with
azimuth angle, [, is given by f:

£, = (2V, sin B)/A 2-12

From (2-11) B~ y/R and for the angles used in SAR ( unfocused [1] ) it can be assumed
that:
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sin B~ y/R 2-13
Substituting (2-13) in (2-12), the doppler frequency can be described by:
f; = (2V, y)/RA 2-14
Noting that the time taken to for the aircraft to travel the distance y is given by:
ty=y/Va 2-15

and substituting (2-15) in (2-14) it is seen that, the doppler frequency across the radar
beamwidth varies in a linear FM fashion [1,3] and is given by:

fg = (2V,2 t,)/RA 2-16

By substituting B, for fg and Lyp for y in (2-14), the doppler bandwidth, Bp is calculated
to be:

Bp = (2V, Lap)/RA 2-17

At Vg = 200 m/s, Ly = 698m, R = 20 km and at an X band frequency of 1.3 GHz, this
would correspond to a Bp = 60.4 hz.

Given that the SAR reflected signal will have a doppler shift that varies in a linear FM
fashion (2-16) [1,10], successive windows of range gate data can be filtered with
appropriate matched filters to yield a pulse compressed output [1,3] that yields the energy
reflected from each cross range point within each range gate. The matched filter impulse
response will be a pulse, frequency modulated by the varying doppler frequency given by
(2-16). Since there is a range dependency in (2-17) the cross range matched fiiter will
ideally have a different impulse response for each range gate. However, in practice, five
to six matched filters are used to filter several range gate since there isn't a large change in
the impulse response of the cross range matched filters between successive range gates
[3,22]. The output is of the cross range matched filter is an estimate of the terrain
reflectivity in cross range for a given range gate. The achievable resolution in time of the
cross range matched filters is the width of the cross range compressed pulse and is given
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by 1/Bp. The resulting cross range resolution is the distance the aircraft travels during the
width of the main lobe of the cross range compressed pulse. This is given by:

8, = V,/B, 2-18
By substituting (2-17) in (2-18), the theoretical cross range resolution is given by

At Lagp = 698m, R = 20 km and at an X band frequency of 1.3 GHz, this would
correspond to a 8y =3.3m,

For focused SAR [1] where the length of the synthetic aperture is also the width of the
radar half power radiation pattern (2-3) and noting that 0y, is given by (2-4) the resulting
limit on cross range resolution is given by

8, =Ly/2 2-20

(2-20) shows that the theoretical limit on cross range resolution is independent of all
parameters except the antenna's physical aperture length.

The two - dimensional array containing the range contribution for each pulse is used to
determine the SAR image. This array contains the range information for each pulse. By
performing cross range matched filtering on successive windows of elements of length L,
(which is equivalent to the number of pulses transmitted during the time in which the
aircraft flies a distance equal to the radar half power beamwidth) in each range gate, the
intensity of the signal from each range - cross range pixel is determined. A window of
length L,y is successively shifted along the row of data in a range gate as range processed
data is received. The algorithm for the two dimensional processing operation is shown if
figure 2-3.
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Figure 2-3: Block Diagram of SAR Processor

In figure 2-3, cross range compression is performed after the range processing is complete
on a block of Ly, range lines. Although the first round of cross range processing occurs
after L,y range lines have been range processed, subsequent biocks of Ly, range lines are
cross range processed after the next AM range lines have been range processed, where
AM is a time shift of range lines that is less than Ly, The amount of time shift, AM,
between successive cross range computations is determined by the system and the image
processing requirements. In systems where processing time is a concern, a large time
shift, AM between successive windows should be chosen. This is often required where it
is desirable to generate SAR signals in real time. The overlap between successive
windows for a large shift is small and this results in a coarse image. When image quality is
the main objective, a smaller time shift between successive windows is chosen. This leads
to a smoother updates of the SAR image. One drawback is that a large amount of JTF
data is generated in doing so. The processing time is increased and any image processing
that is to be performed at a later time must handle a larger set of data.

From the above discussion it is seen that SAR processing lends itself readily to JTFA,

since it is required that the successive windows of data in each range gate data have to be
frequency transformed prior to cross-range pulse compression.
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2.1.3 Time - Frequency Analysis for SAR

A SAR signal is non-stationary and will change as the terrain reflectivity varies. The
statistics and the frequency content of the SAR signal will vary over time. Fourier
frequency analysis does not provide a suitable representation of a SAR signal, because it
does not provide any temporal information related to the occurrence of a given frequency.
The Fourier transform is an integral over the entire time extent of a signal and therefore
provides the frequency content of the signal without relating the occurrence of those
frequencies to finite time subintervals of the signal.

The problem in SAR signal processing is to determine the signal energy for each cross
range cell within a given range gate. This is performed through a two dimensional
compression process as outlined in figure 2-3. The cross range compression process
requires the transformation of successive windows of data in each range gate into the
frequency domain prior to cross range matched filtering. The solution to this is the
application of JTFA on the data in each range gate.

2.2 Review of Joint Time Frequency Analysis
Techniques

In the 1940's, the British physicist Denis Gabor, published a paper [4], where he noted that
the classical process of describing a signal by either temporal means (time domain) or
alternately by Fourier analysis left out a lot of information for many classes of signals.
Some examples would be speech, music, sonar, and radar. Time domain analysis does not
yield any information about the local frequency content of the signal, while frequency
analysis renders no information about the point in time where the signal contained a given
frequency. Gabor proposed a theory, which, at the time was a novel method for
describing signals. Using Gabor's representation, the signal was defined by both time and
frequency along orthogonal axes with intensity (the signal's energy at that time-frequency
coordinate) as the third dimension as shown below in figure 2.4.
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Figure 2-4: The Joint Time Frequency Representation of a Signal

Gabor's theory, which is discussed below, was based on the gaussian function. Due tc the
complexity in determining the JTF representation using Gabor's Theory, industrial
applications were not seen until only recently. Instead, most JTFA had been performed
using the Short Time Fourier Transform (STFT). Gabor's theory has itself seen several
refinements and modifications in the past few decades and has gone from being a JTFA
technique with coefficients that were cumbersome to calculate, to a technique that can be
digitally implemented for both analysis and synthesis (reconstruction of original signal
from time-frequency data) processes.

2.2.1 The Short Time Fourier Transform

Until recently, the STFT has been predominantly used in most applications where JTFA is
employed. The STFT is the Fourier Transform of a windowed section of a longer
sequence. The window, w(k) which is limited in time, weighs a finite section of the input
signal and suppresses the remainder of the signal so that the spectrum of the windowed
samples contains only the frequency content relevant to that window of data (local
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frequency content) [13,14]. The window is shifted along the length of the inpu