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Abstract

The motivations for this thesis are the investigation of bistatic Synthetic Aperture
Radar (SAR) image formation and the development of bistatic SAR algorithms to ac-
commodate various bistatic SAR geometries. Traditional monostatic SAR. algorithms
based on frequency domain methods assume a single square root (a hyperbolic) range
equation. In bistatic SAR data, the range history of a target has a Double Square Root
(DSR) in the range equation as both the transmitter and receiver can assume different
motion trajectories. Thus, monostatic algorithms are not able to focus bistatic SAR

data.

The key step to many frequency based algor.ithms is to find an analytical solution
for the spectrum of a reference point target. No simple analytical solution exists for the
bistatic case because of the DSR in the range equation. Several algorithms have been
developed to overcome this difficulty. These algorithms are reviewed and analyzed
in this thesis to compare their processing accuracies and the type of operations they

require.

A solution to the two-dimensional point target spectrum based on the reversion
of a power series for the general bistatic case is presented in this thesis. The accuracy
of this new point target spectrum is compared with existing analytical point tar-

get spectra. Using this spectrum result, a bistatic Range Doppler Algorithm (RDA)

is developed to handle the azimuth-invariant, bistatic case. In addition, the algo-




rithm is used to focus real bistatic data acquired with two X—baﬁd SAR systems from
Forschungsgesellschaft fiir Angewandte Naturwissenschaften (FGAN), namély the Air-
5orne Experimental Radar II (AER—II) and the Phased Array Multifunctional Imaging
Radar (PAMIR).

To handle azimuth-variant caées, the Non-Linear Chirp Scaling (NLCS) algorithm
is used. The original NLCS algorithm is developed to focus only short-wavelength
bistatic cases with one platform moving and imaging at broadside and the other sta-
tionary. It is found that the NLCS is able to cope with the general bistatic case since it
is able to handle range and azimuth-variant signals. To exploit this processing capabil-
ity, the algorifhm is extended further to accommodate squinted and long-wavelength
bistatic cases where both platforms have dissimilar velocities and flight paths slightly

non-parallel.
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Chapter 1

Introduction

1.1 Background

A radar is an active imaging sensor that emits a microwave radiation and uses an an-
tenna to measure the reflected energy in order to recreate an image of the object that
the radiation impinges on. It takes advantage of the long-range and cloud penetration
capabilities of radar signals to provide imagery under all weather conditions, day or
night. An important application of radar is in the area of remote sensing. Remote
sensing can be broadly defined as the collection of information of an object or phe-
nomenon by a recording device that is not in physical or intimate contact with the

said object.

Just as in an optical system where a wider lens or aperture would obtain a sharper
beam and a fine imaging resolution, the resolution capability of a radar is inhibited by
the physical size of the emitting antenna aperture. Generally, the larger the antenna

aperture, the sharper the beam and hence the finer-resolution. However, because a

radar utilizes a longer-wavelength than optical systems, even for moderate resolutions,




it would require an antenna length several hundred meters long. An antenna of such

a size presents an impractical payload for an airborne platform.

Synthetic aperture radar (SAR) is a form of radar in which sophisticated post-
processing of radar data is used to produce a very narrow effective beam. A SAR
improves the resolution by synthetically creating a large aperture with the Vhelp of
a spaceborne or airborne platform. The SAR system emits a stream of microwave
radiation pulses at a series of points along a flight path. Each emitted pulse is carefully
controlled so that the radiation is coherent and always in phase upon transmission.
Each echo is then collected, digitized, phase adjusted and coherently added in a digital
processor. Essentially, the processor generates a synthetic aperture much larger than
the physical antenna length and hence creates a high-resolution SAR image. For this

reason, the length of this flight path is called the synthetic aperture length.

The quality of modern-day, fine-resolution SAR imagery approaches that of the
optical imagery to which we are naturally accustomed to. Such SAR imagery may
complement or even éxceed the optical imagery capabilities because of the inherent
differences in the backscatter characteristics of the imaged object-to-radar frequencies.
The processing speed of modern digital electronics and relatively inexpensive digital

memories enable the synthesis of high-resolution imagery in or close to real-time.

1.1.1 Bistatic Configuration

SAR has several imaging modes. The two basic SAR data-collection modes are
stripmap mode and spotlight mode as shown in Figure 1.1. In the stripmap mode,
the antenna footprint sweeps along a strip of terrain parallel to the sensor’s flight. In

the conventional stripmap mode, the antenna is pointed perpendicular to the radar

flight. This is known as the broadside stripmap imaging mode. - However, in some




situations, the antenna is pointed either forward or backward. This is the squinted
stripmap imaging mode. In the spotlight mode, the antenna footprint is continuously

steered to illuminate an area of the terrain.

Figure 1.1: Basic SAR imaging modes. (a) stripmap mode (b) spotlight mode.

The antenna platform can be operated ih different configurations. A monostatic
system is one where the transmitter and receiver are collocated. A bistatic SAR
has separate transmitter and receiver sites. A multistatic SAR has more than two
platforms, serving as a transmitter, a receiver or both. A multistatic SAR can often

be analyzed as a collection of bistatic systems.

The bistatic setup provide many advantages. One of the most important is the
cdst reduction achieved by allowing several simple and cheap passive receivers to share
the more expensive active transmitting component located on one platform [1]. By
using this configuration, the observation geometries are multiplied without increasing
the cost associated with using several monostatic systems. Bistatic configuration is
also advantageous in remote sensing as more information on the ground scatterers can

be collected by using different incidence and scattering angles. This gives bistatic con-
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figuration an anti-stealth capability since target shaping to reduce monostatic Radar
Cross Section (RCS) generally does not reduce bistatic RCS. In a hostile environment,
a high-powered transmitter can stay at a distance, which is out of reach of enemy
fire, while a covert passive receiver can be located close to the scene and yet remain

virtually undetectable by enemy radar.

A bistatic system has considerably more versatility than a monostatic system since
each platform can assume different velocities and different flight paths. Furthermore,
a bistatic platform may involve a combination of spaceborne, airborne and stationary
ground-based platforms [1-3]. These systems may involve the teaming up of several
bistatic receivers with existing monostatic platforms in order to save developmental
costs [1,4,5]. Another interesting configuration is known as passive coherent location
[6-9] or hitchhiking [10] mode. It makes use of broadcast or communications signals

as illuminators of opportunity.

Despite all these advantages and the fact that bistatic radar has been around
longer than monostatic radar [10], operating in a bistatic SAR configuration presents
many technical challenges that are either not present or are more serious than in a
monostatic SAR. Major technical challenges like time synchronization of oscillators,
flight coordination, motion compensation, complexity of adjusting receiver gate timing,
antenna pointing and phase stability have traditionally been stumbling blocks for

developing practical bistatic SAR systems [3,10-12].

Recent advances in navigation hardware, timekeeping, communication and digital
computing speed have resulted in a resurgence in research and development in bistatic
SAR [3,4,10,13]. Advances in the last two decades have made it possible to address
some of these age-old issues and make bistatic SAR a viable option. Many European

radar research institutes, like the DLR, ONERA, [14] QinetiQ [15] and FGAN [16]

have embarked on bistatic airborne experiments. Most of these experiments use two




existing monostatic sensors to synthesize bistatic images.

An important area of research is in focusing high-resolution bistatic i.e., SAR
image or converting raw radar signal into focused images. Although there are many
different approaches to bistatic SAR processing, the processing of bistatic radar data
has still not been sufficiently solved [16]. In the next section, a brief description of how
a collection of raw radar signals can be processed into a SAR image and the problems

in processing a bistatic image is given.

1.1.2 The Two-Dimensional Signal

A SAR system emits pulses of radio waves into the imaged scene and collects echoes
along the flight path. The imaged scene can be imagined as consisting of many in-
finitesimally small points or point targets, each with its own complex scattering reflec-
tivity. Each point target reflects the signal back to the SAR system. The strength of
the reflected signal or backscatter is dependent on the reflectivity. The delay time of
each echo is dependent on roundtrip distance or slant range from transmitter to point

target back to the receiver of the SAR system.

The echo signal consists of a superposition of all the reflected signals from the
illuminated scene. At the receiver antenna, this echo signal is demodulated from its
carrief signal and downconverted to baseband in the receiver chain. A two-dimensional
raw radar echo signal is created by stacking each demodulated echo one after another

in digital memory [17].

The dimension where the echo signal is digitized and recorded is called slant range
or simply range. The roundtrip range of each point target is determined by precisely

measuring the time from transmission of a pulse to receiving the echo from a target.

Range resolution is determined by the transmitted pulse bandwidth, i.e. narrow pulses




yield fine range resolutions.

The digitized echo of each pulse is placed consecutively as it arrives along the
other dimension called azimuth. Without further processing, the azimuth resolution is
simply the angular beamwidth of the antenna. By carefully controlling each emitted
signal along the path, such that the radiation is coherent and always in phase upon
transmission, we can demodulate and coherently sum the return signals as if they are
emitted from a physically long antenna. Thus, a very narrow beam is synthesized,

resulting in a finer azimuth resolution.

The two-dimensional raw radar signal consists of echoes from many point targets.
In fact, the received data look very much like random noise. Focusing is the processing
step that transforms two-dimensional raw signal data from a point target into a point
target impulse response. The impulse response is a sinc-like response in both range
and azimuth [17]. The focused image consists of a superposition of all the impulse

responses.

A final step, called registration, is needed, which will interpolate the focused image
with slant range and azimuth coordinates to ground plane with spatial coordinates.
After image registration the SAR image will resemble a map-like optical image except

for terrain height effects.

1.1.3 Range and Range Resolution

The ability for a SAR system to achieve high-resolution in range and azimuth lies in the
phase modulation in range and azimuth. In the case of range, the phase modulation
is achieved through deliberate phase coding in the transmitted pulse. In azimuth, the
phase modulation is as a result of motion of the platforms. The phase modulation

allows a processing technique called pulse compression to form a narrow pulse in both



range and azimuth. Pulse compression is further described in Section 2.3.

To achieve high-resolution in range, a short pulse is required. At the same time,
a high Signal-to-Noise Ratio (SNR) is required to achieve a good quality image. Thus,
a high-power short pulse is required to achieve both requirements. However, such
requirements put stringent demands on the peak power of the transmitter. The solu-
_tion is to transmit a long phase-encoded pulse with a large bandwidth [17,18]. This
_phase-modulated pulse can be pulse compressed to produce a narrow pulse with high

power.

1.1.4 Azimuth and Azimuth Resolution

In azimuth, the phase modulation is dependent oh the variation of slant range with
azimuth time. Assuming a linear flight path, the slant range from a platform to an
arbitrary point target is a hyperbolic function of azimuth time. In addition to this
phase modulation, the range position of the echo signal varies with azimuth time and,
if the integration time is.long enough, it will migrate over several range samples. This
phenomenon is called the Range Cell Migration (RCM). To achieve high-resolution in
azimuth, the SAR processor must also deal with this RCM effect, as this causes the
point target energy to spread over several cells and causes a degraded point target

response.

The RCM effect becomes even more severe in squinted SAR where the antenna
is pointing at an angle from broadside. As this angle increases, the RCM spreads over
even more range gates and may eventually cause the range and azimuth modulations
to be coupled (dependent on each other). This coupling effect greatly increases the

complexity of the focusing [19].



1.1.5 Processing Algorithms

The most exact and most direct solution for focusing a SAR image is to use a two-
dimensional replica for each point on the imaged area [20]. This replicé will take
care of the range migration and has an accurate phase for each point ﬁarget. A two-
dimensional correlation of this replica with the collected SAR data will focus each
point target accurately. However, this two-dimensional replica must be recreated for
each point in the imaged region, since each point has its own unique range history
with the platforms. Performing this two-dimensional correlation for each point would
be computationally intensive. Thus, the goal of all SAR processing algorithms is to
make suitable approximations and perform this focusing task in a more efficient way

without causing too much degradation in the image.

One way to achieve efficiency is to operate in the frequency domain. For monos-
tatic configurations, operating in the Doppler domain allows the algorithms to achieve
efficiency in matched filtering using fast convolution techniques. Also, point targets
with the same closeét range of approach collapse to the same trajectory in the Doppler
domain for a monostatic configuration. This is known as £»he azimuth-invariant prop-
erty. This stationarity property is important to many popular and efficient monostatic
algorithms such as the Range Doppler Algorithm (RDA) [21-23], Chirp Scaling Algo-
rithm (CSA) [24] and w — k Algorithm [25-27]. These algorithms operate mainly in

the range Doppler domain or the two-dimensional frequency domain.

The analytical solution for a point target spectrum is the starting point of many
of these frequency based algorithms {17]. While the point target spectrum for the
monostatic case has been derived [28], a simple analytical solution for the signal in

the azimuth frequency domain does not exist for the general bistatic case [29-31].

Very often, the azimuth phase modulation for the monostatic configuration assumes




a hyperbolic range equation. In the case of a bistatic configuration, the slant range
history is the sum of two independent hyperbolic range functions giving a so-called
flat-top hyperbola {29,30,32]. It is the DSR function that makes it hard to invert the
phase function [30]. This inversion is required in order to derive an analytical function

for the bistatic point target spectrum [33].

Nevertheless, several bistatic algorithms have been developed to overcome this
difficulty. The first approach is to solve the problem numerically [34-37]. These algo-
rithms make use of numerical methods to calculate the double square root phase term.
Bamler and Boerner [31] proposed a focusing algorithm that replaces the analytical

SAR transfer functions with numerical equivalents.

The second approach is to transform the bistatic data to a monostatic equiva-
lent. In [32], a convolution phase term called the Rocca smile operator can be used
to perform this step. It is based on Dip MoveOut (DMO) [38] used in seismic data
processing. This method was limited to processing the bistatic case where receiver
and transmitter have identical velocities and flight paths. A recent extension to this
article [30] was able to reduce a general bistatic configuration to a monostatic con-
figuration by using a space-varying transfer function. However, such a reduction to
monostatic configuration may not be applicable for more extreme bistatic cases [30].
An alternate method to transform an azimu‘th-invariant bistatic configuration to a
monostatic equivalent is to approximate the bistatic range equation by a hyperbolic
range function with a modified velocity parameter. This solution is well-known for the
accommodation of curved orbits in the monostatic case [39]. However, this equivalent
velocity approach becomes increasingly inaccurate with increasing separation between

the transmitter and receiver [31].

The third approach is to solve for the two-dimensional spectrum directly using

the method of stationary phase [17,40]. An approximate analytical solution for the




general bistatic two-dimensional frequency spectrum has been proposed in [29]. This
analytical formulation has two phase components in the spectrum: a quasi-monostatic
phase term and a bistatic deformation term. Such a formulation calls for a step to
remove the bistatic deformation term followed by a quasi-monostatic focusing step.
This is similar to the method of using a Rocca’s smile operator to transform data
from bistatic to monostatic. In [41], it was also shown that the DMO method for the

stationary case [32], was a special case for the more general approach derived in [29].

Most of the bistatic algorithms have a common drawback, they restrict their
focusing to the azimuth-invariant case [31, 32,34, 35,42]. In a bistatic configuration,
the bistatic system can remain azimuth-invariant by restricting the transmitter and
receiver platform motions to follow parallel tracks with identical velocities. This would
place stringent requirements on the performance of the flight path of bistatic platforms

43].

- The Non-Linear Chirp Scaling (NLCS) [44] was shown to be an innovative way to
focus SAR images. It is able to focus monostatic images and has been demonstrated
to focus the bistatic configurations where the transmitter is imaging on broadside
and the receiver is stationary. For monostatic cases, the NLCS uses a linear range
cell migration correction (LRCMC) step to align trajectories with different Frequency
Modulation (FM) rates along the same range gates. This makes the signal both range-
invariant and azimuth-invariant as in the case of bistatic SAR signals. The algorithm
uses chirp scaling [17,24] to make the azimuth phase history azimuth-invariant during

the processing stage

The NLCS is inherently able to cope with image formation of bistatic signals since
it is able to handle range and azimuth-variant signals. Furthermore, this algorithm has
the potential to process high-squint SAR data as it also eliminates most of the range

Doppler coupling. Clearly, developing this algorithm further to handle other bistatic
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configurations would be advantageous. At the moment, the properties and limitations

of this relatively new algorithm are not well understood.

1.2 Scope and Thesis Objectives

The problem addressed in this thesis is the processing of bistatic stripmap SAR data

acquired in squint mode. The objectives of this thesis are as follows:

e Review bistatic SAR imaging and bistatic SAR processing algorithms, and de-
scribe the NLCS algorithm.

e Derive an accurate analytical solution for the two-dimensional frequency signal

and compare with some existing analytical point target spectrums.

e Develop a bistatic processing algorithm based on the two-dimensional frequency

signal.

o Investigate the NLCS algorithm and extend it to handle other bistatic geometry

configuration.

e Find the limitations of the extended NLCS algorithm and investigate how reg-

istration can be done.

The flight geometries investigated includes the following:

e Stationary receiver with moving transmitter.
e Both platforms moving in a parallel track with the same velocity.
e Platforms moving in non-parallel tracks with different velocities.
The results of this thesis will be useful to a number of agencies working on bistatic

SAR development, including the author’s sponsoring company, DSO National Labs in

Singapore.
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1.3 Thesis Organisation

The organization of the thesis is as follows:

e Chapter 1 — Introduction The thesis begins with an overview of bistatic SAR
concepts and bistatic SAR image formation. It gives an overview of advantages
of the bistatic configuration and also the problems facing bistatic SAR image

formation. These problems provide the motivations for this thesis.

e Chapter 2 — Properties of Bistatic SAR Data and Imagery This chap-
ter provides a theoretical basis for understanding bistatic SAR. processing. It
discusses the bistatic signal model, pulse compression, the point target impulse
response and point target quality measurements to characterize the bistatic SAR

system.

e Chapter 3 — Bistatic SAR Processing Algorithms This chapter gives a
short overview of all existing bistatic SAR. processing algorithms and describes

the strengths and weaknesses of each algorithm.

e Chapter 4 — A New Point Target Spectrum The material presented from
Chapter 4 to Chapter 7 is new, and constitutes the contributions of this thesis.
Chapter 4 discusses an accurate point target spectrum based on the method of
series reversion (MSR) and compares the accuracy with existing point target

spectra.

e Chapter 5 — Bistatic Range Doppler Algorithm A new bistatic Range
Doppler Algorithm, based on the MSR, is derived for the fixed baseline azimuth-

invariant case. This method is applied to focus real bistatic data.




e Chapter 6 — NLCS Algorithm for the Parallel and Slightly Non-Parallel
Cases The irriprovements of the NLCS algorithm for the stationary receiver and

moving transmitter case are described here.

e Chapter 7 — NLCS Algorithm for the Stationary Receiver Case The
improvements on the NLCS algorithm for the stationary receiver and moving

transmitter case is described here.

o Chapter 8 — Conclusions The thesis concludes by giving a summary of the

contributions of this thesis and suggesting a few areas for future work.




Chapter 2

Properties of Bistatic SAR Data

and Imagery

2.1 Introduction

This chapter provides a theoretical basis for understanding bistatic SAR image forma-
tion and introduces the notations used in this thesis. First, the bistatic SAR imaging
geometry is described. Using this geometry model, the demodulated two-dimensional
bistatic SAR signal for an arbitrary point target is formulated. The entire illuminated
scene can be modeled as a superposition of many point target signals and the imaged
scene can be reconstructed using a matched filter approach. Next, a brief review of
the topic of matched filtering to show how each point target in the image is recon-
structed as a two-dimensional impulse response is given. The reconstructed impulse
response is a sinc-like response in both range and azimuth since the received signals are
bandlimited in the range and azimuth domains. Many important SAR image quality
parameters can be estimated from this impulse response and the SAR system can be

characterized using these measured parameters. These quality measures are used to
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determine the accuracy of a processing algorithm. For a bistatic setup, the resolution

is dependent on the geometry of the bistatic configuration as well.

2.2 Bistatic SAR Geometry

A bistatic system consists of separate transmitter and receiver sites, whereby each
platform can assume different velocities and different flight paths [Figure 2.1]. The
angle between the line of sight of the transmitter and the line of sight of the receiver
forms the so called bistatic angle 5. The baseline is the line joining the transmitter

and the receiver.

Generally, the baseline is continuously changing when the velocity vectors of the
platform are different. In the configuration illustrated in Figure 2.1, one platform works
in stripmap mode while the other platform steers its antenna footprint to match the
antenna footprint of the former. This mode of operation has been described as pulse

chasing [45] or footprint chasing [46,47].

In practice, it may be expensive to employ a system where accurate steering
of the antenna is required during the integration time [47]. This problem could be
addressed with a configuration wherein both transmitter and receiver are working
in stripmap mode, with both antennas using a fixed squint angle. However, one of
the platforms should have a wider beam footprint as shown in Figure 2.2. Steering
of the antenna would still have to be done to coincide the beam footprints, but at a
much less stringent update rate as compared to using two platforms with equally small
beam footprints. The footprint of the antenna beamwidth is a product of the antenna

footprint of the receiver and the transmitter. This is also known as the composite

antenna footprint [43].
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Figure 2.1: Imaging geometry of bistatic SAR.

2.2.1 Bistatic SAR Signal Model

The area being imaged can be modeled as a collection of point targets with different
reflectivities. It is sufficient to analyze the scene by using the signal response of an
arbitrary point target in the scene since the raw signal of the scene is a two-dimensional

signal that consists of superposition of echo signals from each point target in the imaged

patch.

In the SAR signal model in Figure 2.3, a flat Earth model is assumed, with the
area to be imaged in the xy plane. The transmitter has a velocity of V1 and receiver
has a velocity of Vg. The axes x, y and z make a right hand Cartesian coordinate
system with the y direction parallel to velocity vector of the transmitter and the z axis

pointing away from the Earth.

Accurate position measurements of SAR platforms during flight are essential to

avoid significant deterioration in image quality. Accuracy in estimating the differential
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Figure 2.2: Practical implementation of bistatic imaging.

range position should be in the order of a fraction of the wavelength [48-50]. This
places great constraints on the measurement units, especially for short-wavelength sys-
tems with long apertures. Platforms usually adopt a linear flight path with constant
velocity as it is most convenient and it relaxes the requirements on motion measure-
ment units [51]. Autofocus and motion compensation are techniques that can help to

estimate the phase errors and help refocus the image [48,51].

Assuming linear flight paths, the instantaneous range equation, R(7), consists of

the sum of two hyperbolic range functions, Rr(n) and Rgr(n),

R(n) = Rr(n) + Rr(n)

= \/ V212 + Rbpp — 2V Ricen sin fiqr

+ \/ VP% n? +, R2Rcen — 2VR N RRcen sin gqu (2.1)

where 7 is azimuth time, V is the scalar velocity of the platform, R is the instantaneous
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r‘ange to the point target, and the subscripts T and R refer to the transmitter and
receiver, respectively. The subscript, cen, refers to the geometry at time, n = 0, that
is, when the ranges to the target are Rreen and Rpeen- The sum of Rree, and Rreen 18

given by Recen-

The geometry of the bistatic SAR data collection is illustrated in Figure 2.3. (2.1)
expresses how the two-way range to the point target is given by the sum of Rt and Rg,
as a function of the azimuth time, . 847 is the squint angle of the transmitter, and

fsqr is the squint angle of the receiver at this time. The receiver clock is synchronized

T | T Point

Transmitter Flight Receiver Flight Target
path path
Velocity =V, Velocity = V,

Integration
Time

Figure 2.3: A general bistatic configuration of transmitter and receiver at n = 0.

with the transmitter clock. Synchronizing the timing of the transmitter and receiver
is not a trivial task, especially for a long and varying baseline system [13,16]. Poor
time synchronization leads to image blurring. Phase stability of the local oscillators

is also an important criterion for good image quality [11].
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As the transmitter travels, it emits pulses of radio waves at regular intervals
called Pulse Repetitive Interval (PRI). Each echo is downconverted and digitized in the
receiver within the PRI interval. The digitization takes place in the range dimension
and the sampling rate of the digitized signal must be greater than the signal bandwidth,
B,, to prevent aliasing [52]. Each echo is stacked, one after another, in memory at the
PRI interval as the antenna sweeps over the imaged region. The radar pulse travels at
the speed of light,‘c, which is much faster than the platform velocity. Therefore, the
platform can be assumed to be stationary during transmission and reception. This is

also known as the “start-stop” approximation.

Thus, a two-dimensional signal s(7,7n) is recorded in memory where the echo is
digitized in range time or fast time 7 at the sampling rate and the echoes are recorded
in azimuth time at PRI intervals in azimuth time denoted by n. The azimuth time
is also known as the slow time because of the lower platform speed compared to the

speed of light.

2.2.2 Demodulated Signal

At each PRI, the SAR system creates a wide-bandwidth signal p(7). This signal is
then unconverted by the transmitter to carrier frequency f,. The transmitted signal
is given by

se(r) = Re{ p(7) exp(j 27rf07')} (2.2)

A complex wide-bandwidth signal can be written as

p(r) = wi(r) exp(jér(7)) (2.3)

where ¢, is the phase of the signal. An example of a wideband signal is a linear

FM signal, where the signal’s instantaneous frequency is a linear function of time.
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This achieves a uniformly filled bandwidth giving a rectangular function in the range

frequency domain. An FM signal with a chirp rate, K., has a phase given by
¢r(T) = 7rKr7'2 (24)

and the envelope w, is given by

wi(r) = rect(%;) (2.5)

where the width of the FM signal is given by T5,.

The echo signal is obtained by convolving the transmitted signal with a point
target that has a bistatic slant range of R(n) and a beam center crossing time of
n = 0. The received signal from a single point target can be represented by the

complex signal

c

sir) = watn)p (- - 22 (26)
The envelope w,, is the composite antenna pattern in azimuth {14,53,54]. The antenna
pattern determines the strength of the returns at each azimuth interval as the antenna
footprint sweeps across each point target. It also determines the integration time or

exposure time of each individual target.

The echo signal is demodulated to baseband to reduce the demand on the digitizer

and memory requirements. After downconversion, the demodulated signal becomes

c

strn) = Avr (7= 22wty {—jw i 7 5—@]} 27)

where A, models the complex backscatter coefficient o including the range attenuation

and the antenna pattern in elevation.

This demodulated signal is also known as SAR raw signal or SAR signal data.

Note that this signal is only baseband in the range direction but not in the azimuth
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direction. This signal is captured in a two-dimensional space known as the signal
space. This signal is then processed and recorded in two-dimensional space known as

the image space. The image space will have resemblance to the original imaged patch.

For an airborne platform operating in stripmap mode, the nominal velocity of
aircraft is equal to nominal velocity of the beam footprint. For a satellite case, the
geometry is more complicated. The satellite orbit, the Earth’s curvature and rotation
have to be taken into account [47,55,56]. The analysis can be simplified by using an
“effective radar velocity”, V., that varies with range and slowly varies with azimuth as
the satellite orbit and Earth rotation change with latitude [57]. The important thing
to note is that the effective radar velocity for each point target is approximately a

constant for the target’s exposure time [17,39].

The magnitude of V; lies in between the satellite tangential velocity, V;, and the
velocity of the beam footprint, V;. For SAR processing, the effective radar velocity
must be calculated from the satellite/Earth geometry [55]. A simplified approach to
determining the velocity is found in [39]. Typical effective radar velocity varies about
a few percent for the entire rémge swath. For instance for the case of RADARSAT,
the effective velocity varies by about 1% for a range swath of 300 km [17,58].

Before continuing, we would like to look into the topic of pulse compression to

appreciate the image reconstruction that follows.

2.3 Pulse Compression

A SAR system requires the use of a narrow pulse to have good resolution capability
and the confliction requirement of a high transmit peak power to produce good ranging

capabilities. Pulse compression is a solution to minimizing transmit peak power while
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achieving good resolving capability and a high SNR. Pulse Compression is a matched
filtering technique that compresses a long, phase-encoded, wide-bandwidth pulse into
a narrow pulse. A phase encoded signal such as the popular linear FM signal is

transmitted in the range domain.

2.3.1 Frequency Domain Matched Filter

Pulse compression is achieved through a matched filtering operation. If a desired
signal, is buried in a noisy signal, such as the transmitted chirp pulse in the echo
signal, it can be found by cross-correlating this signal with a conjugate replica of the
desired signal. That is

Sout(T) = /foo Sm($)p*(s—7)ds (2.8)

where 54, is the matched filter output signal and s, is the input signal to the matched
filter and it represents a desired signal p, corrupted by noise. ¢ is a dummy time
variable. p* denotes the complex conjugate of the complex variable p. The matched
filter can also be viewed as a convolution filter, by time-reversal of the filter kernel

where the filter is given by h,(7) = p*(—7)

sout(7) = Sn(r) ® ho(r) = /_ " oSV — €) de (2.9)

Matched filtering can be implemented in time domain using convolution or it can

be implemented efficiently using frequency fast convolution as shown in (2.10),

sout(T) = F—l (Srm(fr) : H(fr)) (210)

where Sy, (f,) and H(f,) are the Fourier Transform (FT) of the signal s,, and the

convolution filter h respectively. f. is the range frequency. The matched filter is
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designed in the frequency domain using the Principle of Stationary Phase (POSP) [40]

and [59], which is described in the next section.

2.3.2 Principle of Stationary Phase

The analytical form of the spectrum of a wide-bandwidth signal can be derived using

the POSP. The FT of a wideband signal is given by

~

P(f,) = / p(r) expl(~j2n f,7)dr (2.11)

The analytical form of the integral is difficult to derive. However, the approximate FT
may be obtained by using the POSP. It is based on the fact that the main component
of the integral comes ‘fror'n around the stationary point of the wide-bandwidth phase
signal. The rest of the components oscillate rapidly so their contributions.cancel out.
A stationary point is defined as the point where the gradient of a function is zero [60].
In the POSP context, the function is the phase on the Right Hand Side (RHS) of
(2.11), 6,(7)), and the stationary point can be found by setting the derivative of this

phase to zero,
do-(r) _ d(¢.(7) = 2nfrT)
dr dr

=0 (2'.12)

From this equation, the relation between frequency, f., and time, 7 can be deter-
mined. This equation has to be inverted to get an analytical function for 7 expressed
in terms of f,, denoted by 7(f,). Stating the result of the derivation, which are
detailed in [40,55,59], the spectr.um of the signal is given by

P(f) = CiWi(f)exp (jOf) + 7 ) (2.13)

e (} is a constant and can usually be ignored.
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Figure 2.4: Matched filtering of a linear FM signal with a signal bandwidth of 100 MHz,
T, = 1.28 us giving a TBP of 128.

e W, is the frequency domain envelope and it is a scaled version of the time domain

envelope w;.

Wr(fT) = wr{T(f'r)] (2'14)

e O(f) is the frequency domain phase, which is also a scaled version of the time
domain phase, 0,.(7).

O(fr) = 0[r(f:)] (2.15)

The POSP is an approximation. However, it is accurate if the signal has a “time

bandwidth product” (TBP) ! around 100 or more [17].

ITBP is an important parameter for a signal, it is simply the product of the pulse width with the
FM signal bandwidth. It is also proportional to the compression ratio.
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2.3.3 Compression of a Linear FM Signal

It is instructive to derive the spectrum for an FM chirp signal and apply matched
filtering on the signal to see how a long, wide-bandwidth FM signal is pulse compressed

to produce a narrow impulse response.

Applying the POSP to a baseband FM signal [see Figure 2.4(a) |, the spectrum

of the signal is given by (ignoring the effects of amplitude modulation),

Pim(fr) = rect (K{%},) exp [—jwé] (2.16)

The spectrum of the signal is also a complex FM signal in frequency domain and the
envelope is preserved between the two domains. The phase is approximately quadratic
in frequency domain as well [see Figure 2.4(b)]. The matched filtering operation
essentially cancels out the phases between the signal spectrum of the original signal

and the signal spectrum of the conjugate signal

fr

Bim(fr) Pin(fr) = reCt(Ker

) (2.17)

After IFT, a narrow compressed sinc pulse results, as shown in Figure 2.4(c). The
signal is given by

siim(7) = sinc(K:Tp7) (2.18)

Figure 2.4(d) shows the expanded compressed pulse. The width of the pulse or
resolution is measured between the 3dB points. The sinc pulse has a resolution, dp.,

which is inversely proportional to the bandwidth, B,, of the transmitted pulse.

0.886  0.886
o = ~p— = KT, (2.19)

Thus, matched filtering has compressed a signal with a bandwidth of KT}, and pulse

width of T}, into a narrow pulse of width 1/B,. The compression ratio is the ratio of
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the pulse width of the original pulse to the compressed pulse and is approximately the

TBP, K,T2.

The peak sidelobe ratio (PSLR) is the smallest difference between the main lobe
and largest sidelobe. For a sinc pulse the peak sidelobe (PSLR) ratio is -13.3dB.
This sidelobe raﬁio is usually too high for most applications where a nominal ratio of
-20dB or less is often desired. Windowing is applied to the frequency matched filter
to improve the sidelobe ratio, the tradeoff is the broadening of the resolution cell. The
resolution of the pulse is given by |

0.886
6pr = Mg (ﬁ) (2.20)

where 7,4 is the amount of broadening due to window weighting. Table 2.1 giVes some
broadening factors of commonly used windowing functions and their corresponding

peak sidelobe ratios [52].

Table 2.1: Broadening factors for various windowing functions.

Window | broadening v, | PSLR (dB) Comments
Rectangular 1.00 -13.3
Hamming 1.33 -43
Hanning 1.30 -40
Kaiser 1.18 -25 weighting parameter = 2.5

The demodulated signal (2.7) can now be compressed in the range direction. If the
range window w,(.) is compressed to a sinc-like window of p.(.), the range compressed

demodulated signal can be written as,

su(rin) = o (7 - DY vty exp { -2} (2.21)

C Cc

after ignoring the effects of amplitude modulation and backscattering coefficient.
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In azimuth, a similar synthetic phase-encoded signal exists due to the way the
slant range changes with the azimuth time in the azimuth phase [see (2.7)]. Az-
imuth compression is more complicated as the slant range trajectory causes RCM, as

discussed in Section 1.1.4. Azimuth compression is performed only after RCMC.

It is desired to perform azimuth compression in the azimuth frequency domain
due to the efficiency in the processing [see Section 1.1.5]. However, it is difficult to
apply the POSP in the azimuth direction due to the existence of the DSR in the range
equation. There are several ways to overcome this difficulty and they are discussed

further in Section 3.3.

Nevertheless, focusing the data in either range or azimuth direction would pro-
duce a sinc-like function since the raw data is bandlimited in range by the I'M signal
range bandwidth and bandlimited in Doppler by the Doppler bandwidth of the point
target. The product of sinc functions in both range and azimuth would produce a

two-dimensional sinc-like pulse [17] called the impulse response.

2.4 Impulse Response

A SAR system is a linear system that can be characterized by its impulse response.
The impulse response is the output of a system when an impulse is supplied at the
input. For a SAR system, the ground can be considered to consist of an infinite number
of infinitesimal small point targets, each with a different amplitude and phase. The
acquired data are the sum of the signals from all of the targets. Each infinitesimal small
point target can be thought of an impulse. SAR processing essentially produces a two-
dimensional, sinc-like pulse that is an estimate for each point target. The SAR system
is characterized by the quality of the impulse response. In this section, some imporfant

quality measurements for the point target response for the bistatic configuration are

27




discussed.

2.4.1 Quality Measurement for an Impulse Response Func-

tion

It is informative to examine a two-dimensional representation of the FT of the raw
signal, Soaf(fr, f5), and the point target response in time domain. Figure 2.5(a) shows
the two-dimensionaln' frequency response of a point target imaged at broadside and Fig-
ure 2.5(b) shows its focused impulse response. Figure 2.5(c) shows the two-dimensional
frequency response Qf a point target imaged at a squint angle and Figure 2.5(d) its
focused impulse response. In both cases, the region of support in the frequency domain
is bandlimited by the range bandwidth of the range pulse ;nd the Doppler bandwidth.
Focusing the impulse response by matched filtering would produce an impulse response

with a two-dimensional, sinc-like response.

For configuration where antennas are at broadside, the region of support of the
image spectrum is approximately rectangular and the sidelobes of the impulse response
are parallel to the range and azimuth direction. For bistatic configurations where the
antennas are squinted, the region of support of the imagé speétrum is approximately
a rotated rectangle. This means the range and azimuth sidelobes are at an angle and
the pulse quality parameters or quality metrics are measured along different directions

from the broadside case. Figure 2.5 shows a typical impulse response for both cases.

The following are some important quality metrics that can be measured from an

impulse response [17]:

e Impulse Response Width (IRW) - The impulse response width defines the width

of the main lobe of the impulse response. The width is measured 3 dB below the
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Figure 2.5: Impulse responses of broadside imaged targets.

peak value. In SAR processing, this is referred to as image resolution. The units
for image resolution are samples although it can also be expressed in spatial

measurement. Section 2.4.2 discusses this in more detail.

e Peak Sidelobe Ratio (PSLR) - The peak sidelobe ratio dB is the difference be-
tween the main lobe and largest sidelobe. A high PSLR will contribute false
targets and sidelobes of a target with stronger returns may mask the returns of
weaker targets. Without weighting, a uniform spectrum will produce a PSLR of
-13dB. This could be too high in practice. Generally a PSLR of -20dB would
be required. A tapered window can be applied on the processed spectrum in

exchange for a lower resolution [61].
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e Integrated Sidelobe Ratio (ISLR) - The integrated sidelobe ratio is the energy in
the sidelobes -of the point spread function to the energy in the main lobe. The
ISLR is often measured as two one-dimensional parameters in range or azimuth
direction. ISLR is an important metric in a low contrast scene. Typical ISLR is
about -17dB with the main lobe limits defined as between the null-to-null region.
ISLR should be kept low to prevent the sidelobe energy from the stronger target

from spilling over and masking out weaker targets.

2.4.2 Bistatic Resolution

Resolution is defined as the 3dB IRW of the impulse response of the system, measured
in a physical dimension, such as angle, time or spatial units. In this thesis, the
resolution is defined in spatial units in the range direction or in the azimuth direction,

projected to the ground plane.

In monostatic SAR, thé azimuth direction is aligned with the relative platform
velocity vector. Thus a display of focused SAR image can be converted to a two-
dimensional image of the target by a trivial rescaling of the Doppler coordinates to
cross range coordinates using a simple rescaling [5]. Resolutions in slant range and
azimuth are stated in spatial units. Because there are two platform velocities in
a bistatic case, the azimuth direction becomes a more ambiguous term. Therefore,
resolution in spatial dimensions becomes difficult to define. A simple way to resolve
this problem is to measure the resolution in slant range time and azimuth time. This
gives a straightforward way to measure the quality measures of the bistatic point target

response.

The definitions of bistatic range resolution and bistatic azimuth resolution in spa-

tial units are still important from a user’s point of view. Several papers have been
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written about the bistatic resolution. Earlier works by various authors dealt with the
traditional bistatic radar resolution defined in range, Doppler and angle using geo-
metrical methods [5,10,62,63]. A vectorial gradient method to define bistatic SAR
range resolution and bistatic SAR Doppler resolution is given in [64]. In [65], a similar
approach was used and similar results were derived. The vectorial gradient method
provides a more consistent approach to derive the resolution without the need for ap-
proximations used in earlier works. A more generalized approach to resolution analysis
using ambiguity function is discussed in [66]. Nevertheless, the gradient analysis ap-
proach is sufficient for the general bistatic SAR geometry and is used in our discussion

in Section 2.4.3 to Section 2.4.5.

2.4.3 Range Resolution

Resolution is highly dependent on geometry of a bistatic configuration. The range res-
olution for a bistatic configuration can be defined by using vector gradient differential
calculus [60]. The instantanéous slant range is the sum of range from transmitter to an
arbitrary target and from the target back to the receiver. .Iso-range contours are the
loci of point targets with the same range. For a bistatic configuration, the iso-ranges
are ellipsoids with the transmitter and receiver as foci. These contours satisfy the

following bistatic range equation
R(n) = ‘ﬁT(n)l + lﬁR(n)) = constant (2.22)

where ﬁT(n) and ﬁR(n) are vectors from point target to the transmitter and receiver
positions respectively.

The slant range can be treated as a scalar and a level surface. The vector gradient

31




VR(n) is defined as

_ OR(n), OR(n) . OR(n),

VE(®) bz Oy J 0z

(2.23)

Geometrically, VR(n) is vector passing through the angular bisector of the bistatic
angle defined in Figure 2.1. It can be shown [see Appendix A.1] that the vector
gradient VR(n) is given by,

VR(n) = —(0, + ) (2.24)

where ; is the unit vector from point target to the transmitter and 1, is the unit

vector from point target to the receiver.

The vector gradient of the slant range gives the direction of the maximum change
in slant range and VR(n) defines where the direction of range resolution. The equiva-
lent range resolution in the ground plane is given by the projection of this vector onto
the ground plane (xy plane). The unit vector is given by

N nyVR(n)

where I'y, = I— 22T is operator for the projection of a vector into a plane and I is

the identity matrix.

As shown in (2.20), a signal with bandwidth B, can be compressed into a pulse
inversely proportional to the signal bandwidth. The width of this pulse in time units
is

’YI'g
or = & 2.26
T= 3 (2.26)
where 7, is the broadening due to spectrum weighting. The ground range resolution

dp; is the distance between two point targets in the direction of @, that causes difference

in the arrival time of 7 and the slant range difference of 6R = cér.
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Assume an arbitrary unit vector in the ground plane 1. The rate of change of
the bistatic range at any point along the unit vector 01 is given by the directional
derivative [60] and is defined by

0R
dpr

= u-VR(n) (2.27)

where the rate of change is given by the change in the bistatic range §R over the
change in distance in the direction of the unit vector G. The rate of change is greatest

when G = 1,.
The 3dB range resolution is given by 6R = cdé7. Rearranging, we get

oR i
6p, = — = 8 2.28
Pr = 4, VE(m) ~ BT VE) 229)

The nominal monostatic range resolution in the slant range plane can be derived
from the bistatic range resolution formulation given in (2.28) by setting G, = @, in

(2.24). The range resolution for the monostatic case is given by

= g (5%) (2.29)

The monostatic range resolution is consistent with that derived in [17]. An important

Chrg

0pmr = =————
Pme = BIVR()| |
n=0

observation to make is that range resolution depends only on directions from the
scatterer to the platforms and not the slant range distances. This also implies that
the range resolution is dependent on the bistatic angle, 5. A larger bistatic angle
would mean the denominator is smaller in (2.28) and hence a poorer resolution. The

best range resolution is obtained in the monostatic case, where 8 = 0.
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2.4.4 Doppler and Lateral Resolution

The Doppler resolution can be arrived at using a similar method as the derivation for

range resolution. The Doppler contours satisfy the following equation
1 /s S .
fam) = =5 (Vx(n) -6+ Va(n) - 0,) = constant (2.30)

where fy is the Doppler frequency, A is the wavelength, \~7T(77) and \~7R(77) are instan-
taneous velocity vectors of the transmitter and receiver respectively. The gradient of

this scalar is given by

Vfaln) = 3fd(77)2-+ 5fd(77)j+ 8fd(77)k (2.31)

ox Oy 0z

As shown in Appendix A.2, the vector gradient can be written as

1 1 1o ~ 1 1+ ~
Vie = 1| == [Vr = (V2 0)i] + = [Va - (Va- 0] (232)
A <|RT| |Rg|
The Doppler resolving capability depends on the integration time/exposure time

T,. The width of the compressed pulse in frequency units is

_ e
ofa = 7 (2.33)

where 7,, is the broadening due to Doppler spectrum weighting.

The Doppler resolution is measured along the vector gradient V fy and the equiv-
alent direction on the ground plane is given by the projection of this vector onto the

ground plane (xy plane). The unit vector is given by

o nyvfd(n)
# Dy Vi)l

The Doppler resolution can be defined using the directional derivative along the unit

(2.34)

vector V. The directional derivative is given by

4 fa
0Pz

= 0~ Vfaln) (2.35)
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For two point targets separated in Doppler by ¢f4, the ground separation of
dpq. along the Doppler direction is given by v,. The ground separation is referred
to as lateral resolution in [65] and Doppler resolution in [64]. Generally, Doppler
resolution is referred to in frequency units, therefore lateral resolution seems to be a

more appropriate term in the spatial domain.

Combining (2.35) and (2.33), the lateral resolution is defined as

’Yaz

TV Ja ()] (2:39)

0pas =

The nominal monostatic azimuth resolution found in [48] can be derived from the
bistatic azimuth resolution formulation given in (2.36) by setting 4, = @, and Vr =

VR in (2.32). The azimuth resolution in the slant range plane is given by

PYaz A’Ya.st
0Pmaz = —— = — 2.37
P Ta|V fa(n)| 0 2V, T, sin(bs) ( )

where V; is the velocity of the monostatic platform such that V; = Vi = Vi, R, is the
monostatic slant range such that Rs = Rrcen= Rreen and g is the squint angle of the

monostatic system.

2.4.5 Cross Range Resolution

When a SAR image is registered to the ground plane, normally a rectangular grid is
used and the ground resolution is described using orthogonal axes. The problem with
using lateral or Doppler resolution in a bistatic case is that ground range resolution
direction 11; and ground lateral res‘olution direction Vv, are not always orthogonal. (It

is orthogonal for the special case of monostatic configuration in the SAR image plane)

Cardillo [64] got around this problem by introducing the bistatic cross range

resolution. Its direction is orthogonal to the bistatic range direction and produces
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Figure 2.6: Defining the bistatic cross range resolution.

an equivalent area to the cell size described by the slant range resolution and lateral

resolution vectors as shown in Figure 2.6.

The unit cell area formed by ground range resolution vector dp;i; and ground
lateral resolution vector dp,,V, is shown in Figure 2.6. The cross range dp., W, vector
is orthogonal to the ground range vectot and forms a rectangular unit cell with the

same area (shaded area).‘ The unit area is given by

5pr 5,0az
0Ay = ——n 2.38
sin(f) (2.38)
where 6, is the angle between G, and ¥, and is given by 6, = cos™'({i, - V). The
cross range resolution is given by
0 Paz
0per = ——v~ 2.39
P sin(6,) (2.39)

For the monostatic case where 0y, = 0, and {/T = \73, the product of the gradients

VR(n) and V f4 is null. Thus, the gradients of range and range rate are perpendicular
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to each other. The lateral resolution and the cross-range resolution are identical since

sin (6y) = 1.
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Chapteri 3

Bistatic SAR Processing
Algorithms |

3.1 Introduction

Ih ‘this chapter, a review of several existing bistatic SAR processing algorithms is
presented. The first few algorithms are time-domain-based algorithms. They have
excellent phase preservation and can be used for any bistatic geometry. However,
t‘hese algorithms have high computational loads, as they form the image by processing

one point at a time.

Efficiency can be improved by processing in the frequency domain. Many accu-
rate monostatic SAR algorithms achieve block efficiency by processing in the frequency
domain. Such algorithms are usually derived from the point target spectrum [21-27].
It has been shown .by several authors that the bistatic case cannot be focused by
simply assuming a monostatic equivalent in the middle of the baseline, especially for

bistatic configurations where there is appreciable baseline separation [16,31]. Thus,
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new bistatic algorithms have to be derived in order to focus these bistatic configura-

tions.

There are three groups of frequency based algorithms available to focus the bistatic
configuration. The first group uses numerical methods to solve for the double square
root function. The second group has a pre-processing stage that transforms bistatic
data to equivalent monostatic data so that the image can then be processed using tradi-
tional monostatic methods. The third group of algorithms formulates an approximate
bistatic point target spectrum and uses this spectral result to derive an algorithm to

focus the data.

Most available algorithms are limited to focusing the case where the data is
azimuth-invariant. This restricts the platforms to flight paths with equal velocity
vectors. The NLCS algorithm distinguishes itself as an algorithm that is able to han-
dle azimuth-invariant cases. The algorithm was developed initially to handle highly
squinted, short-wavelength monostatic cases and bistatic cases where a transmitter is
imaging at broadside with a stationary receiving platform [44]. The NLCS algorithm
is investigated in this chapter and the concept introduced here provides the framework

for discussion in later chapters.

3.2 Time Domain Matched Filtering Algorithms

The most direct way of forming the image from the raw signal is to make use of a
two-dimensional replica of the echo signal and do a correlation of the point target
return for every point in the imaged scene [20]. Alternatively, one can use the Back-
Projection Algorithm (BPA), a faster method of implementing the two-dimensional
correlation. The key advantages of these methods are their accuracy and ability to

produce an accurate image under any bistatic configuration. Each point is formed
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individually and maps directly to the ground coordinates without the need for an
additional registration step. Furthermore, computation speed can be improved by

parallelizing the process without any loss in phase accuracy or resolution.

However, such methods suffer from being computationally intensive. These meth-
ods do not have any stages where azimuth signal is available, since each point target
is formed directly. This makes it difficult to incorporate autofocus stage into these
algorithms for real-time operations since autofocus algorithms often apply phase error
compensations in the azimuth direction [48]. Without this autofocus stage, the motion
accuracy of the navigation unit needs to be very accurate, making the system expen-
sive. One way to apply the autofocus is to perform an inverse azimuth FT, estimate
the phase error and apply the phase correction, and reapply the azimuth F'T. However,
this further increases the computational burden of the algorithm. Nevertheless, these
algorithms are often very useful as they can be used as benchmarks to compare the
accuracies of processing algorithms. They are also used for offline data products that

do not need real-time processing.

3.2.1 Time Domain Correlation Algorithm

The mathematically ideal solution for bistatic image formation is a two-dimensional
matched filtering process. The Time Domain Correlation Algorithm (TDC), [20] and
[67], is a direct matched filtering of the baseband signal. The matched filter is the
conjugate of the exact replica of the echo signal and therefore the algorithm gives the

optimum reconstruction [51]. For each point (z,, y,) the estimated reflectivity is given
<
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otonin) = [ [strmp{ (7— D20 e [ o, 2t [y

_ // sl ( R(n,xmyn))d,r exp [ﬂﬂﬂw] dn (3.1)

c
where & is an estimate of the reflectivity of the point target at (z,y), ignoring the
amplitude effects. This process scales with an order of O(N*), where N x N is the
number of pixels in the image. The Back-Projection Algorithm (BPA) is often used

- in place of the TDC as it is a more efficient implementation of the matched filtering.

3.2.2 Back-Projection Algorithm

The BPA is derived from a computer-aided tomography (CAT) technique used in
medical imaging [68]. Earlier works on the BPA were used to focus data in monostatic
or bistatic spotlight mode [68-72]. The BPA has also been applied successfully on
bistatic stripmap SAR data [14,73]. BPA has many of the attributes of the TDC as
the BPA can be derived.directly from the TDC algorithm [48, 51].

To show how the BPA can be derived from the time domain correlation operation,

a range compression of the signal is first performed on the signal to give

swe(T,m) = 8(1,1) @ p*(~7) (32)

Expanding this convolution term gives

See (Ty1) = / s(s,mp*(s —7)ds (3.3)
Replacing 7 with R(n; Xn, yn>/c in (3.3), the integral becomes
R 1 oy Yn " R yTns Yn
Src(MﬂO = /S(§>n)p (T - M) d§ (34)
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where R(7; Xn, ¥n) is the sum of slant range from the transmitter to a point target at
position (z,,y,) and the slant range from the same point target back to receiver. Note
that R(n;z,,yn)/c changes for each pulse, therefore s,.(7,7) must be interpolated to
obtain the expression s..(R(7; Zn, Yn)/c,n) at each slow time n. Substituting (3.4) into
the time domain algorithm, (3.1) gives the reconstructed reflectivity.

o R 1 Ty Yn . R y oy Yn
6(Tn Yn) = /Src (_(n__y_)n> exp l:]QWfo—ﬁ"‘c_‘—y—) dn (3.5)
n

Cc

The diagram below shows the steps in the BPA.

Convolve with st Select point target
onvolve wi
s(T,n) ——»] p*(-T) - (xn.yn) to focus,

. interpolate to get
Range Compression s [R(M)/ M)

Repeat for next

point @‘_ exp{-j21tf R(1 )/c}

A
) < i

Figure 3.1: Block diagram of BPA.

The BPA is able to maintain a high accuracy and phase coherency because it is
derived directly from time domain matched filtering method. In terms of computa-
tional load, the BPA requires N operations to do each interpolation for each pixel.
Therefore, for N x N pixels, the computational load has an order of O(N?3). Although

it is faster than the time domain method, an O(N3) algorithm may not be practical

for real-time implementation for many applications.




3.3 P‘requéhcy Domain Algorithms

The existence of a DSR function in the range equation of general bistatic case makes
it difficult to find a., simple analytical solution that expresses the azimuth time és a
fﬁnction of azimuth,vfrequency. Hence, it is difficult to derive an analytical solution to
t_he bistatic point target spectrum. Without an analytical point target spectrum, it is
difficult to derive the bistatic equivalent for some of the more popular accurate focusing
a_igorithrns found in monostatic SAR. Despite this difﬁculty, various techniques have
been devéloped within the last few years to focus bistatic data, each with their own
merits and limitations. Most of the frequency based algorithms can be classified under.

a few general methods based on how they handle the DSR term:

e Numerical methods, where the DSR is solved numerically;

e Analytical point target spectrum, wherein the DSR is solved directly to give an

analytical point target spectrum, usually with some approximations; and

e Pre-processing techniques, wherein a pre-processing procedure is used to convert
bistatic data with a DSR range history to one with a single hyperbolic range

history. The signal can then be focused using a traditional monostatic algorithm.

In the next few sections, each of these approaches is described and some of the more

relevant papers for this thesis are discussed further.

3.4 Numerical Methods

The first approach solves for the DSR numerically. A number of papers are based on

the popular omega-K algorithm (wKA) [16,34-37]. This algorithm processes the raw
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signal in the two-dimensional frequency domain. Bamler and Boerner [31] proposed a
focusing algorithm that replaces the analytical SAR transfer fungtions with numerical
equivalents. However, their algorithm is restricted to handling the azimuth-invariant
case and becomes fairly computationally intensive when there is higher bistatic degree
in the data [31]. Most efficient is the wKA, which is excellent for processing wide-
aperture and highly squinted monostatic cases. In the next section, the key ideas of

wKA are discussed.

3.4.1 Omega-K Algorithm

In order to review the wKA, both the monostatic WKA and the bistatic wKA will be
discussed. The block diagram in Figure 3.2 shows the processing steps in the wKA.
The wKA first does a two-dimensional FT to transform the SAR signal data into the
two-dimensional frequency domain. This is followed by two key steps of the algorithm:
a reference function multiply and Stolt ihterpolation [25]. Finally, a two-dimensional
IFT is performed to transform the data back to the time domain, i.e., the SAR image

domain.

. Range FT .| Reference Function
Raw signal data — Azimuth FT > Multiply
A
Compressed Range IFT
. < ) < Stolt Interpolation
image data Azimuth IFT s

Figure 3.2: Block diagram of wKA.
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The wKA is often described in the spatial frequency domain because of its origin in
seismic image reconstruction [26,27,48,74,75] and because it is a more compact way of
representing the processing analytically [it can also be explained using signal processing

principles as well [17]]. To derive the analytical monostatic spatial spectrum, consider

T Point Target
(XY,
platform

flight path /
{
t
R,(u) !
{
N :
u [
£ i
INtEQration (0 [r «e v o s oo oo o s st et o e e s e o e ..:
Time !
I
|
N |
y :

Figure 3.3: Signal model to derive the wKA.

the signal model in Figure 3.3. The two-dimensional range compressed spatial domain
signal for an arbitrary point target located at (Zn,yn) in the slant range plane can be

written as

sr) = (=2 wwew {7 TR W) o

Cc 4

where the range equation (one-way) is given by
Ry(u) = vVl + (y—u)? (3.7)

This equation is similar to (2.7), except that the slant range equation is expressed

in azimuth spatial units, u. This spatial unit has a corresponding spatial frequency,
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K,. Performing a range FT and an azimuth FT, it can be shown that the monostatic

spectrum can be written in the “w — k domain” as [67],

Su(K, Ky) = / exp |5 2K /% + (o — v — j K] du ' (39)

ignoring the effects of the range and azimuth envelope and defining K, and K (wavenum-

ber) as
. f’l
K, =2 3.9
i (3.9)
K = 27r(i‘3+_f'r) - Y (3.10)
c c
Applying the POSP, the spatial unit, u, can be expressed as
K2 ‘
u = yl’l _ m—g In (3.11)
Using this relation, the spectrum in the w — k domain can be derived,
SulK,Ku) = exp |~ (VAK? = K2 o + Kua)| (3.12)

A reference signal of a point signal (Xg, Y.) is then applied to the spectrum. This
operation can be viewed as a shift of the origin [37,76], or it can be viewed as a
reference function multiply (RFM) or bulk focusing step [17] or a “matched filtering”
term [35]. This RFM step reduces the bandwidth requirement of the signal. This
step also causes a bulk compression, i.e., any point target with the same closest range
of approach as the reference point are correctly focused. Other points are partially

focused. The signal after RFM is given by

Se(K,Ku) = exp{—j [VAKT = KZ (sn = Xo) + Ku(in - o)} (3.13)

The next operation is a frequency mapping step called the Stolt interpolation [25] or

a change of variable step [77]. The main idea of this step is to linearize the range and
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azimuth spatial frequency using a “change of variable” [78]. The spectrum becomes
Sx(Kx, Ky) = exp{—j [Kx(Xc — zn) + Ky (Yo —ya)]} (3.14)

with a change of variables given by

Ky = /AKZ - K? (3.15)
K, = K, (3.16)

In the w — k£ domain, w and K, terms are equally spaced samples as they are the FT
pair of the equally sampled spatial domain fast time 7 and the spatial unit » terms
respectively. The spatial frequency K, is equally sampled but the square root term
“in (3.13), /4K? — K2, is not equally sampled. The Stolt interpolation step creates a
linear frequency map in Ky and K, and fills the map by interpolating the phase signal
from w — k domain. This linearization of the phase is the key step of the algorithm
and it effectively focuses the remainder of the targets. In other words, it performs the
differential focusing step. A geometrical interpretation of the phase mapping is given

in [79].

Once the phase is linearized, the focused point target in the spatial domain can

be obtained by performing a two-dimensional IFT of (3.14), giving

&(mmyn) = px(Xc - xn)py(Yc - yn) (317)

where the effects of the finite region of support give the sinc-like envelope py(.) and
Py(.). The shape and orientation of the two-dimensional sidelobes is dictated by the

region of support in the Ky K, domain [67].

3.4.2 Numerical Method of Handling DSR

The main difference between the bistatic wkA and monostatic wkA is the difficulty

in solving the double square root equation. In other words, for the general bistatic
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geometry the inversion step in (3.11) cannot be performed since an analytical closed-
form solution of u(K, K,,) cannot be found. Existing bistatic wkA relies on numerical
methods [80] to resolve this inversion step. The solution for each u is solved numeri-

cally.

In the bistatic configuration, there are two sets of slant range and azimuth param-
eters. These have to be transformed into one set of spatial parameters so that each
point target can be' represented as one pair of spatial parameters. A fixed baseline
ensures the azimuth.parameter can be represented by one azimuth parameter. Indeed,
the fixed baseline restriction is adopted in the existing wkA [35] and [81]. Both meth-
ods use fairly similar processing except for how the range parameters are presented.

In Appendix D, a more detailed treatment of bistatic wKA [35] is given.

The wKA requires interpolation and numerical iteration, both of these opera-
tions tend to be fairly time consuming [81]. Since the algorithm operates in the two-
dimensional frequency domain, the algorithm is not able to cope with rapid changes

in Doppler centroid as easily as range-Doppler-based algorithm such as the RDA.

The existing bistatic, wKA [35] and [81], are only able to handle the azimuth-
invariant case. In [36], a method that can focus the general bistatic case was presented.
It relies on two sets of mapping instead of the usual one. This makes the algorithm

even more computationally intensive.

Finally, it is often necessary to evaluate and analyze the performance, accuracies
and limitations of algorithm under different geometries. Analytical methods would be
able to determine these requirements more readily compared with numerical methods.

In the next two sections, analytical-based methods are investigated.
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3.5 Analytical Point Target Spectrum

The second approach is to solve for the point target spectrum analytically. The point
target spectrum is an important result as it is the precursor to deriving other image-
focusing algorithms [17]. Few papers discuss the point target spectrum for the general

bistatic case [29, 30, 33].

An approximate point target spectrum is derived in [29]. This spectrum, also
known as the Loffeld Bistatic Formula (LBF), is used to derive a few bistatic algorithms
[42,82-84]. Evidently, the accuracy of these algorithms is limited by the accuracy of
the analytical spectrum. The derivation of this point target spectrum is discussed in

the next section.

In [33], a power series method for the general bistatic case was formulated. The
spectrum is derived based on the method of series reversion [85] and it gives the exact
formulation of stationary point in the form of a power series. The accuracy of this
method is “scalable”, as it depends on the number of terms used in the power series.

This point target spectrum is discussed in- Chapter 4.

3.5.1 Point Target Spectrum - Loffeld Bistatic Formula

The LBF is derived by applying a Taylor series [86] expansion on the phase function.
The phase terms are expanded around the individual stationary points of the transmit-
ter phase and the receiver phase. An approximate solution to the bistatic stationary
point can be determined by considering the expansion up to the second-order phase

term.

Starting with the signal after range compression, s,(7,7), in (2.21), a FT of the
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signal gives

Sallen) = W1 waln) exp{ 2 LI (Rt 4 uil} - 319

Next, an azimuth FT is performed to get the two-dimensional bistatic spectrum,

S2df(f‘n fn) = Wr(f'r) /waz(n) exp{ - .7 [¢T(77) + ¢R(77)] } d77 (319)

where
sr(n) =20 LI oo 4w (3.20)
salm =2 LTI By g (3.21)

The monostatic phase functions are expanded about their individual monostatic sta-

tionary phase up to the second-order phase term and the integral in (3.19) becomes

Saat(fry fr) = Wil(fr) Was(f) exp{ — 3 l¢r(7r) + ¢r(7R)] }
/exp{ =7 [QS.T(HT)("’/ — 1) + ¢r(FR) (0 — ﬁR)] } dn

/eXp -1 [éT(ﬁT)(n — 77r)? + dr(7ir) (n — ﬁR)Q} an

NS

(3.22)

where g and 777 are the solutions to the individual stationary phases of the transmitter
and receiver phase histories, respectively. The terms ¢g (7r) and ¢1(7r) are both zero
since 7r and 7jr are stationary phases of the receiver and transmitter phase histories,

respectively. Thus, the first integral vanishes.

Using the fact that the sum of two quadratic functions is a shifted and scaled

quadratic function [Section B.1], the remaining integral in (3.22), denoted by I(f,),
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can be shown to be

— (g ) _ 3] Grlin) nli) o
105 = fewd =3 Beli) + dalimy T

[éT(ﬁT) + éR(ﬁR)] (n— ﬁb)z} dn (3.23)

where . .
A = ¢T(77}") 11+ Sr(R) - R
¢ () + ¢r(7R)

(3.24)

Applying the POSP to (3.23), the approximate stationary phase is given by T and

the spectrum is given by (ignoring any amplitude variationé)

S2df(f‘ra fn) ~ Wr(fT)Waz(fn)

e { = Wi, )} e [ = Lol s )] (325)
where
Wa(fr, ) = B (i) + ba ()] (3.26)
\1}2(fT7 fn) _ ¢T(ﬁT) i ¢R(ﬁR) (ﬁT _ 77R)2 .

¢r(7r) + Pr(7TR)
(3.27)
The first exponential term, ¥y, is known as the quasi-monostatic term while the second
exponential term, V5, is known as the bistatic deformation term. The expanded form

of the results are given in Appendix B.2.

The existence of the quasi-monostatic and bistatic phase terms in (3.26) and (3.27)
suggests a possible two-step focusing approach: the removal of the bistatic deformation
followed by the application of a quasi-monostatic focusing step [29]. Incidentally, this

method overlaps with the pre-processing technique discussed in the next section.
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3.6 Preprocessing Techniques - Converting Bistatic

Data to Monostatic Data

This approach converts bistatic data to monostatic data using some pre-processing.
The simplest approach to converting a bistatic configuration to a monostatic equivalent
is to replace the two platform with a monostatic platform right in the middle of the
baseline. However, such a method has been shown to be inadequate in scenarios where

there is an appreciable baseline separation [31,87].

Another technique involves using hyperbolic range functions with a modified ve-
locity [31,88]. Such techniques have been used to accommodate orbital curvature in
monostatic configurations through the use of an effective radar velocity [39,89]. The
bistatic range equation is first expanded up to the second derivative and then a hy-
perbolic range equation is fitted over this range equation. These methods are valid for
satellite-based cases where there is usually no appreciable squint. However, it would
not work well for higher squint cases. So far these techniques are only shown to be
applicable to bistatic configurations where the baseline is fixed so that the azimuth-

invariance property holds.

In the next section, an interesting pre-processing method using the so-called
Rocca’s "smile operator” is introduced. It is applicable in cases where both platforms

are traveling on the same flight path with a constant baseline.

3.6.1 Dip MoveOut Algorithm

The Dip MoveOut (DMO) method introduced in [32] transforms bistatic acquisitions

into monostatic ones. This processing technique is a well-known method in the field

52




of seismic reconstruction [38], where a typical source is accompanied by thousands of

geophone receivers.

Essentially, the elliptical locus of the reflectors is transformed into a monostatic
one using a so-called Rocca’s “smile operator”. To derive the smile operator, consider
the bistatic survey given in Figure 3.4. It consists of a source (transmitter) at point S
that sends a seismic pulse,b a geophone (receiver) at point R and a dipping or sloping

layer represented by XY [90].

The total time required for the pulse to go from the transmitter to the dipping
layer back to geophone receiver is t,(63) and the travel path is given by line SY to
line YR. If there is an.equivalent monostatic source and receiver located at the middle
of the baseline, the time required for the pulse to go from the dipping layer back to
source is given by t,,}(ed) and the travel path is given by line MX plus line XM. Using

Equivalent .
Transmitter ~ Monostatic Receiver

M.
S \ _2n R

'S

Py - Py

oo Dipping Layer

Figure 3.4: Bistatic system geometry for computing the DMO operator.
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the geometry given Figure 3.4, it can be shown that

2 2 4h®
t(04) = t2(6q) + 2 cos (64) (3.28)

(<}

where c, is the speed of the pulse in the homogenous medium.

For this setup, the bistatic survey has a longer time delay than the monostatic
survey, i.e. tp(6a) > tm(04). The small difference in time or negative delay between
tr(6a) and t,(04) is known as the DMO in seismic terminology,

tomo(fa) = o { 1- \/1 _ Ah?cos*(0a) } (3.29)

2.2
tpcs

Thus, by applying different negative delays as a function of dipping the bistatic survey

can be transformed to a monostatic survey.

To transform the seismic representation to a bistatic SAR model, the dipping
layer is removed from the diagram and replaced with a point target at position Y. It
can be easily observed that the bistatic survey is similar to the bistatic SAR system

with a fixed baseline of 2h, with a transmitter at point S and a receiver at point R.

While the bistatic path is same for both cases, the monostatic path is given by
the travel path line MY plus line YM. If the baseline is short compared to the bistatic
range, the length of MY and MX will be quite close. Thus, we can approximate

h2
t2(0sq) = 12 (0sq) + - cos?(6sq) (3.30)
Naturally, c. is now replaced by the speed of light and the angle of the dip is replaced
by the squint angle of the bistatic SAR system.

The smile operator can be decomposed into two terms: a migration operator
and a phase operator [32]. Both operators are slowly range-varying operators, which
depend on bistatic range time. The migration operation is performed in the two-

dimensional frequency domain or in the range Doppler domain. This process causes
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the shifting of the range cell of the point target from the bistatic trajectory to the
monostatic trajectory, while the phase operator compensates the difference in phase

between monostatic and bistatic.

While this method is innovative in the sense that it allows monostatic algorithm
to be used, it does have a restrictive geometric configuration, i.e., it can only focus
the bistatic configuration where both transmitter and receiver are flying in along the

same track with the same velocity. Thus, limiting its usage.

3.7 The Non-Linear Chirp Scaling Algorithm

The NLCS algorithm has been shown to be an innovative way to focus monostatic and
bistatic SAR images [44]. It is able to focus highly squinted monostatic images and
has been demonstrated to work on the bistatic configuration where the transmitter
imaging on broadside and the receiver is stationary. However, the NLCS algorithm
is only effective for shorter wavelength systems where the effects of quadratic RCM

(QRCM) on impulse response broadening can be ignored.

The initial step of the algorithm involves a linear range cell migration correction
(LRCMC) process. The LRCMC causes point targets with different FM rates to be
aligned in the same range gate. Thus, this makes the signal both range-variant and
azimuth-variant as in the case of bistatic SAR signals. An FM rate equalization step
is performed using nonlinear chirp scaling to make the FM rate (the dominant phase
component) azimuth-invariant during the processing stage. A matched filter is then
applied to focus the data. Clearly, the NLCS is able to cope with image formation of
bistatic signals since it is able to handle range-invariant and azimuth-invariant signals.

The next section explains the principles behind the NLCS and the limitations of the

original algorithm.




3.7.1 Prelude to the NLCS Algorithm

Figure 3.5 illustrates the main steps taken in the monostatic NLLCS algorithm. The
first step of the algorithm is range compression. After range compression, RCM of
target trajectories can be observed. In squinted geometries, the dominant term of the
RCM is the linear component. The quadratic and higher-order components are usually
negligible, especially for short-wavelength systems. LRCMC using linear interpolation
is applied after range compression. The LRCMC step eliminates most of the RCM
and the range/azimuth phase coupling, which facilitates the processing of high-squint

cases.

After LRCMC, targets with different FM rates (since they have different ranges
of closest approach) fall into the same range gate. NLCS is applied to equalize the FM
rates élong each range cell by using a perturbation function. The perturbation function
for a monostatic configuration is found to be a cubic function in azimuth time [44].
Once the azimuth FM rate is equalized for all range gates, azimuth compression can

be carried out to focus the image.

Baseband SAR data ———Pp{ Range Compression Linear RCMC

Y

\4

Non Linear Chirp
Scaling

Focused Image 4—————{ Azimuth Compression [«

Figure 3.5: Original NLCS algorithm for the monostatic configuration.

The NLCS is able to focus the bistatic configuration where one platform is sta-

tionary and the other platform is moving in a straight path and imaging at broadside.
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The bistatic data for this case are both range-variant and azimuth-variant. Processing
is similar to the monostatic NLCS except that there is no LRCMC step required for
this case there is no LRCM for this case of broadside imaging. A quartic perturbation
function of azimuth time is used to equalize the FM rate for each target lying in the

same range gate.

3.7.2 Limitations of the NLCS Algorithm

The existing NLCS assumes negligible residual RCM, the most dominant of which
is the QRCM. For X-band and shorter wavelength systems, typical QRCM is less
than one range cell and the point target broadening is less than 10% [48]. However,
in C-band and longer-wavelength QRCM is several range cells and QRCM becomes
significant, leading to degradation of the point target impulse response. To process
. higher resolution and longer-wavelength cases, the NLCS must be able to handle the

residual RCM, especially the QRCM.

In NLCS, only the FM chirp rate is equalized. For squinted geometries, the third-
order phase term becomes significant. This phase term does not affect the broadening
of the resolution but produces asymmetrical sidelobes [48], which may lead to the

detection of false point targets.

A complicated form of range Doppler coupling occurs at higher squints or wider-
apertures. This cross-coupling can be illustrated with the raw signal of a point target
as shown in Figure 3.6. RCM has caused the range chirp to be shifted along each
azimuth time. Inspecting the phase change along any particular range line as shown,
there is an azimuth phase modulation. This azimuth phase modulation is as a result
of the RCM, this is on top of the azimuth modulation from the demodulation process.

Thus, the range Doppler coupling affects the azimuth FM rate. This effect is more
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pronounced when there is more RCM.

Rangeg——> Range phase ) Azimuth phase
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Figure 3.6: Phase coupling between range and azimuth. Illustration adopted from [17].

This range Doi:)pler coupling can be handled with a processing method called
Secondary Range Compression (SRC) [19,55]. For NLCS, SRC can be ignored as
LRCMC eliminates most of the effects of range Doppler coupling. This assumption
is valid for shorter wavelength systems where the residual RCM is only a few range
resolution cells. However, in higher resolution and longer wavelength (L-band) cases,
the residual RCM can stretch over several range resolution cells and the range/Doppler
coupling becomes significant. To focus longer-wavelength and high-resolution cases,

this extra range Doppler coupling term must be accounted for.

NLCS performs the matched filtering by creating the azimuth matched filter as
a function of azimuth time and performing the azimuth compression by using fast
correlation techniques. The efficiency of the algorithm can be improved by using a
frequency-domain matched filter instead, which eliminates the use of the extra F'T for
the time domain magtched filter. This frequency-domain matched filter can be derived
from an analytical bistatic point target spectrum. In the next chapter, an accurate
point target spectrum is derived. This new analytical result can be used to find the

frequency-domain matched filter for the NLCS algorithm.

58




Chapter 4

A New Point Target Spectrum

4.1 Introduction

Chapter 4 to Chapter 7 present new material and are the main contributions of this
thesis. In this chapter, a new two-dimensional point target spectrum is derived for the
general bistatic case, based on the reversion of a series approximation. In addition, the
relationship between this power series method, LBF and the DMO method is shown.
The spectral results here will be useful for developing efficient bistatic algorithms

operating in the two-dimensional frequency domain or the range Doppler domain.

The discussion begins with a derivation of the new point target spectrum and a
simulation is performed to verify its accuracy. Following that, the relationship between
this spectrum and the LBF are shown algebraically. Simulations are performed to
compare the focusing accuracies of each spectrum. Finally, a geometrical proof is used
to show how the bistatic deformation term in the LBF is related to the DMO smile

operator.
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4.2 Derivation of the Signal Spectrum

The derivation of the signal spectrum begins with the range compression signal s,.(7, )
in (3.6). The first step is to remove the linear phase and the LRCM. The reason for
this step will become apparent when the series reversion is applied at a later step.
After these terms are removed, the point target signal in the time domain is

sarn) = (7= 202) wtn) expf 20 22} (@)

where
Ri(n) = Reen +kan® +kan® + kan® + ... (4.2)

is the range after removing the linear term and R, is the sum of Ryce, and RReen,

and the coefficients

1 (dRi(n) , dR}

b= ( dng’”) + d*;g”)) (4.3)
1 (dR} dR}

k=3 ( };’; g") + df;f,ﬁ)) (4.4)
1 (dR%(n) dRA(n)

k=g ( dj‘f" + d‘;ﬁ ) (4.5)




are evaluated at the aperture center. The derivatives of the transmitter range are

given by
d*Ry(n) _ V2 cos? Ogqr 4
d772 RTcen
=0
d*Rr(n) 3VE cos? Osqr sinbsgr
3 = 2 (4.7
dn Rien
n=0
d*Ry(n) 3V cos? Ogqr (45in? Osqr — c0s? Osqr)
= 3 (4.8)
d’l’]4 RTcen
n=0

Similar equations can be written for the derivatives of the receiver range, Rgr(7).

Applying range FT on (4.1), the spectrum is given by

S1(fu) = Wilh) waln) exp{ 2 e E LB (49)

where W,.(.) represents the spectral shape (i.e., bandwidth) of the transmitted pulse,
fo corresponds to the center frequency and f, is the range frequency. Next, an azimuth
FT is applied to get the signal in the two-dimensional frequency domain. Using the

method of stationary phase [40], azimuth frequency is related to azimuth time by

where f, is the azimuth frequency. An expression of 7 in terms of f, can be derived by
using the series reversion (refer to Appendix C.1). Replacing z by 7, and replacing
y by (—c¢/(fo+ f-))fy in the forward function (C.1) and substituting the coefficients
of x by the coeflicients of 7, a power series is obtained. Inverting this power series,

the desired relation is obtained,

2
c c
n(fn) = A (—mfn> + Ay <—mfn)

3
[
+ As (—mfn> + ... (411)
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and the coeflicients are given by

1 3k
A= 5?2 y A= —%
0kZ — dkoky
A, = 28 e 4.12
3 16k3 (412)

The rationale for removal of the linear phase term and LRCM becomes clear at this
step. In order to apply the series reversion directly in (4.10), the constant term in the
forward function is removed since the constant term is absent in the forward function
(C.1). Both the linear phase term and the LRCM term are removed so that there is
no constant term left after applying azimuth FT to (4.9). An alternate approaéh is
to move the constant term to the Left Hand Side (LHS) of (4.10) and treat the whole
term on the LHS as y. The same result is still obtained (4.21).

Using (4.11) with (4.9), the two-dimensional spectrum of s;(7,7) can be obtained

Sl(f‘rafn) = Wr(f‘r) Waz(fn) exp —j27T fnn(fn)

oo { L R g}y

-where W,,(.) represents the shape of the Doppler spectrum and is approximately a
scaled version of the azimuth time envelope, w,,(.). To get the two-dimensional point
target spectrum for s(7,n), the LRCM and linear phase are reintroduced into s;(r, )

in (4.1)

s(T,m)

Hl

A
VRS

\‘

I

5
N—

I}

o]

o]
f—/H

k:

|\

=)
?s
3‘“
\ﬁ,_/

exp{ jor (f"Rcl ")+f k”?)} (4.14)
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where

_ dRr(n) dRgr(n) .
ki = an 4 an (4.15)

n=0 n=0
The derivatives (4.15) at the aperture center are given by

dR .
dTn(n) = —Vr sinfsqr (4.16)
n=0
dR .
;;7(7” = —VR Sin equ (4.17)
n=0

To derive the two-dimensional point target spectrum for s(7,7), the FT skew and

shift properties are applied [17]

g(Tv 77) — G(fr)fn) i (418) .
g(r,m) exp{—j2m fen} «— G(fr, fo + fi) (4.19)
g(T _-K/nan)(_)G(fT,fT)_i—nfT) (420)

where g is a two-dimensional time function, G is its corresponding frequency function,
and x and f, are constants. Applying these FT pairs to (4.13) and (4.14), the desired

two-dimensional point target spectrum is obtained,

Suatlfor ) = S1 | Lo Syt (ot 1) (4.21)

This new spectrum formulation is known as the method of series reversion (MSR).
The accuracy of the spectrum is limited by the number of terms used in the expansion
of (4.21). In general, the uncompensated phase error should be limited to be within

+7/4, in order to avoid significant deterioration of the image quality.
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4.3 Verification of the Spectrum Result

To prove the validity of the MSR, a point target signal is simulated in the time do-
main and matched filtering is carried out in the two-dimensional frequency domain.
Processing efficiency is achieved by focusing point targets in an invariance region with
the same matched filter. The size of the invariance region is dependent upon the radar

parameters and the imaging geometry.

The simulation uses airborne SAR parameters given in Table 4.1. An appreciable
amount of antenna squint is assumed, as well as unequal platform velocities and non-
parallel tracks. The axes are defined in a right hand Cartesian coordinate system
with the flight direction of the transmitter parallel to the y direction and z being
the altitude of the aircraft. The oversampling ratio is 1.33 in range and azimuth.
Rectangular weighting is used for both azimuth and range processing. If expansion up
to fourth-order azimuth frequency term is kept in (4.21), the two-dimensional point

target spectrum can be written as

Sde(fT’ fn) = Wr(fr) Was (fn + (fo + f-r)%)

exp {7 (. ) (1.22)
where the phase is given by
bral e ) = = om (B e,
s m (f,7 +(fo+ ﬂ)%)z
e (4 o 12
ian SEER) (11,4 gy 8) (429
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Table 4.1: Simulation parameters for verification of point target spectrum.

Simulation parameters Transmitter | Receiver
Velocity in x-direction 0 m/sec 20 m/sec
Velocity in y-direction 180 m/sec | 220 m/sec
Velocity in z-direction 0 m/sec 0 m/sec
Center frequency 5.00 GHz
Range bandwidth 50 MHz
Doppler bandwidth 150 Hz
Altitude 3000 m 1000 m
Range to point target at n =10 16532 m 10444 m
Squint angle at =10 30° 60.2°
Distance between airplanes at =0 8351 m
Minimum distance between airplanes 8445 m
Maximum distance between airplanes 8261 m

The magnitudes of the cubic and quartic terms in (4.23) are

A¢3 ~ |2

T8z \ 2

Agy ~ |21

2 ks (Ba)3

63(9 kg -4 k‘gk)4)

64K5 /3

(2)

where B, is the Doppler bandwidth. For this simulation case, B, = 150 Hz, k; = 1.31
m/s, k3 = 0.0146 m/s? and k4 = 0.000184 m/s®. The phase component A¢s is more

than 7/4 and A¢, is much less than 7/4. Therefore, it is sufficient to retain only terms

up to the cubic term in the phase expansion (4.23) for accurate focusing in this radar

case. Matched filtering is performed by multiplying the two-dimensional spectrum of

the point target by exp(—jdaac(fr, fr))-

The point target spectrum after matched filtering has a two-dimensional envelope
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given by W, and W,, in (4.22), as shown in Figure 4.1(a). Note that the spectrum has
a skew as a result of the range/azimuth coupling. This results in skewed sidelobes as
shown in Figure 4.1(b). However, in order to measure image quality parameters such
as the 3dB impulse response width (IRW) and the peak sidelobe ratio (PSLR), it is
convenient to remove the skew by shearing the image along the range time axis by the

amount

o (Vr sin(6r) + Vg sm(HR)> . (4.26)

B c
The deskewed sidelobes are seen in Figure 4.1(d). The deskewing operation is equiva-

lent to deskewing the spectrum, as seen in Figure 4.1(c).

(a) Spectrum after matched filtering (b) Point target after matched filtering
4.6
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Figure 4.1: Point target spectrum and image before and after the shear operation.

The quality of the focus can be examined using the one-dimensional expansions
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shown in Figure 4.2. The excellent focus is demonstrated by the IRW, which meets the
theoretical limits in range (1.184/1.33 = 0.89) and in azimuth (1.188/1.33 = 0.89) for
rectangular weighting. Furthermore, the sidelobes agree with the theoretical values of
-10dB and -13.3dB for the ISLR and PSLR respectively. In addition, the symmetry

of the sidelobes is another indication of correct matched filter phase.

Range compressed target Azimuth compressed target
15 15
j0t IRW =1.184 cells 10} IRW =1.188cells
PSLR =-13.027 dB 50 PSLR =-13.146 dB

T 0 ISLR =-10.005 dB o ISLR =-9.803 dB
g -5 -5
2 -10 -10
2
£ -15 -15
& -20 -20
=

-25 -25

-30 —30

-35 -35 v

252 254 256 258 262 1020 1022 1024 1026 1028 1030

Range (samples) — Azimuth (samples) —

Figure 4.2: Measurement of point target focus using a matched filter derived from the
new, two-dimensional point target spectrum.

4.4 The Link Between the Bistatic Spectra

In this section, the relationship between three independently-derived bistatic point
target spectra are established. The first spectrum is Loffeld’s Bistatic Formula (LBF),
which consists of a quasi-monostatic phase term and a bistatic phase term (see Sec-
tion 3.5.1). The second spectrum makes use of Rocca’s smile operator, which trans-
forms bistatic data in a defined configuration to a monostatic equivalent (see Sec-
tion 3.6). The third spectrum‘ is the new analytical spectrum derived in Section 4.2
using the method of series reversion (MSR). The MSR spectrum is the most gen-

eral of the three. This section shows that this spectrum can be reduced to the same
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formulation as the former two when certain conditions are met. In addition, a new
approximate spectrum is derived using a Taylor series expansion about the two sta-
tionary phase points of the transmitter and the receiver. We also give an alternative
geometrical proof of the relationship between Rocca’s smile operator and Loffeld’s

bistatic deformation term.
4.4.1 Analytical Development
From (4.21), the two-dimensional spectrum can be written as
Suaefr ) = Woll2) Waaly + (o + 1))
exp = g2n (fy + (o + 12 ) exp { 2Lt D)y i) |
= W, (52) Wl fy + o+ £)2)

exo( = g2 o) oo { 57 L

(4.27)
where 77, is the solution to the stationary point and is given by
~ k1
T =1 fn+(fo+fr)'c—
2
o cf
=A |-k )+ A - "—k)
1( fot Ir 1) 2( for b "
3
c
As | — T — Ky 4.28
” 3< f0+f7 1) " ( )

At this juncture, it is important to observe that the accuracy of the solution to
the stationary point, 1“7'5, is limited by the number of terms in the expansion. This is

unlike the approximate solution in (3.24), 7}, where the accuracy is restricted. Using
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(4.27) and the definitions in (3.20) and (3.21), the two-dimensional spectrum can be

rewritten as
ki T, /~ -
SQdf(fTa fn) = WT‘(fT) Waz <fn + (fo + fr)'c_> exp {.7 [¢T("7b) + ¢R(77b)] } (429)

Performing a Taylor series expansion on the phase term ¢r(7,) about 77 and

expansion of the phase term ¢g(7,) about 7jr, the phase in the MSR in (4.29) becomes
¢r(Mh) + r(M) = ér(fr + ATr) + ¢r(7R + ATR)
= ¢r(7r) + ¢r(7R)
1/ o e
+3 (An%th(nT) + ATI}%¢R("7R)>

1 e P
+ 3 (An%qﬁT(nT) + AU1§¢R(77R))

(4.30)

where
iy = 7y — e (4.31)
Afr = T — TR (4.32)

The terms on the right hand side of (4.31) and (4.32) are azimuth time measured from
the respective stationary phase points. Note that both ¢r(7ir) and ¢r(7r) are zero.
As a result, they do not appear in (4.30).

The phases on the left hand side of (4.30) represent the MSR in (4.29). The
expansion on the right hand side of (4.30) is the formulation leading to the link with

the LBF. This formulation is new and we refer to it as the Two Stationary Phase

Points (TSPP) method.

The TSPP formulation of the bistatic spectrum has a pair of quasi-monostatic

phase terms the same as the quasi-monostatic phase terms in the LBF (3.26). If we
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approximate 7, by 7, and consider only the quadratic terms in (4.30), the sum of
the quadratic phase terms becomes

1

> (G = 7)” o) + (o = ) Gl

(4.33)

8o

(A $u(iin) + AT $aliin)] ~

. Using the results given in Appendix B.1, the sum of the quadratic phase terms
in (4.30) is equivalent to the bistatic deformation term in (3.27) when the condition
T, = T, holds,

1

5 [ = )62 + (B — i) ()|

o1 fﬁT(ﬁT) - fr(ifn)
2 ¢ () + Sr(7R)

The expression on the right hand side of (4.34) is proportional to ¥, given in (3.27).

(fr — 7r)” (4.34)

Thus, the LBF is shown to be a special case of the point target spectrum formulation

given in (4.29).

4.4.2 Accuracy and Limitations

Like any Taylor series, for large magnitudes of Anr and Ang in (4.30), more terms
are required in the expaﬁsion to ensure convergence. Therefore, the bistatic point
target spectra in (3.25) and (4.30) are only accurate when 7, is close to the individual
monostatic stationary points, 77 and 7jg. For large values of Anr and A7ng, more

terms are required.

The use of more terms makes the point target matched filter inefficient, as each
additional term involves the computation of a pair of two-dimensional frequency terms.
In such a case, it is generally more efficient to make use of the MSR bistatic spectrum

in (4.30) to focus the target, as it needs fewer expansion terms to meet the required

accuracy.




4.4.3 Bistatic Configurations

In the LBF method, a truncation of the azimuth phase before applying the method of
stationary phase would cause phase degradation at wider aperture and longer wave-
length cases, when higher phase terms are significant and therefore cannot be disre-

garded. This limitation has been discussed in [29)].

Another necessary condition for the LBF to be valid is 7, ~ 7, (see Section 4.4.1).
This condition determines the type of bistatic configurations that the LBF is able to
focus. Due to the complexity of (4.28) and (3.24) and the wide range of configurations

available for bistatic platforms, it is difficult to determine this condition analytically.

However, we can simplify this condition further by considering 7, (f,.) = Mo (fy.)s
where f, is the mean azimuth frequency (the Doppler centroid). The Doppler centroid
is given by

fot fr )

C

(4.35)

fnc:"

Substituting f, for f, in (4.28) causes all the terms in the brackets to become zero
and the mean value of the bistatic stationary point, m(f,.), also becomes zero. Thus,

from (3.24), and assuming that 7(f;.) = M(fn.),

Q
=

[éT(ﬁT) it + ér(ir) 77R] (4.36)
Fn=Fnc
Similarly, the stationary point, 7, can be derived from (4.28) by setting the receiver-

based derivatives to be equal to the transmitter derivatives in (4.5), giving

2
nr = Bl( ¢y - 2kT1> + By (— ¢y - 2kT1>

ot fs fot fr

+B<— eI _ o >3+ (4.37)
3 f0+fT A Tl .
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where the coefficients are given by

1
B =
YT kg
B, = 3kT33
3243,
B 9K — dbmkm
3 128 k3,

(4.38)

A similar expression can be written for 7g. The kr terms are given in (4.3) to (4.5).

Substituting this pair of stationary points into (4.36) and considering only the first
two terms in the power series, it can be shown that the condition, 7,(fp.) = Tu(fr.),

simplifies to

k k
5 4 2B (kpy — k) O (4.39)
k1o kgo
Using the condition (4.39), the bistatic configurations where the LBF would work well
can be determined. This condition is satisfied when the value inside either bracket is

approximately zero.

Consider the case where the value of the second bracket in (4.39) is zero. A
trivial case that satisfies this condition is the monostatic configuration where kg; =
k1. Bistatic cases that have a short baseline relative to the slant ranges and have
transmitter and receiver squint angles pointing in roughly the same angle would also
fall into this category, since kr; = k71. This condition is also satisfied when kgr; ~ 0

and kr; = 0, i.e., when both antennas are pointing roughly at broadside.

The value in the first bracket is approximately zero when the platforms are flying
with the same velocity in the same flight path with a fixed baseline, and with 61 ~
—Bsqr- In such a case, from (4.3), (4.4), (4.6) and (4.7), the condition is satisfied as

kIRg ~ —k}T3 and ]CR2 ~ ]{)Tg.
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4.5 Simulation - Part 1

In this section, three equal-velocity, parallel-track cases, are simulated to compare and
verify the accuracy of the point target spectra between the LBF, TSPP and the MSR

methods.

4.5.1 Simulation Parameters

In each case, a single point target is simulated using the airborne SAR parameters

given in Table 4.2. The three cases differ in the squint angles simulated.

4.5.2 Simulation Results

Figure 4.3 to Figure 4.11 show the point target responses of the simulations. Fig-
ure 4.12 plots the magnitudes of the solutions to stationary points with azimuth fre-
quency. These values (7, 7, 7/ and 7r) are evaluated at the lrange center frequency
fo . Rectangular weighting is used for both azimuth and range pyocessing to simplify
the interpretation of results. The ideal range resolution is 1.06 cells in both range
and azimuth. The ideal PSLR (Peak Sidelobe Ratio) is -13.3dB and the ideal ISLR
(Integrated Sidelobe Ratio) is -10.0dB. Cases of low, moderate and high squint are

discussed in the next three sub-sections.

Case I: Low Squint (5°)

Figure 4.3 shows the point target focused using the LBF. Figure 4.4 shows the same
point target focused using the TSPP spectrum given in (4.30), expanded up to the

quadratic term.
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The first simulation is a bistatic formation with both antennas pointing near
broadside. The linear phase terms kr; and kg; are small in such a case, therefore the
condition in (4.39) holds and 7, ~ ﬁb. . Thus, the focusing results in Figure 4.3 and
Figure 4.4 do not differ significantly. Figure 4.5 shows the point target focused using
the TSPP spectrum, expanded up to the cubic term, showing a distinct improvement
over Figure 4.4. From Figure 4.12(a), we observe that the difference in the nominal
values (evaluated at f, = f,, ) of 7, and 7y, is small, at about 0.009 s. The nominal
value of Anr = 1.62 s and the nominal value of Ang = -0.83 s.

Case II: Moderate Squint (10°)

In the second simulation, both antennas are squinted to a point. The difference be-
tween the nominal values of 7y, and 7y, is now larger at about 0.07 s. The difference
between monostatic stationary point solutions with the bistatic solution are further
apart as well; the nominal values of Anp = 3.19 s and the Ang = -1.76 s. Thus,
the conditions (4.39) and 7, = 7, no longer hold. The approximate solution 7, is not
accurate and therefore, the point target focused using LBF [see Figure 4.6] has a poor
response. Figure 4.7 shows the same point target focused using the TSPP spectrum
given in (4.30), expanded up to the quadratic term. While there is less phase degra-
dation in Figure 4.7 compared with Figure 4.6, an improved result can be obtained by

including-the cubic phase term in the expansion—as shown in Figure 4.8.
Case III: High Squint (20°)
Finally, for cases with a more extreme bistatic configuration, there is a large difference

in the location of the stationary phase points between 7, with 7t and 7. The difference

between the nominal values 7, and #, is 0.5 s and the nominal values of Anr = 6.06 s
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and the Ang = -3.18 s. These large differences would cauée the a slow convergence in
the Taylor’s expansion in (4.30). Thus, more higher ofder terms would be needed in
the TSPP approach in order to focus the point target. This makes such an approach
inefficient. Figure 4.9 shows that the LBF is unable to focus the point target properly.
Figure 4.10 shows that even with a TSPP expansion up to the sixth order, the target

is still poorly focused. However, the point target can be focused by expanding up to

the quartic term in (4.28) and using the MSR, spectrum in (4.27) directly, as shown in
Figure 4.11.




Table 4.2: Simulation parameters for experiments to compare LBF and TSPP.

Simulation parameters

| Transmitter | Receiver l

Velocity in x-direction 0 m/sec 0 m/sec
Velocity in y-direction 98 m/sec | 98 m/sec
Velocity in z-direction 0 m/sec 0 m/sec
Center frequency 10.17 GHz
Range bandwidth 50 MHz
Doppler bandwidth 660 Hz
Altitude 1000 m 1000 m
Distance between airplanes at n =0 2000 m
Case 1
Range to point target at n =0 3751 m 1915 m
Squint angle at n =0 5° 9.83°
Doppler Centroid f;, 857 Hz
Case 11
Range to point target at 7 =0 3794 m 1999 m
Squint angle at n =0 10° 19.25°
Doppler Centroid f;, 1627 Hz
Case 111
Range to point target at n =0 3976 m 2326 m
Squint angle at n =0 20° 35.78°
Doppler Centroid f,, 3079 Hz
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Figure 4.3: Point target response focused using LBF.
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Figure 4.4: Point target response focused using TSPP, expanded up to quadratic term.
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Figure 4.5: Point target response focused using TSPP, expanded up to cubic term.
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Figure 4.6: Point target response focused using the LBF.
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Figure 4.7: Point target response focused using TSPP, expanded up to quadratic term.
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Figure 4.8: Point, target response focused using TSPP, expanded up to cubic term.
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Figure 4.9: Point target response focused using the LBF.
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Figure 4.10: Point target response focused using TSPP, expanded up to the sixth order
term.
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Figure 4.11: Point target response focused using MSR directly.
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4.5.3 Discussion

The TSPP method in (4.30) is introduced to show the relation between the methods
of deriving the spectra. However, the results of this section show why the TSPP is not

recommended to be used in the general bistatic case. Instead, we recommend that the

MSR be used directly.

In Section 4.4.3, it was assumed that 7j,(f,.) =~ 0. This assumption is consistent

with the result in Figure 4.12] as can be seen from Figure 4.12.

Plots of solutions to Stationary Points with Azimuth Frequency
6 6 6r

(a) Case | (b) Case I “(c) Case Il

Azimuth time 7 /sec —

E
En

o
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-10 : — -10 ' -10
400 600 800 1000 1200 1200 1500 1800 2100 2600 2800 3000 3200 3400
Azimuth frequency fn /Hz — Azimuth frequency fn /Hz —» Azimuth frequency fn MHz -

1 173 1 1

Figure 4.12: Comparison of the solutions to stationary phase. Note that for all three
cases, when f, = fo., m(fy.) = 0.
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4.6 Bistatic Deformation Term

The existence of the quasi-monostatic and bistatic phase terms in (3.25) and (4.30)
suggests a two-step focusing approach: the removal of the bistatic deformation followed
by the application of a quasi-monostatic focusing step [29]. Such a method is similar to
the DMO algorithm put forward by D’Aria et al. in [32]. In this section, a geometrical
proof will be given to show how the bistatic deformation term is linked to the Rocca’s

smile operator for the “constant offset case” [32].

4.6.1 Alternate Derivation of the Rocca’s Smile Operator

A geometrical method [32] borrowed from seismic reflection surveying [38] is used to
transform a bistatic configuration to a monostatic one. The bistatic platforms are
restricted to traveling on the same path with constant and equal velocities. This
is also known as the constant offset case [32] or the tandem configuration [87]. An

illustration of the tandem configuration is shown in Figure 4.13.

For this case, Rocca’s smile operator transforms the bistatic data to a monostatic
equivalent, which is located at the mid-point of the two bistatic platforms. To do
this transformation, a range shift ahd phase compensation are required — the shift
corresponds to the time difference between the two geometries. The time difference is

denoted by tpmo, given by

tomo(bsq) = tu(bsq) — tin(0sq) (4.40)

where {, is the round-trip travel time from the transmitter to the point target back
to the receiver and t,, is the round-trip travel time between the equivalent monostatic
antenna and the point target. The bistatic range to an arbitrary point is always greater

than the two-way monostatic range to the same point, as shown in Figure 4.14.
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Monostatic
Transmitter h equivalent h Receiver

t, = (R;+ Rp)c
t, =2Ry,/c

Reference point

Figure 4.13: Bistatic geometry for the constant offset case.

In Section 3.6.1, it is shown that the travel times are related by

2

4h
t2(0sq) = t2(0sq) + — c0s*(0sq) (4.41)

2h? cos? Oy, .

4.42
=T (4.42)

tomo(0sq) =

The bistatic platfor'ms are at a constant offset of 2h from each other and 6, is the

squint angle of the equivalent monostatic configuration.

From the derivations given in [32], we have the following observations: the bistatic
configuration can be transformed to the monostatic configuration by applying small
negative delays tppo as a function of monostatic squint sq. Applying these negative
delays is akin to convolving the bistatic data with the smile operator. It was shown

that the smile operator in the two-dimensional frequency domain for the constant
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Range time

Azimuth time

Figure 4.14: Illustration of squint-dependent delay.

offset case is

b

Fop2 anc2
j 27r(fo+ff)) i 0“‘}}

R exp
C2tb

~exp .7 27r(fo + f'r) tDMO(esq) (443)
where
f2c2
2 1 n
cos” fsq =1 (AT AL (4.44)

The equations (4.43) to (4.44) are also derived in [32] but adhere to the notations

defined in Section 4.2. V; is the common velocity of the two platforms.

Natroshvili et al. [83] showed that Rocca’s smile operator becomes the LBF
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bistatic deformation term by using two approximations:

2R,
tp ~ R (4.45)
c
3 1
Fé=F FrFE-(fr+ /) (4.46)
where
2.2
F=(f+ o) - 12 (4.47)

- e
and R, is the common closest range of approach for both the transmitter and receiver.
Although not said in [16]; it can be shown that the approximation in (4.46) is equivalent

to assuming that cos? f, is approximately equal to cos® 65,

Substituting (4.45) and (4.46) into (4.43) and, after some algebraic manipulation,

the smile operator can be written as

Hao(fr, fo) = exp(i¢a(fr, fr)) (4.48)

where

2 nned
h? cos® Osq

balfr) fo) = 2n(fr + fo) R,c
2n(fr + fo)l? i 5| (4.49)

Roc [ CAVR(f+ )
In {29}, it was shown that, for the constant offset case, the LBF bistatic deformation

term in (3.27) can be expressed by

3

‘I’z(fr»fn),\,?ﬂ(fr‘*'fo)hz[ e r
5 77 Rec V2], T Jo)?

(4.50)

To arrive at (4.50), we find that the approximation in (4.47) is not necessary. Instead

of (4.47), it is also possible to demonstrate the link between both methods using just
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one approximation:

2R,

ccos bgq

(4.51)

~
~

Substituting (4.51) and (4.44) into (4.43), it can be shown that the smile operator

(4.43) is equal to bistatic deformation term (4.49), for the constant offset case.

Geometrically, the approximation (4.51) estimates the slant ranges from the trans-
mitter and the receiver to the point target by twice the slant range from the equivalent
monostatic platform in the middle of the baseline. This approximation is adequate
when the baseline is small compared to the bistatic range, 2h/R, <« 1/ cosbsq. In fact,
as observed from Figure 4.13, this approximation is better than the approximation
used in (4.49). The ignored cosine term in (4.49) is regained in (4.50), when they are
used together, as in [83].

4.6.2 Geometrical Proof for the LBF

Geometrically, we can represent [see Figure 4.13 and Figure 4.14 ]

. R R
Osq) = - > 4.52
to(0sa) ccosfsgr  ccosBsr (4.52)
2R,
b (Bsq) = ° 4.5
( q) CCoS qu ( 3)
Applying the cosine rule to Figure 4.13,
1
R, R, h cos? fsq 2R, sin b\ |2
= 1 h
cosbsqr €08 by, [ * R? T s Osq
(4.54)
R, _ R [, heosbf, 2Rosinfy :
08 Osqr "~ cos Osq R? €08 fsq




Performing a binomial expansion on (4.54) and (4.55) up to the second-order term and

substituting the results into (4.52), we have

2R, h?cosd By,  h*cos® Oy,
o(0sq) > cos fsqc + R,c  4R3c (4.56)

and

h?cos® By,  h*cos® by,
R.c 4R3c

tDMO(esq) ~ (457)

The last term in (4.57) can be ignored if the baseline is small compared to bistatic
range, 2h/R, < 4. In a typical satellite case with an R, of 600 km and a baseline of
10 km, the ratio 2h/R, is 0.017 and the phase component of the higher order term has
the small value of

h4

D¢ =2mfo pre

= 0.0067 (4.58)
Thus, the smile operator becomes

(4.59)

. h? cos® 6
Hy(f,8i0) ~ exp {azw(ff 1) —}

R,c
It also should be noted that tpmo(fsq) in (4.57) is more accurate for a bistatic SAR
configuration as compared to the one given in (4.43), as evident from the discussion
in Section 3.6.1. The tpmo(fsq) in (4.43) is accurate when it is used to transform a

bistatic survey to a monostatic survey in seismic image reconstruction. As the baseline

to bistatic range becomes small, both estimates converge.

4.7 Simulation - Part 2

In essence, the Rocca’s smile operator can be viewed as a bistatic deformation term

therefore, it can be paired with the monostatic point target spectrum (quasi-monostatic
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term) to formulate another point target spectrum. In this section, we simulate four
cases to compare the accuracy of point target focused using the Rocca’s point target

operator, the LBF and the point target spectrum using the MSR.

4.7.1 Simulation Parameters

A point target is simulated in each case using the airborne SAR parameters given in
Table 4.3. The results of the simulations are shown in Figure 4.15 to Figure 4.26. The
Rocca’s smile operator is decomposed into two operators - range migration operator
and the phase operator. Both operators are applied in the range Doppler domain
using the accurate form of the operator [32] After the preprocéssing the point target

is focused using the monostatic point target spectrum [17].

4.7.2 Simulation Results

Rectangular weighti‘ng is used for both azimuth and range processing. The ideal range
resolution is 1.06 cells both in range and azimuth. The ideal PSLR (Peak Sidelobe
Ratio) is -13.3dB and the ideal ISLR (Integrated Sidelobe Ratio) is -10.0dB.

Case IV: Low Baseline to Range Ratio with fsqr = —0sqr

For simulation case IV, the ratio 2h/R, is small (0.05) and all the point target spectra
are accurate. Figure 4.15 shows the reference point target focused using Rocca’s smile
operator. Figure 4.16 shows the same reference point target focused using the LBF.
Figure 4.17 shows the results with the MSR spéctrum expanded up to the fourth

azimuth frequency term.
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Table 4.3: Simulation Parameters.

Simulation parameters Transmitter | Receiver
Platforms move in y direction with velocity | 100 m/sec | 100 m/sec
center frequency 10.17 GHz
Range bandwidth 75 MHz
Doppler bandwidth 232 Hz
-~ Altitude 1000 m 1000 m
Case IV
Ratio of baseline to R, 0.05
Distance between airplanes at n = 0 1000 m
Range to point target at n =10 20031 m 20031 m
Squint angle at n =0 - —1.43° 1.43°
Case V .
Ratio of baseline to R, 0.124
Distance between airplanes at n =0 1000 m
Range to point target at n =0 8071 m 8071 m
Squint angle at n =0 —3.55° 3.55°
Case VI
Ratio of baseline to R, 0.83
Distance between airplanes at n =0 3000 m
Range to point target at n =10 4026 m 4026 m

Squint angle at n =0

—28.87° 28.87°

Case VII

Ratio of baseline to R, 0.27
Distance between airplanes at n =0 1000 m
Range to point target at n =0 5813 m 4009 m
Squint angle at n =0 21.2¢4° 50.0°
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Figure 4.15: Point target response focused using Rocca’s smile operator.
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Figure 4.16: Point target response focused using LBF.
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Figure 4.17: Point target response focused using MSR.
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Case V: Moderate Baseline to Range Ratio with Or = —0sr

For simulation Case V, the ratio 2h/R, is 0.124. The point target focused using
Rocca’s smile shows significant phase degradation [see Figure 4.18]. The other two
spectra are still accurate. Figure 4.19 shows the same reference point target focused
using the LBF. Figure 4.20 shows the results with the MSR expanded up to the fourth

azimuth frequency term.
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Figure 4.18: Point target response focused using Rocca’s smile operator.
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Figure 4.19: Point target response focused using LBF.
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Figure 4.20: Point target response focused using MSR.
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Case VI: Large Baseline to Range Ratio with 01 = —0sqr

For simulation Case VI, the baseline is increased from 1 km to 3 km, to create a large
baseline to range ratio, (2h/R, = 0.83). Figure 4.21 shows that Rocca’s smile method
is not able to focus the point target with this large baseline. Also, Figure 4.22 shows
that the focusing limits of the LBF are also reached at this baseline. Figure 4.23
shows that only MSR is able to focus this symmetrical, large baseline data correctly,

by expanding the MSR. up to the fourth azimuth frequency term.

Case VII: Moderate Baseline to Range Rétio with Oqr # —0Osr

The bistatic configurations in Cases IV to VI satisfy the condition (4.39), since fsq7 =
—0sqr. In these symmetrical cases, the LBF is able to maintain accuracy up to large
baseline to bistatic range ratios before starting to show phase degradation, as it does
in Case VI, which has a very high baseline to bistatic range ratio. Basically, the LBF

breaks down only at very extreme ratios when Osq7 = —0sqr.

However, for simulation Case VII, the range vectors are no longer symmetrical and
the condition (4.39) is no longer valid. Even with a smaller baseline to bistatic range
ratio of 0.27, the point target response in Figure 4.25 is worse than the symmetrical
Case VI (Figure 4.22, where the baseline ratio is 0.83). Figure 4.24 shows the impulse
response of the point target focused using Rocca’s smile operator. For this baseline
ratio, the preprocessing method using Rocca’s smile operator is not able to focus the
point target accurately. Figure 4.26 shows the point target focus result with the MSR
spectrum expanded up to the fourth azimuth frequency term. The accuracy is hardly

affected by the change in bistatic configuration (compare with Figure 4.23).
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4.8 Conclusions

In conclusion, the three spectra methods are linked, the point target spectrum formu-
lated from the series reversion is the most general. The LBF can be derived from the
series reversion method by considering Taylor expansions about the individual mono-
static stationary phases (up to the quadrafic phase term). Such an expansion results’

in a quasi-monostatic term and a bistatic deformation term.

The Rocca’s smile operator for the constant offset configuration was shown to
be similar to the bistatic deformation using a geometrical method. The method of
splitting the phase )ﬁerm into quasi-monostatic and bistatic deformation terfn may not
be useful when there is a high bistatic degree as it may require the inclusion of many

expansion terms in the bistatic deformation term, leading to the inefliciency. In the

next chapter, the MSR is used to derive a new bistatic Range Doppler Algorithm.




Figure 4.21: Point target response focused using Rocca’s smile operator.
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Figure 4.22: Point target response focused using LBF.
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Figure 4.23: Point target response focused using MSR.
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Figure 4.24: Point target response focused using Rocca’s smile operator.
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Figure 4.25: Point target response focused using LBF.
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Figure 4.26: Point target response focused using MSR.
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Chapter 5

Bistatic Range Doppler Algorithm

5.1 Introduction

Bistatic SAR range histories, unlike monostatic ones, are azimuth-variant in general,
as both the transmitter and receiver can assume different motion trajectories. Never-
theless, the bistatic system can remain azimuth-invariant by restricting the transmitter
and receiver platform motions to follow parallel tracks with identical velocities. In this

case, the baseline between the two platforms does not vary with time.

This azimuth-invariant property is important to conventional monostatic algo-
rithms such as the Range Doppler Algorithm (RDA) [21-23] and Chirp Scaling Algo- |
rithm (CSA) [24]. This is because ﬁfocessing efficiency is achieved by taking advantage
of the fact that point targets with the same range of closest approach collapse to the
same range history in the range Doppler domain. Performing one Range Cell Migra-
tion Correction (RCMC) operation in this domain achieves the correction of a whole

family of targets. Also, the range Doppler domain allows the azimuth compression

parameters to be changed conveniently with range.




In this chapter, the spectral result developed in the previous chapter is used to
formulate a modified RDA that can handle the azimuth-invariant, bistatic case so
that the same advantages can be obtained. OQur approach to processing the azimuth-
invariant bistatic SAR data with the RDA is to apply the spectrum [33] to improve the
SRC accuracy in the two-dimensional frequency domain. The accuracy of the MSR

allows this bistatic algorithm to handle highly squinted and wide-aperture cases.

First note that the conventional RDA does not do any processing in the two-
dimensional frequency domain. SRC is commonly applied in the azimuth time domain
as part of the range compression operation {19]. This approximation limits the degree
of squint and the extent of the aperture that can be processed accurately. Focusing
high squint and wide-aperture cases is not a trivial task as processing is complicated by
arange Doppler coupling effect, which degrades the focusing ability of the conventional
RDA. The squint-aperture cases that the RDA can héndle accurately are considerably
extended when SRC is performed in the two-dimensional frequency domain, since
SRC takes on an increasing amount of azimuth frequency dependence as the squint
or aperture increases (refer to SRC Option 2 in [17]). The two-dimensional frequency

domain operations come at the expense of computing time, so are avoided if possible.

The chapter begins by outlining the operations in the modified RDA. Follow-
ing that, the two-dimensional phase equations for each stage are derived. A C-band
airborne radar simulation is used to demonstrate the accuracy of the algorithm in
Section 5.3. Finally in Section 5.5, an efficient way to combine the Secondary Range
Compression (SRC) with range compression is developed for certain squinted, moder-

ate aperture cases.
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5.2 Bistatic Range Doppler Algorithm

The processing steps for the bistatic RDA are shown in Figure 5.1. It consists of the
same steps as.the RDA with SRC Option 2 [17], with range compression combined
with SRC for efficiency.

Raw radar data

l v
5

Range FT ' RCMC
Azimuth FT
! ‘
6 -
Range AZImuﬂ?
Compression Compression
3 7 '
SRC Azimuth IFT
" :
Range IFT Compressed data

Figure 5.1: Functional block diagram of bistatic RDA.

The steps in the bistatic RDA are summarized as follows:

1. Range and azimuth FTs are performed to transform the signal into the two-

dimensional frequency domain.

2. Range compression is performed using a phase multiply in the two-dimensional
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frequency domain (it can be performed in any domain, as it does not depend on

range or azimuth).

3. SRC has its strongest dependence on range frequency and azimuth frequency,
so is best implemented using a phase multiply in the two-dimensional frequency
domain. Although not explicitly shown in Figure 5.1, the range compression and

SRC phase multiplies can be combined into one phase multiply for efficiency.
4. A range I[FT is applied to transform the data back to the range Doppler domain.
5. RCMC is applied using an interpolator in the range direction. -

6. Once the trajectories are straightened, azimuth compression is conveniently ap-

plied in the range Doppler domain using a range dependent phase multiply.

7. The final step is to perform an azimuth IFT to transform the data back to the

time domain, resulting in a compressed image, which is complex-valued.

5.2.1 Analytical Development

The development of the bistatic RDA begins with the two-dimensional spectrum,
(4.22), of the point target being considered. The first step is to replace the 1/(f-+f,)

terms of (4.22) with the following power series expansions

wnilh @ @] e
. S :1 _3£f+6(§§)lm<_§_:)"'+ (53)
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These power series converge quickly because f, > |f-| in practice. Substituting
(5.1) to (5.3) into (4.22), an explicit form of the phase of the two-dimensional spectrum
can be obtained. The phase term in (4.22) can be decomposed into the following

components:

¢2df(frvf7l) %(ﬁrg(f’r) + ¢az(f71) + ¢rcm(f-rafn) +
¢src(f‘rafn) + ¢res (54)

Each of these phase terms can be interpreted as follows:

e The first phase term, ¢,., represents the range modulation:

mf?

¢rg(f'r) == K.

(5.5)

This phase term is a well-known and dependent on only f. and thus can be
easily separated. Range compression uses a phase multiply to remove this phase
term. Alternatively, the data could be range compressed in the rangé frequency,
azimuth-time domain, just after the range FT. This operation is the same as in
the monostatic case, as the bistatic geometry has no direct effect on the pulse

modulation.

e The second phase term, ¢,,, represents the azimuth modulation, to be re-
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moved by azimuth matched filtering and it is solely dependent on f,:

1
Paz(fn) = 2m % [Zklf,,-i-ff]

k)g 9 3/{?10 2
+ 83 [3k1 Jot 7, — I+ f2f
BT 4k; fn + f f
4k c? c3
flz £+ + 5 A (5.6)

Because of the significant range dependence of these terms, the azimuth com-

pression is applied in the range Doppler domain.

e The third phase term, ¢, is linearly dependent on range frequency f, and

represents the range cell migration term:

- _BReen , 1 [k} ¢
(z)rcm(f'rafn) ~ 27rf~r{ c + — 4]{}2 [ ]
k3 |:k,‘1 3]€1 C

2
=Tz h f3 3]

8k3
9]€32 - 4/62]64 k14 6]{)126

Mo 2
64k; c f2 Iy
8k, c? c3

Note that the terms inside the large braces represent the RCM displacement.
As the k coefficients depend on range, as does the R, term, this range dis-

placement must be compensated in the range Doppler domain. This is allowed,

102




as there is no range frequency dependence in these terms. The displacement is

corrected using a range direction interpolator, as in the monostatic RDA.

e The fourth phase term, ¢, represents the range azimuth coupling term:

R AN AN
R GRGIL

C
3’“(%)

3
+ 8k

NOIORIGIT

This phase term is the remaining contribution that depends on f,, and f;. This
phase term becomes significant in higher squint, finer resolution and longer-
wavelength cases. If uncompensated, the range azimuth coupling may cause
significant degradation in the resolution, especially in the range direction. SRC

is used to remove this coupling term.

SRC is applied in the two-dimensional frequency domain domain, as the strongest
dependencies exist in this domain. However, the SRC term is weakly range
dependent, and (5.8) must be evaluated at a specific range, called the reference
range, usually at the swath center. While the SRC that corrects for the scene
center is often sufficient for the whole scene, for wider range swaths it may be

necessary to segment the scene into range blocks and process them separately.
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In general, for each block, the uncompensated phase error, mainly quadratic,

should be limited to be within /2.

e The last phase term, ¢, represents a residual phaSe£

fo 1 k;12 k3 kls
5 ~ 2 T T flcen “n. | .. Jo o3 | . Jo
Pre 4 c Reen + 4ky | C Jo| + 8kd | c J
9/{332 — 4/(?2/{34 /C14 )
64k c fo -. (5.9)

As this phase does not depend on range frequency or azimuth frequency, it has
no effect on the focusing process. However, it does depend on target range, and

should only be ignored if a magnitude irﬂage is the final product.

After removing the range modulation and range azimuth coupling using the phase
terms (5.5) and (5.8) in the two-dimensional frequency domain, an inverse range FT

is performed to obtain a two-dimensional signal in the range Doppler domain

S’rd(T7f77) = ﬁT(T_(ID"‘TC'm7 f‘r]) Wal(f"]_fnc) .
exp{—j ¢az(f'ﬂ)} (510)

where the range envelope, p.(7, f;), has a sinc-like shape in range, and the range

migration term, ¢rem, is related to the phase, ¢rem(fy), by

(brcm(f'rafn) = _ZWfT.(&C_"lcng_’.)_ (511)

The function, W,, (fn = foo)s is the target envelope in the Doppler frequency domain,
where the average Doppler frequency (the Doppler centroid) of the target is given by

ky

(5.12)




RCMC is performed by a range-varying interpolation operation at this stage.
The RCMC operation straightens the trajectories so that they now run parallel to the
azimuth frequency axis. The final step is azimuth compression, which focuses each
target to its mid—aperture range and mid-aperture time. The focused point target

signal is given by

strun) = o= 2 1) puc) exp {21 fo 1} (5.13

where p,(-) and p,,(-) are the sinc-like compressed pulse envelopes. The exponential
term in (5.13) is a linear phase ramp that results from the squinted geometry (giving

a non-zero Doppler centroid).

5.2.2 Compression Example

The effect of these terms, and their compensation, is illustrated in Figure 5.2, using an
example of a squinted bistatic SAR. The same parameters are used as in the C-band
simulation described in Section 5.3, except that only a single point target is used in

the present section.

The center target trajectory has a large migration of more than a hundred range
cells, as shown in Figure 5.2(a). When transformed into the range Doppler domain,
the range azimuth coupling causes the trajectory to be dispersed in range as shown
in Figure 5.2(b). SRC removes the range azimuth coupling effect, as shown in Fig-
ure 5.2(c) after the range IFT. This process can be viewed as recompression of data

in range, hence the name ‘Secondary Range Compression’.

After RCMC, all the energy from one point target falls completely into one range
cell, as shown in Figure 5.2(d). Without SRC, the energy would remain spread over

several range cells, resulting in resolution degradations in range and azimuth.
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Figure 5.2: How the target trajectories are changed by SRC and RCMC.

5.2.3 Application to the CSA

The Chirp Scaling algorithm (CSA) [24] is an alternate way of implementing an RDA-
like algorithm. It differs in that RCMC is performed in two parts, a differential and
a bulk part, and the interpolation operation is avoided. First, a phase multiply is
applied to range uncompressed data in the range Doppler domain to equalize the target
migration at different ranges. Then, a bulk RCMC is done in the two-dimensional
frequency domain to complete RCMC. Range compression and SRC are also performed

during the same phase multiply for efficiency.

Because of the two-dimensional frequency domain operations of the CSA, it is

straightforward to apply the bistatic range compression and SRC phase terms, (5.5)

106



and (5.8), to the CSA. For the RCMC operation, the bulk component is (5.7) with
range set to a mid-swath reference range, and applied in the same two-dimensional
frequency domain. The differential component is computed as the difference between
(5.7) evaluated at the explicit range and that at the reference range. The differen-
tial component is inverse FTed and applied in the range Doppler domain, as in the

monostatic case [17,24].

5.3 Bistatic Simulation Example

To prove the validity of the formulation and to show how a whole scene can be focused,
a simulation based on a flat-Earth model with seven point targets is presented in this
section. These point targets are illuminated at the same time with the composite

bistatic beam. The geometry is illustrated in Figure 5.3.

5.3.1 Simulation Parameters

The simulation uses the airborne SAR parameters given in Table 5.1. An appreciable
amount of antenna squint is assumed to introduce severe range azimuth coupling. The
oversampling ratio is 2.0 in range and 1.5 in azimuth. The range resolution is 2.05
m (2.09 cells) and the azimuth resolution is 1.48 m based on the definitions given
in {64,65]. A Kaiser window with a smoothing coefficient of 2.5 is used to suppress

the side lobes in both range and azimuth processing.

The separation between adjacent point targets is 200 m. All the point targets
lie along along a vector, u,. This vector corresponds to the projection of the vector
gradient of bistatic range, VR(n), onto the ground plane. Geometrically, VR(n) is a
vector passing through the angular bisector of the bistatic angle, B (refer to [64,65]
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 Figure 5.3: Geometry of bistatic simulation example.

and Section 2.4.3).

5.3.2 Simulation Results

The simulation results of the seven point targets are shown in Figure 5.4. The SRC
- reference range is taken from the center target, Target A. The impulse responses of
Target A are shown in Figure 5.5 and point target quality measurements for all targets
are given in Table 5.2. It is seen that the reference target and its neighbors are well-
focused, but the edge targets are noticeably degraded due to the application of a
range-invariant SRC filter for the whole scene [see Figure 5.6 for the responses of

Target D].

If the phase error is restricted to be within +7/2, the SRC filter can handle a
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Table 5.1: Simulation parameters for an azimuth-invariant case.

] Simulation parameters

ITransmitter[ Receiver |

Velocity in x-direction 0 m/sec 0 m/sec
Velocity in y-direction 200 m/sec | 200 m/sec
Velocity in z-direction 0 m/sec 0 m/sec
Center frequency 5.3 GHz
Range bandwidth 80 MHz
Doppler bandwidth 194 Hz
Altitude 3000 m 1000 m
Nominal range 15237 m 13010 m
Nominal squint angle 20° 51.7°
Nominal bistatic angle 31.9°
Baseline distance between platforms 8062 m

Bistatic SAR data focused using RDA

o

o
o

Azimuth time (sec)

-200 0 200 400 600

Ground range (m)

Figure 5.4: Point targets focused using the bistatic RDA.

-600 -400

range invariance region of 1270 m for this example. Targets D and G are near the

edges of the invariance region and have a phase error of 0.487.

The range PSLR (Peak Side Lobe Ratio) is within 2 dB of the theoretical value of
20.95 dB and range ISLR (Integrated Side Lobe Ratio) is within 2 dB of the theoretical
value of -18.5 dB. The combined weighting of the composite antenna window and the
Kaiser window gives a theoretical azimuth PSLR of -18.4 dB and a theoretical azimuth

ISLR of -15.8 dB. The measured azimuth PSLR and ISLR are within 2dB of these




theoretical values.

Table 5.2: Point target quality measurements.

| Target | Broadening (%) | PSLR (dB) | ISLR (dB) |

Range Impulse Response

A <0.1 -20.9 -184
B,E <0.1 -19.5,-19.7 | -17.1, -174
CF 1.70, 1.68 -19.0, -19.1 | -17.8, -17.9
D,G 5.02, 4.99 -22.5,-22.4 | -19.9, -19.7

Azimuth Impulse Response

A <0.1 -18.2 -15.8
BE <01 -17.8,-17.9 | -15.6, -15.6
C,F 1.20, 1.21 -17.0, -17.3 | -15.0, -15.3
D,G 1.50, 1.45 -17.5, -17.5 | -15.5, -15.6
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Figure 5.5: Measurement of point target focus for point target A.

5.3.3 Implementation Issues

To focus the imaged scene, the range derivatives given in (4.3) to (4.5) have to be
determined as a function of range. Instead of calculating the derivatives for each

range gate, a curve fitting approach can be utilized. For instance, the range varying
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Figure 5.6: Measurement of point target focus for point target D.

derivatives are calculated for a representative set of targets equally spaced over a
range invariance region. A curve is fitted for each derivative to obtain a polyﬁomial
function in range (a cubic polynomial was found to be sufficiently accurate for this 1.6
km example). Using these curves, the required parameters can be generated for each

range cell.

The image is focused in the bistatic range versus azimuth time domain. Point
targets are registered to their mid-aperture range and mid-aperture time. Figure 5.7
illustrates how a rectangular patch becomes a parallelogram in the focused map. The
three targets, denoted by white circles, lie along the same vector u, and have the same
beam center crossing time. When focused, they are registered at the same azimuth
time. Thus, a rectangular patch on the ground plane appears as a parallelogram in

the focused image, unless u, is perpendicular to the flight path.

Image registration maps the focused image, I1(7,7), to a flat-Earth plane, Ir(z,y),
as shown in Figure 5.7. The process involves two steps. First, positions of known grid
points in I»(z,y) are mapped onto I;(7,7). These grid points are usually chosen to

be parallel and perpendicular to the flight path. Then an affine transformation [91] is
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used to map the rest of the points.

Imaged scene
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Figure 5.7: A simple illustration to show shearing in the focused map. An imaged
rectangular patch becomes a parallelogram in the focused map.

5.4 Focusing a Real Bistatic Data Set

The bistatic RDA has been demonstrated to focus the azimuth-invariant parallel case
earlier in Section 5.3. II; this section, the bistatic RDA is used to focus real bistatic
data collected using two monostatic systems. The data were acquired on a pair of
airborne monostatic SAR platforms from the German Research Establishment for Ap-
plied Natural Sciences (FGAN). Airborne Experimental Radar (AER-II) acts as the
transmitter and is mounted on the Dornier-228 aircraft. The Phased Array Multifunc-
tional Imaging Radar (PAMIR) is the receiver and is mounted on a Transall C-160
aircraft. The sensors are operated in the X-band, sharing a common bandwidth of 300

MHz. Figure 5.8 shows the setup of the bistatic configuration.

The experiment cannot be considered as a purely azimuth-invariant parallel case
because of wind and other reasons. The positions of the airplanes were estimated by a

Kalman filter fusing geographic positioning system (GPS) with inertial navigation sys-
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Figure 5.8: The bistatic configuration used in real bistatic data capture.

tem (INS) measurements. The motion compensation allows the data to exhibit some
degree of azimuth-invariancy and helps improve the quality of the image considerably.
Figure 5.9 shows a focused bistatic SAR image. The scene is part of a larger image
over Oberndorf (Lech) in Germany. The geometry and SAR parameters are given in

Table 5.3.

5.5 Approximate Bistatic Range Doppler Algorithm

For coarser resolution and lower squint configurations, the range azimuth coupling
(that causes the ‘widening’ of the the energy observed in Figure 5.2(b)) is less depen-
dent on azimuth frequency. In this case, the azimuth frequency dependence can be
neglected when generating the SRC filter by using a coupling term that is fixed at the
Doppler centroid frequency, f,.. The derivation can be simplified further by neglecting
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Table 5.3: Geometry and flight parameters for bistatic SAR system.

Simulation parameters Transmitter (AER-II) | Receiver (PAMIR)
Velocity in x-direction 0 m/sec 0 m/sec
Velocity in y-direction 98 m/sec 98 m/sec
Velocity in z-direction 0 m/sec 0 m/sec
Center frequency 10.17 GHz
Range bandwidth /300 MHz
PRF 1250 Hz
bistatic angle 3 B
Nominal altitude , 2448 m 2453 m
Depression Angle 55° 42°
Nominal distance between airplanes 1177.56 m
Minimum distance between airplanes 1174.3 m
Maximum Distance between airplanes 1179.2 m

the third-order and higher-order terms of f. in the ¢, phase equation. Consequently,

the SRC phase can be approximated by the quadratic function [17]

m 2 .
¢src(fT)'~‘uK£ \ - (5.14)

where the constant

L ] e e hke 2
Ksrc 2k2f03 e 4k23 fo3 e fo4. e

k2 — dkoky | 3k?c 6kic® ,; 33 .,
16/625 f03 e f04 fnc'+ ”f:s“fnc (5‘15)

The phase modulation of the range azimuth coupling and the range FM modula-

tion can be combined together to form a new FM rate, K, [17]

11 1 \

K"K R (5.16)
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bistatic SAR image of Oberndorf (Lech)

Figure 5.9: A bistatic SAR image of Oberndorf (Lech), Germany.

In this case, SRC and range compression can be implemented at the same step, result-
ing in a more efficient algorithm. The processing steps for this approximate bistatic
RDA are illustrated in Figure 5.10. The steps are similar to the conventional RDA
(refer to SRC Option 3 in [17]).

K. and K, are weakly range dependent, and can often be kept constant for
the imaged scene. If the range swath is too wide, the scene can be subdivided into

contiguous segments and processed in range invariance regions.
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Figure 5.10: Functional block diagram of approximate RDA.

5.6 Conclusions

The bistatic RDA derived in this chapter applies to azimuth-invariant cases where the
baseline between the transmitter and receiver is fixed. Depending on the situation, it
may not be possible to achieve such flight configuration, e.g., an airborne to satellite
bistatic case where the difference in velocities is several orders. Even for the case when
two platforms are traveling in the same medium, some form of motion compensation
is applied to the signal to ensure that the transmitter and receiver are moving in ideal

parallel tracks with constant velocities [49)].

It may be argued that motion compensation can be used to compensate data
collected from a non-parallel tracks scenario to one with parallel tracks. This is not
possible in the general case because motion compensation is computed based on a fixed

reference point or “mocomp point”. It is accurate for points in vicinity of the mocomp
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point but, residual phase error increases further away from the reference. Likewise, it

is important to limit the amount of motion compensation applied to the data.

In the next chapter, the extended NLCS algorithm is introduced and it is able to

cope with some amount of azimuth-invariance in the signal data.
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Chapter 6

NLCS Algorithm for the Parallel
and Slightly Non-Parallel Cases

6.1 Introduction

The NLCS algorifhm is capable of focusing highly squinted and short-wavelength
monostatic configurations. In this chapter, the NLCS is extended to focus the bistatic
configuration where the receiver and the transmitter are moving in parallel or slightly
non-parallel tracks with squint. This algorithm is mainly used for airborne-to-airborne

platform bistatic configurations or satellite-to-satellite platform bistatic configurations.

Due mainly to its LRCM, severe range Doppler coupling occurs in highly squinted
SAR data. The original NLCS algorithm focuses highly squinted monostatic data
by removing LRCM. However, it cannot process data from wide apertures and long
wavelengths system. These data have appreciable range curvature. Left uncorrected,
they would cause severe impulse response degradation in both the range and azimuth

directions. The extended algorithm deals with this problem by incorporating RCMC
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and SRC into the processing. A frequency-domain matched filter is also designed
using the MSR result, this matched filter allows azimuth compression to be performed

efficiently.

NLCS makes several assumptions during image formation. These assumptions
affect the accuracy of point target focusing and limit the size of region that can be
processed with acceptable impulse response degradation (invariance region). The im-
pacts of these assumptions are investigatéd in this chapter. A method of executing

registration of the focused image to the ground plane is also introduced.

6.2 Extended NLCS

Extension of the NLCS to focus long wavelength bistatic configurations was introduced
in [53,92]. Figure 6.1 illustrates the main steps taken in the extended NLCS algorithm.
To ease discussion, the bistatic configuration where both platforms assume motion in

a parallel or slightly non-parallel track is referred to as the parallel case. The stages

in the extended NLCS are summarized as follows:

1. The first step: of the algorithm is to perform a range FT to transform the data

to the range frequency domain.

2. Range compression is performed in the range frequency domain. This is followed
by an LRCMC and a linear phase removal. The LRCMC can be implemented
using a phase ramp in the range frequency domain. This allows LRCMC to be

done together with range compression.
3. A range IFT is then performed to transform the data back into range domain.

4. A linear phase removal is applied to remove the linear phase from the data.
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Figure 6.1: Functional block diagram of extended NLCS algorithm (without SRC).

5. Targets with different FM rates are aligned in the same range gate. A pertur-
bation function is applied in the azimuth time domain to equalize the FM rates
along each range gate. The perturbation function for the parallel case is a cubic
function of azimuth time (similar to the monostatic case [44]). This stage is also

known as the NLCS stage.

6. An azimuth FT is then performed to transform the data into the azimuth fre-

quency domain.

7. Next, the QRCMC or range curvature correction is performed in the range
Doppler domain. This is an extension to the original NLCS algorithm and is

not necessary for short-wavelength cases.

8. Azimuth compression is then carried out using a frequency-domain matched
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filter.

9. Finally, an azimuth IFT is performed to transform the focused data back into

the range and azimuth time domain.

For very wide apertures, even after LRCM, there is still cross coupling between range
and azimuth in the range Doppler domain. The cross coupling is caused by a large
range curvature in the order of tens or hundreds of range cells. For these cases, SRC is
necessary. SRC is applied in the two-dimensional frequency domain to remove the cross
coupling effect before applying QRCM correction. The extra FT and IFT operations
make implementing the NLCS algorithm with SRC inefficient. Therefore, SRC should

be avoided whenever possible. The SRC is discussed in more detail in Section 6.2.6.

In the subsequent sections, each stage of the extended NLCS algorithm is analyzed

and discussed.

6.2.1 LRCMC and Linear Phase Removal

A narrow range pulse is formed after range compression. The trajectory of the point
target in the two-dimensional signal space contains both the LRCM and non-linear
RCM or range curvature. After range compression, LRCMC is performed. After the
removal of the LRCM, the linear phase is removed. Both the LRCM and the linear
phase terms contribute to the cross-coupling. This can be concluded from observing

SRC phase term, ¢ge, in (5.8) and MSR formulation in (4.23).

The NLCS algorithm assumes the LRCM and the linear phase term to be con-
stant. Ideally, the LRCM and linear phase term for each point target is dependent
on the squint angles of the platforms since squint angles vary according to the ranges

to the point target. In the azimuth-variant bistatic case, these linear components
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vary with azimuth as well. A practical way to deal with this problem is to perform
these corrections within an invariance region to keep the variations of squint angles

negligible.

With this assumption, bulk LRCMC can be applied throughout the whole invari-
ance block. The amount of range shift is computed from a reference point. The range

to be shifted varies with azimuth but is constant along the azimuth and is given by

0-(n) = [Vrsin(bsqr) + Vi sin(bsqr )] (6.1)

The LRCMC step can be done by linear interpolation in the range time domain or
done together with range compression in range frequency domain using a frequency

ramp.

Removal of the linear phase can be done in the azimuth frequency domain by

multiplication with a signal given by
.27 fo : :
Siwem(n) = exp = [V sin(bsq) + Vi sin(bsqr )] (6.2)

To illustrate the processing of the NLCS algorithm, consider a simple flight ge-
ometry, such as the one shown in Figure 6.2 with three point targets (A, B and C).
Targets B and C have the same range from the flight paths. The time delay of the
beam center crossing time of Target C from that of Target B is 73. Targets A and B
have the same beam center crossing time. For processing purposes, Target A is chosen
as the reference point (mid-swath). The target trajectories are shown on the right of
Figure 6.2. Since the LRCM is the same for all three targets, the following relation
can be written,

RcenB = RcenC - RcenA =+ k;Al Td (63)

where the subscript of Rcena is interpreted as the slant range of Target A at the beam

center crossing time, and similarly for Targets B and C.
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Figure 6.2: Nlustration of LRCMC in NLCS.

The signal of the reference point (Target A) is given by

ercmA (77)
C

sa(r,1) % pe{ 7 = <[ Rrema ()] }Wes () exp [—j%fo (6.4)

where the instantaneous slant range of Target A after removing the linear term is given
by
Riema (1) = Reenn + ka2 n? + kazn® + kaa® + ... (6.5)

For azimuth-invariant cases, Targets B and C have the same trajectory history
and can be focused with the same azimuth matched filter. For the azimuth-variant
case, the same azimuth-matched filter can be used provided that an azimuth-invariance
region is used to keep the phase degradation within the acceptable limits. The signal

for Target C after LRCMC and linear phase removal is given by

ercmC (77)
C

sc(T,m) = p,{r - %[ercmc(n)] }waz (n —nq) exp [—j27rf0 (6.6)

where

Riremc(7) = Reena + kb2 (0 — 1a)® + kp3 (1 — 1a)® + kpa (0 — 1a)* + ... (6.7)
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6.2.2 Range Curvature Correction

After LRCMC, the QRCM dominates the range curvature. Higher-order range curva-
ture is usually negligible compared to the QRCM. Uncorfected range curvature leads
to impulse response degradation in both range and azimuth directions. The residual
RCM is usually kepﬁ at less than half a range resolution ceil so that phase degradation

is within acceptable limits.

RCMC is done in the range Doppler domain. In earlief papers, the range curvature
in the range Doppler was derived up to QRCM [53,92]. However, with the new’
analytical MSR spectrum, the higher order range curvature can be derived with relative
ease. The range curvature in azimuth frequency can obtained from @rcm( fT; fn) by
setting k; in (5.7) to null and performing a range IFT. The range Doppler signal of
Target A is found to be

(7o) = 1 7= 3 (R + B (1) |l x0 { = i6r ()} (69

where ¢a,(.) is the azimuth phase modulation and the range curvature is azimuth

frequency is given by

oa? ks k2 = 4kok,

Range curvature does not have a strong dependency on range. As an example,
consider a 1 m L-band system with a baseline of 5 km, 0sqr = 30°, Osqr - 45.3° and a
QRCM of 10 range resolution cells for a range swath of 5 km, the percentage of QRCM
mismatch between the mid-swath point target and the edge point target is less than
10% of a resolution cell. Thus, the range curvature of Target A and Target C overlaps
quite closely in the rahge Doppler domain. The range curvature of both points can be

removed with the same RCMC process.
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Similar to the bistatic RDA, the RCMC is performed by a range-varying interpo-
lation operation. Trajectories become parallel to the azimuth frequency axis after the
RCMC. For efficient implementation of NLCS algorithm, range curvature correction
is done after the FM rate equalization stage. This is because FM rate equalization
is done in time domain while RCMC and azimuth compression are both done in the
range Doppler domain. If RCMC is done before FM rate equalization, an azimuth
FT has to performed before RCMC and an azimuth IFT has to be done after RCMC.
Likewise, it is more efficient to perform FM rate equalization before range curvature

correction because it saves an extra F'T' pair.

However, performing the FM rate equalization before RCMC would result in
different perturbation coefficients being applied to the same trajectory. This is a
non-linear operation and the impact of this process is studied in Section 6.4.1. That
investigation showed that the impact of switching these stages on the focusing accuracy

is minor.

6.2.3 FM Rate Equalization

The azimuth signal now consists of baseband FM chirps from different range gates.
Therefore, it would not be possible to properly compress the whole azimuth array using
a single matched filter. One way to tackle this problem is to equalize the dominant
phase term (quadratic phase term) using a perturbation function. Because the higher-
order phase terms do not change as rapidly with range as the quadratic term does,
they can be assumed to be constant for the processed region. This process can also be
viewed in the context of pre-processing since it effectively makes the dominant, second-

order phase component azimuth-invariant before applying the azimuth compression.

The perturbation function for the parallel case is a cubic function similar in the
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monostatic case [44]. Figure 6.3 illﬁstrates how the equalization works. Figure 6.3(a)
shows the azimuth FM signal of three point targets with different FM rates lying in the
same range gate and Figure 6.3(b) shows the corresponding quadratic phase of each
azimuth signal. The phase of a cubic perturbation function is shown in Figure 6.3(c)
and this is added along the azimuth of the range gate. Figure 6.3(d) shows how the
quadratic phase of the three point target has been altered by the perturbation to
achieve the same quadratic phase. Finally, Figure 6.3(e) shows the perturbed signal of

the point targets. This illustration can be used to interpret the phase signal derived

Point target C’ Point target A Point target C

M/W\M A A A
WV PV Y~

\/ \
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Figure 6.3: Tlustration of the effects of perturbation in parallel case.
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in the next section. In order to simplify the discussion, the phase equations are shown
up to the quadratic term. This restriction can be lifted by inclusion of higher-order

terms as discussed in Section 6.2.5.
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6.2.4 Perturbation Coeflicient for Parallel Case

Target A in Figure 6.2 can be interpreted as the middle target in Figure 6.3, while
Target C is the target on the right. To determine the perturbation function, the phase
functions of Target A and Target C after perturbation are derived first. Subsequently,
the perturbation function is set in such a way that the azimuth FM rate of Target A

and C becomes equalized.

The azimuth signal for reference Target A after introducing the cubic perturbation

function is given by

SApert (7-1 77) ~ pr(T — e ) 'waz('l’]) exp(j7ra773)
2 00s2(0 2 cos2(6,
exp{—jz [VT cos*(Osqt) + V& cos?( qR)] 772} (6.10)
>\ RTcenA RRcenA

where « is the coefficient of the cubic perturbation function. The transmitter slant
range to the Target A at the mid aperture point [ = 0] is defined as Rrcena and
the receiver slant range to the point target at the mid-aperture point as Rgeena and

their sum is given by Reena.

Target C and B can be focused with the same azimuth-matched filter in the
invariance region since they have the same trajectory history, so the signal of Target

C after RCMC can be written as

cenA

Scpert (1) & pr(T — ) Was(n — na) exp(jman®)

exp | ™ V2 cos?(Osq1) N Vi cos?(6sqr)
A RTcenB RRcenB

Jo-mr} e

The transmitter slant range to the Target B at the mid aperture point is Rrcenp and
the receiver slant range to the point target at the mid-aperture point is Breeng. Their

sum is given by ReenB.
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The beam center passes both Targeﬁ A and Target B at the same time. Using
Target A as reference, the roundtrip range of Target B can be approximated as [see

Figure 6.2]

ARL = ART + ARR = —(VT Sil’l(gqu) + VR sin(quR))nd (612)
RTcenB = RTcenA + A-RT
RTcenA - .
~ Rrcena — —ET(VT sin(fsqr) + Vi sin(fsqr))na (6.13)
RRcenB = RRcenA + ARR
RRcenA . .
~ RReenA — Roon (VT sm(@qu) + W sm(@qu))nd (6.14)

Substituting (6.13) and (6.14) into (6.11) gives

RcenA
—)

Scpert (T, ) = pp(T = Way (N — 1a) exp (jran®)

2 2
exp { 7 | Vif cos®(Osqr) ARy )14

—j= 1+
] A RTcenA ( RTcenA

Vi cos®(6sqr) ARR |, 2
14 _ 6.15
RRcenA ( RRcenA ) (77 nd) ( )

Expanding the terms further, we have

ARy, ARy [ ARr\?

1 = 1- 1

( + RcenA) RcenA + (RcenA> + (6 6)
ARgp ., ARr [ ARp\’

1 = 1- . .

( * RcenA) RcenA * (RcenA) * (6 17)

Using only the first two terms in (6.16) and (6.17), and replacing (n — nq) by azimuth
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time 7y, the perturbed signal at Target C can be written -as

Rcen B .
A ) waZ(nl) e€xXp (Jﬂ_a(m + nd)s)

SCpert(Ta 771) = Pr (T -

| V2 cosz(equ)( ARt )

i 1 —
oxp J/\ RTcenA RTcenA *
VEcost(Bur) . ARm |,
- 1-— 6.18
RReena RRcenA) " (6.18)
Expanding (6.18), -
Rcen
stert(Ta 771) ~ pr(T - A)waZ(nl)
exp { jmac|nf + Snar? -+ 3n3m + 7
7 (VEcos (Our) | VR cos?(6,
A RTcenA RRcenA
exp —bj m |:VT2-COSQ(95qT) N 1% cosz(quR)]
. A RTcenA RcenA RRcenA RcenA
(VT sin(fsqr) + Vi sin(ﬁqu)> nam; (6.19)

Having determined the perturbed signal for Target A and point target C, the
next step is to determine the perturbation coefficient «, 'neéded to equalize the FM
rates of points lying in the same range gate. The FM signal of Target C signal can
be visualized as FM signal of Target A signal displaced iﬁ azimuth time. Target A is
centered at 7 = 0 and point target C is centered at n = ny. Keeping this in mind and

examining (6.10) and (6.19), the following can be concluded:

~ e The cubic terms are identical. This cubic phase is caused by the perturbation

process.
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e The quadratic terms can be equalized by setting perturbation coefficient o as

1 [ VEcos®(Bsqr) | Vi cos®(fsqr) . ‘
T3 Vi sin(fsqr) + Va sin(fs 6.20
@ = glsp—r T p— g | (Vrsin(lar) + Vasin(fr)) (6.20)

As shown in Figure 6.3(b) and Figure 6.3(d), the curvature of phase of the three
points becomes the same after adding the third-order phase from the perturba-
tion function. The different FM signals in Figure 6.3(a) are equalized as shown
in Figure 6.3(e), although the edge targets are transformed to non-baseband

signals.

e There is an extra linear phase term in the perturbed phase function of Target

C. The linear term causes a small shift, fonir, in the spectrum of Target C.

3ang
2

fonie = (6.21)

This causes the signal to be non-baseband. This generally does not present a
problem since the azimuth signal is usually oversampled by 20%. As long as
the increase in spectrum bandwidth stays within this constraint, no aliasing of
the spectrum will occur. The amount of spectrum shift is proportional to the
squared of 7y (the azimuth time offset from 7 = 0). Point targets furthest away
from the reference experience the most spectrum shift. All point targets are
shifted in the same direction as well. This result can be seen from Figure 6.3(e),

the slight increase in the bandwidth due to the non-baseband signal.

e The azimuth-matched filter is evaluated using the phase history of reference point
target and is therefore a baseband signal. It focuses all the point targets in the
azimuth array to their respective stationary points. Ideally, Target C should be
registered to n; = 0. As can be seen from Figure 6.3(d) and (e), the edge point
targets (Target C and C’) will be misregistered to right. This misregistration is

usually small and can be ignored in most cases. It can also be removed during
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the image registration stage. The position of the stationary point can be easily
found by setting differential of phase (6.22) to zero and finding its roots,

d¢aZC
dm

27 V2 cos? (8, V2 cos?(6,

(7,,,,71) _ __( T ( qT) R ( qR)
A RTcenA RRcenA

=0 (6.22)

)(m) + 3man} + 3man]

The amount of misregistration varies in a parabolic fashion with azimuth. In
practice, it is sufficient to use a few points to fit a second-degree polynomial to

this misregistration equation and interpolate the image for correct registration.

e The constant phase term has no effect on the focusing process. It can be ignored
if a magnitude image is the final product. This phase term raises or lowers the

point target phase as shown in Figure 6.3(d).

To check the validity of the perturbation coefficient, the parameters are set for the
trivial case of a monostatic geometry. The velocity is set as V; = Vp = Vi, the squint
angle is set as 054 = Osq7 = Osqr, and one-way range is Ry = Reena/2 = Reent = Reenr,

the perturbation function becomes

2
am—g(

V2 cos® (sq) sin(fsq) )
AR?

(6.23)

which is the same as the perturbation coefficient derived in [44].

6.2.5 Azimuth Compression

At this stage, the azimuth FM rates are equalized and all the targets in the same range
gate can be focused using the same matched filter. In the original NLCS paper [44],
the impact of the cubic phase term on matched filter was not considered. This is

fine for short-wavelength cases where « is small. However, for wider-aperture and
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longer-wavelength cases, the phase of the perturbation function must be considered,

otherwise, it will give rise to higher-order phase errors.

For the monostatic and the parallel case, the perturbation function is a cubic func-
tion of azimuth time. Therefore, it affects the third-order phase term. The azimuth-
matched filter should include the third-order phase in its formulation. The higher-order

phase terms are less sensitive to range and point targets lying in the same range gates

can assume the same higher-order phase term.

The importance of adding this phase term to the matched filter can be illustrated
- with a simple C-band monostatic case with a range resolution of 1-m and a squint

angle of 30°. Without including the phase term, the impulse response is poor due

Range compressed target Azimuth compressed target
10 10
IRW =2.627 cells IRW =2.763 cells
PSLR =-12.613 dB PSLR =-1.242 dB
O 1sLrR =-9.705 dB O I1sLR =-1.621dB

Magnitude (dB) —
1
=

-10
_20 -20
_30 -30
JA\
500 510 515 520 1275 1280 1285 1290
T|me (samples) — Time (samples) —

Figure 6.4: Impulse response using matched filter with second-order phase.

to the uncompensated third-order phase error [see Figure 6.4]. With the third-order

phase term, the impulse response is improved significantly {see Figure 6.5].

The azimuth frequency-domain matched filter can be obtained by first doing a
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Range compressed target Azimuth compressed target
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Figure 6.5: Impulse response using matched filter with third-order phase.

FT on (6.10) with the third-order term, which gives

Su(rsfo) % [ pelr = T8 ) exp( 52 )

2nfs )
exp {—JTf (/cA2772 + kasn® + kA4774> + ]wans} dn (6.24)

The higher-order terms are assumed to be the same for Target A and Target C. Con-

tinuing with the formulation, the azimuth frequency f, and azimuth time 5 is now

related by
fa - —% (21€A2?7 + 3kasn® + 4/€A4773> + gom2 (6.25)
0(fa) = Aifo+ Acfi+ Asf) + ... (6.26)
where
a = QfOkAz, az = (ga - 3—f°1€A3>, az = ——&km
Al*al-l,A2 = Z—;As = aqﬁ%% . (6.27)
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The frequency-domain matched filter is the conjugate of S,.4 and is given by

hnb(fn) = exP(_jd’np(n(fn)) ' . (6'28)
Do () = =222 (am(f)? + kasn(F)° + kaan(f)?)
+ Wan(fn)a - 27Tfn77(f77) - (6.29)

6.2.6 Secondary Range Compression

Most of the Range Doppler coupling is eliminated by the removal of the linear com-
ponents. For very wide aperture cases, e.g., L-band 1-m resolution, the residual range
curvature is significant and causes range Doppler coupling. Thus, SRC becomes nec-
essary. The SRC can be carried out in the same way as SRC in the bistatic RDA. The
SRC is evaluated at a reference range and applied in the two-dimensional frequency
domain. The SRC phase can be derived easily by setting the linear components in (5.8)

to zero and replacing the derivatives with the derivatives from reference Target A,

buwea (s fo) ™ 27— (£) [(% — (L ] 72

4kA2 fo fo fo
@ Sy [gedry2 _agdrys } 3
+ ang (29 |tk - acky) £
9kA3—4/€A2kA4 < frve  qncdrasl e
+ an ARt 2y Loy 1o<f0>]f (6.30)

The coupling is azimuth dependent and increases away from zero-azimuth frequency
[see Figure 6.6(a)]. This explains why coupling only affecfs wider aperture cases.
The SRC phase can be simplified by considering the dominant quadratic phase term
and neglecting the third-order and higher-order terms of f.. The SRC phase can be
approximated as '

mf?2

Gac(fro Jo) ~ 75

(6.31)
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(a) Signal in Range Doppler before SRC (b) Signal in Range Doppler after SRC
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Figure 6.6: Illustration of the effects of a SRC filter on range IRW.

where

A 3Nkaz 5]
6.32
2kp2 f2 It k3, f2 Tn L

The phase modulation of the range azimuth coupling and the range FM modulation

KsrcA(fn) =

can be combined together to form a new FM rate, K4,

1 1 1

- 6.33
KmA Kr KsrcA ( )

If SRC is not applied, the range FM mismatch between the signal and the data are

Kma(fy) — K, and the maximum phase error due to this mismatch is given by

B,.1 T\
A(JbsrcA ~ T I:Kr - K111A(7):| <?p> (634)
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If this phase error is greater than 7/2 (for less than 10% broadening in the range
IRW at the bandwidth extremities), then SRC should be applied to the processing.
Without applying the SRC filter, the coupling results in a poor range impulse response
as shown in Figure 6.6(c) and Figure 6.6(d).

Adding the SRC process decreases the efficiency of the algorithm. This is beéause
two extra pairs of FTs are needed. SRC is done immediately after removal of the
liﬁear phase. A range FT and an azimuth FT are performed to bring the signal
to two-dimensional frequency domain so that SRC can be applied. A range IFT is
performed to bring the signal to the range Doppler domain. RCMC is done in this
domain, followed by FM chirp equalization in the time domain. RCMC is performed
first because range curvature for such wide aperture is usually quite severe, stretching
tens or even hundreds of range cells. Finally, azimuth compression is processed in the

range Doppler domain to focus the image.

SRC is not normally implemented with NLCS, because the invariance region tends
to be quite small for highly squinted long-wavelength and wide-aperture cases. For
instance, for a monostatic system L-band 1-m resolution with a squint of 30° at 20 km
range, the range invariance region is only 600m. Several overlapping invariance blocks
are required to cover a practical range swath of about 3 km or more. This will further

reduce the overall efficiency of the algorithm.

6.3 Image Registration

Image registration transforms the focused image into ground coordinates. The SAR
image is focused in the slant range and azimuth time domain. For monostatic SAR,
point targets with the same closest ranges of approach have the same Doppler history.

Hence, they are focused to the same range cell. The focused image is generally pre-
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sented in the closest range of approach versus the azimuth time domain. A simple
scaling relationship exists between the image focused in the range/azimuth time plane
and the ground plane. For example, a square patch on the ground plane appears as a
square or rectangle in the focused image. The azimuth is scaled to give cross range in

meters and the range is scaled to give ground range in meters.

For the general bistatic case, no simple scaling relationship exists between the
image focused in the range/azimuth time plane and the ground plane. Moreover,
there are two closest ranges of approach. An element of ambiguity exists if the image
was defined in closest range of approach and azimuth time plane. It is more convenient

to leave focused image space in the slant range time and azimuth time domain.

It should be noted that either the flat-Earth assumption or an accurate Digital
Elevation Model (DEM) is necessary to focus the point targets in a bistatic case. Since
point targets that focus to the same range gate may not have the same trajectory
histories [30]. All bistatic algorithms, including the time domain based algorithms,
would require the flat-Earth assumption or the DEM information to focus the image

properly. The image registration introduced here assumes a flat-Earth topography.

6.3.1 Registration Stages

Before registration can begin, the LRCM introduced must be reversed and the slight
misregistration should be corrected if desired. The registration process essentially
consists of shearing, rescaling and resampling stages. These two pre-processing steps

may be absorbed into the registration process to improve efficiency.

The first step of the registration process is to determine the position of known
grid points in the focused image, I;(7,7n). The grid lines that these points lie on are

parallel and perpendicular to either the transmitter or the receiver flight path in the
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flat-Earth plane, I>(z,y). Once the mapping of the grid points to the corresponding
points in the image is known, the next stage is similar to registration process discussed

in Section 5.3.3.

In slightly azimuth variant cases, a square patch may be mapped to non-regular
quadrilateral with fairly straight edges. In such cases, it would be sufficient to do
linear shearing and linear scaling in both the range and azimuth directions. In more
severe cases, a square patch maps to non-regular quadrilateral with curved edges. In

such cases, two-dimensional resampling may be needed.

6.3.2 Registration of Target between Ground Plane and Im-

age Plane

Next, we determine how the position of an arbitrary point target located at (z,, y,) in
the ground plane is focused to a corresponding point target located at (7,,7,) in the
image plane. NLCS compensates for linear phase prior to azimuth compression and

the phase of the point target after doing a linear phase correction is given by

R(n; Tn, Yn 21
bpf) = —2n B Imth) 20

3 5 [Vr sin(fsqr) + Vi sin(fsqr)] 7 (6.35)

Subsequently, azimuth compression focuses the point target to its stationary phase
position, i.e., the point is focused to the azimuth time 7, where [ d¢,/dn = 0 |.
We can determine 7, readily by solving for d¢,/dn = 0 using traditional numerical

methods [93]. Once the azimuth time 7, is known, 7, is simply R(n,)/c.

In practice, a user would require an image product in certain spatial ground
coordinates. Therefore the processed image must be resampled to a ground coordinates
grid dictated by the user. Thus, the registration steps here do not significantly increase

the computational requirement as resampling is an integral step in the imaging process.
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6.4 Limitations of the Algorithm

NLCS makes use of a few assumptions and approximations that affect the size of the
patch that can be processed in one processing block. Processing is done within an
invariance region so that these assumptions and approximations are valid. In this

section, the impact of these assumptions and approximations are studied.

6.4.1 The Effects of Applying Perturbation before Residual
RCMC

The assumption that the perturbation function varies slowly with range, such that FM
rate equalization can be performed before residual RCMC, is an imporﬁant time-saving
step. If the perturbation function changes rapidly with range, residual RCMC must
be performed in thé range Doppler domain {see Figure 6.1] before doing perturbation
in azimuth-time domain. This requires an' extra pair of azimuth FT and IFT, thus
making the algorithm much less efficient. In this section, the impact of range varying

o on the point target impulse response is studied.

Consider the illustration given in Figure 6.7. After LRCMC and linear phase
removal, the signal for reference target point target can be written as (up to third-

order phase term)

1
SA(Ta 77) ~ pOr [T - E (Rcen =+ k12772 + k13773)] waz(n)

27 £,
exXp {_] Cf [Rcen -+ k;12772 + k13'f]3] } (636)

As shown in the illustration, a significant amount of QRCM is present. in this example,
the residual RCM spreads over 4 range cells. Since the perturbation is applied before

QRCM, the signal is weighted by 4 discrete perturbation coefficients and the signal is
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given by

1
SA(Ta 77) = P |:7- - E (Rcen + k12772 + k13773)] wa&(n)

2w f, )
€Xp {_] 7ch [Rcen + k12772 + k13773] } exp'{ _]ﬂ-a(n)na}

where
{

Qlref |77| < Tl

et + A —“Ta<n<-Th, 2n>T1T;
a(n) = (6.37)
Oret + 280 T3 <n< -T5, T 2n>1T3

§ Qref + 3Aa !’I’]I Z T3

where ayer is the reference perturbation coefficient for Target A and A« is approxi-
mately the change in the magnitude of the perturbation coefficient between range cells

near the reference range.

The phase error that results from this application of discrete range varying per-

turbation function is given by

A¢c¢e1rr ~ Zﬂ'ad(”l)Td(n)3

where
0 Inl <Th
Ao ~Tho<n<-T, Ty >n>1T;
aa(n) = | e (6.38)
20 -T3<n< -1, Th2n>1T;
3D Inl > T3

\

and Ty is the size of the time interval where a(n) is valid.

The phase degradation impact of this signal is difficult to evaluate as the effect
is non-linear in nature and the number of discontinuous sections is dependent on the

oversampling rate in range and the amount of QRCM.
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Figure 6.7: Nlustration of effects of range varying perturbation function.

One method of approximating the phase error is to consider the fact that for any
azimuth interval, as long as |a1| > [as| then the peak-to-peak, third-order phase error
27loq| (T,/2)* will always be larger than 2r|ay| (T,/2)°. Ignoring the effects of the
discontinuities for the moment, the upper bound of the phase error can estimated by
using the largest phase error in «a(n) for the entire integration interval. Thus, the
peak-to-peak phase error caused by the range varying perturbation coefficient is a
third order phase function and has an upper bound of

Ady = 2 (Maha) [Tﬂ 3 (6.39)

The sum of the uncompensated third-order phase error and this upper bound phase

limit should be kept less than /2.

The phase discontinuities cause a high-frequency noise to be added to the signal,
in other words, the ISLR deteriorates. The noise power of the high-frequency noise is
proportional to the the number of discontinuities and discrete level of the discontinu-

ities. If the discrete level of the discontinuities is small enough, the approximation in
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(6.39) should hold well.

The level of the discontinuities is proportional to the ratio of Aa/a. It can
be shown that for a small change in bistatic range, the corresponding change in the
perturbation function A is given by

A ~ —9 Ar
04 ~ RcenA

(6.40)

where Ar represents the small change in range and is equal to the size of the range
cell. For moderate wavelengths, the ratio of A o/« is typically much less than 0.001.
For such small change in «, the impact on the ISLR is negligible. Thus, the upper
bound in (6.39) should hold. V

6.4.2 Invariance Region Analysis - LRCM

The NLCS requires the variation of squint angles in one processing block to be negligi-
ble so that the residual linear range cell migration is kept within half a range resolution
cell. This limit keeps the broadening of the range and azimuth IRW to within accept-
able limits. This requirement affects the allowable range swath that can be processed

by the algorithm in one processing block.

If a reference point (Target A) has squint angles sqr, fsqr and an arbitrary point
(Target Pp) at a range ARy from the reference point has squint angles 05471, O5gr1 then
-the tolerable limit is given by

dpr
Ta<—/2)~

Vr [sin(OSqT) - sin(@qul)} + VR[sin(Oqu) — sin(@sqm)]

(6.41)
The maximum value of AR, is one-half the swath width that can be processed

by the algorithm. If the range swath is smaller then scene, the data can be divided

into contiguous segments and processed in range invariance regions.
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For azimuth-variant cases, the azimuth extent is limited as well. The azimuth-
invariance region needs to be determined numerically. The beam center crosses the
reference point Target A at 7 = 0 with a range of Reena. The azimuth extent is the
maximum azimuth time A7, when the beam center crosses another point P, with the

same range of Rena and squint angles of Os4r2 and fsqr 2 such that

<%

VT[sin(ﬁqu) — sin(fsqr 2)] + W [Sin(@qu) - sin(@quz)] 9

(6.42)

6.4.3 Invariance Region Analysis - Residual RCM

It is assumed that range curvature is nearly the same for point targets in the pro-
cessing block so that they overlap in range Doppler domain. The difference between
the overlapping range curvature should be within one range cell to avoid significant
degradation in range IRW and azimuth IRW. The mismatch in the overlap is more
pronounced when there is high squint. High squint results in larger LRCM and this
causes point targets with larger differences in QRCM to be placed in the same range

gate after the LRCMC stage [see Section 6.2].

Generally, the limitations given in Section 6.4.2 are more stringent and would
ensure that this limit is satisfied as well. Once the width of the invariance region AR,,
in Section 6.4.2 is determined, the amount of difference in range curvature overlap can

be checked using

1 [ Vi cos?(0sqr1) + Vi cos?(fsqr1) }
2 (RTcenA + ARTXPI) (RRcenA + ARRxPI)

B [Vq? c0s®(fsqT) N Vi cos2(05qR)] (Ta)2 5p:

— — 4
RTcenA RRcenA 2 < 2 (6 3)
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where

ARX = ARTXFq + ARRXpl (644)
RTcen RRcen
~ - x - X 4
<Rcen)AR +<Rcen)AR (6 5)

If this criterion is nbt met, the range invariance region AR, needs to be reduced.

6.4.4 Invariance Region Analysis - QPE

The approximation in (6.16) and (6.17) causes QPE and limits the range invariance
region. This limit is genérally lower than (6.4.2). The QPE has to satisfy the limit

impose by

2
7 | V£ cos®(fsqr) n Vi2 cos?(Bsqr) ( AR ) <Ta>2<% (6.46)

A : RTcenA RRcenA RcenA 7

For azimuth-variant cases, the azimuth extent is limited as well. The azimuth-
invariance region need to be determined numerically as in Section 6.4.2. The QPE

between reference Target A and P, should satisfy

s
A RTcenA RRcenA

v -Vq? c0s?(Osqr) N Vi cosQ(OSqR)]

V2 cos?(0sqra)  Vi2 05 (Bsqr2)

Rreenpr2 RRcenp2

(%)2 < % (6.47)

where point Target Py has a nominal slant range of (Rreenp2 + RReenP2) = Reena-
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6.4.5 Invariance Region Analysis - Higher-Order Phase Er-

rors

It is assumed that the third-order and fourth-order phases are the same for the entire
processing block. Both of these phase error vary more quickly in range than in azimuth
for the slightly non-parallel cases. Therefore, these phase errors are more likely to limit

the range extent than the azimuth extent.

Nevertheless, the tolerable invariance region tends to be limited by the criteria in

Section 6.4.2. If the peak-to-peak, third-order phase of the reference point is given by

47 (V3 sin(Bqr) cos?(bs V3 sin(fsqr ) cos? (8, .\
¢’3rd(RTcenA7RRcenA) = —)\—{ I ( qT) ( qT) + R ( qR) ( QR)}(_>

2 R’2FcenA 2 RlzicenA 2
(6.48)
then the third-order phase error is given by
A¢3rd ~ }¢3rd(RTcenA, RRcenA) - ¢3rd(RTcenA + A-RTxPh RRcenA + ARRXPI)‘
+ Apy < = (6.49)

2

A, is due to the cubic phase error due as a result of applying the same perturbation
function across different range cells, refer to Section 6.4.1. A¢, is set to zero if residual

RCMC is done before perturbation.

If the fourth-order phase of the reference point is given by

271 | V2 cos? (6, 4 sin?(fsqr) — cos?(6s
¢4th(RTcenA, RRcenA) _ 7 T ( qT) [ ( qT) ( qT)]

8 R‘?TcenA
N VR.4 COSz(equ) [4 Sinz (equ) - COSZ (HSQR)] E ‘2650)
8 RRcenA

then the limit on the fourth-order phase is given by
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A(;54th = ¢4th(RTcenA> RRcenA)

— Gath(Rrcens + AR1xp1, RRcena + ARpxp1)| < (6.51)

NN

If any of the criteria is not met, the range invariance region needs to be reduced

accordingly.

6.5 Simulation Example

To verify the ability of the NLCS to focus data collected on non-parallel tracks with
dissimilar velocity, a simulation using airborne SAR parameters given in Table 6.1 is
performed. An appreciable amount of antenna squint is assumed by both the trans-
mitter and receiver platform. A residual QRCM of 1.9 range resolution cell is present,

therefore residual RCMC is necessary.

6.5.1 Simulation Parameters

An illustration of the geometry for this simulation is given in Figure 7.4. The over-
sampling ratio is 2.0 in range and 2.66 in azimuth so the theoretical range resolution
is 1.35 m (1.76 cells) and the azimuth resolution is 2.5 m (2.36 cells) based on the
definitions given in Section 2.4.3 and Section 2.4.4. Rectangular window is used in

both the range and azimuth processing.

6.5.2 Analysis of Invariance Region and Limitations

SRC is not necessary as there is negligible range Doppler coupling. The range and
azimuth-invariance region is mainly restricted by the residual LRCM. The range in-

variance region is limited by a range of 6.2 km in the direction of the range resolution
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Table 6.1: Simulation parameters for a slightly non-parallel flight geometry.

Simulation parameters Transmitter | Receiver
Velocity in x-direction 0 m/sec 20 m/sec
Velocity in y-direction 200 m/sec | 220 m/sec
Velocity in z-direction 0 m/sec 0 m/sec
wavelength 0.0566 m
Range bandwidth 200 MHz
Doppler bandwidth 105 Hz
Integration time 1.71 sec
Angle between tracks 5.2°
Altitude 3000 m 2000 m
Range to point target at n =0 16532.8 m | 13498.0 m
Squint angle at n =0 30.0° 47.3°
Distance between airplanes at n =0 4391.8 m
Minimum distance between airplanes 4242.6 m
Maximum Distance between airplanes 4553.8 m
Nominal value of o 0.179 sec™3
Nominal value of Aa —1.79 x 1075 sec™?

vector [see Section 2.4.3], which translates to a restriction of ground range of 2.5 km
in z-direction and 1.84 km in y-direction. The azimuth-invariance region 2.45 km is
restricted by the QPE due to the non-parallel flight path. The percentage of QRCM
mismatch between the reference point target and the edge target that lies on the
same range is less than 1% of the range resolution cell, so point targets in the same
range gates have negligible mismatch in range curvature overlap. The magnitude of the
third-order phase error due to range varying perturbation function is less than 0.00017.
This is negligible compared with the third-order phase error for the range invariance

region, which has a magnitude of 0.30w. Therefore, QRCMC can be done after FM
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Figure 6.8: Flight geometry for a slightly non-parallel flight path.

equalization without causing any significant phase degradation. The uncompensated
fourth-order phase error is less than 0.0022x, therefore the same fourth-order phase
term can be used in the frequency-domain matched filter for the invariance region.
The increase in frequency is 17.2 Hz, which is about 6% of the spectrum, no aliasing
of the azimuth spectrum will occur. The misregistration is about 7m in azimuth and

needs to be corrected for proper registration.

6.5.3 Simulation Results

The focused image is shown in Figure 6.9 and the image is registered to the ground
plane is shown in Figure 6.10. All the range point targets are very well focused, the
range PSLR deviates from the theoretical value of -13.3 dB by less than 0.1 dB and
the range ISLR is within 0.05 dB from the expected value of -10.0 dB. The azimuth
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Figure 6.9: Focused map for the simulated non-parallel case.
impulse responses of the point targets are tabulated in Table 6.2.

Targets 5 and 21 are the furthest from scene center and therefore, they suffer the
largest phase degradation. The impulse response of these two point targets are shown

in Figure 6.11 and Figure 6.12.
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Focused Image Registered to Ground Plane
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Figure 6.10: Point targets focused using NLCS and registered to ground plane.
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Figure 6.11: Impulse response of corner Target 5.
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Table 6.2: Azimuth impulse response for simulated non-parallel case.

TGT 1 2 3 4 5 6 7 8 9 10

IRW | 237 | 2.36 | 2.36 | 2.38 | 241 | 2.37 | 236 | 235 | 2.36 | 2.38
PSLR | -12.6 | -13.0 | -12.8 | -11.9 | -11.5 | -12.6 | -13.0 | -13.0 | -12.7 | -12.3
ISLR | -9.50 | -9.97 | -9.94 | -9.18 | -8.69 | -9.47 | -9.84 | -9.98 | -9.79 | -8.96

TGT | 11 12 13 14 15 16 17 18 19 20

IRW | 2.36 | 236 | 2.36 | 2.36 | 2.37 | 2.36 | 2.36 | 2.35 | 2.36 | 2.36
PSLR | -12.7 | -13.0 | -13.2 | -13.0 | -12.5 | -13.0 | -13.0 | -13.0 | -13.1 | -12.7
ISLR | -9.76 | -9.90 | -10.0 | -9.94 | -9.56 | -10.1 | -10.1 | -9.96 | -9.95 | -9.74

TGT | 21 22 23 24 25

IRW | 238 | 2.37 | 2.36 | 2.36 | 2.36
PSLR | -11.9 | -12.4 | -12.7 | -12.8"} -12.7
ISLR | -9.23 | -9.64 | -9.81 | -9.80 | -9.61

Range compressed target no.21 Azimuth compressed target no.21
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PSLR =-13.24 dB PSLR =-11.87 dB
A ISLR =-9.97 dB ISLR =-9.23 dB
|0 0
|
g
o ~10 -10
T
2
c
g -20 -20
=

1830 1835 1840 1845 4775 4780 4785 4790 4795

Time (samples) ———> Time (samples) --->

Figure 6.12: Impulse response of corner Target 21.




Chapter 7

NLCS Algorithm for the Stationary

Receiver Case

7.1 Introduction

In this bistatic configuration, the transmitter is moving in a straight line and imaging
at broadside, while the receiver remains in a fixed position. This geometry is useful
for bistatic systems where the transmitter is located in a satellite or airborne platform

and the receiver is located on top of a high building or hill.

The NLCS has been demonstrated to focus this bistatic configuration in [44].
However, it is only able to handle short-wavelength cases where the range curvature
is negligible. The main ideas introduced in the pfevious chapter, such as QRCMC,
SRC and frequency-domain matched filtering are applicable in this case as well. These
techniques allow the algorithm to handle finer-resolution and longer-wavelength cases

with accuracy and efﬁciéncy. The limitations of the algorithm and the registration

of the focused image to the ground plane are discussed in this chapter. An S-band




simulated example is used to demonstrate the focusing capability of the improved

algorithm.

7.2 Improved NLCS for the Stationary Receiver

Case

The bistatic configuration where the transmitter is imaging at broadside and the re-
ceiver is stationary is referred to as the “stationary receiver case”. It should be noted
that this is but a term of convenience, as the focusing algorithm is the same whether
a stationary receiver or a transmitter is used. For short-wavelength cases, the steps
taken by the NLCS algorithm are identical to Figure 6.1, minus the LRCMC and
linear phase correction steps, since the linear terms are not present for this bistatic
setup. For wide-aperture cases, RCMC must be included. For even wider-aperture
cases, range Doppler coupling occurs as well. RCMC and SRC are both required in the
processing steps. Figure 7.1 shows the sequence of operations of this improved NLCS

algorithm. The steps for this implementation of the improved NLCS are summarized

as follows:

1. The data are first transformed to the two-dimensional frequency domain to per-

form range compression and SRC.

2. A range IFT is used to transform data back into the range Doppler domain.
Range curvature correction is then performed in this domain. RCMC straightens

out the trajectories so that they run parallel to the azimuth frequency axis.

3. An azimuth IFT is performed to transform the data back into the time domain.

A perturbation function with a quartic dependence is then applied along the
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Figure 7.1: Functional block diagram of NLCS algorithm with SRC for the stationary
receiver case.

azimuth time [44] to equalize the FM rates along each range gate.

4. Finally, the data are transformed back into range Doppler domain and azimuth
compression is carried out using a frequency-domain matched filter. An azimuth

IFT converts the focused data back to time domain.

! Since some of the operations in the stationary receiver case are quite similar to the

parallel case, the analysis here are briefly discussed. There are many operational

.

154




similarities between the stationary receiver case and the parallel case discussed in
Chapter 6. Therefore, process analysis of the stationary receiver will be brief where

similarities exist and more detailed where difference arises.

7.2.1 SRC and RCMC

These two steps are similar to the extended NLCS algorithm presented in the Chapter
6. The SRC term is evaluated at a reference range and applied in the two-dimensional

frequency domain. The SRC phase is given by (6.30).

The use of LRCMC is the main limiting factor of the range invariance region for
the NLCS algorithm for the parallel case [see Section 6.4.2]. The NLCS algorithm
for the stationary receiver case generally has less restriction on the range invariance
region because of the absence of this step. Therefore, the range invariance region
tends to be larger. For instance, for an L-band system with a 1m resolution with the
nominal range of about § km for the receiver and 20 km for the transmitter, the range
invariance region is about 2.4 km. This is a larger range invariance region compared
to the one given in Section 6.2.6, therefore fewer overlapping regions are necessary.
Furthermore, the SRC requires two fewer FT pairs. Therefore, performing SRC is still

a feasible option for this case.

The RCMC step is performed immediately after the SRC step. This is advan-
tageous because RCMC removes the need to apply different perturbation coefficients
across the azimuth aperture [see Section 6.4.1]. Because range curvature is often
quite large when SRC occurs, it is better to perform range curvature correction before

performing FM rate equalization.

SRC is needed in high resolution and long-wavelength cases. However, for moder-

ate wavelengths like S-band and C-band, only RCMC is needed. The range curvature
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is usually only a few cells. To improve efficiency, the algorithm performs FM rate
equalization in the time domain first, followed by RCMC in the range Doppler do-
main. The discussion in Section 7.4.1 shows that reversing these two steps has little

impact on the focusing accuracy of the algorithm.

7.2.2 FM Rate Equalization

The data for this bistatic configuration are naturally azimuth-variant. The reason for
this azimuth invariancy is depicted in Figure 7.2(a). Targets D, E and F lie parallel
to the flight path. They have the same FM rates because their Doppler histories are
the same. However, they lie on different range gates. Targets E and F lie on the same
range gate as Target D. Targets E and F have the same FM rates but, a different
FM rate from Target D. The signal for each range gate is azimuth-variant since point
targets with different FM rates lie in the same range gate. Figure 7.2(b) shows where
each point target lies in the raw signal. Figure 7.2(c) shows how the signals overlap
in the range Doppler domain. The perturbation function to equalize the FM rates in

each range gate for the stationary receiver case is derived earlier in [44].

The effects of applying the pérturbation function on the signal are illustrated in
Figure 7.3. Figure 7.3(a) shows the signal of three point targets [ Targets D, E’ and
F’ ] with different FM rates lying in the same range gate. Figure 7.3(b) shows the
corresponding quadratic phase of each M chirp. The phase of a quartic perturbation
function is shown in Figure 7.3(c). This phase function is added to the phase of the
signal to give the phase in Figure 7.3(d). After perturbation, the three point targets
have the same quadratic phase. Finally, Figure 7.3(e) shows the perturbed signal of
the point targets.
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Figure 7.2: Geometry to illustrate FM rate equalization for stationary case.

7.2.3 Perturbation Coefficient for the Stationary Receiver Case

For wider-apertures, it is important to include the analysis for the third-order and
fourth-order phase terms. Such analysis was not presented in the earlier paper [44],
as it deals with only shorter wavelength cases. In this section, higher-order terms are
included in the analysis. The perturbation function for the stationary receiver case
is derived using the same method given in the earlier chapter. As before, the phase
equations are evaluated up to the quadratic term and this restriction can be lifted by

inclusion of higher-order terms at a later stage.

Consider the azimuth signal for reference Target D after RCMC and FM equal-

ization steps. The signal can be written as

Rro + Ryo :
Spert(T,7) & pp(T — =20 - 80 wq () exp(jragn?)
K V% 9 ,
exp{—yx [RTO] 7 } (7.1)

The transmitter closest range of approach to the Target D at the mid-aperture point

is defined as Rp, and the receiver distance to Target D is Rg,. The perturbation
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Figure 7.3: Illustration of the effects of perturbation for the stationary receiver case.
coefficient is given by ag. The instantaneous range of reference Target D is given by
Rp(n) = Rpo+ Rro + kpan® + kpan* + ... (7.2)

Target E’ and Target F’ can be focused with the same azimuth matched filter and the

signal for Target E’ can be written as

Sepen(7y1) 2 polr = TR ) ) expraan)
exo {15 [t | (0= o} 73)

where the transmitter closest range of approach to the Target E is R,

Once again, the azimuth time (77 — na) is replaced by azimuth time 7;. The
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perturbed signal at Target E’ can be written as

Rt + Rpo .
SEpert (T, M) & pe(T — 2 —1© - 20) (M) exp (jm e (M +na)*)
7 [ V2
exp{ —Jy [ET] T (7.4)
Expanding (7.4),
i R ['s) + R o
SEpert(Ta 771) ~ pr(T - _T‘—_‘_-R_)waz(nl)

exp { jma, [ni‘ + 4dnan? + 6n3m; + 4nim + 773]

4

a [ V2
expq = Jjy [R—T] n? : (7.5)
To

Having determined the perturbed signal for Target D’ and point target E’, the next
step is to determine the perturbation coefficient oy, needed to equalize the FM rates
of points lying in the same range gate. The FM signal of Target E’ signal can be
visualized as FM signal of the reference point target D signal displaced by azimuth
time. Target A is centered at n = 0 and Target C is centered at n = 1. Keeping this
in mind and examining (7.1) and (7.5), the following can be observed of the phase

terms:

e The quartic terms are identical.

e There is an additional third-order phase term in the result. Both of these higher-
order terms were not recorded in [44]. This third-order phase term changes with
azimuth time and is left uncompensated in this implementation. The magnitude

of this uncompensated phase should be kept below 7 /4 to avoid poor PSLR.

e The quadratic terms can be equalized by setting perturbation coefficient oy as
vZov2 o
R’II‘o RTO

6ast77c21 =

(7.6)
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The value of oy can be determined using a numerical method outlined in [44].

There is an additional linear phase term in the perturbed phase function of
Target C. The linear term causes a small shift in the spectrum of Target C. This
generally does not present a problem, due to the oversampling in the azimuth.
As long- as it stays within this constraint, no aliasing of the spectrum occurs.

The amount of spectrum shift is given by

fshift,s = 204 773 (77)

The point target with the furthest range from reference will experience the most

spectrum shift. The point targets are shifted away from zero-azimuth frequency.

This linear term also causes a slight misregistration of the point targets at the
edge. Since focused point targets are registered to the stationary points, it can
be deduced from Figure 7.3(d) and (e), that the edge targets are misregistered
slightly away from the zero-azimuth time. This misregistration is small enough
to be ignored in most cases. The position of the stationary point can be easily
found by differentiating the phase of (7.5) and setting it to zero. The point

targets are registered to the roots of the equations,

d o [ Vi2
e (1,m) = dragn? + 12ragnen? — — [ T ] m + dragn
dm A | Rro

=0 | (7.8)

The misregistration can be removed during image registration using the same

technique given in the previous chapter.

The constant phase term has no effect on the focusing process. It can be ignored

if a magnitude image is the final product.




7.2.4 Azimuth Compression

The frequency-domain matched filter can be derived in the same manner as the
matched filter for the parallel case. The extra third-order phase term is left uncom-
pensated since it is dependent on the position of the FM signal in the azimuth array.
This third-order term limits the invariance region in azimuth for wider-aperture cases.
Ignoring the effects of extra third-order phase term and assuming the fourth-order
phase term is constant throughout the processed block, the range Doppler signal for

the reference point target can be written as

Rt + RRo ,
&mwm»w/mh——l—imwamwmﬂ%ﬁm
27 [ .
exp {—] Cf (km???' + kD4"74> + ]Wast174} dn (7.9)

where ay; is the perturbation coefficient for the stationary receiver case. Using POSP
[94] and series reversion formula [refer to Appendix C.1], the azimuth frequency f,

and azimuth time 7 is now related by

fno= —% (2kD2 1+ 4kp4 ?73) +2aq7° (7.10)
N(fy) = Aufy+ Asf2 + Asfi + .. (7.11)
where
2 4f,
a; = .—%kD27 az = Oa asz = 2ast - %szl (712)
_ 1 _ _ _{ 4as
A= Ay = 0,45 = () (7.13)

The frequency-domain matched filter is the conjugate of S,.p and is given by

hst(fn) = eXp(—j¢st(n(fﬂ'))

¢st(77(fn)) = _27::f0 (kDQU(fn)2 + kD477(fn)4) + Wastn(fn>4 - 27rfn77(fn) (7'14)
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7.3 Registration to Ground Plane

For a flat-Earth assumption, registration for this case is quite straightforward. Point
targets that lie parallel to the flight path are focused into a hyberbola, Assuming a
beam center crossing time of 74 for an arbitrary point target, transmitter closest range
of approach of Rr,, and a receiver closest range of approach of Rg,, the point target

will focused to the azimuth time of 74 and the range of

Rst(RToa RRo,nd) = R2R0 + (VT’Od)2 + Rro (7-15)

Interpolation is required to remove this hyperbolic dependence and register the image

properly.

7.4 Limitations of the Algorithm

The NLCS algorithm for the stationary receiver case generally has less restriction
on the range invariance region when compared to the squinted parallel case. The
restriction in range is caused by the use of SRC. Without SRC, the NLCS algorithm
for the stationary case can handle a large range swath with ease, since all its operations
are either in the range Doppler domain or the time domain. Operating in these domains

allows the algorithm to handle range varying parameters.

Interestingly, the algorithm is limited in azimuth, mainly because of the additional
third-order phase and the requirement for the range curvature to overlap. These

limitations of the algorithm are discussed in the next few sections.
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7.4.1 The Effects of Applying Perturbation before Residual
RCMC

Applying different perturbation functions to the phase of a point target results in a
quartic phase error. The same procedure in Section 6.4.1 can be applied to find the
upper bound for this phase error. The upper bound of the phase error is given by
T 14
Doy, = ™ (MostDos) [—a}

5 (7.16)

Provision for this upper bound error is not necessary when SRC is implemented since
range curvature correction is done before applying the perturbation function for the
stationary case. The sum of the uncompensated fourth-order phase error and this

upper bound phase limit should be kept less than 7/4 in the invariance region.

7.4.2 Invariance Region Analysis - SRC

The range extent that can be processed by the algorithm is limited by the use of the
bulk SRC filter. This limitation only affects the wider-aperture cases where SRC is
required. The SRC phase is computed using the same method given in Section 6.2.6,

with all the receiver phase terms set to zero.

Consider a reference Target D and an arbitrary Target Q with the same beam
center crossing time. Point target Q is at a slant range of AR, from Target D. The

phase error due to the use of a single bulk SRC can be computed by

s

7| Kowen (Ba/2) = Kue(Ba/2) (%)2 <T

. (7.17)

where Kgp and Kgcq are the residual FM rate caused by the cross coupling. They

can be derived in the same manner as (6.32) in Section 6.2.6. This phase error should
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be within 7/2. The maximum value of AR, is one-half the swath width that can be

processed by the algorithm.

7.4.3 Invariance Region Analysis - Cubic Phase Error

The azimuth-invariance region that can be handled by the algorithm is mainly limited
by the uncompensatéd third-order phase error. The uncompensated third-order phase

should be limited to a phase error of 7/4,

T, 5 r
47T04ref,stA?’]y —5 <Z (7.18)

where quef o is the perturbation coefficient at the reference range. The maximum value
of An, will determine the azimuth-invariance region that can be accommodated by

the algorithm.

7.4.4 Invariance Region Analysis - Residual RCM

Range curvature difference is the largest between the reference range and the edge
targets. This range mismatch should be kept within one range cell to avoid significant
degradation in impulse response. If arbitrary point target Q ié focused at n = An,
and at the same range | Rt + Rro | as the reference point, then the tolerable limit for

overlapping of QRCM is given by

1)1 ove V2 T.\°> _
2 [RTOQ] - [RTO 2) 2 (719

where Rr,q is the closest range of approach of point target Q with the transmitter.

Rr.q and An, have to be determined numerically.
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7.4.5 Invariance Region Analysis - Quartic Phase Errors

It is important to consider the quartic phase only for high resolution and very wide
aperture. The quartic phase is assumed to be the same for the invariance region and

it is given by

IR EAY
¢4th,st(RTo)—7 SR, (—) (7.20)

then the limit on the fourth-order phase is given by

s

Adunss = |Dans (o) = Bens(Rroq)| + A < (7.21)

Adgy,, is due to the quartic phase error due as a result of applying the same perturbation
function across different range cells as discussed in Section 7.4.1. A¢, vanishes if the

SRC stage is implemented.

7.5 Simulation Example

The NLCS was used to focus a short-wavelength X-band stationary receiver case in [44].
In this simulation, the NLCS is used to focus a long-wavelength (S-band) case that

has range curvature, which stretch several (7.1 range resolution cells) range cells.

7.5.1 Simulation Parameters

The simulation uses the airborne SAR parameters given in Table 7.1.An illustration
of the geometry for this simulation is given in Figure 7.4. The oversampling ratio is
1.2 in range and 2.0 in azimuth so the theoretical range resolution is 2.08 m (1.06

cells) and the azimuth resolution is 1.42 m (1.77 cells) based on the definitions given
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in Section 2.4.3 and Section 2.4.4. A rectangular window is used in both the range

and azimuth processing.

Table 7.1: Azimuth impulse response for simulation on stationary case.

Simulation parameters Transmitter | Receiver
Velocity in x-direction 0 m/sec 0 m/sec
Velocity in y-direction 200 m/sec | 0 m/sec
Velocity in z-direction 0 m/sec 0 m/sec
Wavelength 0.08 m
Range bandwidth 200 MHz
Doppler bandwidth 125 Hz
Integration time 4.3 sec
Altitude 4000 m 500 m
Range to point target at n = Osec 17222 m 4792 m
Range to point target at n = 5sec (nq) 17171 m 4844 m
Distance between airplanes at n =0 12486 m
Minimum distance between platforms 12486 m
Maximum Distance between platforms 12593 m
Nominal value of oy 5.85 x 1074 sec™
Nominal value of Aoy —1.17 x 1077 sec™*

7.5.2 Analysis of Invariance Region and Limitations

Using the nominal value of oy, the azimuth-invariance region is about 2.15 km. SRC
is not necessary for this configuration, therefore there is not much restriction in range
swath. The percentage of QRCM mismatch between the reference point target and
the edge target is about 2% of the range resolution cell, so point targets in the same

range gates have negligible mismatch in range curvature overlap. The magnitude of
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Figure 7.4: Flight geometry for moving transmitter with stationary receiver.

uncompensated fourth-order phase error due to range varying perturbation function
is less than 2.1 x10757 therefore there is little impact to the focusing accuracy by
switching the FM equalization stage with the range curvature correction stage. The
amount of spectrum shift, feirs = 0.15 Hz, which is less than 0.2% of the spectrum,
therefore no aliasing of the azimuth spectrum will occur. The misregistration equation

in (7.8) gives a small range misregistration of 1m at the edge of the azimuth array.

7.5.3 Simulation Results

Figure 7.5 shows a well-focused image. The image is properly registered and is shown
in Figure 7.6. All the range point targets are very well focused, the range PSLR
deviates from the theoretical vélue of -13.3 dB by less than 0.05 dB and the range
ISLR is within 0.05 dB from the expected value of -10.0 dB. The point target quality
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measurements for the azimuth direction are given in Table 7.2. The targets that
are further away from the midaperture (n = 0) increasingly suffer from increasing
third-order phase error. This shows up evidently from their asymmetrical sidelobes.
The impulse response of a pair of corner point targets are shown in Figure 7.7 and

Figure 7.8.
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Figure 7.5: Focused map for the stationary receiver case.
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Figure 7.6: Focused map registered to ground plane.
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Table 7.2: Simulation results for point target azimuth impulse response.

TGT 1 2 3 4 5 6 7 8 9 10
IRW 1.80 | 175 | 177 | 1L.756 | 1.75 | 1L.77 | 1.77 | 1.77 | 1.76 | 1.78
PSLR | -12.2 | -11.5]-11.9 | -11.8 | -11.7 | -12.4 | -12.4 | -12.6 | -12.4 | -12.8
ISLR | -10.5 | -9.37 [ -9.80 | -9.55 | -9.36 | -9.89 | -9.85 | -9.93 { -9.70 | -10.2
TGT 11 12 13 14 15 16 17 18 19 20
IRW 1.75 | 1.76 | 1.77 | 1.75 | 1.80 | 1.77 | 1.77 | 1.77 | 1.76 | 1.78
PSLR | -12.8 | -13.0 | -13.2 | -12.9 | -13.9 | -12.4 | -12.4 | -12.6 | -12.4 | -12.8
ISLR | -9.46 | -9.65 | -9.96 | -9.56 | -10.8 | -9.89 | -9.85 | -9.93 | -9.70 | -10.2
TGT 21 22 23 24 25
IRW 1.80 1.75 | 1.77 | 1.76 | 1.75
PSLR | -12.2 | -11.5|-11.9 | -11.8 | -11.7
ISLR | -10.54 | -9.37 | -9.80 | -9.55 | -9.36
Range compressed target no.21 Azimuth compressed target no.21
10 10
IRW =1.060 cells IRW =1.797 cells
A PSLR =-13.320 dB PSLR =-12.241 dB
i OF IsLR =-10.041dB 1 Of isLR =-10.541dB
)
210 -10
%—20 1 -20
=
576 578 560 582 Sé4 586 3295 3300 3305
Time (samples) =—=—> Time (samples) --->

Figure 7.8: Impulse response of corner point target 21.




Chapter 8

Conclusions

8.1 Summary

The objectives of this thesis have been to investigate the processing of bistatic SAR
data synthesized using different geometrical configurations and developing processing
algorithms to focus those data. The following is a summary of the work and contribu-

tions contained in the thesis.

The theory of bistatic SAR imaging has been reviewed, such that bistatic SAR
processing has been presented in terms of matched filtering. The importance of the
impulse response of a point target as a measure of system performance has been
highlighted with point target quality measures: resolution, PSLR and ISLR. The
geometrical dependence of the bistatic resolution measurement has also been discussed
in detail. To avoid ambiguity, impulse response parameters are measured in the range

time and azimuth time domains.

A signal model was introduced to describe a general bistatic configuration. A

common notation was used to describe and review a broad selection of the existing

171




bistatic algorithms. They can be broadly characterized into time-domain-based algo-
rithms and frequency based algorithms. Time domain algorithms have excellent phase
accuracy and can be used for any bistatic configurations. However, they are com-
putationally intensive. Frequency based algorithms are generally more efficient but
most have to restrict processing either to azimuth-invariant bistatic configurations or

to small invariance regions.

The frequency based algorithms can be further sub-divided into three categories:
numerical methods, point target spectrum methods and pre-processing methods. Over-
coming the inversion of the DSR is the most important step of the frequency based
methods and the way each of these methods handles the problem has been briefly

discussed with a few prominent algorithms.

The two-dimensional point target spectrum for the general bistatic case is devel-
oped by expressing the bistatic range equation as a power series and using the method
of series reversion to express azimuth time as a function of azimuth frequency. This
results in a power series expression for the spectrum of the point target. Deriving the
point target spectrum in this new way is known as the method of series reversion. The
accuracy of the spectrum is controlled by the number of terms used in the expansion of
the power series. The accuracy of the derived spectrum is verified using a simulation
where the point target is simulated in the time domain, then compressed using a two-
dimensional matched filter derived from the spectrum. The MSR is also applicable
to monostatic stripmap and spotlight situations where the simple hyperbolic range

equation does not hold.

Two ways of deriving an approximate bistatic point target spectrum were exam-
ined. It has been shown that the LBF is a special case of the spectrum formulated using
reversion of series. The method of splitting the phase terms into a quasi-monostatic

term and a bistatic deformation term becomes inefficient when the bistatic degree is
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high. An alternate geometrical method of deriving the Rocca’s smile operator was also

shown.

A new bistatic RDA has been derived using series reversion to obtain an analyt-
ical expression for the two-dimensional point target spectrum. It applies to azimuth-
invariant cases where the transmitter and receiver are operating in parallel tracks with
the same velocity. Arbitrary accuracy can be achieved by retaining sufficient terms
in the series reversion. SRC is applied in the two-dimensional frequency domain to
obtain good accuracy with antenna squint and wide-apertures. This approach can also

be applied in the development of a CSA for azimuth-invariant bistatic cases.

SRC is used to correct for the range azimuth coupling in the received data. The
severity of the coupling increases with squint angles, length of synthetic aperture and
range bandwidth. The SRC term depends on range, but this dependence cannot be
accommodated in the two-dimensional frequency domain. Thus, the SRC filtering
process imposes a limit on the range that can be processed in one batch. However,
this can be overcome by the use of range invariance regions with overlapping range
blocks. The width of the range invariance region is determined by the severity of the
range azimuth coupling. For less severe coupling, an approximate and more efficient

RDA can be used, which is similar to the monostatic RDA.

The NLCS algorithm is reviewed and was found to be a suitable algorithm to
process bistatic SAR data. The original algorithm is extended to process bistatic data
acquired on a parallel flight path or slightly non-parallel flight path using a third-
order perturbation function. The extended algorithm encompasses all the advantages
of the original algorithm: ability to process highly squinted geometry, efficiency ap-
proaching that of monostatic algorithms and the capacity to handle some amount of
azimuth invariancy in the signal data. The algorithm is improved further by including

a residual RCMC step which allows the algorithm to handle moderate wavelength cases
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(e.g., C-band and S-band). The azimuth focusing is done efficiently with the use of a
frequency-domain matched filter developed using the analytical MSR spectrum. For
longer wavelength cases, the use of SRC to reduce the range Doppler coupling effects
would be necessary. SRC is applied in the two-dimensional frequency and is normally
avoided as it drastically reduces the efficiency of the algorithm. The NLCS method is
more suitable for focusing moderate to sho_rt—wa{/elength bistatic data. A registration

technique was introduced to register the focused image to the ground plane.

The following simulations were presented to verify the accuracy of the algorithms

developed. The simulation examples cover several configurations:

e (C-band system with parallel flight paths and fixed baseline.
e C-band system with non-parallel flight paths and non-equal platform velocities.

e S-band system with a transmitter imaging at broadside and a stationary receiver.

In addition, the bistatic RDA has been applied to focus real bistatic data from FGAN.

8.2 Contributions of this Dissertation

This dissertation makes a number of significant contributions to bistatic SAR image
formation and the development of bistatic SAR algorithms to accommodate various
bistatic SAR geometries. The following is a list of the major contributions of this

thesis:

1. Derivation of the power series representation of the general bistatic point target

spectrum (MSR) in Section 4.2.




. Linking the spectra results between MSR with LBF. The MSR can be formulated
as TSPP using a Taylor series expansion of the bistatic phase about the two
monostatic stationary points. Section 4.4 shows how the LBF is a special case

of the more general TSPP formulation.

. Section 4.6 shows how the bistatic deformation term of LBF is geometrically re-
lated to the Rocca’s smile operator. An alternative method to derive the Rocca’s

smile operator using a simple geometrical method is shown in Section 4.6.1.

. Section 5.2 developed the bistatic RDA, which is able to handle highly squinted,
wide-aperture azimuth-invariant cases. This method is applied successfully to

focus real bistatic data.

. The NLCS algorithm is originally only able to handle the stationary receiver
case. Section 6.2 shows how the NLCS algorithm is extended to handle the
bistatic configuration where the platforms are flying in a parallel or slightly non-
parallel tracks. The limitations, invariance region analysis and registration of

the focused image to ground plane were also discussed and analyzed in detail.

. Improvements of the NLCS alg'orithm to handle wider-aperture and longer-
wavelength cases was made possible through the use of the MSR formulation.
The MSR formulation was applied to the algorithm to:

e remove residual RCM in the range Doppler domain
e handle range Doppler coupling via the use of a bulk SRC filter

e perform azimuth compression efficiently through the use of a frequency-

domain matched filter

The following is a list of the minor contributions of this thesis:
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1. The impact of applying several perturbation coefficients across the phase of a
point target has been studied and found to have minor impact on the accuracy
of the NLCS algorithm. Likewise, it is possible to perform FM rate equaliza-
tion before residual RCM correction without severe impact on the accuracy of
the algorithm. Section 6.4.1 investigated the impact for the parallel case and

Section 7.4.1 studied the impact for the stationary receiver case.

2. Appendix D shows how improvement on the w — k algorithm to allow the algo-
rithm to focus the configuration where both platforms are flying in a non-parallel

plane from the ground plane.

The results of this thesis will be useful to a number of agencies working on bistatic
SAR development, including the author’s sponsoring company, DSO National Labs in

Singapore.

8.3 Further Work

The MSR derived in this thesis can be used to formulate other algorithms. The spectral
result can be used to derive a more accurate formulation of the bistatic deformation
term (see TSPP in Section 4.4.1) for algorithms using the LBF. The Rocca’s smile
operator can also be improved using the MSR. Monostatic algorithms that previously
limited the phase expansion to the fourth-order terms such as [95] can now handle
even wider-apertures by systematically expanding more terms. This spectrum can

also accommodate geometries that assume flight paths that are not straight.

The NLCS assumes a constant linear phase and a constant LRCM within an
invariance region. For longer-wavelength and steeper incidence angles, the change of

squint angles with range is more rapid, causing the processing to be valid in only a
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small invariance region. The use of a non-linear RCM may help to increase the size of

the invariance region that can be processed.

Most frequency based bistatic SAR processing algorithms are based on a flat-
Earth assumption. For a monostatic case, point targets with the same range of closest
approach have the same Doppler history. They are focused to the same range even
if they have different heights. For the bistatic case, point targets which focus to the
same range gate do not necessarily have the identical pair of closest ranges of approach.
The flat-Earth topography assumption eliminates this ambiguity. Thus, for practical
implementation, it may be necessary to know the height of the target or the geometry
of the image plane using a DEM for proper focusing [73]. This requirement is necessary
for all focusing algorithms, including time-domain-based algorithms. The accuracy of
focusing point targets with different elevation from the imaging plane is an important

area that could be investigated.

Y

This thesis has concentrated on the study of focusing of bistatic data. The ac-
curacy of the registration of the image to the ground plane has not been studied in
detail. The registration of three-dimensional point targets is dependent on the flight
geometries of the platforms. Combining position information from several platforms

could improve the registration and is another area to explore.

Most of the work in this thesis is based on simulation and verifies the processing
capability of the NLCS. Even so, the advantageous capability of processing highly
squinted data have not been shown on real data. Thus, it would be interesting to

investigate the ability of the algorithm to focus real data when it becomes available.

The bistatic problem has been studied in detail in geophysics and solutions exists
for several cases for two-dimensional and three-dimensional geometries. It would inter-

esting to study these seismic processing techniques and link them with the equivalent
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bistatic SAR counterparts. Some of these ideas have been introduced into SAR signal
processing [30, 32]. The stationary receiver case is similar to the so called common
shot profile (as named in geophysics) [96-98]. Another area worth exploring is in the
area of diffraction tomography [99]. This method is able to process three-dimensional

images of the subsurface using geophysical diffraction tomography.

A linear flight path is often used since it is the least taxing on a platform’s
measurement unit [51]. Errors in the estimation of the flight path lead to phase errors
in the processed image, degrading the image quality. Autofocus is a technique that
can help to estimate the phase errors and help refocus the image [48]. It can relax the
accuracies needed in the navigation unit and thus help reduce overall cost. To date,
very little has been published on the effectiveness of existing autofocus algorithms on

bistatic SAR. This is another key area for future work.
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Appendix A

Resolution

A.1 Vector Gradient Of Bistatic Range

An arbitrary point target is given by the Cartesian coordinates (X,,Ys, Z,). The
transmitter located at (X, Yr, Zr) and the receiver is at (Xgr,Yr,Zr). The total

slant range R is given by the sum of Rt and Rg,

[Rr| = V(X = X2 + (Yo = Y22 + (Zo — Zr)? (A1)
IRl = /(Xo — Xg)? + (Yo — YR)? + (Z — Zn)? (A.2)

The vector gradient of the slant range gives the direction of the steepest change in

range, the x component of the vector is given by

OR _ (Xo=Xr)', (Xo- Xa)
6113 |RT| IRR‘

(A.3)

(A4)

179




Similarly,

OR _ (Yo—Yr) (Yo—-Yg)

= = + A5
oy = Rl T |Fal (49
OR (Zo—Z7)  (Zo— ZR)
= = + A6
82 ’RT| |RR| ( )
Recognizing that 4, and G, are defined by

. Xr-Xo), (Yo-Yo). (Zr-2Z)
a; = ) k A7
Y Bl IR (A7)

. (Xp—X,). Yo—-Y.). (Zan-—2.)
a, = t+ + k AR
Fr) Rl TR (A5)

Giving the expression for VR in (2.23).

A.2 Vector Gradient Of Bistatic Doppler

The Doppler signal of the point target recorded at the receiver is given by equation

(2.30)

(Xo — X1) - Ve + (Yo — Y1) - Viy + (Z6 — Z7) - V1
vV (Xo = X1)2 + (Yo — Y1) + (Zo — Z1)?

fa(n) = %

-+

(XO_XR)'VR.X"'()/O”'YR)'VRy+(Zo_ZR)'VRz (A9)
\/(Xo - XR)Z + (}/o - YR)2 + (Zo - ZR)2
where the velocity of the transmitter is given by (Vry, Vry, Vi) and velocity of the

receiver is given by (Vax, Vay, VRz)-
The vector gradient of the Doppler frequency Vf, is given by (2.31). The x
component of the vector gradient is given by

8fd(n) — l VTx _ (XO_XT)2VTX
Oz A |RT| |RT|3

(A.10)
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Similar expression can be derived for y component and z component.

0fa(n) _ 1| Vry (YO—YT)szy

dy A [IRTl S RP J -
Ofsn) 1 [ Vo, (Zo— Z1)*Vn,

52 " ;L;ﬂ— ZE T] (A12)

Substituting (A.10) to (A.11) into the components of (2.31), V f; can be written in
the compact form (2.32).
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Appendix B

Loffeld’s Bistatic Formulation

B.1 A Geometric Result on Two Quadratic Func-

tions
The sum of two quadratic functions is a shifted and scaled quadratic function,

a6+édr [dé
— + i
a+c¢ a+c¢

iz’ —b)? + &' —d)? = (a+¢) [m’ -

(b J)z’} (B.1)

The result in (B.1) is applied to (3.22), leading to (3.23), with the substitution & =

: éT(ﬁT)a ¢= &R(ﬁR)y ' =1n,b="7r and d = 7.

Further, if
T =~ alj + cvd (B.2)
a+c¢
~ then the first term on the RHS of (B.1) becomes zero, leading to
iz —b? + oo —d)? ~ |- (5 d) (B.3)
a+¢

The equation (B.3) is equivalent to (4.34) with the following substitution & = ¢ (7r),
¢ = (ﬁR(ﬁR), 2’ = 7, b = 7y and d = 7. The result holds only if the condition in

182



(B.2) is met. Interestingly, this condition actually implies that 7, & 7, since the RHS
of (B.1) is the definition of 7, from (3.24).

B.2 Loffeld’s Bistatic Formulation

The two-dimensional point target spectrum has two phase component: quasi-monostatic

term and a bistatic deformation term [29]. The quasi-monostatic term is given by

[ Fr(fry fo) +ay- \/ Fr(fz, fa) } (B4)
and the bistatic deformation term is given by

ar _VRVE Fr(fr, fo)? - Fr(fr. fa)}

\Ill(fﬁ fﬂ) = an (QnRo

) = R Tt S0PV Falfo )+ V2 FaGi gt )
(B.5)

where
Fr(fesf) = (fet fo = 2 4V2 (B.6)
Fulfoofy) = (ot 1 - B 7

4V2
where R, is the range of closest approach for the transmitter and 7y, is corresponding
azimuth time when it occurs. Rg, is the range of closest approach for the receiver and
MRo s corresponding azimuth time when it occurs. 7 is the solution to stationary

point of the transmitter and 7y is the solution to the stationary point of the receiver.

The coeflicients aj and a, determine the bistatic grade of the configuration. They

are defined by




Appendix C

Reversion of Series Formulation

C.1 Reversion of Series Formula

Series reversion is the computation of the coefficients of the inverse function given
those of the forward function. For a function expressed in a series with no constant
term, ag = 0 as
- 2 3
Y = 01T + axx” + a3x” . .. (C.1)
the series expansion of the inverse series is given by

T = Aly + A2y2 + A3y3 N (02)

Substituting (C.1) into (C.2), the foHowing equation is obtained

y = e Ay + (agAf + alAg)y2 + (0,3A? +2a, A1 A9 + a1A3)y3 + ...




By equating coefficients then gives

-1
Al =a;

A2 = —al—3a2
—5(0 2
As = a7°(2a5 — aja3)

Ay = a7 " (5agazas — alay — 5a3)
(C.4)
Mathematical formula book by Dwight [100] gives the rest of coefficients for the rever-

sion of series. A derivation of the explicit formula for the nt* term is given by Morse

and Feshbach [85].
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Appendix D

Bistatic SAR Image Reconstruction

Using Omega-K Algorithm

In this section, the numerical method of handling the DSR is shown using the wkA
implementation given in [35]. The platforms move with identical velocities and the
flight paths lie in a plane parallel to the ground plane (a flat-Earth topography is

assumed). Figure D.1 shows the geometry of the bistatic system.

An arbitrary point in the image (z,, y,) can be referenced by the closest range of
approach as in the monostatic case. For the bistatic case, ambiguity arises since there
are two closest ranges of approach as discussed in Section 3.4.1. For this algorithm, the
semi-bistatic range -, is introduced to replace these two parameters and it is defined

as follows:

1
Tn = E(RTOP + RROP) (Dl)

where Rrp is the closest range of approach for the transmitter to an arbitrary point
P and Rpep is the closest range of approach for the receiver to an arbitrary point P.

Thus, each point on the ground plane with the coordinate (z,,y,) has a corresponding
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Yo~ U

2y,

Figure D.1: Bistatic geometry for azimuth-invariant case.

coordinate of (v, ¥y,) in the v-y plane.

The instantaneous range of a point target can now be expressed in the two pa-

rameters form

Ry(w) = \/Rop + (o —u =0 + /Bl + (o —ut )2 (D2)

The parameter -y satisfy the following equation [ see triangle M; My P in Figure D.1],

Rrop =" —m
RRop = M + " (D.3)
Using the cosine rule,
Tn
Y1 = 21 — cosby (D.4)

(3
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where r, is the one-way slant range from the equivalent monostatic system to point
Target P and 6, is the squint angle. An approximation of the parameter x; is given
by

Y & I To cos b, (D.5)

o
where r, is the one-way slant range from the equivalent monostatic system to point

Target P, and 6, is the squint angle.

The instantaneous range can be expressed in terms of v and y.

Re(v) = V(1 =)+ (W =y + (o = m)? + (v~ 1)? (D.6)
where v =y, — u.

At this point, the bistatic system is transform from a system where each point is
reference by three parameters (Rrop, Rropr, ¥n) to one where each point can be reference

by two parameters (v, Yn).

In the monostatic case, the phase in the K — K|, plane is linearized using Stolt
interpolation [25] to Kx — K, as discussed in Section 3.4.1. We can focus the bistatic
data by linearizing the phase in the K, — K, domain in the same manner. There is no

simple analytical solution for the spectrum, therefore a numerical approach is used.

To obtain the phase in the K, — K, domain, we must first obtain the two-
dimensional spectrum in the K — K, domain. Starting from the baseband range
compressed signal, a FT is done in azimuth to get the two-dimensional spectrum of

the signal. The phase of the Fourier integrand is given by

P, Ko 050, 90) = = (K /G =+ 0= 00 + VO + )2 + (0 + 90)?)
+ Kvyn - va (D?)

Using the method of stationary phase and setting the derivative of the phase to zero,
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the following equation is derived

K, =K il S—— ] (D.8)
VO =12+ =912 (+ )2+ (v +yr)?
Unlike the monostatic case where v can be expressed in terms of an analytical solution

of K, K, and -,, the bistatic case would require a numerical method to obtain the

solution. We define this numerical solution as v*(K, K, ).

The next step is to linearize the two-dimensional spectrum from K - K, to K.,— K,
domain. In [35], the method to linearize the phase is to rewrite the phase of the

spectrum as
YK, Ky, 075, Yn) = Ky (K, Ko)pn + Ky(K, Ko)yn + $o(K, Ky) (D.9)

where the terms K.,(K, K,), K, (K, K,) and (K, Ky) can be obtained by performing
a Taylor series expansion of Y( K, K., U*; Yn, ¥n ) around -y and equating the coefficients.

Expanding the phase up to the linear term,

. 15}
YK, Ky Yoy Un) = Yo(K, Ky, Y0, %0) + a—f(K, K70, Yn) (Yn — 0)

oj
+ —%(K, Ko Yy ¥0) (Y — Yo) (D.10)
and equating the coeflicients,
Yo — V1 Yo + Vi
K, (K K,) =K + (D.11)
! VO =+ @5 —y)? V() + (g + yz)2>
K, (K,K,) =K, (D.12)
bo(K, K,) = K v — o1 + ¥ — yrvg v + oy + yi + yivg (D.13)
Vo =)+ (v = yn)? /(o + )%+ (v§ + yr)?

where v§ is a solution (D.8) with v = 7 and y, = yo. The bistatic phase term
Yo(K, K) exists only for the bistatic configuration and vanishes for the monostatic

case.
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The origin of the coordinate system needs to be shifted to a reference point (usu-
ally the scene center) to reduce the bandwidth of the signal processed. This step can
be done together with the removal of the bistatic phase term. Stolt interpolation [25] is
performed by solving (D.8) and determining where to extract the phase in the K — K,
domain for each point in K, — K, domain. Once this linearization process is done, the

focused image can be obtained by a two-dimensional IFT.

This algorithm is only able to handle configurations where the platforms are offset
in the x and y directions, which means that both platforms must be in a plane parallel
to the ground plane. Thus, the algorithm is not able to handle the case when the
platforms are in a plane non-parallel to the ground plane. This limitation can be
lifted by including another parameter z;. The approximation for ; becomes

"= (\/2312 + z12> %cos@n ~ (,/x% + zf) ;—OCOSHO (D.14)

n o
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Appendix E

Proof For DMO

This section give the proof for the relation between dipping angle 84, bistatic survey
time t,(f4) and monostatic survey time t,(64). Figure E.1 gives the bistatic system
geometry for computing the DMO operator. This diagram is extracted from Figure 3.4
with the baseline extended to point A. The dipping layer is represented by line AC.

The result here proves the relation given in (3.28).

Triangle ACS is congruent to triangle ACB. The distance cety,(6q) is given by line
5S’ and line RB. The distance c.tm,(6q) is given by line MM’ and SN. Consider triangle
NSS’,

, SN
55 = cos(6;)
Celm
Cetb = COS(Oi) (E].)
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Figure E.1: Bistatic system geometry to find relation between dipping angle, bistatic

survey time and monostatic survey time.

In triangle SRB,

sin(/RBS) _ sin(90° — ZBSP)

2h RB
: cos(bq)
) = O 4]
sin(f;) = 2h oty
2
cos®(6) =1 — 4h2cos2(26d)
csty
Combining (E.1) and (E.2), we get
4h?
t2(04) = t3(0q) + cos?(6)

2
Ce
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