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Abstract

This Thesis presents radar concepts and signal processing techniques in-
cluding the fractional Fourier transform (FrFT), Chebyshev polynomial
approximation and Singular Spectrum Analysis (SSA) for advanced high
resolution radar imaging and micro-Doppler signature extraction.

Two novel SAR focussing algorithms in the time-frequency domain are
developed using the FrFT. These are called the Fractional Range Doppler
Algorithm (FrRDA) and the enhanced Fractional Chirp Scaling Algorithm
(eFrCSA. The new methods are tested on simulated and real data sets and
are shown to provide higher performances in terms of image quality and
resolution than existing frequency domain based methods.

The state of the art signal spectrum models of a bistatic point target spec-
trum for bistatic SAR imaging has been improved by deriving Chebyshev
polynomial approximations in place of the conventional Taylor based ap-
proximations. This new model increases the accuracy and the efficiency
of frequency domain focussing algorithms.

Models for micro-Doppler signatures in bistatic SAR are developed and
the effect of the different acquisition geometries are considered, including
the effect on the final image.

A new concept for a Passive Bistatic Radar is introduced for micro-Doppler
analysis of helicopters rotor blades. The proposed system exploits the for-
ward scattering enhancement to increase the radar cross section of the he-
licopters rotor blade allowing an acceptable operative range. The analysis
shows how the proposed system could be considered as a good candidate
for cheap coast and border control.

A detailed analysis on the effect of micro-Doppler from wind turbines and



their impact on SAR images is presented. The signal model for such a dis-
tributed target is presented and simulation results show how the presence
of such a target can significantly decrease and corrupt the image quality.
Singular Spectrum Analysis (SSA) is developed for micro-Doppler signa-
ture extraction from SAR clutter and from the direct signal interference
and clutter of a passive bistatic radar. The SSA is shown to be robust and
capable of performing as a useful tool with the capability of mitigating the

effects of clutter on micro-Doppler signatures.
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Chapter 1

Introduction

1.1 Preface

From its earliest days the use of radar was oriented to detect and track targets accu-
rately. The capability to operate in hostile weather and day and night were two great
advantages of the use of electromagnetic waves that facilitated intense research and
diffusion of radar system for military and civil applications.

Time delay initially measured to perform target ranging was followed by antenna di-
rectivity to measure the angle of arrival and then Doppler shift to measure target ve-
locities.

Exploiting the Doppler shift in high resolution radar imaging was one of the most in-
novative applications brought to the attention of the radar community by Carl Wiley
of Goodyear Aerospace in 1951. The introduced method was named ”’Synthetic Aper-
ture Radar” referring to the equivalence of the series successive acquisition with a long
aperture antenna.

SAR data collected by a the radar system appears as random noise. This is due to the
superposition of all the echoes received from all the scatterers in the real antenna foot-
print for each acquisition. In order to retrieve the information contained in the phase of
the received signal a phase-sensitive processing is required to obtain a focused image.
The first methods used to focus SAR images were based on optical sensors, the data
were recorded on a black and white film and a laser beam was collimated and shone

through the film while lenses where used to perform a real time 2D Fourier transform.
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Finally diffraction gratings were used to focus the data and a last set of lenses was used
to perform the inverse Fourier transform Cumming and Wong [2005]. However the use
of optical processor even providing high quality and real time images had the follow-
ing drawbacks: very high-quality lenses were required, a skilled operator was always
needed and the automation of the process was not possible, in addition the dynamic
range of the final image was limited by the black and white film.

In the late 1970s SAR data started to be digitalized and recorded on tape or disk. The
first digital processor were able to process an image in 40 hours, much different from
what can be done with the modern computing systems Clemente et al. [2009].

For this reason much of the research effort moved in the direction of efficient and ac-
curate focussing algorithm, Range Doppler, Chirp Scaling, €2 — k£ and SPECAN are the
name of the most efficient solutions achieved from the SAR community to obtain high
quality images in a reasonable amount of time.

Traditional SAR systems were designed to be monostatic, the transmitting antenna is
the same that receives the radar returns. However in recent years the international
community has become particularly active in the case of a receiver placed on a differ-
ent platform, spatially separated from the transmitter, the Bistatic SAR configuration
(BSAR). This acquisition configuration introduces new challenges for the signal pro-
cessing community, in particular for the focussing stage where the phase history of the
acquired signal results to be strongly geometry dependent and obtain an accurate and
efficient focussing algorithm becomes an hard goal to achieve.

Another successful exploitation of the Doppler effect is the micro-Doppler signature
analysis Chen [2011]. The Micro-Doppler effect was originally introduced in coherent
laser system to measure kinematic properties of objects such as a frequency of a vibra-
tion or its amplitude. Micro-Doppler shifts characterize the complex features of an ob-
ject. Unlike the laser case, in microwave radar systems the amplitude of the observable
micro-Doppler shift is much smaller due to the relatively longer wavelength. However
if the product between the the displacement amplitude and its frequency is sufficiently
big it is possible to observe a micro-Doppler effect. For example helicopters rotor
blades or rotating antennas for air traffic control can introduce an observable effect

due to their long arms.
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The knowledge of micro-Doppler signature is of interest for civil and military applica-
tions. Micro-Doppler signature is the description of details of a target. For this reason,
the micro-Doppler signature is a potential rich source of information that can be used
for a variety of applications. Micro-Doppler can be regarded as a unique signature of
the target that provides additional information about the target that is complementary
to existing methods. Specific applications include the recognition of space, air, and
ground targets. For example, the micro-Doppler effect can be used to identify specific
types of vehicles and determine their movement and the speed of their engines. Vibra-
tions generated by a vehicle engine can be detected by radar signals returned from the
surface of the vehicle. For example, from micro-Doppler modulations in the engine
vibration signal, one can distinguish whether it is a gas turbine engine of a tank or the
diesel engine of a bus Chen [2011]. The outfield measurement of ground targets in-
dicates that micro-Doppler signatures have great significance for vehicle recognition.
Micro-Doppler signatures can also be used for human classification at a distance since
radar has the advantage of detecting and identifying humans at distances in all weather

conditions at day or night Chen [2011].

1.2 Motivation

The aim of this thesis is to explore new signal processing techniques and models which
can be used to improve the resolution of frequency domain monostatic SAR focussing
algorithms, increasing the accuracy of bistatic SAR focussing algorithms and the anal-
ysis of micro-Doppler signature from SAR platforms and radar. The objectives of the
research presented in this thesis are: the development of an high resolution monostatic
SAR focussing approach for range-Doppler algorithms; the increasing of the accuracy
of the bistatic point target spectrum model for bistatic SAR focussing; the development
of a model for the micro-Doppler signature from bistatic SAR; a feasibility study for a
passive bistatic radar for helicopters classification; the effect of wind turbines in SAR
images and the application of signal processing techniques to extract it from the data.

The thesis will address the enhancements, modifications, and inventions required to

achieve high quality SAR images and exploitation of the micro-Doppler signatures.
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1.3 Contribution

The research detailed in this thesis includes original contributions to the field of monos-
tatic SAR, bistatic SAR, micro-Doppler analysis in Bistatic SAR, micro-Doppler anal-
ysis from passive radars, effect of micro-motions on SAR images and micro-Doppler

extraction. These contributions are as follows:

1. Two new Fractional Fourier Transform (FrFT) based SAR processing algorithms
are presented namely the Fractional Range Doppler Algorithm and the enhanced
Fractional Chirp Scaling Algorithm that are shown to improve the well estab-
lished Range Doppler Algorithm and Chirp Scaling Algorithm for SAR process-
ing. The performance of the algorithms are assessed using simulated and real
Radarsat-1 data sets. The results confirm that the FrFT based SAR processing
methods provide enhanced resolution yielding both lower side-lobes effects and

improved target detection;

2. A new approach to the approximation of the slant range function using Cheby-
shev polynomials in order to obtain a polynomial representation that can be used
in the method of series reversion to obtain a more accurate version of the point
target spectrum. The proposed approach replaces the coefficients of the polyno-
mial Taylor series expansion of the bistatic slant range function with the ones
obtained using the Chebyshev polynomial approximation. The obtained coeffi-
cients are then used to obtain an analytical formulation of the bistatic point target
spectrum. Compared to the Legendre approximation, proposed in literature, the
Chebyshev polynomials allow us to obtain a least squares approximation of the
slant range function that includes the property of a bounded maximum error thus
minimizing the so called Runge effect. In addition the mathematical and com-

putational complexity is reduced;

3. The Chebyshev approach is applied to the bistatic point target spectrum based on
the 2D Principle of Stationary Phase. In the proposed approach the Chebyshev
approximation replaces the coefficients of the polynomial Taylor series expan-

sion of the azimuth-range frequency coupling term. The obtained coefficients
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are then used to obtain an analytical formulation of the bistatic point target spec-
trum. The new approach is shown to provide a more accurate approximation
reducing the phase error. The accuracy improvement is shown to yield a more
accurate spectrum that can be exploited in bistatic SAR focussing algorithms,

improving their accuracy and efficiency;

4. The model for vibrating micro-Doppler signature for a Bistatic SAR system with
fixed receiver is analysed and compared to the signature obtained in a monostatic
SAR system. The micro- Doppler effect is derived for a vibrating target in the
bistatic SAR. The corresponding bistatic factor is shown to be a function of the
bistatic acquisition geometry. Also, the effect of the target vibration on the fo-
cused image is shown to be influenced by the acquisition geometry. The derived
model is useful for micro-Doppler classification. Simulations for 94 GHz and

10 GHz are given and the results confirm the derived model;

5. A novel passive bistatic radar (PBR) using Global Navigation Satellite Systems
(GNSS) operating in the near forward scattering zone is presented. The anal-
ysis focuses on the case of helicopters rotor blades where the Doppler shift is
relatively high and a relatively large wavelength is useful in reducing the maxi-
mum Doppler shift. The power budget analysis for this kind of configuration and
target is analysed. It is demonstrated the possibility of detecting these kind of
targets and to measure their micro-Doppler signatures. The theoretical analysis
is supported with simulations that demonstrate the effectiveness of the proposed

configuration for micro-Doppler signature analysis for helicopter rotor blades;

6. The effect on SAR images introduced by rotating wind turbines is modelled
and analysed. The results show that an image can appear corrupted and that
smearing and ghost echoes can possibly hide details of the images that can be
distant from the wind turbine. The effect for different aspect angles and rotating

blade velocities are analysed through simulations.

7. A micro-Doppler signature extraction method based on the Singular Spectrum

Analysis is applied to extract the target micro-Doppler features from the received
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SAR and PBR signals. The effectiveness of the proposed approach is confirmed

through simulations even in low Signal to Clutter Ratio (SCR);

1.4 Thesis organization

The remainder of this thesis is divided into eight chapters, the organization of which
is explained as follows: Chapter 2 provides an overview of synthetic aperture radar
imaging techniques for monostatic and bistatic SAR. It starts with the SAR processing
geometry. Then the frequency domain algorithms for monostatic SAR focussing are
introduced. The fractional Fourier transform based CSA is introduced and discussed.
Following the bistatic SAR focussing algorithms are presented with particular atten-
tion to the bistatic point target spectra obtained with the method of series reversion and
the 2D principles of stationary phase.

Chapter 3 reviews the micro-Doppler effect. First the basic concepts of the micro-
Doppler effect in radar are introduced. The micro-Doppler effect in radar imaging
systems is then reviewed providing an overview of the state of the art in the field.
Chapter 4 introduces the first novelty in this thesis. The Fractional Range Doppler
Algorithm and the enhanced Fractional Chirp Scaling Algorithm. The algorithms are
described and their performances are compared with the traditional RDA and CSA re-
spectively on both simulated and real data.

Chapter 5 focusses on the frequency domain processing for bistatic SAR imaging. The
chapter derives two improved bistatic point target spectra using the Chebyshev approx-
imation. The bistatic point target spectrum using the Method of Series Reversion is im-
proved by replacing the Taylor approximation of the bistatic slant range function with
its Chebyshev polynomial approximation. The bistatic point target spectrum using the
2D principle of stationary phase is improved by replacing the Taylor approximation of
the range-azimuth frequency coupling terms with its Chebyshev approximation. The
new models are tested with simulated data.

Chapter 6 derives the model for the micro-Doppler signature in bistatic Synthetic Aper-
ture Radar. First the fixed receiver geometry is introduced, then the signal model is

derived. The analysis concentrates on the different effect of the geometry on the fo-
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cussed image and on the micro-Doppler signatures. The derived model are tested and
confirmed by simulations.

Chapter 7 introduces a novel passive bistatic radar concept using a GNSS illuminator
of opportunity for micro-Doppler analysis in the case of helicopters rotor blades. The
system geometry and the signal model are introduced, then the analysis focus on the
system requirements for the micro-Doppler analysis. The forward scattering enhance-
ment is introduced to support the power budget analysis. Simulation results concludes
the chapter.

Chapter 8 describes advanced micro-Doppler analysis and extraction. The chapter
starts analysing the effect of wind turbines on SAR images. The effect is analytically
described and the derived model is confirmed through simulations. Then the chapter
describes the application of the singular spectrum analysis for the extraction of the
micro-Doppler signatures from the clutter. The technique has been applied to simu-
lated SAR data and to the data coming from the PBR scenario described in chapter 7.

Chapter 9 includes a summary and conclusions of this thesis are presented, along with
a discussion of its limitations and suggestion of potential areas for further future work.
The appendix contains theoretical material about the Chebyshev polynomial approxi-
mation which would impede the flow of the thesis. A list of the author’s publications

is also provided.
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Chapter 2

Monostatic and Bistatic SAR Imaging

2.1 Introduction

Synthetic Aperture Radar (SAR) is an imaging radar system for earth observation
from satellite and airborne manned/unmanned platforms. It is currently operational
in recently launched polar-orbiting platforms such as TerraSAR-X, RadarSAT-2 and
Cosmo-SkyMed as well as in numerous other missions. Applications are diverse in-
cluding disaster observation and management, mapping of renewable resources, geo-
logical mapping, snow/ice mapping and strategic surveillance of military sites. More-
over, the scientific community is more and more oriented to a wide range of appli-
cations where the first step is the production of a SAR image Cumming and Wong
[2005]. Obtaining optimum resolution from raw SAR data involves sophisticated sig-
nal processing techniques especially using high resolution sensors (like TerraSAR-X
and Cosmo-SkyMed) where the feature of the smaller scatterers increase in impor-
tance. In this chapter the basics of SAR imaging are be introduced. The discussion
focusses on imaging algorithms in the range-Doppler domain for monostatic SAR.
The analysis concentrates on the Range Doppler Algorithm (RDA) and on the Chirp
Scaling Algorithm (CSA). The Fractional Fourier Transform based CSA is then intro-
duced. The understanding of the processing steps of these three algorithms is important
since they are exploited in the derivation of the Fractional RDA and Enhanced Frac-
tional CSA (Chapter 4).

The discussion then moves on the case of transmitter and receiver located on different
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positions, the bistatic SAR case. The focussing problem in the bistatic SAR case is
described and the different approaches for the development of an accurate focussing
strategy in the frequency domain are analysed. In particular two models for the bistatic
point target spectrum (BPTS) are analysed in detail: the BPTS based on the Method
of Series Reversion (MSR) and the BPTS derived using the 2D Principle of Stationary
Phase (2D PSP). These two models are important for the understanding of this thesis

since their improvement is obtained using the Chebyshev approximation (Chapter 5).

2.2 SAR processing geometry

The basic geometry of the SAR processing application is shown in Figure 2.1. The
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Figure 2.1: SAR processing geometry

sensor transmits a pulse and receives the echoes in a direction approximately perpen-
dicular to the direction of travel. The received signal is digitized and stored in the
memory of the signal processor as a two dimensional array of samples. One dimen-
sion of the array represents the distance in the slant range direction between the sensor
and the target and is commonly referred to as the range direction. The other dimen-
sion represents the along-track or azimuth direction. Each line of data with common
azimuth index represents data collected during one pulse repetition interval.

In essence, the processing of SAR data is a two-dimensional space-variant convolution.

9
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When the received data is viewed as a superposition of returns from point scatters, the
processing problem consists of compressing the target response that is spread out in
both range and azimuth to a single point. As the range and azimuth time scales are so
different, the range and azimuth directions can be treated separately during processing.
In each dimension the data is convolved with a matched filter. In azimuth, the situa-
tion is complicated due to the returned signal from a single point target appears in a
number of range cells during the time that it is illuminated by the radar. The energy
corresponding to a target needs to be collected into one range cell before it can be
compressed using the matched filter Cumming and Wong [2005].

In order to process SAR data to its full inherent resolution with reasonable computing
resources, an algorithm is required that is both accurate and efficient. The range-
Doppler domain focussing algorithms satisfies these requirements and are discussed in

the next section.

2.3 Range Doppler Algorithm and Chirp Scaling Algo-

rithm

The Range Doppler Algorithm (RDA) is a simple and efficient algorithm used to fo-
cus SAR data. It was first developed by MacDonald Dettwiler and Associates (MDA)
and the Jet Propulsion Lab (JPL) in 1979 for the processing of SEASAT data Bam-
ler et al. [1993]; C.Wu [1976, 1977]. It is a very flexible algorithm and widely used.
This algorithm takes advantage of the approximate separability of processing in range
and azimuth direction, allowed by the large difference in the time scales of the range
and azimuth data. In addition efficient range cell migration correction (RCMC) is per-
formed in the so called range-Doppler domain which is the ideal reference plane to
correct the hyperbolic behaviour of the target trajectories Cumming and Wong [2005].
The RDA is actually one of the most used algorithms in both research and commercial
fields due to its effectiveness and relative simplicity. RDA processors have been de-
veloped in the Gamma Remote Sensing Modular SAR processor Werner et al. [2000]
and in the REA processor Eon. In addition many research groups work with the RDA

and the interest on this algorithm is growing especially in the field of the parallel SAR

10
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processing Clemente et al. [2009]; di Bisceglie et al. [2010]; Giancaspro et al. [2002].
The algorithm is designed to achieve block processing efficiency, using frequency
domain operations in both range and azimuth, while maintaining the simplicity of
the one-dimensional operations. Block processing efficiency is also achieved for the
RCMC operation because it is done in the range time and azimuth frequency domain.
This domain is called the “range Doppler” domain, since azimuth frequency is synony-
mous with Doppler frequency. The algorithm is called the Range Doppler Algorithm
(RDA), because the fact that RCMC is performed in this domain and it is the most
distinguish feature of the algorithm. Energy from point targets, at the same range but
separated in azimuth, is transformed to the same location in the azimuth frequency do-
main. Therefore, correction of one target trajectory in this domain effectively corrects
a family of target trajectories that have the same slant range of closest approach. This
is a key feature of the algorithm, which allows RCMC to be implemented efficiently in
the range Doppler domain.

To obtain an efficient implementation all matched filter convolutions are performed as
multiplies in the frequency domain. Matched filtering and RCMC depend on range
varying parameters.

The RDA also distinguishes itself among frequency domain algorithms by its capabil-
ity to explicitly accommodate range variation of parameters with relative ease. This
is another key feature of the algorithm. Moreover all operations are performed with
one-dimensional data arrays, hence achieving processing simplicity and efficiency.

The core steps in the algorithm are shown in Figure 2.2 and are described below.

1. Range Compression
Range Compression is obtained multiplying data in the range frequency domain
with the range reference function in range direction, so first an FFT is performed
on the data in the range direction; then the multiplication with the reference
function is performed. To complete the range compression an IFFT is needed to

report range direction data in the time domain;

2. Azimuth FFT

An FFT is done in the azimuth direction, obtaining data in the range-Doppler

11
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Figure 2.2: Range-Doppler SAR processing algorithm

domain;

3. Range Cell Migration Correction (RCMC)
Range cell migration correction is performed by a shift and interpolation opera-

tion that lines up the target trajectories;

4. Azimuth Compression
Azimuth compression is accomplished multiplying data with the azimuth refer-

ence function in azimuth direction;

5. Azimuth IFFT
An IFFT in the azimuth direction completes the formation of the image, at this

stage detection and look summation can be done.

The CSA was developed to specifically eliminate the interpolation step used for the
RCMC Raney et al. [1994]. It is based on the scaling principle applying a frequency
modulation to a chirp-encoded signal to achieve a shift or scaling of the signal. The

chirp scaling algorithm presents two main advantages, the first one is the possibility

12
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to implement the RCMC with a phase multiplication and the second one is that the
secondary range compression (SRC) can be made azimuth frequency dependent.

The chirp scaling algorithm requires only Fast Fourier Transforms (FFTs) and com-
plex vector multiplications and can process SAR data collected in either stripmap or
spotlight mode Cumming and Wong [2005]. The algorithm operates in both range-
Doppler domain and the 2-D frequency domain. The sequence of core steps of the

CSA is shown in Figure 2.3. To obtain the SAR focused image the CSA performs the

Raw Data
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RCMC, RC and SRC

l

Range IFFT

l
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l

Azimuth IFFT

!

Focused Data

Figure 2.3: Chirp Scaling SAR processing algorithm

following steps:

1. Azimuth FFT, using Fast Fourier Transforms to bring the data to the range—Doppler
domain.

2. Chirp Scaling, in order to equalize the range migration of all targets trajectories a

13
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phase shift is applied along the constant azimuth frequency lines.

3. Range FFT, in this step the FFTs in the range direction bring the data in the 2-D
frequency domain.

4. Range Compression, SRC, and bulk RCMC, are performed through a phase mul-
tiplication with a reference signal.

5. Range IFFT, to bring the data again in the range—Doppler domain the Inverse Fast
Fourier Transfoms are used in the range direction.

6. Azimuth compression, a phase multiplication is performed to compress the data
along the azimuth direction, in addition a phase correction is applied using a range-
varying reference signal.

7. Azimuth IFFT, in order to obtain the focused image in the 2-D time domain the

Inverse Fast Fourier Transforms are used in the azimuth direction.

2.4 SAR Focussing Based on the Fractional
Fourier Transform

In A. S. Amein and J. J. Soraghan [2006]; Amein and Soraghan [2007] the Fractional
Fourier Transform (FrFT) was applied to the SAR Chirp Scaling Algorithm Raney
et al. [1994] to form the Fractional Chirp Scaling Algorithm (FrCSA). In the resulting
FrCSA the fractional Fourier transform was used in place of the Fourier transform
obtaining a fractional representation of the received signal in both azimuth and range
directions. Some good results in terms of enhanced resolution were reported, however
this algorithm did not take care of the shift variant problem introduced by the use of
the fractional Fourier transform. This approach used the design of a matched filter
in the Fractional domain in order to reduce the mismatch due to the approximations
introduced in the signal spectrum analysis. However in the FrCSA the shift variant
property Bultheel and Martinez [2002] of the FrFT introduced a modulation effect that
cannot be removed from the received signal. It means that each echo in the fractional
domain exhibits a different modulation due to its delay and thus a mismatch results

when performing the matched filtering in the FrCSA.

14
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2.4.1 Fractional Fourier Transform

A Fourier transformation (FT) maps a one-dimensional time signal z(¢) into a one-
dimensional frequency function X (f), the signal spectrum. The Fourier transform
operator can be visualized as a change in representation of the signal corresponding
to a counter clockwise rotation of the axis by an angle 7/2. Although the Fourier
transform provides the spectral content of the signal, it fails to indicate the time lo-
cation of the spectral components, which is of great importance when non-stationary
or time-variant signals are considered. In order to describe and analyse such signals,
time-frequency representations (TFRs) are used. A TFR maps a one-dimensional time
signal into a two-dimensional function of time and frequency. The fractional Fourier
transform (FrFT) which belongs to the class of linear TFRs was introduced by Namias
in 1980 Namias [1980], then rediscovered in optics Alieva et al. [1994]; D. Mendlovic
and H.M. Ozaktas [1993]; Mendlovic and Ozaktas [1993]; Ozaktas et al. [2001] and
introduced to the signal processing community by Almeida in 1994 Almeida [1994].
The fractional Fourier transform, which is a generalization of the ordinary Fourier
transform, can be considered as a rotation by an arbitrary angle in the time-frequency
plane or a decomposition of the signal in terms of chirps. It also serves as an orthonor-
mal signal representation for chirp signals. The fractional Fourier transform is also
called rotational Fourier transform or angular Fourier transform Kutay et al. [1997].
The fractional Fourier transform is computed using the angle of rotation in the time-
frequency plane as the fractional power of the ordinary Fourier transform. Letting x(u)

be an arbitrary signal, its a**-order FrFT is defined as Ozaktas et al. [2001]:

X, (u) = /Ka(u,u')az(u')du’ 2.1

where a is the fractional transformation order (corresponding to a rotation angle 6 =

af witha € R) and K,(u, u') is the FrFT kernel and is defined as Ozaktas et al. [2001]:
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Agexp {jr[(u® + u?) cot 0 — 2uu’ csc 0]}

if 6 is not a multiple of 7

Kou,u') = (2.2)
d(u — ') if 6 is a multiple of 27
\ d(u + ') if @ + 7 is a multiple of 27
i§
where Ay = ﬁ

Equation (2.2) shows that for angles that are not multiples of 7, the computation of the
FrFT corresponds to the following steps:

1-A product by a chirp;

2-A Fourier transform (scaled by csc 6);

3-Another product by a chirp;

4-A product by a complex amplitude factor.

In summary, the FrFT is a linear transform, continuous in the angle #, which satisfies
the basic conditions for it to be meaningful as a rotation in the time-frequency plane.
The fractional Fourier transform is able to process linear chirp signals better than the
ordinary Fourier transform Ozaktas et al. [2001]. This is because a linear chirp signal
forms a particular diagonal line in the time-frequency plane, and therefore, there exists
an order of transformation in which such signals become compact. Chirp signals are
not compact in the time or frequency domain. Thus the signal can be easily extracted
in an appropriate (or optimum) fractional Fourier domain whereas in many cases it is
not possible to separate the signal and noise in the spatial or frequency domain Borden
[2000].

The general linear chirp formula is given as, exp j27(at? + bt + ¢), where k is the
chirp rate parameter. The matching process can be described using a geometrical rep-
resentation through a plot of the instantaneous frequency of the signal, ¢/ (t) = 2at +b,
as shown in Figure 2.4. The optimum transformation angle required to match the chirp

rate a is defined as Capus and Brown [2003]:

2 (1
Oop = —— tan ! (%> (2.3)
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¢'(t) =2at + b

Figure 2.4: Geometrical representation of the fractional space

For a time-frequency discretized signal then 2.3 becomes:

F?/N
0o — — tan”! (%) 2.4)

where Fj is the sampling frequency and the number of samples is represented by N.

Figure 2.5-a shows the time domain plot of a linear chirp with duration of 1 second and
chirp rate of 20 [1/s?] sampled at 400 Hz. Figure 2.5-b shown the magnitude of the
FrFT of the linear chirp for a range of orders from -1 to 1. It is observed from Figure
2.5-b that the degree of compactness on the FrFT varies with the order. The most
compact output occurs for a = —0.9365, in agreement with the value computed from
(2.4). The magnitude of the FrFT with optimum order for the linear chirp is shown in

Figure 2.5-c.

2.4.2 Fractional CSA

The Fractional CSA was the first attempt to use the advantages of the FrFT to focus
monostatic SAR data A. S. Amein and J. J. Soraghan [2006]; Amein and Soraghan
[2007]. The algorithm derives directly from the CSA and is described by the block
diagram in Figure 2.6. This algorithm involves the development of a model for trans-

formation optimization in order to obtain the proper rotation angle (required for the
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received chirped signal and all reference signals used in the algorithm). The algorithm
uses a local optimization procedure (LOP) that investigates all possible rotation angles
and selects the optimum value that is stored and used throughout the algorithm. The
resulting FrCSA replaced all the FFTs modules in the conventional CSA with FrFTs,
as illustrated in Figure 2.6. One of the most important steps in the FrFT computation
is in range transformation processing and its fractional correlator-based range matched
filter. It is indeed this new module that gives the FrCSA its improvement to the FFT-
based CSA in handling signals, particularly at the far end of the scene.

To obtain the SAR focused image the FrCSA performs the following steps:

1. Transformation optimization, the idea of the transformation optimization opera-
tion is that the FrFT parameter (or the angle of rotation ) is used to tune the transform
to provide an optimal response to a given linear chirp signal. When the axis rotation is
matched to the chirp rate of the signal, the magnitude response reaches its maximum.

This enables the FrCSA to adapt itself for any sudden change or severe non-linearity in
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Figure 2.6: Fractional Chirp Scaling SAR processing algorithm

the flight path as it will alter the required appropriate orders of transformations for each
range bin thus tuning the transformation for optimal response. The same, of course, is
done for range-FrFT.

2. Azimuth Fractional Fourier Transform, the first FrCSA operation computes the
azimuth FrFT of the signal history, transforming the data into the fractional azimuth-
frequency/range-time domain. The CSA/FrCSA equalizes range curvature in the az-
imuth -frequency (fractional frequency) domain rather than azimuth-position (data col-
lection) domain. In the azimuth-position domain, range curvature is a function of both
the broadside range and azimuth coordinates of a scatterer. In the azimuth-frequency
domain, however, range curvature does not depend on the azimuth coordinate of a scat-
terer.

3. Chirp Scaling Operation, the second step of the FrCSA procedure performs the
chirp-scaling operation described by Papoulis A.Papoulis [1981], that modifies the

generalized range chirp rate. An appropriate choice for it will allow the elimination of
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the differential range curvature, i.e., differential range cell migration (RCM).

4. Range FrFT, the third step in the FrCSA procedure takes the range FrFT of the
range-fractional Frequency signal to obtain the 2D-fractional frequency domain sig-
nal.

5. 2-D Matched Filtering, The fourth step is the 2-D matched filtering. This process
multiplies the 2D-fractional frequency domain signal by the conjugate of a 2-D ref-
erence function. This matched filtering step removes the common range chirp from
the signal to prepare for range compression. The matched filter also removes the re-
maining constant range curvature bulk RCM that results after the differential range
curvature correction in the chirp scaling operation.

6. Range Inverse FrFT, the fifth step in the FrCSA is the evaluation of the range
inverse FrFT to have the signal back in the range-fractional frequency domain.

7. 2-D phase compensation, the signal is multiplied by the conjugate of a residual
phase function to remove the two remaining range-dependent phase terms.

8. Inverse azimuth FrFT, a 1-D inverse FrFT compresses the resulting signal in az-

imuth obtaining the final image.

2.5 Bistatic SAR frequency domain focussing

algorithms

Bistatic SAR operates with a separate transmitter and receiver introducing new char-
acteristics compared to traditional monostatic SAR systems Cherniakov [2008]. Some
of the advantages of the bistatic configuration include 1) the reduction of vulnerability
of the system in military applications with the ability of having the transmitter lo-
cated at save distances from a hostile area ii) the capability for the bistatic system to
be employed for imaging in the flight direction or backwards in flight assistance sys-
tems iil) reduction of costs iv) measurement of the bistatic clutter characteristic and
v) the reduction of the dihedral and polyhedral effects in urban areas improving the
images quality. However the bistatic flight configuration poses two critical technolog-
ical challenges. The first involves synchronization of the transmitter and the receiver

both in space and time. Good solutions for this issue were developed in C.Gierull

20



Chapter 2 Monostatic and Bistatic SAR Imaging

et al. [2006] Krieger and Marwan [2006]. The second critical challenge of the bistatic
SAR configuration is the requirement for slant range function approximation which
is significantly different from the monostatic case. The bistatic slant range function
is characterized by the sum of two hyperbolas Cherniakov [2008] rather than a sin-
gle hyperbola in the monostatic case. This double squared root function makes the
derivation of a signal spectrum model for focussing algorithms in the frequency do-
main much more challenging than in the monostatic case. The simplest configuration
is when both transmitter and receiver have the same velocity and parallel flight paths,
while a more complicated configuration exists when the platforms have different ve-
locities and non parallel flight paths. Figure 2.7 illustrates an example of a bistatic
configuration that comprises separate transmitter and receiver where it is assumed that
the transmitter and receiver platforms have different trajectories and velocities.

As in the monostatic case the area to be imaged is a collection of point scatterers

Transmitter

Transmitter Flight Path

Figure 2.7: Acquisition geometry for bistatic SAR

Cumming and Wong [2005]. This implies that it is sufficient to analyse the scene us-
ing the response of an arbitrary point scatterer and then consider the superposition of
the echoes to obtain the focused image. Under the assumption that the platforms gen-

erally fly with constant velocities and in a linear path, the instantaneous slant range,
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R(n), may be written as:

R(U) :\/V%UZ + RTcen - QVTURTcenSinequ

+ \/V}%UQ + RRcen - 2VRT/RRcenSin95qR (25)

where 7 is the slow (along track) time, V7 and Vy are the platform velocities, Rypcer,
and Rpc.,, are the range distances for 1 = 0, 0,47 and 0, are the squint angles for the
transmitter and the receiver respectively. Equation (2.5) converts to the monostatic case
when the velocities, positions and flight paths for both the platforms are identical. The
monostatic and bistatic slant range functions for 5 point scatterers with the same range
but different azimuth position is shown in Figure 2.8-a and 2.8-b respectively. The

parameters of the simulated configurations are shown in Table 2.1. In Figure 2.8-a the

Table 2.1: Monostatic and Bistatic simulated configurations. Note: for the monostatic
case only the Tx parameters must be considered.

Tx Velocity 170 m/s
Rx Velocity 100 m/s
Range distance of the Tx from the scene centre atm = 0 1400 m
Range distance of the Rx from the scene centre atm = 0 1100 m
Transmitter Squint angle 3 deg
Receiver Squint angle 2 deg

hyperbolic shape of the monostatic slant range function can be clearly seen, in Figure
2.8-b the slant range function of the bistatic case is no longer a hyperbola. Instead it is
a flat-top hyperbola which changes in shape depending on the position of the scatterer.
The minimum of this slant range function is related to the point of stationary phase,
hence the stationary points change with the slant range. This is an important aspect to
be taken into consideration for the derivation of bistatic point target spectrum making
hard the derivation of it in a closed form. In the case of a transmitted linear frequency

modulated chirp signal the received bistatic signal model an be written as:

s(1,m) =Agw, (T — R(m) Wz (1)

Cc

2m foR
exp —j—ﬂfoc () + K, {7’ —

R(n)} ’ 26

Cc
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Monostatic slant range function for 5 point scatterers
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Figure 2.8: Slant range for different point scatterers for the monostatic and the bistatic
case.

where 7 is the fast time, Ay is the complex backscatterer coefficient, f is the carrier
frequency K, is the range chirp rate, w,(.) is the range envelope and w,.(.) is the com-
posite antenna pattern of the transmitter and receiver. The only differences between the
expression of the signal model in the bistatic and monostatic case are the slant range
function and the composite antenna footprint.

In order to achieve processing efficiency also for the Bistatic SAR case the use of fre-
quency domain algorithms is recommended. However it has been shown from several
authors Bamler and Boerner [2005]; Loffeld et al. [2003]; Neo [2007] that the bistatic

case cannot be focused by simply assuming an equivalent monostatic in the middle of
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the baseline, specially for configuration with an appreciable baseline separation. Due
to the existence of a double squared root function in the range equation of the bistatic
case it is difficult to obtain a simple analytical solution that expresses the bistatic point
target spectrum. It means that without an analytical expression of the bistatic point
target spectrum equivalent bistatic algorithms are difficult to derive. Thus the neces-
sity to design new bistatic focussing algorithms to cope with the peculiarities of this
acquisition geometry.

Frequency domain focussing algorithms for bistatic SAR can be divided in three fam-

ilies:

e Algorithms based on numerical methods to solve the double square root func-

tion;

e Algorithms that use a pre-processing stage to transform the bistatic data to an
equivalent monostatic data, making then possible the application of traditional

monostatic focussing algorithms;

e Algorithms that use an approximate point target spectrum and use this analytical

formulation to derive the steps required to perform the focussing of the image.

2.5.1 Numerical Methods

In the numerical methods the double square root is solved numerically, the first ap-
proach has been to exploit the {2 — K algorithm Cumming and Wong [2005], this algo-
rithm processes the raw signal in the 2-D frequency domain. However the function to
be exploited in the original algorithm is an analytical function, in the bistatic case it is
not available then in Bamler and Boerner [2005] was proposed a focussing algorithm
that replaces the analytical transfer function with a numerical one. The main limita-
tion of this approach is that the numerical version of the transfer function is available
for the azimuth-invariant case while the computational cost increases when the bistatic
degree of the data increases. In addition, performances, accuracies and limitation of
the algorithm are strongly dependent on the geometry and cannot be predicted, while

these aspects could be evaluated with an analytical method.
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2.5.2 Pre-processing methods

The aim of pre-processing methods is to convert bistatic data in monostatic data. The
simplest approach to converting a bistatic configuration to a monostatic equivalent is
to replace the two platforms with a monostatic platform right in the middle of the
baseline. Despite its simplicity, this method is inadequate in scenarios where there
is an appreciable baseline separation. The use of hyperbolic range functions with a
modified velocity is another technique that can be used. Such techniques have been
used to accommodate orbital curvature in monostatic configurations through the use
of an effective radar velocity. These methods are valid for satellite-based cases where
there is usually no appreciable squint. In addition pre-processing techniques have been
shown to be suitable for bistatic configurations where the baseline is fixed so that the
azimuth invariance property holds. The most interesting and accurate pre-processing
method uses the so-called Rocca’s ”smile operator” and was introduced D’Aria et al.
[2004]. It is applicable in cases where both platforms are travelling on the same flight
path with a constant baseline. The Dip MoveOut (DMO) method introduced in D’ Aria
et al. [2004] transforms bistatic acquisitions into monostatic ones. This processing
technique derives from the field of of seismic reconstruction, where a typical source
is accompanied by thousands of geophone receivers. However, this method has a re-
strictive 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.

2.5.3 Analytical Point Target Spectrum

The derivation of an analytical PTS for the bistatic SAR case is still an open problem
and has seen different authors working to find a close and exact form of the bistatic
PTS. A point target spectrum known as the Loffeld’s Bistatic Formula (LBF) was de-
rived in Loffeld et al. [2003]. This spectrum was used to derive a few bistatic algo-
rithms. The accuracy of these algorithms is limited by the accuracy of the analytical
spectrum. The LBF is characterized by two phase therms: a quasi-monostatic and a

bistatic phase terms. This aspect suggests a possible two-step focussing approach: the
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removal of the bistatic deformation followed by the application of a quasi-monostatic
focussing step. In this way the use of the LBF can be seen as a pre-processing tech-
nique.

Two other remarkable approaches have been developed obtaining excellent results Neo
et al. [2007]; Wang et al. [2011]. In Neo [2007]; Neo et al. [2007] the bistatic PTS has
been derived using the method of series reversion while in Wang et al. [2011] the two
dimensional Principle of Stationary Phase (PSP) has been applied in order to derive a
more accurate and robust spectrum model. These two approaches will be analysed in
details in the next sections since they are the basis of the novelties developed for the

bistatic focussing aspect of our work (Chapter 5).

2.5.3.1 Method of Series Reversion

In the bistatic PTS obtained using the Method of Series Reversion Morse and Feshbach

[1953]; Neo [2007] the starting point is the range compressed signal:

ST‘C<T7 77) =p (T - @) waz(n) €xp {_]M} (27)

C

where fi(n) = Riycen + Rieen + k1n + kan? + ksn + kan* ... is the Taylor series
expansion of the bistatic slant range function, and k; are the coefficients of the Taylor
series. Rpcen and Rpce, are the range from the transmitter/receiver to an arbitrary point
target at azimuth time 1 = 0. From this signal, in order to apply the MSR the Linear
Range Cell Migration (LRCM) and the linear phase term of }?(n) must be removed,

then the signal becomes:

o ) R e S S )

where R;(n) is the slant range approximation obtained using the Taylor series expan-

sion, without the linear term:

Ri(n) = Reen + kanf® + ksn® + kan* .. (2.9)
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With RCQ?’L - RTcen + RRCBTL'

The coefficients k; are obtained from:

by = L (Brln) | dRR() (2.10)
7! dn? dn? =0
Applying the range FT to (2.8) produces:
. + f7)R
1) = W) exp { ~jon LI

where WW,.(.) is the spectral shape of the transmitted pulse and fy is the center fre-
quency. Next the azimuth Fourier transform is applied and computed employing the

method of stationary phase must be used, the phase of the signal is:

dd
n &

where f,, is the azimuth frequency. Then applying the method of stationary phase on

(2.12) the following relation can be found

(—ﬁ) £y = 2kan + 3ksn® + dkyn® (2.13)
0 T

MSR is applied to (2.13) obtaining an expression of 7 in terms of f,:

Cc

c 2 c 3
n(fy) = A (—mfn> + Ay (—mfn> + A (—mfn) (2.14)

where

1
A = —
1 oy
3ks
A, = —28
2T 8k3
2 _
A = _M (2.15)
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At this point an expression of the two dimensional spectrum can be obtained

Cc

S1(fr, o) = We(fr)Wa:(fy) exp {—j27 fyn(fy)} exp {—JQW (fo+ fr) Ba(n(fn)) }

(2.16)

where W, (.) represents the shape of the Doppler spectrum. To obtain the two dimen-
sional point target spectrum the LRCM and the linear phase therm must be reintro-

duced into s, (7, 7)

e (T -5 77) o {_m%”} @.17)
= Dy <7’ — M) Wax(N) exp {—j27r <f0Rcl(77) N fo]zln) }

to obtain the 2D point target spectrum the skew and shift properties of the FT (2.18)

are applied

g(m,n) < G(f+, fn)
g(m,m) exp(—j2m fxn) <> G(f7, f + fr)
g(r —kn,n) < G(fr, fy + kf7) (2.18)

so the 2D point target spectrum is:

Sualhe ) = St | fy + Ut 1)1

= Wr(fT)Waz (fr](fo + fT)%) expchde(f‘ra fn) (219)

where
T k' 2
CI)Qdf(f7'7 fn) A - 21 (@) Rcen + QWWC‘FH (fn + (fO + fn)?l)
2 ks e\’
+ Wm (fn + (fO + fﬂ)?)
(93 — 4kaka) k)
(o + 1,7 (f" + ot f’ﬂz) (2.20)
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Then the phase term in (2.20) is the starting point for bistatic focussing algorithms

as the bistatic RDA and NLCSA Neo et al. [2008]; Wong et al. [2008].

2.5.3.2 2-D Principle of Stationary Phase

A

P( Ton » Ry }

Figure 2.9: Geometry considered in the derivation of the PTS in Wang et al. [2011]

The PTS proposed in Wang et al. [2011] is probably the most accurate and robust
PTS able to work in the azimuth variant case. It is derived using the 2-D principle
of stationary phase which is first applied in the SAR community. The resulting PTS
contains two hyperbolic range-azimuth coupling terms and thus is very similar to the
monostatic PTS. It presents the same characteristics of the monostatic PTS besides
an additional azimuth scaling therm. This aspect makes it suitable for bistatic SAR
processing the wide range of monostatic SAR focussing algorithms. The derivation
of the PTS requires more details then those used for the derivation of the PTS using
the MSR described in Section 2.5.3.1, for this reason the geometry in Figure 2.9 is
introduced. The 3-D coordinate system has the x — y plane defining the surface of
the Earth and the z— axis pointing away from the Earth. The starting point for the

derivation of the PTS is the received echo from a point target located in (7or, Ror)
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after the demodulation given by

(2.21)

Rp(7) + Rp(7
9(7,t, or, Ror) =0(To0r, Ror)si (t_ nl )c . )>

X exp {—j27r Rr(7) i RT(T)} (T — )

where 7y is the zero Doppler time of the receiver; 7 is the slow time; ¢ is the fast
time; Rog is the closest slant range from the receiver and the point target P(7or, Ror);
o(Tor, Ror) is the reflectivity profile for the point target in (7or, Ror); S is the trans-
mitted signal; Ry and Ry are the receiver and transmitter slant ranges; c is the speed of
light; A is the radar wavelength and w(7 —17,) is the composite azimuth antenna pattern
centred on azimuth time 7. The composite antenna pattern can be approximated as
the multiplication of two rectangular functions: Wr[(T — 7a) /Ts]Wr[(T — Teb) / Tsc)s
where T, is the composite time of target in azimuth. The instantaneous slant ranges

are defined as:

Rp(7) = \/ R3p + (T — Tor)*0%, (2.22)

Rr(7) = \/Rip + (r — or)20}

where v and vy, are the transmitter and receiver velocities, Tor is the zero Doppler time
of the transmitter and Ry is the closest slant range from the transmitter. Performing

the 2-D Fourier Transform to (2.21) gives

G(fr, f.mor, Ror) =0(Tor, ROR)Sl(f)/w(T—ch) (2.23)

Ra(7) —ICP RT(T)} exp(—j2m f,7)dr

X exp {—2%(]” + fo)

where .9; is the spectrum of the transmitted signal. In Wang et al. [2011] the limitation

of the double square root term in (2.23), which does not allow the direct application of
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the PSP, is solved by the use of a Fourier decomposition.

Whr T ;S:Cb exp -—QWf—ZfORR(T)_ = /WR -Mﬂ;—i—%] (2.24)
x exp[—jPr(frr, f)] exp[j27 frr7]dfrr
Wr T ;S:Cb exp _—QﬂfthRT(T)_ = /WT _—TT(fT;S)C_ Td}}

x exp|—j@r(frr, f)] expli2n fro7|df ;7

where f,r and f.p are the two azimuth frequency variables and represents the con-
tributions of the range equations of the receiver and transmitter to the instantaneous

Doppler frequency f, = f.r + frr. Pr and ®; are defined as

2
Or(frr) = 27 frrToR + 2w% (f + fo)? — (C;’j ;R) (2.25)

2
O7(frr) = 27 froTor + QW@ (f + fo)? — (CZTT>

c T

Tr(f-r) and 7r( f,7) are the individual time-Doppler correspondences of the receiver

and transmitter,

Falfon) = Ton — CRQOR SR (2.26)
UR 2 CfTR 2
\/(f + fo) <E>
7~'T(fTT) = Tor — CRZOT for

Substituting (2.24) and (2.26) into (2.23) yields:

G(fr, [, Tor, Ror) :U(TOR,ROR)Sl(f>/eXp(—jQﬂ'fTT) (2.27)

fTR_fDCR fTT_fDCT
8 |:/ / WR |: KaRTsc :| WT |: KaTTsc :|
X eXp<j27TfTT) eXp{_j[q)R(fTR7 f) + (I)T(fq—T, f)]}

X dfTRdfTT] dr
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In (2.27) fper and fp.r are the Doppler centroids while K, and K, are the azimuth

modulation rate defined as:

vpsinfgp v sin Ogr (2.28)

Ton =i+ T T G )
v% cos® Osg oo v cos® Osr
Yr 05 VSR = L2 78T

K,p =
R ARor ARor

where fsg and Ogp are the squint angles of the receiver and the transmitter at the
composite beam center crossing time. To (2.27) the 2D PSP can be applied letting the
first partial derivative of the phase of (2.27) be zero and obtaining the points f,r and

frr of stationary phase leading to the bistatic PTS.

2

Us(fr, f, Ror) ZW;;— + 27 (frr7or + frrTor) (2.29)

+ 27 %\/(f+f0)2 . (quj;R)

g flor U+ﬁv—(qﬁ)]

vt

where K, is the modulation rate of the transmitted frequency modulated signal. The
expression in (2.29) can be additionally developed using the geometric image transfor-

mation Franceschetti and Lanari [1999] obtaining

Ug(fr, [, Ror) =mBatorfr + 2m(po1 + p11 Ror)kr fr+

R R _
on %RFR T TOTFT + @rom(f) + Pres(Tor, Ror)  (2.30)

where the coefficients p;; are obtained using the geometrical image transformation of
Tor to obtain it as a function of 7oz and Ryg. [, is the scaling factor in the azimuth
domain defined as 8, = kr + piokr , with kg = Kur/(Kur + Kur) and kr =

K,r/(K.r + K,r) denoting the receiver and transmitter azimuth modulation rate.

Pren(f) and @ pes(Tor, Ror) are a component of the RCM and the residual phase.
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The expression of ® gy (f) is:

= R R
Bron(f) = 2m L EIT2 | o TOR BRI 4 (2.31)
c Dr c Dpg
while that of @ g.s(Tor, Ror) is
k infgp — k in 6
® s (1o, Rom) = — 2 s s e s7) (2:32)
X (p1o + p11Ror + P127T0R)
Lo (k‘TUR sin QSR — /{ZRUT sin QST) ToR
A
where :
DR:\/l_/ﬁ%l DT:\/l_M%l
k?TURSiRHSR — l{RUTSiHQST
He = \
X (po1 + p11Ror + P127ToR)
- kTURSiRQSR — kRstinQST
A
A A
prr =—(krfr + pe)  fire = —pe
UR UR
A A
M :_(ka‘r - Mc) 12 = ——[hc (2.33)
U U

To represent the PTS in a series of power of the range frequency and separate the
different components of the range-azimuth coupling a Taylor series approximation of

the hyperbolic frequencies coupling variables is introduced.

PMﬂ=¢U+ﬁV—G%ﬂ2

Fﬂﬁ=¢ﬁ+hﬁ—6fﬁ2 (2.34)

T

As stated before the expression of Fz and F7 must be expanded in a power series to

separate the different contributions. In Wang et al. [2011] the Taylor series is used on
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(2.34) yielding:

Fulf) = Dify + L tmtie) (e = i) o

Dgr 2foD%
(1 — pripora) (pr1 — pr2)? 5
F ~ D -

(2.35)

Then substituting (2.35) in (2.30) it is possible to obtain a form of the PTS useful

to develop focussing algorithms.

Vi (fr, [ Ror) = ®Pre(frs f) + Prom(fr, [, Ror)+
P ac(fr, Ror) + Pas(fr)

with:

qDRC(fT?f) R —7

Prom(fr, fy Ror) = 2% {ROR ROT} f

2

\ (RorDr + RorDr)

P ac(fr, Ror) = 2m(po1 + pu1Ror)kr fr +

(DAS(fT) = ZWﬁaTORfT

L [p,, W pme) | (rn = prra)
Ksre cfoD3, cfoD3

(2.36)

(2.37)

(2.38)

(2.39)

(2.40)

(2.41)

Rrr and Rgr are the reference slant range of the transmitter and the receiver respec-

tively.

The spectrum in (2.30) is the main result in Wang et al. [2011] that resulted to be

accurate and was tested with real data.
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2.6 Conclusion

In this chapter the basics of SAR imaging have been introduced. The Range Doppler
Algorithm and the Chirp Scaling Algorithm have been described in detail. In addi-
tion the Fractional Fourier Transform and the FrCSA algorithm have been described.
These three algorithms are important since they are exploited in the derivation of the
Fractional RDA and Enhanced Fractional CSA (Chapter 4).

The focussing problem in the bistatic SAR case has been described and the different
approaches for the development of an accurate focussing strategy have been analysed.
In particular two models for the bistatic point target spectrum have been discussed
in detail: the BPTS based on the Method of Series Reversion and the BPTS derived
using the 2D Principle of Stationary Phase. These two models are important for the
understanding of this thesis since their improvement obtained using the Chebyshev

approximation is presented in Chapter 5.
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Chapter 3

The Micro-Doppler Effect

3.1 Introduction

The micro-Doppler effect was originally introduced in coherent laser radar systems.
Laser detection and ranging systems (LADAR) transmit an electromagnetic wave at
optical frequencies and receive the reflected light wave from an object to measure its
range, velocity and other properties. This kind of system has great sensitivity to phase
changes thanks to the coherence between the returned signal and the transmitted one.
As a consequence, jointly with the high working frequency, very small vibrations of the
object cause high Doppler shifts, thus easy to be detected. Analysing this phenomenon
in microwave radar systems the nature of the detectable micro motion changes due to
the longer wavelength used by the system. However the term micro-motion relates to
the additional motion present within a target different from its bulk body motion. For
example rotating propellers, helicopter rotor blades, walking humans.

Micro-motions can contribute with frequency modulations around the main Doppler
shift that are commonly referred to as micro-Doppler (m-D) modulations. Chen Chen
[2011]; Chen et al. [2006] modelled the radar m-D phenomenon and simulated m-
D signatures for various targets, such as rotating cylinders, vibrating scatterers and
personnel targets. The authors also showed that an effective tool in extracting the
m-D signature is the time-frequency analysis of the received signal, leading to addi-
tional information on the target that can be used for classification and recognition.

Micro-Doppler can be regarded as a unique signature of the target that provides addi-
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tional information about the target that is complementary to existing methods for target
recognition. Specific applications include the recognition of space, air, and ground tar-
gets. For example, the m-D effect can be used to identify specific types of vehicles
and determine their movement and the speed of their engines. Vibrations generated
by a vehicle engine can be detected by radar signals returned from the surface of the
vehicle. For example, from m-D modulations in the engine vibration signal, one can
distinguish whether it is a gas turbine engine of a tank or the diesel engine of a bus
Chen [2011]. Another application is the use of m-D signature for human identification
making possible the identification of humans on different weather or light conditions.
In particular, specific components of m-D gait signature can be related to parts of the
body for identification purposes Tahmoush and Silvious [2009]. Recently effective
signature extraction techniques have been developed and tested on real data Bjorklund
et al. [2012]; Molchanov et al. [2011a, 2012, 2010, 2011b]; Smith et al. [2010a, 2006,
2010b] providing features leading to classification results with a high level of confi-
dence. These results could probably be improved if a multistatic m-D signature is used
Smith et al. [2008] where the self occlusion problem of the target is avoided.

In this chapter, we review the basics of radar micro-Doppler introducing the formalism
and the study of canonical cases. The chapter then focusses on the review of recent
advances in radar based m-D analysis from radar imaging systems : Synthetic Aper-
ture Radar and Inverse Synthetic Aperture Radar. The understanding of the analysis of
micro-Doppler from SAR systems is important since in Chapter 6 the micro-Doppler

effect from Bistatic SAR is modelled and analysed.

3.2 Micro-Doppler Effect in Radar

The mathematics of the micro-Doppler effect from radar can be derived from introduc-
ing micro-motion to the conventional Doppler analysis. In this section the basics of the
micro-Doppler effect for the case of vibrating and rotating point targets are introduced.
The understanding of these cases are fundamental for the understanding and the deriva-
tion of the micro-Doppler effect in more complex and realistic cases. In Figure 3.1 the

geometry used to analyse the micro-Doppler induced by a vibrating target is shown
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Figure 3.1: Geometry for the radar and a vibrating point target

Chen [2011]. The target located in P vibrates with frequency f, and displacement
D,, thus having a displacement function of the kind D(t) = D, sin 27 f,tcos/5 cos o,
(assuming o = 0 and 3, = 0) Chen [2011]. Calling Ry, the distance between the radar
and the target initial position of the target O. Then the range function varies with time

due to the target micro-motion R(t) = Ry + D(t). The radar received signal becomes

s(t) = pexp {j [27rf0t + 4w@1 } — pexp {J2nfot + ()]} (3.1

where p is the backscattering coefficient f is the carrier frequency, and ) is the carrier

wavelength. Substituting the R(¢) in (3.1) the received signal can be expressed as:

4
s(t) = pexp {jWTRO} exp{j27 fot + D, sin(w,t)cosf cos apdm /A } (3.2)

where w, = 2nf,. From (3.2), the derivative of the second phase term leads to the

expression of the micro-Doppler shift.

w, D
TA

v

fmD = cos [3 cos a,cos(wyt) (3.3)

In Figure 3.2-a and -b are shown the results simulated for a 10 GHz radar with a PRF
of 2000 Hz. Given D, = 0.0l m, f, = 2 Hz, o, = 30°, 8, = 30°, and the center
of the vibration at (U = 1000 m, V' = 5000 m, W = 5000 m), the theoretical result,

Figure 3.2-a, of the micro-Doppler modulation is identical to the simulated results
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Vibration induced micro-Doppler Vibration induced micro-Doppler
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Figure 3.2: (a) Theoretical and (b) time-frequency representation of the micro-Doppler
from a vibrating point target

Figure 3.2-b Chen et al. [2006].

The geometry of the radar and a 3-dimensional rotating target is depicted in Figure 3.3.
The radar coordinate system is defined by (U, V, W); the target local coordinate system
is defined by (z, vy, z); and the reference coordinate system (X, Y, Z) is parallel to the
radar coordinates (U, V, W) and located at the origin of the target local coordinates.
The azimuth and elevation angle of the target with respect to the radar coordinates (U,
V, W) are « and [ respectively. Assume the target rotates about its axes x, y, and 2
with an angular velocity vector & = (w,,w,,w.)? or a scalar angular velocity 2 =
||W||. The corresponding initial rotation matrix is Ry,;; Chen et al. [2006]. If a point
scatterer P is initially located at 75 = (¢, %o, 20)? in the local coordinates (z,y, z),
then viewing from the reference coordinates system (X, Y, Z) the point scatterer P will
move to Ry, - 79 through rotating along the unit vector &' = (wj,, wj,, w’)T. Defining
@' as the skew symmetric matrix, the rotational micro-Doppler shift can be obtained as

Chen et al. [2006]
Q AL AT e —
fmD = a[w (W' sin(Qt) + I cos(2)Rrnit + 70)radial (3.4)

where I is the identity matrix of size 3 x 3. The micro-Doppler signature in the time-
frequency domain is a sinusoidal function of {2 with an initial phase and amplitude

depending on the initial position and the initial Euler angles (¢, ¢, 1) of the point scat-
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terer. Assume that the radar operates at 10 GHz and a target, located at (U = 1000

. Target local coordinates

(x.,2)

: X
it g Reference coordinates
| X,Y,Z)

Radar coordinates
U, v,w)

Figure 3.3: Geometry for the radar and a rotating target
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Figure 3.4: (a) Theoretical and (b) time-frequency representation of the micro-Doppler
from a rotating target

m, V' = 5000 m, W = 5000 m), is rotating along the z, y, and 2z axes with an ini-
tial Euler angles (0 = 30°,¢ = 20°,¢ = 20°) and angular velocity & = [, 27, 7|7
rad/s. Suppose the target has three strong scatterer centres: scatterer F (the center
of the rotation) is located at (x+ = 0 m, y = 0 m, z = 0 m); scatterer P, is located
at (r = 1.0 m, y = 0.6 m, z =0.8 m); and scatterer P, is located at (x = —1.0 m,
y = —0.6 m, z = —0.8 m). The theoretical micro-Doppler modulation calculated by
(3.4) is shown in Figure 3.4-a. The micro-Doppler of the center point F} is the line at
the zero frequency, and micro-Doppler modulations from the point P and P; are the
two sinusoidal curves about the zero frequency. Given a radar PRF of 1000 pulse/s

and 2048 pulses transmitted during 2.05 s of dwell time, the simulated micro-Doppler
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modulation signature is shown in the Figure 3.4-b, which is identical to the theoretical
analysis. The rotation period can be obtained from the rotation angular velocity as

T = 27/||&|| = 0.8165 s and is verified by both the theoretical and simulated results.

3.3 Micro-Doppler in radar imaging systems

Radar Imaging techniques such as Synthetic Aperture Radar (SAR), Inverse Synthetic
Aperture Radar (ISAR) and Bistatic Synthetic Aperture Radar (BSAR) are well estab-
lished and useful techniques to acquire high-resolution images of an area of interest
from both airborne or space borne sensors. The amount of information provided from
these systems is extremely high and its exploitation is still a growing field of research.
For example, automatic target recognition based on the reflectivity images is a field
of research with great interest and presenting many signal processing and design chal-
lenges Novak et al. [1998].

The extraction of m-D signatures from radar imaging systems for target classification
purposes is an emerging technique. The research in this field provided interesting de-
velopments and results in the last years. This section will review the advances in the
exploitation of the radar imaging platform for m-D analysis, showing that from this
kind of sensors a significant advantage can be taken if the m-D information can be

extracted.

3.3.1 Synthetic Aperture Radar

Synthetic Aperture Radar provides high resolution images of static ground scenes.
The observed scenes may contain moving targets. As a result the processed image will
change depending on the kind of target motion. Vibrating and rotating targets are two
canonical cases that are often present within a scene. Rotating radar search antennas,
wind turbines and vehicles that vibrate due to the engine are typical targets that exhibit
micro-motions and related m-D characteristics. It is often possible to observe these
micro-motions from a SAR. The analysis of the m-D features has been modelled and
experimentally characterised for different type of targets, configurations and working

frequencies over the last last decade.
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In Ruegg et al. [2007] and Sparr and Krane [2003b] a derived signal model of the
received baseband SAR signal from a target with m-D frequency f,,p was shown to

be:
sp(t, T) = s(t, T)e @ Imp (D))t (3.5)

where s(t,T) is the echo from a stationary target, ¢ is the fast time and 7 is the slow
time. For a vibrating target with vibrating amplitude A, and vibrating frequency w,,
the resulting m-D is:

—2A,w, sin(w, T
JmD,w(r) = \ w.T) (3.6)

where ). is the carrier wavelength Ruegg et al. [2007]; Sparr and Krane [2003b]. This
result is principally due to the cosine behaviour of the target in the radial direction.
For a rotating target the motion presents a cosine and a sine component in quadrature

leading to the following m-D frequency shift:

(sin(w,T") cos(O(T")) + cos(w,T) sin(O(T)) (3.7)

where r is the rotating radius, w, is the rotating frequency and ©(7) is the instanta-
neous aspect angle Ruegg et al. [2007].

In Sparr and Krane [2003b], the analysis method was also investigated, using quadratic
time-frequency methods obtaining high time-frequency resolution representations. To
test the Adaptive Optimal Kernel (AOK) real APY-6 SAR datasets were used to analyse
the ground target oscillations. AOK was demonstrated to be effective in dealing with
the problem of the selection of the sufficiently short time window to resolve properly
the time frequency distribution of oscillating targets. In Figure 3.5, the experimental
result using AOK analysis of a reflector with 2.0 Hz vibrating frequency is shown Sparr
and Krane [2003b]. The m-D signature varies between 70 and 85 Hz with a 2.5 Hz
oscillation peak-to-peak and a period of 0.5 sec. This information introduces a modu-
lation frequency of 2.0 Hz in accordance with the ground truth. However, in the plot

the resulting amplitude of the vibration is 1.5 mm while the ground truth was of 8 mm.
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Figure 3.5: Time frequency signature of oscillating reflector analysed using the AOK
method showing a feature oscillating between 70 Hz and 85 Hz with a 2.5 Hz oscilla-
tion peak-to-peak with a 0.5 seconds of periods. These values links to the ground truth
Sparr and Krane [2003b].

In Sparr and Krane [2003b] this error is not analysed in depth. Figure 3.6-a shows the
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Figure 3.6: Time frequency signature of oscillating reflector analysed using the AOK
method. Two distributions are given with two different lengths of the time window
used in the AOK analysis Sparr and Krane [2003b].

result obtained by using a window made of 256 samples, the same length used to ob-
tain the result in Figure 3.5. Figure 3.6-b shows the result obtained with a window size
of 16 samples. These results show that a longer window length results in a more-or-
less stationary spectrum (which can be quite noisy), whereas a smaller window length
produces a single instantaneous frequency with complicated time variations. From the
results a modulation period of 0.5 seconds with a peak-to-peak deviation of 120 Hz
has been estimated. These values correspond to a modulation frequency of 20 Hz with

an amplitude of 7 mm, in agreement with the ground truth. This work was one of the
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first m-D analysis of real data showing the feasibility of detecting m-D signatures to
be exploited for target recognition purposes.

Silverstein and Hawkins Silverstein and Hawkins [2004] analytically derived the m-D
signature of rotating objects in Synthetic Aperture Radar and highlighted differences
with the vibrating case. They pointed out that the order required in the approximation
of the expansion of the phase history needed to be greater than first order in the case
of a rotation, while for the vibrating case a first order approximation was sufficient.
The main reason was that in a rotational target the motion was large compared to the
wavelength so a numerical analysis was required.

In Sparr [2005] Sparr presented the results of an experiment with a target moved along
a trajectory in the azimuth direction, with oscillations superimposed in the range direc-
tion. Time frequency analysis methods were applied to the obtained datasets to show
that m-D signatures can be exploited to distinguish targets with micro-motions from

stationary targets. Experimental results are shown in Figure 3.7. Figure 3.7-a shows

i

- B &

Figure 3.7: Time frequency analysis of a) the moving target with micro-motions and
b) a stationary building from Sparr [2005].

the time-frequency analysis results of a moving target with a radial micro-motion. In
this figure the sinusoidal-like signature due to the micro-motion is evident. Figure 3.7-
b shows the signature of a building. In this result only the stationary component due to
the edge of the building and that of the multipath component can be seen.

The m-D effect from rotating and vibrating targets in millimetre-Wave SAR was anal-
ysed in Ruegg et al. [2007]. The very small wavelength facilitates the observation of
very small vibrations such as those of a truck. Results for both simulated and real

vibrating and rotating targets were presented in Ruegg et al. [2007]. The smoothed
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pseudo Wigner Ville Distribution (PWVD) was used to provide a high resolution time-
frequency representation. For real data, where the presence of noise affects the signal,

the Gabor distribution was preferred. In Figure 3.8 the WVD of experimental data
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Figure 3.8: Time-frequency representation (WVD) of the Doppler spectrum for (a) a
static truck and (b) a vibrating truck Ruegg et al. [2007].

Ruegg et al. [2007] is shown. The dataset consists of data acquired over two trucks;
Figure 3.8-a refers to the static truck, while Figure 3.8-b refers to the case of the truck
with the engine switched on vibrating at 32 Hz and with a static second harmonic at
64 Hz. The plot of the static truck shows two very prominent areas around +150 Hz.
In Ruegg et al. [2007] this effect was justified by the space between the cab and the
trailer of the truck which acted as corner reflector. In this case no pattern can be clearly
recognised other than fluctuations due to the truck geometry. For the vibrating truck,
Figure 3.8-b, a m-D pattern appears where a periodic signature with a period of 0.03
seconds corresponding to the 32 Hz of vibration of the truck. However, this feature is
difficult to extract due to the strong return from the truck geometry.

The effect on SAR images was also analysed Chen et al. [2006]; Ruegg et al. [2007].
In this case if the micro-motion appears in the azimuth direction then this will cause
smearing of the target. If the phase modulation is in the range direction then this causes
an effect in SAR images known as paired echoes. The result of this effect will be the
appearance of ghost targets in the cross-range direction on both sides of the original
target. The target vibration can then introduce an infinite series of paired echoes k
because, when considering (3.6), the received signal (3.5) may be expressed as a series

of expansion of Bessel functions of the first kind of order k£ Chen et al. [2006]; Ruegg
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et al. [2007]:

1 T
Jk(B) _/ ej(Bsm(qu)fkva)d(w’UT)’ (38)

:27r

—T

where B = A,(47/\.) and Ji(B) decreases with increasing k. Thus the received

signal can be written as:

s(t,T) = s(t. T) Y Ju(B)e*™ 7. (3.9)
k=—o0

These ghost targets can appear stronger than the original target thus leading to incor-
rect interpretations of the focussed image that can mask other targets of interest.
From Ruegg et al. [2007], focussed simulated 94-GHz SAR data are presented in Fig-
ure 3.9. In Figure 3.9-a the simulated targets are vibrating at 30 Hz while in Figure
3.9-b they are vibrating at 50 Hz. Vibration amplitudes from left to right are 10, 1, 0.1,
0.01, and 0.001 mm for both cases. Targets with very large vibrations clearly show
multiple and very densely spaced paired echoes in accordance with (3.9).

The most relevant recent work on monostatic SAR m-D was presented in Li et al.
[2011]. In this paper, it was pointed out that in most of the previous work the targets
were assumed to be point scatterers and that this assumption may not always agree
with reality. The effect of micro-motions using distributed scatterers and localized
scatterer model was addressed in this paper. Also more accurate and complex micro-
motion models are introduced for rotating, vibrating sinusoidal moving and rocking
targets, providing a good set of tools for the analysis in SAR. Two novel models for
the phase history of the received echoes described in Li et al. [2011] includes: 1) A
sawtooth expansion for a more accurate model of the phase modulation introduced by
micro-motions and 2) a Generalized Paired Echoes Principle (PEP) to model the effect
on the focussed image the general cases like a rocking ship.

An analysis of the effect on focussed images was also reported in Li et al. [2011] with
the distinction of different micro-motions and their amplitude and frequency charac-
teristics. The effect on different imaging algorithms was reported showing that the

focussing algorithm plays a key rule in the final effect on the image.
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Figure 3.9: Focused 94-GHz SAR images, each with five simulated targets vibrating
at (a) 30 Hz and (b) 50 Hz. Vibration amplitudes from left to right are 10, 1, 0.1, 0.01,
and 0.001 mm for both images Ruegg et al. [2007].

The effect on images becomes stronger in the case of extended objects, as for examples
wind turbines. Wind power is certainly one of the most economical and sustainable en-
ergy sources. In recent decades the number of wind turbines placed on hills, plains and
off-shore continues to increase. For example in the UK a target has been set that 15%
of energy should be generated by renewable sources by 2020. Wind farms are now a
regular feature of the landscape in many countries, consisting of groups of individual
wind turbines in a regular or near-regular array, located on land or at sea.

A typical wind turbine is made up of three components: the tower, the blades and the
rotor. While the tower is a static object providing a zero Doppler return to the radar, the
blades rotate introducing a Doppler shift to the scattered signals, then the signature of
the turbine results to be time varying. This aspect can introduce an interference factor
in radar systems generating undesired returns that i.e. can lead to false alarms in an air

control system Perry and Biss [2007]. This contrast of technology causes problems on
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both sides, the radar community has to deal with signals corrupted by this new compo-
nent that changes the classic radar environment, while on the energy production side it
reduces the areas where wind farms can be placed without interfering with strategical
radar systems. For these reason detailed studies on the wind turbines effect in different
radar systems and scenarios and moreover the mitigation of their effect on radar system
can produce critical benefits to both the energy and radar communities.

The effect of wind turbines has been studied in the case of weather radars Gallardo-
Hernando et al. [2011] where the wind turbines may cause the misidentification of
thunderstorm features and meteorological algorithms errors. In Kong et al. [2011]
the wind turbine radar cross section were characterized by laboratory measurement
analysing a scaled wind turbine model and its interaction with a radar system. The
effect of a new type of wind turbine on radar systems was analysed in Griffiths et al.
[2011] showing possible advantages using a fitted mesh grid on the turbine.

On particular interest is the case of radar imaging system illuminating a wind turbine,
when the wind turbine is active and is introducing Doppler effects in the backscattered
echoes smearing and ghost echoes could appear in the focussed images. The effect of
vibrating and rotating targets on SAR images has been studied in Ruegg et al. [2007]
for the monostatic SAR case and in Chapter 6 for the bistatic SAR case, however only
simple targets were considered and the focus of the papers was more on the signatures
than on the effect on the images. In Li et al. [2011] the effect of micro-motions in SAR
imagery has been analysed for targets with different kind of motions with simulated
target injected in real dataset. Chapter 8 will analyse the case of the effect of wind

turbines on the SAR images.

3.3.2 Inverse SAR

In Inverse Synthetic Aperture Radar imaging the radar platform is stationary and the
target is moving with the assumption of a quasi-constant linear motion. Other target
motions will produce errors in the final focussed image. The Doppler resolution is
inversely related to the total time of coherently processed pulses. If the duration of

the coherent processing interval (CPI) is too long, then uncompensated motion could
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affect the image producing smearing in the Doppler dimension, affecting the Doppler
resolution too.

Specific analysis and experiments about the analysis of wheels and pedestrian in ISAR
was presented in Ghaleb et al. [2008]. The analysis first focussed on the model of the
m-D effect from wheels of civil vehicles, demonstrating (with both simulated and real
data) the possibility of extracting all the information required to correctly identify size,
position, aspect angle and rotating frequency of a rotating wheel. The analysis then
considered the case of the pedestrian, where an analysis of the features characterizing
walking/running was reported. The paper demonstrated also the possibility to obtain
information of the gait of the pedestrian using of time-frequency analysis on both sim-
ulated and real data.

In the last decade, however, the interest of the ISAR community moved from the anal-
ysis of the m-D signatures to the most challenging problem of the compensation of the
micro-motions in order to obtain good focussed ISAR images. In Chen et al. [2009]
a good review of the m-D analysis in ISAR was presented. Methods for analysing,
visualizing, exploiting m-D signatures were reviewed in conjunction with examples of
models for rigid and non-rigid body motions. Finally, Chen et al. [2009] introduces
perspective in ISAR m-D exploitation.

The problem of extracting the modulation due to the micro-motion from the received
signal has been addressed using various signal processing approaches. In Bin et al.
[2007] a Chirplet decomposition method to separate the rotating and vibrating micro-
Doppler from the target body echo was presented. The Wigner-Ville distribution was
used for the time-frequency analysis exploiting the specific properties of the Gauss-
Chirplet, in particular the absence of cross-terms. Different Chirplet bases are used to
project the received echo in different Chirplet domains obtaining the separation of the
body echoes from the micro-motion echoes on both simulated and real data. Fulin
and Mingyuan in Fulin and Mingyuan [2010] proposed the use of the Singular Spec-
trum Analysis (SSA) to separate the m-D components from the rigid body components.
SSA was used to decompose the original received signal in low frequency signal, quasi-
periodic signals and noise. The SSA was applied to the range compressed signal. In

this case the rigid body is represented by a singular eigenvalue in the eigenvalue spec-
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Figure 3.10: a) Simulated ISAR image and b) the time-frequency distribution of range
cell 89 Fulin and Mingyuan [2010].

trum. This aspect is very helpful for the separation of the contributions. Results using
the SSA based method from Fulin and Mingyuan [2010] are shown in Figure 3.10 and
Figure 3.11. It is clear how the micro-motion modulation affects the resulting focussed
image, Figure 3.10-a, and how selecting the correct components it is possible to obtain
a clean image, Figure 3.11-d.

The next part of this review will focus on the imaging techniques used to mitigate the
effect of micro-motions. In Zhu et al. [2010] a novel imaging method of birds was pro-
posed, wherein a technique to remove the flapping spectrogram from the data firstly by
the variety of moving average values of the cross-correlation coefficients of the high-
resolution range profiles, and then removing the flapping spectrogram. In addition
genetic algorithms and minimum waveform entropy were used for phase compensa-
tion. The effectiveness of the technique was demonstrated by simulations.

A real time imaging technique is proposed in Thayaparan et al. [2010]. The proposed
technique used a time-frequency s-method based on the relationship between the short
time Fourier transform and the Wigner Distribution. The s-method was tested on sim-
ulated data of a Boeing-717, a MIG-25, a Delta Wing and a Canadian Coast Guard
Vessel providing good results in terms of motion compensation and computational ef-
ficiency.

The Complex Valued Empirical Mode Decomposition (CEMD) was proposed in Bai
et al. [2008] to remove the micro-motion due to rotating parts in a target. The CEMD

is able to identify rotating intrinsic mode functions (IMFs) for this reason was selected
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Figure 3.11: a) The singular spectrum of the 89" cell, b) the time frequency distri-
bution of the reconstruction signal, c) the time-frequency distribution of the residual
signal and d) the cleaned ISAR image after the SSA Fulin and Mingyuan [2010]

as good technique to separate the different motion components. The technique was
tested on both simulated and real datasets. In Figure 3.12 the results presented in Bai
et al. [2008] are reported. The results refer to the application of the CEMD based
technique to real data of a AN-26 plane. Figure 3.12-a shows the spectrogram of the
echo in range cell 131. It can be seen that the m-D occupies the whole spectrum due
to the frequency modulation of turbo blades. Figure 3.12-b shows the Range Doppler
image of the data before the CEMD processing, while in Figure 3.12-c shows the same
image after the CEMD processing. The last plot, Figure 3.12-d shows the normalized
autocorrelation coefficient for the m-D in range cell 131, from this figure the rotation
rate of 20 Hz can be estimated Bai et al. [2008].

In Bai et al. [2011] another approach for ISAR imaging of targets with rotating parts
was presented. The authors proposed a data-recording model for two-dimensional
(2D) ISAR imaging of rotating parts. The real-valued inverse Radon transform was
then applied to image formation in the range-slow time domain. The rotating parts are
imaged using complex-valued inverse Radon transform. The authors started from the

assumption that for wide-band radar, the m-D signal induced by a rotating scatterer
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Figure 3.12: Image for measured data. (a) Spectrogram for range cell 131. (b) Image
of raw data. (c) Image of the main body. (d) Normalized autocorrelation of m-D in
range cell 131. Bai et al. [2008]

has sinusoidal modulus and phase in the range-slow time domain, which is equivalent
to the Radon transform of its distribution function. Therefore, it can heuristically per-
form the inverse Radon transform to reconstruct the image. The authors then proposed
two methods for ISAR imaging of rotating parts. In the range-slow time domain, the
first method executes real-valued inverse Radon transform (RIRT) to echo modulus di-
rectly, while the second one applies complex-valued inverse Radon transform (CIRT)
to the complex echoes. Because it performs coherent integration, the CIRT method
achieves a higher spatial resolution than the RIRT method. The approach was tested
on real AN-26 Plane data, which has a turbo engine on each side of the airframe. Fig-
ure 3.13-a shows the range Doppler image obtained from the echoes where the m-D
strips due to the turbines can be observed. After the application of the m-D separation
using chirplet decomposition the focussed image is seen to be less noisy as shown in
Figure 3.13-b; Figure 3.13-c and Figure 3.13-d show the results of the focussed tur-
bines using the RIRT algorithm. The four blades can be easily identified proving the
effectiveness of the approach Bai et al. [2011].

In Ben-yu et al. [2010] an alternative view of m-D is given. Here the m-D was in-
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Figure 3.13: Image of AN-26 plane. (a) Image of the data with m-D. (b) Image of
the data with the radon based approach. (c) Image of the first turbo. (d) Image of the
second turbo. Bai et al. [2011]

troduced specifically for ISAR deception Jamming in order to reduce the efficiency of
target recognition techniques. In the method proposed in Ben-yu et al. [2010] the inter-
cepted radar signal is modulated by a template of false targets. The proposed method
requires the interception of the radar pulse transmitted by the ISAR and extraction of
the phase informations. Then an image synthesis system produces the required mod-
ulation for the false-target and the false-echo is transmitted to the ISAR. In Figure
3.14-a and Figure 3.14-b the resulting ISAR images without and with a 3 dB jamming
are shown. The target is still visible in the focussed image. However, its recogni-
tion would be more difficult because the ghost echoes would lead a target recognition
system to identify the target as an airplane with a turbine. The technique proposed in
Ben-yu et al. [2010] is interesting but further analysis and experiments will be probably

required to prove its usefulness.
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Figure 3.14: ISAR image: a) without jamming b) with micro-motion jamming Ben-yu
et al. [2010]

3.4 Conclusion

In this chapter, the basics of radar micro-Doppler have been introduced, the mathe-
matical formalism and the study of canonical vibrating and rotating cases have been
described. The recent advances in radar based m-D analysis from radar imaging sys-
tems have been introduced. Micro-Doppler from Synthetic Aperture Radar and In-
verse Synthetic Aperture Radar are two novel field of research introducing interesting
advantages. The presented review indicated how the information produced from the
micro-motions of a target can affect the return to a SAR/ISAR platform. This family
of radar systems provide the advantage to analyse the target reflectivity image of the
target jointly with its micro-motion features. The radar imaging community could then
take advantage of this complementary source of information for example to remove un-
certainty in automatic target recognition systems. Micro-Doppler analysis from SAR
systems is important since in Chapter 6 the micro-Doppler effect from Bistatic SAR
is modelled and analysed, while the effect of wind turbines on SAR images will be

analysed in Chapter 8.

3.5 Summary of the literature review

In Chapter 2 and Chapter 3 the review of the literature in the field of monostatic and
bistatic SAR imaging and in the field of micro-Doppler signature analysis and extrac-

tion was performed.
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The monostatic SAR focussing is a well addressed problem in literature with different
approaches in both the time and frequency domain to achieve high resolution and ef-
ficient processing. The use of the Fractional Fourier transform has been introduced in
A. S. Amein and J. J. Soraghan [2006]; Amein and Soraghan [2007] in order to obtain
enhanced resolution. However this approach resulted to be not robust with respect to
the azimuth variant property of the FrFT introducing errors in the correct image fo-
cussing.

Despite the monostatic case, bistatic SAR focussing is a challenging field of research.
This is due to the geometry dependence of the received signal that makes difficult to
obtain an accurate and efficient focussed image. The challenge becomes harder in the
more general bistatic configuration: the azimuth-variant one. Neo [2007] and Wang
et al. [2011] introduced the two most accurate bistatic point target spectrum to perform
efficient frequency domain focussing of bistatic SAR images in the general configura-
tion. However both models introduces approximations in order to get a signal model
that can be then used focussing algorithms. Our contribute in this field deals mainly
with these approximations improving the accuracy and the efficiency of the algorithms.
The micro-Doppler effect is a relatively new research field with growing interest in the
last years. The potentiality of the exploitation of the information contained in the
micro-Doppler signature is remarkable, however models, experiments and algorithms
are still required. In particular only few works have been performed in the field of the
micro-Doppler from radar imaging systems and most of them were limited to derive
models and test them. As it is a new field of research different problems arise like: 1)
the effect of the clutter that can bury the micro-Doppler signature; 2) the requirement
of accurate models for different systems like bistatic SAR platforms and passive radar;
3) the study of the effect of micro-Doppler shifted signals on radar images from point
or extended targets.

On these research threads will focus our attention in this thesis proposing new models

and solutions for the exploitation of the micro-Doppler signatures.
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Chapter 4

Fractional RDA and Enhanced
Fractional CSA

4.1 Introduction

In this chapter two novel algorithms using the FrFT are derived. As mentioned in
Section 2.4 the FrCSA suffered of a shift variance issue associated with the FrFT,
this problem is addressed and resolved through the development of a new FrFT based
Range Doppler Algorithm (FrRDA) and an enhanced version of the FrCSA called
the enhanced FrCSA (eFrCSA). In the proposed approaches the conventional matched
filter is removed and a new FrFT based process is developed. Unlike the FrCSA, the
eFrCSA uses just the chirp compression property of the fractional Fourier transform
for image focussing. The remainder of this chapter is organized as follows. Section
2 develops the new FrRDA and the eFrCSA. Section 3 presents a comparison of the
new algorithms to the RDA and the CSA on simulated data sets and on real Radarsat-1

data.

4.2 FrRDA and eFrCSA

The basis of the new fractional Fourier Transform Based SAR processing algorithms
developed is the fact that the optimum Fractional Fourier transform for a linear chirp

signal allows us to obtain good resolution in the time-frequency domain. For exam-
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ple two different chirp signals that overlap in time and frequency can be distinguished
using the FrFT Capus and Brown [2003]. The two dimensional chirp behaviour Cum-
ming and Wong [2005] of the received SAR signal allows us to exploit the potential of
the fractional Fourier transform for SAR processing. In our approach the matched filter
within the RDA and the CSA are replaced with an optimum FrFT and time-mapping
operation to form the FrRDA and the eFrCSA. These two operations are needed in

both the range and azimuth directions.

Fractional order estimation

The compression is performed through the use of the optimum transformation an-

gles for both the range and azimuth directions. The optimum transformation is com-

puted using (2.4). Adapting this equation for the range and azimuth LFM signals yelds:

[ F?/(N)
Oopt,, = — tan 1( o, ) 4.1)
PRF?/(PRF
90ptaz=—tan_1( a /(QkR de))

where Fy is the sampling frequency in the range direction and PRF' is the receiver
Pulse Rate Frequency. N is the number of valid samples in the range direction while
dur is the duration of the acquisition that multiplied by the PRF’ gives the number of
samples in the azimuth direction. k,, and k,, represent the range and azimuth chirp

rate respectively.

Time-mapping operation

The fractional Fourier transform is shift variant Bultheel and Martinez [2002] and
thus an issue exists with the time location and the correct spatial localization of point
scatterers. This issue is due to the effect introduced in the fractional domain in terms
of compression of the samples spacing by a factor | cos (6,,:)| where 6,,, is the opti-

mum transformation angle used in the FrFT. This means that in order to have the same
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number of samples in the image and the same time position obtained using a traditional
focussing technique a time mapping operation is required. This operation comprises
the computation of the total amount of samples that lie in the interval [Tsiart, Tstop)s
where 74,4 and 74, are the start and the stop sampling times of the linear chirp re-
spectively.

Using the FrFT to compress a linear chirp signal into a compact form reduces the num-
ber of samples that lies in the interval T4+, Tstop) compared to the original number of
samples. It is observed that the resulting sampling period in the fractional domain is

equal to the original sampling period multiplied by a factor L E Consequently

[cos (Gopt]
in order to obtain the original number of samples upsampling and interpolation opera-
tions are required.

The optimum fractional Fourier transform forms a compact support of the linear chirp
signals. Uncorrelated noise is present for all time and frequencies, because for such
noise no linear relationship between time and frequency is present. This implies that
the noise will be mismatched with the selected fractional domain and spread over the
entire domain as illustrated in Figure 4.1-a. As indicated a subset of the fractional
bins will contain the useful signal, this subset is shown by the dashed lines in Figure
4.1-a. The mapping procedure described above is used on Figure 4.1-a to produce Fig-
ure 4.1-b. This implies that a certain number M of samples (234 in the case showed
in Figure 4.1-a) of the noise will be outside the limit |74, Tst0p) after the fractional
Fourier transform. This implies that from an /N-sample FrFT of the received signal,
N — M points will be mapped into N points in the time domain. Thus the time map-
ping operation includes an inherent noise filtering process that does not affect parts of
the compressed linear chirp relative to the received echoes (in the example in Figure
4.1 the SNR is increased of 0.2 dB). As indicated in 4.1-b the result now lie in the frac-
tional / time domain and no inverse fractional Fourier transform or Fourier transform
is required. In the case of the linear chirps the removed M samples in this process will

contain only noise.
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Figure 4.1: Example of the noise power in the time-projection operation.

4.2.1 Fractional Range Doppler Algorithm (FrRDA)

The core steps of the proposed FrRDA algorithm are described below:

1. Azimuth FFT: The first step is the azimuth FFT to carry the data in the range-

Doppler plane.

2. RCMC: As in the traditional RDA in the range-Doppler domain RCMC is per-
formed to correct the target trajectories. This operation must be performed before the
azimuth correction in order to bring the correct amount of energy in each range gate.
Two implementations of this operation are possible, the first one is a range interpo-

lation in the range-Doppler domain and the second involves the assumption that the
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Range Cell Migration is range invariant, at least over a finite range region, in this case
the RCMC can be implemented using an FFT, linear phase multiply, and IFFT tech-
nique Cumming and Wong [2005].

3. Azimuth FrFT: A fractional Fourier transform across the range gates is used to per-
form the azimuth compression. The rotation angle to be used in this FrFT must take
care that data lies already in the range-Doppler plane, in this case the signal results to
have already been rotated by an angle 7. Thus the rotation angle to be applied must be
0,, = —(% — Oopt,. ), wWhere 6,,,,;,. is computed using (4.1). Since the received signal in
the azimuth direction is the superposition of LFM signals coming from each scatterer,
the FrFT of each range gate will produce a series of peaks, one for each scatterer on
ground.

4. Azimuth time mapping: A time mapping of a factor E L is needed in order to

[cosfaz]
obtain a correct time spacing between the different point scatterers, where 6, is the
rotation angle for the azimuth gates. A resampling step and a linear interpolation are
needed to obtain the correct number of samples of the linear chirp in the image plane.
5. Range FrFT: The fractional Fourier transform across the azimuth gates is used to
perform the range compression step, in this case the transformation order used is the
optimum transformation order computed from (4.1). As in the azimuth direction, the

range received signal is the superposition of LFM signals weighted for the scatterers

intensities and will results in a series of peaks, one for each scatterer on ground.

1
| cos(Bopt,)|

order to obtain a correct time spacing between the different point scatterers, 6,,, is the

6. Range Time Mapping: A range time mapping of a factor is needed in
optimum rotation angle for the azimuth gates. After this operation a resampling and a
linear interpolation are also required.

Unlike the traditional RDA the FrRDA uses azimuth processing before the range pro-
cessing. In the time mapping operation some numerical errors can be present. The
RCMC is then anticipated in the processing in order to prevent the propagation of the
errors from the time mapping interpolation. However in case of dechirped signal the

fractional azimuth processing can still be performed.
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4.2.2 Enhanced Fractional Chirp Scaling Algorithm (eFrCSA)

The main difference between the new eFrCSA and the FrCSA proposed in A. S. Amein
and J. J. Soraghan [2006]; Amein and Soraghan [2007] is now described. In the FrCSA
the fractional Fourier transform was used to obtain a model of the fractional spectrum
of the received signal in both azimuth and range directions. Based on this spectrum
model two matched filters were designed to focus the image, then the inverse Frac-
tional Fourier transform was applied in both directions to get the image in the image
plane.

The eFrCSA does not work on a fractional domain based spectrum model. Instead it
exploits the LFM compression property of the FrFT in order to focus the image in both
azimuth and range directions. A novel mapping process is used in the eFrCSA.

The core steps in the proposed enhanced Fractional Chirp Scaling Algorithm (eFrCSA)
are described below Clemente and Soraghan [2010]:

1. Azimuth FFT: The first step in the algorithm is the Fourier transform in the azimuth
direction in order to obtain the data in the range-Doppler domain.

2. Chirp Scaling and phase correction: in this step the range migration is equalized
and the phase shift is applied along the constant azimuth frequency lines, in addition
the range-varying reference signal is multiplied to correct the residual phase.

3. Range FFT: the FFTs in the range directions transform the data into the 2-D fre-
quency domain.

4. SRC and bulk RCMC: are performed through a phase multiplication with a phase
function as in Raney et al. [1994].

5. Range FrFT and Time Mapping: The fractional Fourier transform across the az-
imuth gates is used to perform the range compression step. The rotation angle to be
used in these FrFT must take care that the data lies into the 2-D frequency plane, then
0rg = —(5 — Oopt,,). This process produces a series of peaks due to the overlap of
echoes coming from each scatterer on ground in the range direction. As in the FrRDA

case a range time mapping of a factor is required in order to obtain a correct

[ cos(Oopty-g)]
time spacing between the different point scatterers.
6. Azimuth FrFT and Time Mapping: A fractional Fourier transform across the

range gates is used to perform the azimuth compression. The rotation angle to be used
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in these FrFTs must take care that data lies in the range-Doppler plane in a similar
fashion as the FrRDA. The FrFT will produce a peak for each scatterer in the azimuth

direction, each one of this weighted by the reflectivity of the scatterers. Finally a time

1
| cos Oaz|

mapping of a factor is needed in order to obtain a correct time spacing between

the different point scatterers.

4.2.3 Algorithm complexity

As indicated in section 2.4.1 the FrFT comprises a chirp multiplication followed by a
chirp convolution and by another chirp multiplication. Therefore the FrFT complexity
is calculated as 2N (required for 2 chirp multiplications) plus N log, N (required for
1 convolution using the FFT). This is approximated as N log, N. This complexity is
comparable with the computational complexity of a matched filter.

In comparing the computational complexity of the RDA and the FrRDA we can con-
sider that the RCMC and the azimuth FFTs as common operations to both the algo-
rithms while the range FFTs/IFFTs, the range compression multiplication, the azimuth
IFFTs and the azimuth compression multiplication are replaced with the range and az-
imuth FrFTs and related time mappings.

In the case of the CSA and the eFrCSA the azimuth FFTs, the chirp scaling operation,
the range FFTs, the RCMC, SRC and the residual phase correction multiplication are
common to both the algorithms while the range IFFTs, the azimuth compression and
azimuth IFFTs are replaced with the range and azimuth FrFTs and time mapping.

The FrRDA and the eFrCSA have a higher computational complexity principally due to
the time mapping operations, indeed the complexity of the FrFTs are comparable with
the amount of operations needed to perform the matched filtering in the traditional al-
gorithms. This additional complexity depends on what kind of interpolation is used in
the time mappings. In the proposed algorithms linear interpolation has been used due
to the fact that in real SAR systems the resulting amount of points to synthetize in the
time mapping operation is relatively small, and therefore the computational cost of the
algorithm is not significantly increased. However increasing complexity of the algo-
rithms can be overcome using parallel versions of the algorithms. The FrFTs and the

time mapping operations are one-dimensional operations and that can be easily paral-
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lelized thus decreasing the required time consumption Clemente et al. [2009],di Bis-
ceglie et al. [2010]. The relative complexity between FrRDA and eFrCSA is similar
to the relative complexity between RDA and CSA Hughes et al. [1996]. In both cases
the computational complexity of the matched filtering process is increased through the
use of the FrFT and time mapping stages. Consequently the FrRDA will have less

computational complexity providing less accurate results than the new eFrCSA.

4.3 Algorithm testings

Simulated and real data are used to investigate the performance of the FrRDA and
eFrCSA relative to the conventional RDA and CSA in order to demonstrate the capa-

bility of the proposed approach for improved SAR data image construction.

4.3.1 Results from simulated data

Table 4.1 defines the parameters of the working SAR configuration that is used to
generate simulated raw SAR data for testing the new algorithms against traditional ap-
proaches. The results have been obtained with the RDA and the Fractional RDA for

a single point scatterer in the scene, with and without noise. From these simulation

PRF 1600 Hz
Carrier Frequency | 4.5 GHz
Pulse Duration 40 s
Flight Duration 1s
Pulse Bandwidth 20 MHz
Platform Velocity | 7000 m/s

Table 4.1: SAR simulation parameters

the resulting gain using the FrRDA in terms of resolution is measured at 2.76% in the
range direction while in the azimuth direction is measured at 37.21%.

In Table 4.2 the SideLobe Level (SLL), the Peak SideLLobe Ratio (PSLR) and the In-
tegrated SideLobe Ratio (ISLR) over 10 sidelobes are presented. The SLL is defined
as the level of the first side lobe while the PSLR and the ISLR are defined as following:
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. del
PSLR = 101og maximum sidelobe power

main lobe power

ISLR = 10log total power in sidelobes

main lobe power

From the results in Table 4.2 it is noted that the the FrRDA introduces advantages in

SLL [dBs] | PSLR [dBs] | ISLR [dBs]
RDA-Range gate -14.74 -16.73 -11.93
FrRDA-Range gate -17.18 -23.42 -16.65
RDA-Azimuth gate -21.21 -20.60 -17.48
FrRDA-Azimuth gate -21.15 -19.97 -18.76

Table 4.2: Measured SLL, PSLR and ISLR values for the RDA and the FrRDA

the focussing in the azimuth direction in terms of sidelobes level reduction, however
the same advantages are not evident in the range direction where only the ISLR value
is improved.

In Table 4.3 the measured SNR values for different simulated scatterer configurations
are shown. The simulated reflectivity profiles are a single point scatter, two close point
scatterers, a 3 X 3 matrix of 9 point scatterers and an extended object with the shape
of an airplane (shown in Figure 4.2). In these cases the simulated SNR on the sim-
ulated received signal was —6 dBs and the resulting average SNR is obtained using
different configurations of point scatterers from 100 simulations. The results obtained
using the reflectivity profile shown in Figure 4.2-a shows that the FrRDA effectively
improves the SNR in the image respect to the RDA, as can be seen in Figures 4.2-b
and -c, confirming the measured results in Table 4.3. Additionally less blurred bounds
of the extended objects are observed. From Table 4.3 it is observed that the fractional
approach enhances the SNR in the resulting image in the case of single and multi-
ple point scatterers and for extended objects. The signal power is computed using a
focused noiseless scene, while the resulting noise power is computed subtracting the
result from the noiseless focused data from the noisy data. Further simulated data
were performed using the same simulation parameters as in Table 4.1 for testing the

performance of the eFrCSA. The resulting resolution gain obtained using the eFrCSA
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Scatterers Single | Couple | Multiple | Airplane (ext. obj.)
RDA [dBs] -33.27 | -43.71 -34.54 -29.81
FrRDA [dBs] -32.86 | -40.27 -32.95 -28.68
Improvement [dBs] | 0.41 3.44 1.59 1.13

Table 4.3: SNR values for different simulated datasets
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Figure 4.2: Simulated reflectivity profile and result obtained with the RDA and FrRDA
for the extended object.

with respect to the CSA is measured 9.09% in azimuth resolution and 13.29% in range
resolution. The resolution gain provided by the FrCSA with respect to the CSA is of
15.79% for the range direction, while in the azimuth direction the CSA actually pro-
vides better performance with a resolution 5.48% better than the FrCSA A. S. Amein
and J. J. Soraghan [2006]; Amein and Soraghan [2007].

The improvement in the focussing quality, using the eFrCSA, can be measured using
the Side Lobe Level (SLL) the Peak Side Lobe Level (PSLR) and the Integrated Side
Lobe Level (ISLR) which are given in Table 4.4 the SLL, the PSLR and the ISLR over

10 sidelobes. From the results in Table 4.4 it is noted that the the eFrCSA introduces

SLL [dBs] | PSLR [dBs] | ISLR [dBs]
CSA-Range gate -14.01 -16.30 -10.84
eFrCSA-Range gate -23.52 -24.29 -18.97
CSA-Azimuth gate -16.18 -15.17 -12.81
eFrCSA-Azimuth gate -26.01 -23.09 -20.58

Table 4.4: Measured SLL, PSLR and ISLR values for the CSA and the eFrCSA

advantages in the focussing in the range and azimuth direction in terms of sidelobes

level reduction. In addition, comparing the performances obtained with the FrRDA in
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Table 4.2 with the performances obtained with the CSA in Table 4.4 it is evident that
the FrRDA improves the RDA approaching that of the CSA.

The eFrCSA compared to the FrCSA also has an advantage in terms of focussing qual-
ity. Using the same simulations in Amein and Soraghan [2007], the performances
in terms of SLL, PSLR and ISLR for the CSA and the FrCSA are given in Table 4.5.

Table 4.5 demonstrates that the FrCSA has not the same capability to improve the CSA

SLL [dBs] | PSLR [dBs] | ISLR [dBs]
CSA-Range gate -22.01 -21.15 -22.36
FrCSA-Range gate -20.94 -23.24 -23.01
CSA-Azimuth gate -13.34 -16.71 -13.10
FrCSA-Azimuth gate -14.21 -16.89 -13.32

Table 4.5: Measured SLL, PSLR and ISLR values for the CSA and the FrCSA in
Amein and Soraghan [2007]

of the eFrCSA.

4.3.2 Results from real data

The FrRDA and the eFrCSA have been tested on real data from the Radarsat-1 platform
Radarsat-1. The analysed dataset is a portion of the pass contained in Cumming and
Wong [2005]. The results are compared with the RDA, the CSA and with the results
obtained using the Gamma Modular SAR Processor (MSP) Werner et al. [2000] . The
Gamma MSP is an accurate range-Doppler SAR processor, in particular it incorporates
features like the Doppler ambiguity estimation and the secondary range migration for
the RADARSAT platform that are generally not included in the standard RDA. For
this reason the results obtained with this processor are very accurate and are used as
ground truth to verify the performances of our algorithms.

The analyzed area processed with the Gamma MSP is shown in Figure 4.3. In Fig-
ure 4.4 a zoom of the Tsawwassen ferry terminal area processed with the RDA and
the FrRDA is illustrated. In the FrRDA the results are seen to contain less blurred
bounds, more accurate detail separation and more clear detection of the different ex-

tended objects in the analysed area, as highlighted by the red arrows. In this result the
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Figure 4.3: The Tsawassen ferry terminal in Vancouver, Radarsat image processed
with Gamma MSP

improvement of the sidelobe level in the FrRDA is evident, reducing the target mask-
ing. These results are confirmed by comparing them to Figure 4.3 from the Gamma

MSP.
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Figure 4.4: Portion of the Tsawwassen ferry terminal area processed with the RDA
and the FrRDA.
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Figure 4.5: Portion of the Tsawwassen ferry terminal area processed with the CSA and

the eFrCSA.

The results of processing the Tsawwassen ferry terminal area processed with the
CSA and the eFrCSA is shown in Figure 4.5. In this case there are smaller differences
between the two results, the eFrCSA provides better focussing of the small scatterers
as seen in the top-left area of the image, with the presence of larger extended objects.
The execution time of the algorithms using a Dell Optiplex 760 with an Intel Core 2
Quad CPU at 3.0 GHz with 4 GByte of RAM were measured. To process a 4000 x 4000
samples the RDA required 10.2 seconds while the FrRDA took 15.4 seconds. For the
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same dataset the CSA required 11.03 seconds while the eFrCSA took 16.3 seconds.
These timing results are in accordance with the computational complexity analysis

described in Section 4.2.3.

4.4 Conclusion

In this chapter two new SAR focussing algorithms have been presented using the Frac-
tional Fourier Transform applied to the Range Doppler Algorithm and to the Chirp
Scaling algorithm. The FrFT and a time-mapping operation are used to replace the
matched filter used in the RDA and CSA. The resulting FrRDA and eFrCSA algo-
rithms use the property of the Fractional Fourier Transform to resolve chirp signals to
increase the resolution of the point scatterers in the scene. The two proposed algo-
rithms have been developed directly from the RDA and the CSA. The algorithms use
the fractional Fourier transform to replace the matched filtering in the conventional
algorithms.

The proposed approach has been tested with simulated data and real Radarsat-1 data.
For both the proposed algorithms the proposed approach showed to improve the qual-
ity of the impulse response both in terms of side lobes and resolution. The simula-
tion results indicate that the fractional Fourier transform approach provides superior
point scatterers responses and provides more accurate reflectivity profile in the case of
extended objects, enhancing the resolution, the signal to noise ratio and generally de-
creasing the sidelobes. For the FrRDA the sidelobes in the azimuth direction appeared
to be higher than the RDA but in this dimension the resolution gain was appreciable. In
addition the performances provided by the FrRDA have been shown to be comparable
with those from the CSA. The algorithms have been tested with real Radarsat-1 data,
the results have been compared with the RDA, the CSA and those obtained with the
Gamma MSP.

The FrRDA provides superior results to the RDA in the case of real data providing
better accuracy, less blurred results and a higher capability of detection. The eFrCSA
provides an improvement in terms of resolution with respect to the CSA especially for

extended objects.
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Chapter 5

Bistatic PTS using Chebyshev

Approximation

5.1 Introduction

In this chapter we present a new approach using the Chebyshev polynomial approxi-
mation J.Mason [1996] to improve the bistatic point target spectrum (BPTS). The new
approach is applied on two existing BPTSs replacing in both the less accurate (at parity
of approximation order) Taylor approximation.

In the first case the bistatic slant range function approximation is replaced using the
Chebyshev one in order to obtain a polynomial representation that can be used in the
Method of Series Reversion Neo [2007]; Neo et al. [2007]. The coefficients obtained
with the Chebyshev approximation are replaced in the power series of the bistatic slant
range function leading to a more accurate application of the method of series reversion
obtaining better results in terms of phase accuracy of the spectrum.

In the second case a similar approach is used in order to improve the 2D PSP based
PTS Wang et al. [2011] replacing the Taylor expansion. The improvements using the
Chebyshev polynomial approximation are obtained replacing the Taylor approxima-
tion in the decoupling of the range-azimuth frequency components. The proposed
approach replaces the coefficients of the polynomial Taylor series expansion of the
azimuth-range frequency coupling term with the ones obtained using the Chebyshev

polynomial approximation. The obtained coefficients are then used to obtain an ana-
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lytical formulation of the bistatic point target spectrum as in Wang et al. [2011]. In
Section 2.5.3.1 and Section 2.5.3.2 the analytical development of the two BPTS are
reported while in Appendix A the theory of the Chebyshev polynomial approximation
is introduced. The remainder of the chapter is organized as follows. In section II the
new method of using Chebyshev polynomials to approximate the slant range function
is developed. Section III presents comparative results that indicate the superior perfor-
mance obtained to those obtained using the conventional approximation method Neo
[2007]; Neo et al. [2007]. In section IV the new method of using Chebyshev polynomi-
als is developed deriving the new bistatic Point Target Spectrum based on the 2D PSP
Wang et al. [2011]. Section V presents comparative results that indicate the superior

performance obtained to those obtained using the original method Wang et al. [2011].

5.2 Slant Range Approximation for the MSR BPTS

Weierstrass theorem Rivlin [2003] suggests that polynomial approximation of a con-
tinuous function in an interval [a, b] can be always performed. A common approach
in obtaining an approximating polynomial is to minimize the square residual for the
approximation of a function. This minimization finds a solution for the least squares
problem, which is solved using an interpolating polynomial family of orthogonal poly-
nomials. The use of this kind of polynomial approximation facilitates convergence to
the target function as the approximation order increases. The orthogonal Chebyshev
polynomials allow us to obtain an approximation which minimizes the error in the
sense of the least squares Rivlin [2003] and the infinity norm. Compared to the Leg-
endre approximation, proposed in Wang and Li [2010], the Chebyshev polynomials
allow us to obtain a least squares approximation of the slant range function that in-
cludes the property of a bounded maximum error thus minimizing the so called Runge
effect ].Mason [1996]. In addition the mathematical and computational complexity
is reduced. In general the Chebyshev polynomials offer closer approximation to the
minimax polynomial which represent the polynomial with the smallest maximum de-
viation from the true function Mason [1993]. It Abutheraa and Lester [2007] it was

shown that the use of Chebyshev polynomials to approximate functions outperforms
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the Taylor series expansion. For these reasons Chebyshev approximation was chosen
to replace the Taylor series. The properties of the Chebyshev polynomials lead to a
better approximation of the phase history of the signal allowing the design of a more
accurate matched filter to improve the image quality.

In this section the Chebyshev approximation is used to represent the double squared
root range function of the bistatic SAR geometry. The Chebyshev approximation is
stopped at the 4" order for the computation of R(7) in (2.5). In this way our analysis
is comparable with that in Neo [2007]; Neo et al. [2007], in order to show that using
the Chebyshev polynomial, with the same order of the expansion, results in better ap-
proximation of the slant range function. In addition the uncompensated phase error
should be limited to be within +7/4, in order to keep good image quality, and the
4" order approximation can guarantee this condition for a large family of acquisition
configurations for the approach used in Neo [2007]; Neo et al. [2007]. The order can
be reduced to the 3"¢ in the cases where the phase error is already within the limits
of +7/4, while if the specific application would require a higher phase accuracy the
order of the approximation can be increased. The resulting polynomial approximation

of R(n) is:

n

Renes(n) = xTk(n) = fracl2co + aiTi(n) + e2Ta(n) + csTs(n) + csTu(n) =
k=0

1
Sean® + 4esn® + 1m?(2c5 — 8cyq) + n(cy — 3cs) — 50— e+ (5.1)

where 7; are the Chebyshev polynomials of the first kind and ¢; are the Chebyshev
coefficients computed on the Chebyshev nodes J.Mason [1996]. There are four kind
of Chebyshev polynomials and the first kind is used in this work. However all the four
kinds of Chebyshev polynomials share the same properties and could be used with
similar quality of the approximation Mason [1993].

The coefficients in (5.1) can be grouped as follows:

1
go = —500—02-1-04 g1 = ¢ — 3¢3
g2 =202 —8cy g3 =4dc3 gy =8y (5.2)
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Now 5.1 can be written as:

A

R()cnes = gan®* + gan® + g2n° + 11 + go (5.3)

Equation (5.3) is the Chebyshev approximation in polynomial form of the bistatic slant
range function. The fundamental difference between this new approximation in (5.3)
to that reported in Neo [2007]; Neo et al. [2007] is that the coefficients for the spec-
trum are now computed starting from the coefficients g;, which are obtained with the
Chebyshev approximation rather than the Taylor approximation. The 2D point tar-
get spectrum Neo [2007]; Neo et al. [2007] is derived using the formulation in (5.3).
Starting from the Fourier transform of the range compressed signal (2.11), in order to
obtain the 2D point target spectrum, the principle of stationary phase is applied. In
this the approximated version of the slant range function replaces the phase term of
the azimuth Fourier transform. This yields a power series expression that links the
slow time with the Doppler frequency. Inverting the power series using the method of
series reversion produces the desired 2D point target spectrum in accordance with the

description in Section 2.5.3.1. The resulting 2D point target spectrum is:

Suap(fos Ja) = WolFWas (£ (o + F) 2 ) exp jag (fri fr) (5:4)

where
fo+ 1=
Dogr (fr, [) = —2m ( ° . 90
c g1\?
T ( + (fo+ —)
galfo 1 ) I H DY
g3 g1\?
+ 2N ( + (Jo+ —)
Sy + 17 TR
¢*(995 — 49294) g1\4
2 3 ( 2 5.5
PG o+ o TR o
and g; &+ = 0,2,--- ,4, are the coefficients of the Chebyshev polynomial approxima-

tion given in (5.2).
In the proposed approach the computational cost to compute the coefficients g; is

reduced to the evaluation of the slant range function in the Chebyshev nodes and a
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sum over n real value multiplication values, where n is the approximation order. The
computation of the coefficients in the Taylor based approach are stopped at the 4" or-
der. This requires the evaluation of 4 trigonometric functions, 2 square roots and about
60 multiplications, while for the Chebyshev approach the required computations is 8
square roots and about 60 multiplications. For this reason the computational cost of
both approaches are comparable. If the order of the approximation is increased the
Taylor based approach increases its complexity more than the Chebyshev approach.
This is due to the higher number of terms required in the computation of the coeffi-
cients. Furthermore considering the computational burden required in the entire image
formation process that includes all the Fast Fourier Transforms, matched filters, chirp
scaling or range cell migration correction, autofocus, etc. then the time required to

approximate the range history is negligible.

5.3 Results

Azimuth invariant and azimuth variant configurations are characterized by a fixed or
varying baseline between the transmitter or the receiver respectively. Generally it is
difficult to keep the configuration azimuth invariant and the case of azimuth variant
configurations is the most frequent. In the performance analysis both configurations
were simulated. In the first test (azimuth invariant) a point scatterer in the centre of
the scene (azimuth sample = 1000, range sample = 182) is simulated. From the two-
dimensional spectrum of the range compressed received signal the value of ®ou ( f7, f;)
is compensated obtaining the point target response of the bistatic SAR system. The
improvement in the quality using the Chebyshev approach is measured using the Side
Lobe Level (SLL), the Peak Side Lobe Ratio (PSLR) and the Integrated Side Lobe
Ratio (ISLR). The SLL is defined as the level of the first side lobe while the PSLR and
the ISLR are defined as follows:

maximum sidelobe power

PSLR =101
©8 main lobe power

ISLR = 10log total power in sidelobes

main lobe power
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The results shown in Table 5.2 are obtained measuring the impulse response in the case
of a bistatic azimuth invariant configuration with paramaters given reported in Table
5.1 using the Taylor and Chebyshev coefficients for the 2D phase of the point target

spectrum. The results for the range and azimuth gates using the two approaches are

Table 5.1: Bistatic simulations parameters.
Azimuth invariant Azimuth variant

Carrier Frequency 5 GHz 5 GHz
PRF 1000 Hz 1000 Hz
Tx Velocity 90 m/s 100 m/s
Rx Velocity 90 m/s 70 m/s
Range distance of the 15000 m 15000 m
Txatn=0

Range distance of the 14500 m 14500 m
Rxatn=20

Azimuth distance of the 45 m 45 m
Txatn=0

Azimuth distance of the 80 m 80 m
Rxatn =20

Pulse duration 6us 6us
Range Bandwidth 50 MHz 50 MHz

shown in Table 5.2. These results show that the proposed approach allows us to ob-

Table 5.2: Measured SLL, PSLR and ISLR values for the azimuth invariant case.

SLL [dBs] | PSLR [dBs] | ISLR [dBs]
Taylor-Range Gate -14.14 -16.54 -10.99
Chebyshev-Range Gate -14.26 -16.72 -11.10
Taylor-Azimuth Gate -13.52 -16.03 -10.30
Chebyshev-Azimuth Gate -13.60 -16.05 -10.40

tain an improvement in the bulk compression in terms of power in the sidelobes. This
result is due to the more accurate approximation of the slant range function with the
Chebyshev approach leading to a more accurate analytical solution of the point target
spectrum. A second simulation is performed using the bistatic azimuth variant config-
uration as specified in Table 5.1. The first result in Figure 5.1 shows the approximation
of the slant range function using the Taylor and the Chebyshev polynomial. The maxi-
mum error is of 0.06 m, while using the Chebyshev approximation the maximum error

is 3.63 x 10~ m. These results indicate that the polynomial coefficients obtained with
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the Chebyshev approach improve the accuracy of the approximation. This result has a

direct impact on the accuracy of the point target spectrum. Figure 5.2 shows the phase
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Figure 5.1: Approximations of the slant range function using Taylor and Chebyshev
approximation.

error of the point target spectrum using the Taylor and the Chebyshev approxima-
tion for the bistatic configuration in Table 5.1. The configuration exhibits a moderate
squint angle and the phase error are seen to be reduced by the use of the Chebyshev
approximation. This implies that the Chebyshev-based approach is more robust thus
facilitating the processing of a wider family of bistatic configurations. The results for
the respective impulse responses obtained using this configuration are reported in Ta-
ble 5.3. In this case the advantage in using the new Chebyshev approximation method
approach is more pronounced compared to the azimuth invariant case. In particular
in the azimuth direction the power in the mainlobe is observed to be significantly in-
creased when using the Chebyshev approximation. This confirms the capability of the
new method in handling shape variations of the slant range function, which are more

evident in the azimuth variant configuration.

Table 5.3: Measured SLL, PSLR and ISLR values for the azimuth variant case.

SLL [dBs] | PSLR [dBs] | ISLR [dBs]
Taylor-Range Gate -12.30 -15.40 -10.21
Chebyshev-Range Gate -14.32 -18.04 -12.33
Taylor-Azimuth Gate -13.01 -15.31 -9.52
Chebyshev-Azimuth Gate -13.42 -15.49 -10.12

By increasing the order of the approximation a problem of numerical instability can
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Figure 5.2: Phase error for the azimuth variant configuration reported in Table 5.1

appear. This is due to the fact that the coefficients of the Chebyshev series become
very small. This aspect has also been analyzed through simulations by comparing the
perfomances of the Taylor and Chebyshev approximation for different approximation
orders. The results of the measured approximation error obtained using the parameters
in Table 5.1 are reported in Table 5.4 and Table 5.5: From these results it is evident
that increasing the order the Chebyshev approximation reduces the capability to out-
perform the Taylor series approximation, this aspect is in contrast with the theoretical
analysis because of the numerical instability. However the results are still much better

than the Taylor series approximation.
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Table 5.4: Measured maximum error for approximation order from 1 to 6

Order | Max Error Taylor [m] | Max Error Chebyshev [m]
1 0.564 0.251
2 0.062 2.97¢7°
3 0.062 5.859¢~"
4 0.062 3.638¢ 1
5 0.062 4.786e~"
6 0.062 4.786e~"

Table 5.5: Measured standard deviation (o) of the error for approximation order from

1to 6

Order | o Error Taylor [m] | o Error Chebyshev [m]
1 0.154 0.077
2 0.017 7.900e~"
3 0.017 1.806e~"
4 0.017 7.790e 12
5 0.017 1.474e "
6 0.017 1.474e~"

5.4 Approximation of the frequency coupling term for

the 2D PSP BTPS

In this section we introduce a similar approach used in Section 5.2 in order to improve

the 2D PSP based PTS replacing the Taylor expansion in (2.35). We then approximate

(5.6) using the Chebyshev polynomial of the first kind stopping the approximation at

the second order as in (2.35):

FT(f) =

79

Fa(f) = \/ (F + fo)? - (%)

(f+ fo)? — <Cf—T) (5.6)
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1 1
Fr(f) = ZijTj(f) — 390k = —59r + girTi(f) + g26T2(f) =
=1
1 2
5901% + gor | + Girf + 2gorf = FOR + girf +2g2rf
2
1 1
Fr(f) = ZngTj(f) — gfor = —59r + girTi(f) + grTa(f) =
=1
1 .
(_§QOT + 92T) + girf + 2020 2 For + gir f + 2921 f? (5.7)

the Chebyshev coefficients g, and g;r are computed as:

2
Jor = %ZFR(fk)TO(fk) Jir = ZFR Te)T5(fx)
=0
2
Jor = %ZFT(fk)TO(fk) giT = ZFT Te)T5(fx) (5.8)
=0

where f, are the Chebyshev nodes obtained as:

fk _ fmin+fmaz _ |:fmaz +fminCOS ((2k+ 177')):| (59)

2 2 6

with f,,;n, and f,,q. representing the maximum and the minimum of the range Doppler
spectrum. The term in (2.30) that will be affected from our approximation is the third

term x(f, f;) =7 [R%RFR + R—gTFT} , that becomes:

Ror R R A
x(f, fr) =27 —FR + —OTFT} =2m {—“R(FOR + girf + 2g2rf7)

R 27
+—0T(F0T +airf + 292Tf2)] (RORFOR + ROTFOT)+

2 47 f?
Cf (Rorgir + Rorgir) + /

(Rorg2r + Rorgor) (5.10)

From (5.10) the different contributions can be separated and grouped with those re-

maining from (2.30) as:
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A mf2  Arf?
Pre(fr, f) :% + / (Rorg2r + Rorgar)
2 2T . A
P ac(fr, Ror) =27(por + puuRor)kr f- + ?(RORFOR + RorFor)
~ 21 _
S rem(fry f) :Tf(RORglR + Rorgir) + Prem(f) (5.11)

The resulting bistatic point target spectrum is then :

Us(fr, £, Ror) = Pre(fr, ) + @rear(fry £, Ror) + @ac(fr, Ror) + Pas(fr)
(5.12)

In the next section the results on the phase error due to the approximation using Cheby-

shev and Taylor polynomials for airborne and space-borne configurations are shown.

5.5 Results

In this section we present the results obtained simulating both airborne and space-
borne bistatic SAR configurations. The results refers to the resulting approximation
phase error for Taylor and Chebyshev approaches. In Table 5.6 the two simulated
configurations are reported, these configurations are similar to those used in Wang

et al. [2011].

Table 5.6: Simulation parameters for the airborne and spaceborne configurations

Airborne Spaceborne
Transmitter \ Receiver | Transmitter \ Receiver
Carrier Frequency 9.65 GHz 9.65 GHz
Range Bandwidth 2 GHz 600 MHz
Squint Angles 0° — 85° 0° —45°
Velocity 110 m/s 100 m/s | 7600 m/s | 7630 m/s
Ry 13.1 km 23.1 km 754 km 666 km

The phase error for the airborne configuration is shown in Figure 5.3. Figure 5.3-a
shows the phase error using the Taylor approximation while Figure 5.3-b shows the
phase error using the Chebyshev approximation. The phase error obtained with the

Chebyshev polynomial approximation resulted to be smaller than that obtained using
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the Taylor polynomial. The maximum error using Chebyshev resulted to be 74.6% less
than that using the Taylor polynomial. The average absolute phase error resulted to be

of 0.002 rad for the Taylor case while of 0.0012 rad for the Chebyshev approximation.

Phase Error Taylor
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Figure 5.3: Phase Error for the airborne configuration for the a) Taylor and b) Cheby-
shev case.

The phase error for the spaceborne configuration is shown in Figure 5.4 Figure
5.4-a shows the phase error using the Taylor approximation while Figure 5.4-b shows
the phase error using the Chebyshev approximation. The phase error obtained with the
Chebyshev polynomial approximation resulted to be smaller than that obtained using
the Taylor polynomial. The maximum error using Chebyshev resulted to be 75% less
than that using the Taylor polynomial. The average absolute phase error resulted to be
of 4.16 x 107%  rad for the Taylor case while of 2.57 x 107°  rad for the Chebyshev

approximation.

82



Chapter 5 Bistatic PTS using Chebyshev Approximation

Phase Error Taylor

o - N w X
Phase Error [Rad] S

Range Frequency [Hz] Squint Angle [Deg]

(a)

-5 Phase Error Chebyshev

B 2
0.6 M

30

20

Range Frequency [Hz] Squint Angle [Deg]

(b)
Figure 5.4: Phase Error for the spaceborne configuration for the a) Taylor and b)

Chebyshev case.

With these results we can state that it will be possible to improve the overall accu-
racy of the bistatic focussing algorithms, in particular monostatic focussing algorithms
can be generalized to the bistatic case as in Wang et al. [2011]. The main issue aris-
ing from the phase error is the constrain on the amount of data to process at the same
time, in order keep an acceptable accuracy in Wang et al. [2011] the processing was
constrained to be done in blocks. With our approach this constrain still exists but with
the same limit in terms of error bigger blocks can be used thus improving the overall

efficiency of the algorithms.

5.6 Conclusion

In this chapter a new polynomial Chebyshev approximation of the bistatic slant range
function and of the bistatic frequency coupling terms were analytically derived. The

proposed approximation is intended to replace the Taylor approximation used in Neo
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[2007]; Neo et al. [2007]; Wang et al. [2011] to derive the analytical bistatic point
target spectrum. The proposed approximation is easy to compute and does not in-
crease the computational complexity with respect to the Taylor based approach. The
approximation error using the Taylor and the Chebyshev polynomials has been eval-
uated, confirming the theoretical capability of the Chebyshev approach to minimize
the norm of the error. However working with such an accurate approximation some
numerical instability may occur and this aspect must be considered in the choice of the

approximation order.
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Chapter 6

Micro-Doppler signature analysis in

Bistatic SAR

6.1 Introduction

Bistatic SAR was introduced in Section 2.5 where its advantages and issues were anal-
ysed in detail. The principles of micro-Doppler analysis and the enhances in the radar
imaging field have been reviewed in Chapter 3.

To the best of the author’s knowledge the study of micro-Doppler signatures from
bistatic SAR has not been reported in the literature before and a model for the micro-
Doppler signature was not suitable. In this chapter the vibration effect on the received
echoes for a bistatic SAR system with fixed receiver is modelled. The pseudo-Wigner
Ville distribution (PWVD) is used to analyse simulated data for X-band and mmW
systems. The remainder of the chapter is organized as follows. In section II the bistatic
SAR geometry and the received signal model are discussed. In section III the micro-
Doppler effect from a vibrating target in the bistatic geometry is introduced and anal-
ysed, the effect on the focussed image of the bistatic geometry and of the limitations
on the system Doppler bandwidth are investigated. Section IV presents simulation re-
sults of focussed vibrating target and PWVDs of the received echoes compared with

the analytical expected signature and the signature obtained with a monostatic system.
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6.2 Fixed Receiver Bistatic SAR Geometry

In a bistatic SAR the transmitter and the receiver can have different velocities, alti-
tudes and flight paths, leading to the possibility of having different acquisition con-
figurations. The simplest case is when both transmitter and receiver have the same
velocity and parallel flight paths, while a more complicated configuration exists when
the platforms have different velocities and non parallel flight paths. In the case of a
fixed receiver configuration, only the transmitter is moving and the receiver is fixed.
This configuration allows existing monostatic SAR missions to be exploited Duque
et al. [2010], in addition the focussing step is easier, permitting an easier and cheaper
test bench to validate new techniques to be extended in the more general bistatic con-
figurations. For these reasons we choose to perform the first analysis in the field of the
micro-Doppler effect in bistatic SAR for this configurations. The considered bistatic
geometry is shown in Figure 6.1.

At the start of the acquisition (slow time 7 = 0) the receiver Rx is located in position

Figure 6.1: Bistatic SAR geometry with fixed receiver

{0,0, hr} while the transmitter Tx is at {7, yr, hr}. A point target P in the centre of
the illuminated scene is located in position {xp, yp,0}. The range component of the
slant range between the receiver and P is Xr = x,,, while the range component of the
slant range between the transmitter and P is X = xp — z7; the azimuth component of

the slant range between the receiver and P is Yz = yp, while the azimuth component of
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the slant range at = 0 between the transmitter and P is Y7 = yp —yr. 0 and 07 rep-
resent the depression angles while a i and o are the squint angle for the receiver and

the transmitter respectively. The transmitter is moving with velocity V7 in the y direc-

tion, because of the null velocity the receiver slant range is Rr(n) = /X2 + Y2 + h%

while the transmitter slant range is Rr(n) = /X2 + (Yr — nVr)? + h2., the bistatic
slant range history is the sum of the receiver and transmitter slant range histories
R(n) = Ryr(n) + Rr(n). This is an important factor for the bistatic SAR process-

ing describing the phase history of the received signal.

6.3 Micro Doppler effect from vibrating targets in
Bistatic SAR

The baseband model of the received bistatic signal from P can be written as Neo

[2007]:

s(r, 1) =Aow, ( - M) (1)

c

exp{—jw + K, {T—M] } (6.1)

C

where 7 is the fast time, Ay is the complex backscatterer coefficient, f; is the carrier
frequency K, is the range chirp rate, w,(.) is the range envelope and w,.(.) is the
composite antenna pattern of the transmitter and receiver. The micro-Doppler effect
of interest generally exhibits a dynamic of the same order as the slow time, for this
reason the micro-motions will not have appreciable effects in the fast time and the
range compression of (6.1) can be performed without affecting the analysis. The range

compressed signal then results Neo [2007]:

sve(T.1) =P (T - R(")) wa: (1) exp {—jw} (6.2)

C C

where p,.(7) is the range envelope that includes the amplitude factor. The point target

P has a micro-motion radial displacement described by N (7). For our purpose we are
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assuming that the clutter and a possible constant motion of the target were removed
using other processing techniques such as a space-time adaptive processing. In real
systems it is likely that these effect are not removed completely.

With these assumptions the point target P will still have a displacement described by

N(n) in the range direction. From Figure 6.1 the slant range history can be written as:

R(n) =/ (Xr — N2 + (Yr — qVe)? + W3+ (Xn — N(n))? + Y3 + 13

=Rr(n) + Rr(n) (6.3)

The slant range history is directly related to the phase of the received signal in the

azimuth direction:

(6.4)

where ). is the carrier wavelength. From the phase history in (6.4) the instantaneous
frequency can be obtained. However in order to obtain an explicit expression of the
different Doppler frequency components a Taylor series approximation of the slant
range is applied, where for orders greater than one, the micro motion effect is assumed

to be negligible. The receiver slant range become:

N'(n)Xrn
Rr(n) = /X3 + Y3 +h3 —
N’ X
~ R - —(Z)Z g (6.3)
0
While the transmitter slant range can be approximated with:
N'(n) X7t + VY, V2n?
VXE+YE A+ 2y X7+ Y7 +hi
(N'(n) X7 + VeYr)n | Vin?
~ Ror — 6.6
o Ror * 2Ror (66)
Using (6.5) and (6.6) the slant range history (6.3) can be written:
N'(n)Xg N’(n)XT) VY Vin?
R(n) =Ry — + — + 6.7
() ~=Fo < Ror Ror K Ror 2Ror 6.7
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where Ryr and Ry are the slant ranges for the receiver and the transmitter at the start
of the acquisition, and Ry = Ry + Ror, while N'(n) represents the instantaneous
micro-velocity of the target and the product N'(n)n is the instantaneous target micro-
displacement M ().

The expression of R(n) in (6.7) can be separated into two components, a bistatic

SAR component and a target motion component, R(1) ~ Rpsar(n) + Rrarget(n)

where:
R . VTYT ngng
Bsar(n) = Ry — o n4—2}%T (6.8)
Xr Xr
Rrarae =—|—4+— M 6.9
Target (1) <f%R-+-RUF) (n) (6.9)

Also the phase history can be divided into two components:

() ZQWi(n) ~ QW(RBSAR(U))\:- Rrarget(n)) _

(I)BSAR(U) + ®Target (77) (610)

Using the derivative of (6.10) the instantaneous frequency is obtained as:

1 d 1 d 1 d
:——(p e ——@ ——@ arae
fo(n) o diy () o dn Bsar(n) + 2 d T +(n)
1 d

1 d
Ly = Rrurge
; BSAR(U)+)\Cdn Target(1)

= fpsar(n) + fup(n) (6.11)

The instantaneous signal frequency has then two components fps4r(7), a bistatic SAR

component and a micro-Doppler component fy;p (7).

The fpsar contains the Doppler centroid, the linear and the quadratic modulation

term. This term is known from the geometry and does not affect the micro-Doppler

frequency. It is not considered further in the analysis.
The explicit form of fyp(n) is:

1 d ( Xrp  Xr

fup(n) = =+ Ron + Ror

s ) M(n) 6.12)
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Considering a point target P vibrating with a vibration:
M(n) = A, cos(w,n) (6.13)

where A, is the amplitude and w, is the pulsation of the vibration respectively, then

the micro-Doppler frequency becomes:

fup(n) = _iA (XR + XT) iCOS(wqﬂ?)

A ! Ror Ror dﬂ

1 Xgr XT) .
= —Aw, | =— + —— | sin(w, (6.14
A (ROR Ror ) S )

Referring to Figure 6.1 the relations between the slant ranges and the angles can be

written:
X . X :
Ror = COS((ZT) = Rorsin(fr) = R—Oj; = sin(fr) cos(ar) (6.15)
X . X .
Ror = cos(sR) = Rogsin(fr) = R—(f; = sin(fg) cos(ag) (6.16)

where Rgr and Rgg are the ground ranges for the transmitter and the receiver respec-

tively. Equation (6.14) can be written in terms of the squint and depression angles:

1

fup(n) = )\—Avwv( sin(0g) cos(ar) + sin(07) cos(ar)) sin(w,n) (6.17)

Equation (6.17) shows that the micro-Doppler signature depends on the bistatic ge-
ometry and is different from the micro-Doppler in the monostatic geometry Ruegg
et al. [2007]; Sparr and Krane [2003a]. A bistatic factor that includes the geometry

dependence of the micro-Doppler signature can be defined as:
p = sin(Og) cos(ag) + sin(fr) cos(ar) (6.18)
Then the micro-Doppler frequency becomes:

1
Jfup(n) = )\_Avva sin(wyn) (6.19)
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Equation (6.19) represents the micro-Doppler signature for a bistatic SAR system that
is connected to the signature in the monostatic case Ruegg et al. [2007] through the

following equation:

(n) _ fMDMono(n)p (620)

furp :

From (6.20) it can be seen that for p = 2 the bistatic signature coincides with the

monostatic one.

6.3.1 Effect on focussing

Using the configuration shown in Table 6.1 an example of the slant range history of a
vibrating point target compared with a stationary point target is shown in Figure 6.2.
The simulated point target is vibrating with a 10 Hz frequency and a 1 mm amplitude.
From Figure 6.2 the effect of the vibration is evident on the range history for such a

small amplitude of the vibration. The phase modulation introduced from the vibration

Table 6.1: Simulated bistatic configuration with fixed receiver for the slant range his-
tory in Figure 6.2.

Tx Velocity 75 | m/s

Xr 1600 | m

Xgr 200 | m

YT 16 m

Yr 200 | m

hr 1800 | m

hr 100 | m

Acquisition time 0.5 S

Vibration amplitude | 0.001 | m
Vibration frequency 10 Hz

in the signal phase (6.10) introduces the effect known as paired echoes Chen et al.
[2006]. The Doppler shift introduced by the vibration creates an infinite number of
ghost targets in the focussed image and as in Chen et al. [2006] the received signal

may be expanded in a series of Bessel function of the first kind.

1 T
Jk(B):% / e (Bsinwon=kwum) g, ) (6.21)

—T
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Slant Range History with and without vibration
T

2708.16
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a
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Slow time [s]

Figure 6.2: Slant range history for a vibrating target and for a stationary target.

where B = /\%Av(sm(@R) cos(ag) + sin(fr) cos(ar)) and Ji(B) decreases with in-

creasing k. Thus the received signal can be written as:

C

STC(T> 77) = Pr (T - R(n)> waz(77>eij2ﬂf0R37fAR(n) Z Jk(B>€jkw“n =

k=—o0

c

P ( ) R(m‘) war (e EEE Lo (B) + Sy (B)e v — Jy (B)e i

+ Jo(B)e? 4 Jo(B)e 200 1 Jy(B)e?* ™ — Jy(B)e P 4] (6.22)

Unlike Chen et al. [2006] the amplitude factor of the ghost scatterers, represented
by Ji(B), depends on the bistatic SAR geometry. Thus depending on the particular
geometry the effect on the focussed image of a particular vibrating target will be more

or less evident.

6.3.2 Effect of the bistatic factor

In this section the effect of the bistatic configuration on the amplitude values of the
induced micro-Doppler is analysed. The amplitude of the vibration can be obtained

from the measured maximum of the micro Doppler signature using (6.19) as:

Av — )\C maX(fMD(n))

Wy P

(6.23)
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The difference between (6.23) and that in Ruegg et al. [2007] for the monostatic case
is the dependence on the bistatic factor p. This dependence must be considered in the
micro Doppler signature analysis in order to correctly identify the amplitude of the
vibration. Different acquisition geometries induce different micro-Doppler amplitudes
and thus a good knowledge of the geometry is required in order to obtain the amplitude
of the vibration. In Figure 6.4-a and in Figure 6.4-b the theoretical bistatic maximum
of the micro-Doppler signature for a 94 GHz and a 10 GHz system respectively for
a vibrating target with w, = 207 rad/sec and a vibration amplitude from 0.1 mm to
10 mm are shown. The amplitude of the micro-Doppler signature depends also on
the vibrating frequency w, as can be seen in (6.23). In Figures 6.5-a and 6.5-b the
theoretical bistatic maximum of the micro-Doppler signature with a 94 GHz and a 10
GHz system for a vibrating target with 1 mm of vibrating amplitude and with a vi-
brating frequency from 1 Hz to 100 Hz are shown. For both cases the bistatic factor
influences the amplitude of the micro-Doppler signature. This factor is the sum of the
conic angle of the transmitter and receiver and therefore is dependent on the BSAR
geometry. From both Figures 6.4 and 6.5 the bistatic factor influences the amplitude
of the micro-Doppler signature, when p = 2 the curves assumes the maximum values
and they coincide with the maximum micro-Doppler obtained in a monostatic case.
This aspect must be considered because a certain amplitude of the micro-Doppler sig-
nature corresponds to a family of vibrating amplitudes. The correct amplitude can be
obtained only with the knowledge of the bistatic factor. In addition the amplitude is
also influenced by the carrier frequency. For example a 10 GHz system would not be
able to detect micro-Doppler signatures generated by very small motions. Furthermore
larger micro-motions will introduce aliasing if not correctly sampled in a 94 GHz sys-
tem. For this reason this is an important aspect in the design and the choice of the
measurement system. The bistatic factor offers an advantage in the use of a bistatic
configuration with respect to the monostatic configuration for larger vibration frequen-
cies and amplitudes. From (6.19) it is seen that the bistatic factor reduces the amplitude
of the micro-Doppler signature compared with the one obtained for the same vibration
in the monostatic case. This means that for vibrations introducing high Doppler shifts,

running over the azimuth Doppler bandwidth in the monostatic case, the analysis of
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the signature can suffer from aliasing. However as the use of a bistatic configura-
tion reduces the micro-Doppler amplitude it is possible to keep the signature inside
the azimuth Doppler bandwidth. This means that it is possible to use a smaller mini-

mum PRF to avoid aliasing in the analysis compared to the monostatic configuration.

Theoretical Monostatic Micro—Doppler signature Theoretical Bistatic Micro—Doppler signature
i 400f i 400f ‘ i
> >
2 200y 2 200
(0] (0]
> >
g 0 g 0
& -200t 8 -200
Q. Q
) 400t ) 400t ]
272005 0 005 2 2005 0 0.05

Slow time [s] Slow time [s]
(@) (b)

Figure 6.3: Theoretical micro-Doppler signature for a target vibrating at 40 Hz wiht 3
cm of amplitude from a X band system with 950 Hz of azimuth Doppler bandwidth,
a) monostatic case running over the azimuth Doppler bandwidth, b) bistatic case with
the entire signature visible in the azimuth Doppler bandwidth.

Figure 6.3 shows an example of a bistatic configuration for the analysis in X-band of a
40 Hz vibrating target with 3 cm of vibrating amplitude. In Figure 6.3-a the monostatic
micro-Doppler signature runs over the limit given by the Doppler bandwidth making
the analysis of the signature impossible, while Figure 6.3-b shows the same vibration
analysed from a bistatic system. In this case the bistatic factor p is weighting the

micro-Doppler signature, keeping it inside the Doppler bandwidth.

6.4 Simulation Results

Vibrating targets were simulated and their micro-Doppler signatures from a bistatic
SAR system analysed. First the effect of the vibration on the focussed image is shown.
The different micro-Doppler signatures are then analysed for different bistatic config-
urations for systems working with a carrier frequency of 10 GHz and 94 GHz. The
two frequencies were chosen because theoretically they produce results that demon-
strate that it is possible to detect micro-Doppler signatures of interest such as engines

and humans. In addition X-band radar are very common Ender and Brenner [2003];
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—sTheoretical Bistatic Maximum of the Micro-Doppler signature at 10 GHz
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Figure 6.4: Maximum amplitude of the micro Doppler frequency shift for different
bistatic configurations for a vibrating target with a vibrating frequency of 10 Hz and
vibrating amplitudes from 0.1 mm to 10 mm . a) micro Doppler for a 10 GHz system
b) micro Doppler for a 94 GHz system. The micro Doppler is increasing with the
increasing vibrating amplitude and bistatic factor.
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Theoretical Bistatic Maximum of the Micro—Doppler signature at 10 GHz
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Figure 6.5: Maximum amplitude of the micro Doppler frequency shift for different
bistatic configurations for a vibrating target with a vibrating amplitude of 1 mm and
vibrating frequencies from 1 Hz to 100 Hz. a) micro Doppler for a 10 GHz system
b) micro Doppler for a 94 GHz system. The micro Doppler is increasing with the
increasing vibrating frequency and bistatic factor.
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Kinghorn and Nejman [2009] and some 94 GHz radar are operational like MEMPHIS
Schimpf et al. [2002].

6.4.1 Effect on focussing

The result of bistatic focussing for two different configurations with transmitter alti-
tudes of 2100 m and 900 m are shown for a 94 GHz system in Figure 6.6-a and Figure
6.6-b respectively. These two altitudes were chosen to highlight the effect of the dif-
ferent geometry on the focussed image. The simulated point target is vibrating at 10
Hz with an amplitude of 0.5 mm. The resulting focussed images in both cases show
the presence of ghost scatterers along the azimuth direction on both sides of the point
scatterer. However the same vibration exhibits a different number of ghost scatterers
with different amplitudes for both configurations. This aspect can be analysed and con-
firmed using the discussion in Section 6.3.1. For the first configuration, Figure 6.6-a,
the bistatic scale factor is 1.0143 and the value of B in (6.22) is 0.9984, while in the
simulation shown in Figure 6.6-b the bistatic scale factor is 1.5382 and B = 1.5141.
With these values the Bessel function of the first kind J;(B) can be computed for both
configurations. These values are weighting the amplitude of the scatterer and the ghost
scatterers. The computed values of the first four orders of .Ji(B) for the two config-

urations are shown in Table 6.2. The values of J(B) in Table 6.2 confirm that for

Table 6.2: Computed values of the 1% kind Bessel function for the two configurations.

Order of J,(B) | Config. (a) | Config. (b)
0 0.7659 0.5039
1 0.4395 0.5599
2 0.1146 0.2356
3 0.0195 0.0625

the configuration simulated in Figure 6.6-a the amplitude of the real point scatterer is
higher than those for the ghost scatterers pairs while for the configuration in Figure
6.6-b the amplitude of the ghost scatterers is greater than the real point scatterers for

the first pair of ghosts.
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Focussed point scatterer with vibration
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Figure 6.6: Focussed point targets in a bistatic SAR system with fixed receiver. The
vibrating amplitude is 0.5 mm and the vibration frequency is 10 Hz. a) transmitter at
2100 m , b) transmitter at 900 m.
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6.4.2 Micro-Doppler signature analysis from simulated data

Figure 6.7 shows a block diagram of the steps needed to perform the time-frequency

analysis of the micro-Doppler signature for a bistatic SAR with fixed receiver. Starting

Raw Data ~———— Range »| Range Gate
Compression Extraction
\ 4
i Doppler Centroid and
Micro-doppler P ) :
) — <
Signature PWVD Azimuth modulation
removal

Figure 6.7: Steps for the extraction of the micro-Doppler signature from the simulated
data

from the raw data the range compression step is performed using a replica of the trans-
mitted signal. From the range compressed data the range gate containing the scatterer
is selected. For the configurations analysed in this chapter the range migration is con-
tained within a fraction of the resolution cell, however in the presence of a larger range
migration a range cell migration correction Cumming and Wong [2005] step can be
performed before the extraction of the range gate.

In order to align the signal within the time-frequency plane to obtain a correct visu-
alization and positioning of the time-frequency distribution, the Doppler centroid and
the azimuth frequency slope is removed from the signal before the computation of the
Pseudo Wigner Ville Distribution (PWVD) Cohen [1989], which is used to extract the
micro-Doppler signature of the target. Using this analysis procedure, vibrating targets
in Bistatic SAR configurations with 10 GHz and 94 GHz systems were analysed and
compared with the results obtained using a monostatic configuration and the theoret-
ical micro-Doppler. Figure 6.8 shows the PWVDs of the received SAR signal for a
94 GHz system for a point target vibrating at 10 Hz with an amplitude of the vibra-
tion of 1 mm. Figures 6.8-a and -c show the PWVD obtained with the two bistatic
configurations in Table 6.3, while Figure 6.8-e shows the PWVD in the monostatic
case for the same target. Figures 6.8-b, -d and -f show the theoretical micro-Doppler

signature for the cases analysed in Figure 6.8-a, -c and -e respectively. Table 6.3 gives
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the two bistatic configurations and the monostatic configuration used in the simulation
shown in Figure 6.8. It can be seen that the only difference resides in the geometry,

and therefore the bistatic factor that influences the micro-Doppler signature.

Table 6.3: Simulated bistatic configurations for the simulated target in Figure 6.8.

Configuration 1 | Configuration 2 | Monostatic
Carrier Frequency 94 GHz 94 GHz 94 GHz
Tx Velocity 75 m/s 75 m/s 75 m/s
Acquisition Time 0.5s 0.5s 0.5s
Vibration Amplitude 0.001 m 0.001 m 0.001 m
Vibration Frequency 10 Hz 10 Hz 10 Hz
Xr 1600 m 1600 m -
Yr 19 m 19m -
hr 1800 m 1800 m -
Xgr 200 m 600 m -
Yr 200 m 200 m -
hr 100 m 100 m -
Bistatic Factor 1.3310 1.6014 2

From Figure 6.8 it is confirmed that the analysed bistatic micro-Doppler signatures
match those expected from theory. The frequency of the vibration can be measured
by inspection the PWVDs confirming the 10 Hz simulated vibration. The measured
micro-Doppler amplitude for the first configuration is 26 Hz. Equation (6.23) yields an
estimated vibrating amplitude of 9.9985 x 10~% m which is close to the simulated 1 mm
vibration amplitude. This is confirmed using the maximum of the theoretical micro-
Doppler of 26.2 Hz obtained using (6.19). In the second configuration the measured
micro-Doppler amplitude is 32 Hz yielding an estimated vibration amplitude of 1.01 x
1072 m. The original 1 mm amplitude can be obtained from the maximum of the
theoretical micro-Doppler that is 31.5 Hz. As expected both the bistatic micro-Doppler
exhibits a maximum of the micro-Doppler signature smaller than the monostatic case
which is of 39.37 Hz.

Figure 6.9 shows the PWVDs of the received SAR signal for a 10 GHz system for
a point target vibrating at 5 Hz with an amplitude of the vibration of 0.1 m. Figures
6.9-a and -c show the PWVD obtained with the two bistatic configurations in Table 6.4,
while Figure 6.9-e shows the PWVD in the monostatic case for the same target. Figures

6.9-b, -d and -f show the theoretical micro Doppler signature for the cases analysed in
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Figure 6.8: Micro-Doppler signatures of a vibrating target with 10 Hz of vibration and
1 mm of amplitude on a 94 GHz system. a) and c) shows the analysed PWVD of
the two bistatic configurations shown in Table 6.3 while e) shows the micro-Doppler
signature in the monostatic case. b) , d) and f) shows the theoretical signature for a),
c) and e) respectively.
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Figure 6.9-a, -c and -e respectively. Table 6.4 reports the two bistatic configurations

and the monostatic configuration used in the simulation shown in Figure 6.9. Figure

Table 6.4: Simulated bistatic configurations for the simulated target in Figure 6.9.

Configuration 1 | Configuration 2 | Monostatic
Carrier Frequency 10 GHz 10 GHz 10 GHz
Tx Velocity 75 m/s 75 m/s 75 m/s
Acquisition Time 0.5s 0.5s 0.5s
Vibration Amplitude 0.1m 0.1m 0.1m
VibrationFrequency 5 Hz 5 Hz 5 Hz
Xr 1600 m 1600 m -
Yr 19m 19m -
hr 1800 m 2800 m -
Xgr 200 m 600 m -
Yr 200 m 200 m -
hr 100 m 100 m -
Bistatic Factor 1.3310 1.1627 2

6.9 show the results for the 10 GHz simulations. The measured micro-Doppler ampli-
tude for the first configuration is 140 Hz yielding an estimated vibrating amplitude of
0.1004 m from (6.23). This is close to the simulated 0.1 m vibration amplitude and
confirmed using the maximum of the theoretical micro-Doppler of 139.38 Hz obtained
using (6.19). In the second configuration the measured micro-Doppler amplitude is
125 Hz, yielding an estimated vibration amplitude of 0.102 m. The original 0.1 m
amplitude is computed from the maximum of the theoretical micro-Doppler amplitude
that is 121.76 Hz. The maximum amplitude of the micro-Doppler in the monostatic
case which is of 209.43 Hz. These results demonstrate that the micro-Doppler signa-
ture for a specific configuration changes with the bistatic acquisition geometry. This
is an important factor to be considered in the classification and recognition of targets
characterized by a particular micro-Doppler signature. In addition (6.20) can be used

to exploit existing micro-Doppler signatures in a bistatic environment.

6.5 Conclusion

In this chapter the micro-Doppler signatures from vibrating targets in bistatic SAR

systems were investigated. The bistatic configuration with a fixed receiver was used
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Figure 6.9: Micro Doppler signatures of a vibrating target with 5 Hz of vibration and
0.1 m of amplitude on a 10 GHz system. a) and c) shows the analysed PWVD of
the two bistatic configurations shown in Table 6.4 while e) shows the micro Doppler
signature in the monostatic case. b) , d) and f) shows the theoretical signature for a),
c) and e) respectively.
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to derive an expression for the bistatic micro Doppler signature. The effect on the fo-
cussed image was also analysed. The bistatic case shows a substantial difference to that
of the traditional monostatic case. The bistatic micro Doppler signature is influenced
by the bistatic geometry. Vibrating targets were simulated to confirm the theoretical
analysis on the focussed image and on the micro-Doppler signatures. The simulations
confirmed the model that provides a useful tool for the analysis of the micro-Doppler
signature from a bistatic SAR system. The effect of the bistatic factor must be consid-
ered for target classification and recognition.

It was demonstrated that the bistatic configuration exhibits the advantage of a re-
duced minimum required PRF compared to that required in the monostatic SAR. Fur-
thermore this reduces the effects of potential aliasing in the analysis of the micro-
Doppler signature compared to the monostatic case. It was shown that this is due to
the effect of the bistatic geometry on the maximum amplitude of the micro-Doppler
signature that is seen to be equal or less to the amplitude of the micro-Doppler sig-
nature in the monostatic case. Thus for a family of micro-Doppler effects and a fixed
PRF the analysis from a monostatic geometry will appear aliased while the use of a
bistatic configuration could prevent aliasing. Thus the bistatic configuration facilitates

the analysis of a wider range of signatures with respect to the monostatic system.
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Chapter 7

GNSS Based Passive Bistatic Radar

for Micro-Doppler analysis

7.1 Introduction

The alternative use of the Global Navigation Satellite System (GNSS) has recently
initiated a number of studies that aim to exploit this system as an illuminator of oppor-
tunity for a passive radar system. The study of possible secondary applications of the
Global Navigation Satellite System (GNSS) has lead to several remote sensing applica-
tions Cherniakov [2008]; Gleason and Gebre-Egziabher [2009]. Interest in exploiting
GNSS for remote sensing is growing recently due to the advantage offered by its high
coverage in time of the entire earth.

In this chapter a Passive Bistatic Radar configuration using a GNSS as illuminator in
near forward scattering zone for micro-Doppler analysis is proposed.

We investigate the possibility of exploiting the GNSS signal in a Passive Bistatic Radar
system when a target is in the near forward scattering zone for micro-Doppler analysis.
The feasibility study will first deal with the restrictions of the GNSS system in terms
of available pulse rate frequency (PRF) that can form a limitation for the maximum
Doppler shift to be analysed correctly. It will be shown that as a result of using the
1.5 GHz GNSS signal in a bistatic configuration, the maximum micro-Doppler shift
from the rotating blades is reduced thus allowing the time frequency analysis with the

standard GNSS PRF of 1 kHz without aliasing. In addition the ambiguity function for
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the used waveform will be discussed. The second aspect to analyse is the power budget
of the received echoes to the receiver from this kind of target. The budget is presented
and it is shown that exploiting the forward scattering enhancement will allow us to
obtain sufficient forward scattered power to detect the echoes from the rotor blades
within certain ranges reducing also the effect of the Direct Signal Interference.

The remainder of this chapter is organized as follows. Section 2 introduces the passive
bistatic radar GNSS geometry, and the signal model. Section 3 analyses the micro-
Doppler effect from helicopters rotor blades in radar and Section 4 analyses the system
requirements to correctly perform the micro-Doppler analysis of rotor blades. Section
5 introduces the forward scattering enhancement concept with a particular attention to
the case of the rotor blades, while in section 6 the budget analysis for the proposed
system and for the micro-Doppler analysis purpose is performed. Section 7 introduces
the processing method to obtain the micro-Doppler signature of the rotating blades.

Results of simulations are included for different helicopters.

7.2 Bistatic GNSS radar system geometry and signal
model

The acquisition geometry of the proposed bistatic passive radar system is shown in
Figure 7.1. The transmitter is one of the assumed GNSS transmitters flying over the
the receiver. Ry and Ry are the transmitter to target and the receiver to target ranges
respectively. The angle /3 is the solid bistatic angle defined as the angle between the
transmitter, the target and the receiver Willis [1995].

The principal transmitted signal from the GNSS satellite is a Code Division Multiple
Access code consisting of a Pseudo Random Noise (PRN) sequence called C/A code.
We will concentrate on the case of the GPS constellation and will consider the L1
signal at 1.5 GHz. Each satellite can be identified based on the specific C/A sequence
which exhibits a very narrow cross-correlation function allowing the system to measure
the time delay between the satellite platform and the GPS receiver.

The same principle can be exploited to perform target ranging when a target scatters the

signal coming from the GPS satellite to a receiver located on ground or on an aircraft.

106



Chapter 7 GNSS Based Passive Bistatic Radar for Micro-Doppler analysis

) ™ o
o /Y
o0/

/

Ax
N 0 zr T

Figure 7.1: Proposed bistatic passive radar geometry with the GNSS illuminator.

The relative delay between the reference signal, obtained as the direct signal from the
satellite at the receiver on a different antenna and the scattered echo from the target can
be estimated. We assume that the direct signal at the receiving antenna used to perform
ranging has been attenuated through physical shielding, digital beamforming or DSP
techniques Howland et al. [2008]; Willis [1995].

The received radar return after the cross-correlation with the replica of the PRN signal

can be modelled as Skolnik [1981]:

Sre(T,m) =Aopr (T - R%W) exp {—jw} (7.1)

C

where fj is the carrier frequency, c is the speed of light, p,.(7) is the range envelope
where the time reference is triggered to the direct signal received from the transmitter,
A is the amplitude of the scattered signal, 7 is the variable representing the fast time of
the received signal, while 7 represents the slow time of the acquisition of the different
echoed PRN sequences and 12(7) is the bistatic target range. This slow time is required
because the dynamics of the micro-motion are slower than the dynamics of the signal
used to perform ranging. This is also the reason why the cross-correlation of the C/A

sequence can be performed without affecting the micro-Doppler analysis. However
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the signal model requires to be modified in the presence of target micro-motions where
phase modulation of the signal is introduced. This aspect will be analysed in the next

section.

7.3 Micro-Doppler from a helicopter’s rotor blades

In the application considered in this work the receiver is a platform on ground. This
kind of configuration allows us to obtain easily a near forward scattering configuration.

The target is a helicopter approaching the Line Of Sight (LOS) between the transmit-

Figure 7.2: Geometry of the rotating blades seen from the bistatic radar.

ter and the receiver. It means that the bistatic angle [ is close to 180° where forward
scattering enhancement can be obtained Willis [1995].

Figure 7.2 shows a top view of the geometry of the rotor blades relative to the bistatic
geometry. The rotating plane of the rotor blade is parallel to the ground and quasi-
orthogonal to the line of sight between the transmitter and the receiver. Vy;p is the
velocity vector of the tip of the rotor blade and ¢ is the angle between Vy;, and the
bisector of the bistatic angle 3. The angles $ and ¢ are two important factors that in-
fluences the micro-Doppler signature of the target in a bistatic geometry Chen [2011].
The model of the received signal in (7.1) must consider also the effect of the micro-

motion as follows:

Src(7—> 77) = A (U)pr (T - RT) eXp {_j(q)R(n) + @0 (77»} (7.2)
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where @ = 27 fyR(n)/c is the phase of the target containing the constant motion and
®,,p(n) is the phase modulation due to the micro-motions of the target and can be

expressed as Chen [2011]:

®,,p(n) = ———— cos (g) cos(6) cos(2n + 60y) (7.3)

where L, is the length of the rotor blade, €2 is the angular rotation rate and 6, is the

initial rotating phase. The product cos (g) cos(0) is the factor that takes into consider-
ation the bistatic geometry Chen [2011].
The amplitude of the received echo is also affected by the rotation of the blade and

may be written as:

2m L
Aq(n) = Agsinc (%é’ cos (g) cos(0) cos(2n + 90)) (7.4)
Assuming that a rotor has /V blades, they will have /N different initial phases 6, =
0o + k2w /N with k = 0,1,2,..., N — 1. The total received signal from the N blades
will be the sum of the modulated signal from each blade, from (7.2), (7.3) and (7.4) it

can be written as:

Stot(T,1) = Z_ Ai, (n)pr (T - @) exp {—j(Pr(n) + Pmp ()} (7.5)

k=0

The expression (7.5) is similar to the signal model in Chen [2011] but it is adapted for
the specific proposed system. The micro-Doppler shift can be obtained for each blade
from (7.3) as:

fmpy (1) ziéﬁw(n) = %Q oS (g) cos(0)[— sin(6y,) sin(Q2n)+
+ cos(0) cos(2n)] (7.6)

Equation (7.6) represents the expression of the expected micro-Doppler signature for
a rotor blade of an helicopter of length L, with a rotation rate €2, it can be used then to

obtain the features of the rotating blade from the micro-Doppler signature.
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7.4 System requirements for m-D analysis

In a passive system with an illuminator of opportunity as GPS the carrier frequency
and the sampling rate cannot be modified. These can become critical aspects that
could render the exploitation of a PBR to perform a particular micro-Doppler analysis
useless. The length of the blade and the rotation rate influences the amplitude of the
micro-Doppler shift. From Equation (7.6) the maximum value of the micro-Doppler
shift may be computed as:

fmDyaw = % Ccos <§) cos(0) (7.7)
where Vi, = 27 L,€2 is the velocity of the tip of a blade. From (7.7) the minimum
sampling rate to avoid aliasing and to permit a good time-frequency analysis in the
slow time can be obtained. For a monostatic radar the maximum micro-Doppler shift
may be expressed as Chen [2011]:

2V,
memflﬁfmono - )\

cos(av) (7.8)

where « is the elevation angle of the monostatic platform. From (7.8) and (7.7) it can
be seen that the bistatic micro-Doppler shift is always less than the monostatic value
and therefore the minimum sampling frequency required to avoid aliasing in a bistatic
radar system is smaller than that required in the monostatic case.

An additional parameter of the system that strongly influences the micro-Doppler shift
is the wavelength that, if too small, will produce a very high micro-Doppler shift. For
this reason very high frequencies are more useful for micro-Doppler analysis of very
small micro-motions Ruegg et al. [2007] while in cases such as helicopter blades a
larger wavelength could help produce acceptable micro-Doppler shifts.

The wavelength used by the proposed PBR is 19 cm, which is a quite large value that
can reduce the maximum micro-Doppler shift obtainable. In addition the bistatic con-
figuration in the near forward scattering zone produces a small value of the product

B

cos (4) cos(d) that appears in (7.7). This product is also helpful in reducing the max-

imum micro-Doppler shift. For the reasons explained above the proposed PBR is a
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good candidate to perform micro-Doppler analysis of the helicopter rotor blades. For
example a blade of length of 7.3 m rotating at 4.8 rad/s observed with 3 of 169° and
0 of 10.3° will produce a maximum micro-Doppler shift of 102 Hz that is smaller of
half of the system PRF of 1 kHz demonstrating that the proposed PBR is capable to
perform micro-Doppler analysis for this kind of target.

In order to analyse performances of the Carse Acquisition (CA) code, the normalized
amplitude of the ambiguity function (AF) for a sequence of the CA code is represented
in Figure 7.3. The ambiguity function shows the range and Doppler resolution and the
sidelobe level in both directions. In Figures 7.4 and 7.5 a cut at O delay and O Doppler
shift of the ambiguity function are shown respectively. It can be seen how the delay
resolution of the CA code is relatively small in order to match the original application
requirements of this waveform for an accurate navigation. In the Doppler domain the
AF has a sinc? like shape with zero crossing at 1 kHz and a first sidelobe at 1.5 kHz
at —15 dB. These aspects require further analysis for both the velocities and target de-
tection. In this section we will discuss the first of these aspects while the second one,

related to the side-lobe level, will be discussed in Section 7.6.
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Figure 7.3: 2-D Ambiguity function for the CA code

The bistatic Doppler resolution and AF have been studied in the past Chen [2011];
Tsao et al. [1992]; Willis [1995], where it was demonstrated how the bistatic geometry

influences the Doppler resolution.

AfBi - AfMono COos (g) (7.9)
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Figure 7.4: Ambiguity function for the CA code at 0 delay
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Figure 7.5: Ambiguity function for the CA code at 0 Doppler

From (7.9) the effect of the bistatic angle affects the capability to detect targets with
different velocities. In addition in the case of 180° the Doppler resolution goes to 0
making it impossible to discriminate targets using Doppler signatures Chen [2011].
Thus the Doppler resolution may not be sufficient in cases where different blades pro-
duces similar micro-Doppler shifts. For our purpose it is required to be able to detect
the flashes in the time-frequency distribution. Whenever the Doppler resolution be-
comes ambiguous then the micro-Doppler shift amplitude will not be a discriminant
between two helicopters, for example two particular combination of blade length and
blade rotation velocity gives a similar m-D shift, the rotating period can still be used

as a discriminant and is sufficient for target classification Molchanov et al. [2012].
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7.5 Forward scattering enhancement

In E. P. Glennon; He et al. [2005]; Mojarrabi et al. [2002] the analysis of the bistatic
GPS power budget was presented, in different conditions and with different (more or
less optimistic) results, anyway in all this works the main limitation is identified in
the very low power at the receiver. A possible solution to this issue is the use of high
gain receiver antennas and a relatively big integration time He et al. [2005] facilitating
a good maximum operative range to be obtained. An alternative is to exploit the for-
ward scattering enhancement. In forward scattering the diffracted signal power may
be many times higher than the backscattered signal Glaser [2011]. This effect can be
translated as an enhancement of the radar cross section, known as forward scattering
enhancement. This effect can be exploited to cope with the very low power of the
received signal in a GNSS based Passive Bistatic Radar (PBR) Cherniakov [2008];
Willis [1995] opening it to the use of a new family of PBR working in near forward
scattering zone Koch and Westphal [1995]; Suberviola et al. [2011].

In this section we introduce the forward scattering enhancement in order to predict the
bistatic RCS for the rotor blade.

The forward scattering enhancement occurs when the bistatic angle is large, i.e. near
180° Glaser [2011]. When an opaque object is illuminated by an electromagnetic wave,
a shadow is produced if the object dimensions of the objects are larger than the wave-
length. The shadow, which occurs on the opposite side of the object from the energy
source, describes a region in which the electromagnetic fields are very small. It means
that the currents induced in the object by the incident wave re-radiate a secondary elec-
tromagnetic wave that cancels the incident wave in the shadow region. The resulting
forward-scattered radiation can be determined by integrating contributions from the
induced currents. However this is very impractical, since doing so requires knowledge
of the currents themselves which in turn requires knowledge that involves solving a
difficult boundary value problem. For this reason the use of the equivalence theorem
Felsen et al. [2009] facilitates the forward scattered radiation to be obtained. For this
purpose it is required that the radiation scattered by currents induced in the object must

be equal to the radiation from appropriate electrical and magnetic surface currents on
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an infinite plane. These surface currents are proportional to the cancelled fields in the
shadow region and are zero elsewhere. By integrating the different contributions over
the plane it is possible to compute the radiation from the surface currents. Since the
cancelled fields on the plane are in phase, their different contributions also add up in
phase in the forward direction, resulting in a strong radiation peak. Moreover, the radi-
ation pattern is similar to the pattern generated when the same incident fields impinge
on an aperture in an opaque screen whose shape is identical to the object’s shadow,
or silhouette. In Siegel [1958] it was shown that based on the physical optics, the

forward-scatter RCS for a target with silhouette area A is:

A1 A?
Oy, =

peak = 32 (7.10)

This is principally due to the Babinet’s principle, which says that the diffracted wave
from a perfect absorbing target is the same as that radiated from an aperture of the
same shape and area A of the target. In our case we are considering a rotor blade of
length L, and blade width W, then the surface area A can be replaced in (7.10) that
becomes:

47T(LbWb)2
Oy =

peak = 32 (7.11)

For example Figure 7.6 shows the bistatic RCS for a rectangular shaped rotor blade

sized 5.5m x0.6m.

In order to calculate the RCS of a helicopter rotor blade, in literature the Physical

Bistatic RCS for a 5.5mx0.6m rotor blade
50 T T T T T T

?

_50,

Bistatic RCS [dBm?]

_1030 100 110 120 130 140 150 160 170 180
Bistatic Angle [deg]

Figure 7.6: Bistatic RCS for a 5.5 x 0.6 m rotor blade.
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Optics approximation has been used Pouliguen et al. [2002]. In our analysis we will
use a simpler model of the rotor blade and the Physic Optics to obtain the angle depen-
dent RCS. We used the physical optics approximation provided in the POfacets tool for
Matlab® POfacets simulating a flat metallic blade with the rotating plane parallel to the
ground. The simulated rotating blade is illuminated on the top face from the transmit-
ter and the receiver looks at it from the bottom. The bistatic angle is then measured at
the tip of the blade. Working in the near-forward scattering zone the Babinet principle
warranties that the most important part is the target silhouette and not its composition
or the shape of the blade surface. In Pouliguen et al. [2003] the case of big bistatic
angles was analysed and a strong return from a rotor blade at 180° was demonstrated.
In Figure 7.6 it can be seen that for values of the bistatic angles between 165° and 180°
the bistatic RCS values are higher than 20 dBsm which still represent considerable
high values.

The value of the bistatic RCS of the rotor blade is a critical aspect in the proposed
approach. High RCS values that are obtained in the near forward scattering zone are
required to provide an acceptable maximum operative range. This aspect will be anal-

ysed in the budget analysis developed in the next section.

7.6 Budget analysis

In this section the analysis is contextualized in the case of the helicopter rotor blades
showing that they can be detected using an appropriate system configuration within an
acceptable range.

The power density that reaches the receiving antenna after the scattering from the rotor

blades is given by Skolnik [1981]:

o Pth Op
Sr = (47TR2T> <47TR%) (7.12)

where P, is the transmitted power, G; is the transmitter antenna gain and oy, is the radar

cross section of the rotor blade that, in our case, is increased by the forward scattering

enhancement as explained in section 7.5. From (7.12) the power at the receiver after
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the target reflection can be expressed as:

([ PG, o \2@G,
P = <47TR2T> <47TR%) ( A7 ) (7.13)

The first factor on the right side of (7.13) is the power density of the direct signal

incident on the target and is termed Sg;-. The noise at the output of the RF front-end
is No = KT.;y BW, where k is the Boltzmann constant, 7. is the equivalent noise
temperature and BW is the bandwidth. In this budget the losses due to processing Ly,
and the processing gain G, are also required in order to obtain the final signal to noise

ratio E. P. Glennon:

SdirUbAQGerp
(47)2 Ly REKT,; s BW

SNR = (7.14)

For the case of a PBR another factor must be considered in the analysis: the direct
signal interference (DSI). In our specific case a strong signal from the transmitting
GNSS satellite will be received introducing limitations on the capability to detect a
target Griffiths and Baker [2007]. The DSI is defined as the ratio between the received

power from the target and the direct signal.
Iz
PGy (/\ZG,A)
47rR%R 47

where Rrp is the baseline between the transmitter and the receiver. In Figure 7.7 the

DSI =

(7.15)

DSI for a 5.5 x 0.6 m rotor blade is shown. The power reflected from the target depends
on the bistatic angle since the bistatic RCS changes with it. Thus the DSI also depends
on the bistatic configuration.

Considering a range of operative angles between 140° and 175° then from Figure 7.7
is is seen that the DSI varies between -60 and -30 dB. However this is the expected
DSI in the zero Doppler. The Doppler shift from a rotor blade seen from a monostatic
radar is in the order of 1500 Hz but this shift is reduced in the bistatic case. For in-
creasing bistatic angles the Doppler shift produced by the component of the velocity
vector orthogonal to the bisector of the bistatic angle results in the order of 100 Hz

for helicopter rotor blades, appearing in the first side lobe of the shrunk version of the
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ambiguity function in Figure 7.3. For this reason 15 dB less of DSI can be considered.
However a suppression strategy will still be required in order to mitigate the DSI of
maximum -45 dB. Different approaches have been proposed to mitigate the DSI Grif-
fiths and Baker [2007]. Existing PBR are able to work in more restrictive conditions,
with stronger interference Howland et al. [2008]. For this reason existing methods can
be applied in our case. For example in Howland et al. [2008] a two-stage adaptive
noise canceller was developed. The first stage is an adaptive M-stage lattice predictor,
and the second an adaptive tapped delay line. This approach provides a high level of
suppression of the DSI in the order of 75 dB. The selection of the best technique for
the DSI removal in our specific case goes beyond the scope of this work and might be

addressed in the future.

100 120 140 160 180
Bistatic Angle [deg]

Figure 7.7: DSI for a 5.5 x 0.6m rotor blade.

From the discussion above it is now possible to compute the maximum achiev-
able range assuming a minimum Signal to Interference and Noise Ratio (SINR) value,
defined as:

15

SINR = . 7.16
o1 kT BW o

2
dm R

The maximum range that can be obtained as:

SdiTO-bAQ GTGSP
. _ 7.17
Rz \/(4W)2LspSINRmkaeff BW o
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The values to be used in (7.17) to obtain the maximum range for the application under

Table 7.1: Simulated parameters in the budget analysis.

Parameter Value Units
Sir 39.81 x 1071° | W/m?
Ly 5.5 m
Wb 0.6 m
o 379 m?
SINR,.in 8 dB
Bandwidth | 2.046 x 10° Hz
Ters 344 K
A 0.19 m
Gsp 53.2 dB
Ly, 3.25 dB
G, 25 dB
k 1.30 x 1023
Rae 2420 m

consideration are shown in Table 7.1. These values differs from the one used in E.
P. Glennon. In that work a processing gain of 63 dB was assumed. This gain is not
acceptable for the micro-Doppler analysis where the integration time is limited by the
time coherence of the specific target. For this reason the 40 dB gain coming from the
C/A code cross-correlation is considered and 13.2 dB is added assuming a 21 ms inte-
gration time. Due to this decrease in the processing gain a 25 dB receiver antenna gain
is considered. The RCS of the rotor blade with blade length L; and blade width W, is
considered to be ten times less than the peak RCS obtainable in the forward scattering
configuration from (7.11). From the parameters in Table 7.1 the maximum range is in
the order of 2.4 km. This is a reasonable distance to have an effective near forward

scattering configuration for this kind of PBR.

7.7 Simulations and results

In this section the results obtained simulating the rotor blades of different helicopters
using the proposed PBR are presented. Results that compute the maximum range for
different helicopters based on the rotor blades parameters given in Table 7.2 and the

budget parameters (excluding the RCS) in Table 7.1 are now presented.
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Table 7.2: Simulated helicopter rotor blade features and target parameters for the con-
figuration in Table 7.3.

Model AW-109 Agusta AH-64 Apache | UH-60 Black Hawk | MD 500E Defender
# of blades 4 4 4 5
Blade length [m] 5.5 7.3 8.18 4
Blade width [m] 0.6 0.6 0.6 0.6
Rotor vel. [r/s] 7 4.8 4.3 8.2
Tip velocity [m/s] 241.90 220.16 221.00 206.08
Maximum m-D shift [Hz] 112.24 102.13 102.52 95.60
RCS [dBsm] 25.76 28.2 29.2 22.9
7000,
—AW109
—Apache
6000 —Black Hawk
E5000 —Defender
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Figure 7.8: Maximum Range for the helicopters in Table 7.2 with the parameters in
Table 7.1.

In Figure 7.8 the maximum ranges obtained for the four helicopters are shown.
It can be seen that the maximum range increases as the bistatic gets closer to 180°.
It can be seen from Figure 7.8 that for smaller rotor blades, like in the case of the
Defender, the maximum range is smaller, while for bigger blades, like those of the
Black Hawk, the maximum range becomes larger as it is able to exploit the forward
scattering enhancement in a superior fashion.

In Figure 7.9 the resulting DSIs for the four helicopter rotor blades at a range distance
of 4 km from the receiver is shown. It can be seen how for each of the helicopters we
obtain a wide range of angles where the power reflected from the blades reduces the
direct signal interference due to the forward scattering enhancement.

Numerical values for the simulated geometry shown in Figure 7.1 are given in Table
7.3 where the helicopter is located at P. The geometry simulates the case where the
helicopter is approaching the baseline leading to the condition that can produce forward
scattering enhancement. This condition seems to be very particular and restrictive,

however with a high degree of probability, there are generally three or four satellites
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Figure 7.9: DSI for the helicopters in Table 7.2 with the parameters in Table 7.1.

Table 7.3: Simulated geometry.

XT 0 m
YT 0 m
Zrp | 20200 x 103 | m
XR 0 m
YR 0 m
ZR 0 m
XP 400 m
Yp 0 m
Zp 2200 m
Ié] 169.69 deg
) 10.30 deg

illuminating the same area, thus increasing the probability to have such a configuration.
In Table 7.2 the characteristics of the four simulated helicopters are provided. It can be
seen that they have different blade length and rotation velocity and three of them have
an even number of blades while one has an odd number of blades. The table provides
also the maximum micro-Doppler shift expected in the case of the simulated geometry
using the parameters given in Table 7.3. It can be seen that despite the different features
of the helicopters, the interval containing the maximum micro-Doppler is very small.
However we will show that it remains sufficient to discriminate between the different
helicopters.

Figures 7.10-a, 7.11-a, 7.12-a and 7.13-a show the amplitude of the radar return
from the rotor blades of the four helicopters. These clearly shows that the radar return

comprises flashes that repeats with an interval equal to the rotation frequency of the
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Figure 7.10: Radar return and micro-Doppler signature for an AW 109.

rotor blades divided by the number of blades. However this is the only information
about the rotor feature that can be obtained from this plot. For a more accurate, com-
plete and useful analysis a time-frequency analysis is required. From Figure 7.13-a it
can be seen that the signal is more affected by noise principally due to the smaller RCS
of the rotor blades that are actually smaller as it can be seen from the data reported in
Table 7.2. For this reason the analysis of the radar return amplitude is very difficult
and almost useless for our purpose.

In Figures 7.10-b, 7.11-b, 7.12-b and 7.13-b the micro-Doppler signature of the simu-
lated received signal from each of the helicopters rotors are shown. The time-frequency
analysis is performed using the short time Fourier transform using an Hamming win-
dow of the duration of 21 ms.

For the helicopters with an even number of blades, Figures 7.10-b, 7.11-b and 7.12-b it
can be seen that flashes in both the positive and negative Doppler appears. This is due

to the symmetry of the rotor meaning that while a blade is approaching the receiver
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10Badar return from the blades of an Apache
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Figure 7.11: Radar return and micro-Doppler signature for an Apache.

the one on the same axis of the rotor is receding from the receiver, then two blades
at the same time will produce the same micro-Doppler shift at the same time but with
different sign. In Figure 7.13-b the flashes are not aligned, this is due to the fact that
since the number of blades is odd. It means that there will not be two blades with the
velocity vector Vy;, parallels to the bisector of the bistatic angle [ at the same time.

For the case shown in Figure 7.10 the period of the rotation can be obtained from the
flashes and is measured to be of 0.1432 seconds corresponding to 6.9832 rps close to
the original 7 rps. The maximum amplitude of the micro-Doppler shift measured at
the -3 dB point is of 112.5 Hz. From this information the following formula can be

obtained from (7.7) and can be used to estimate the blade length:

i o memaz)\
b= 3 =
cos () cos(0)2m§2

2

(7.18)

where f,, D,,.. and € are the estimated maximum Doppler shift and rotation rate re-
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Figure 7.12: Radar return and micro-Doppler signature for a Black Hawk.

spectively. From (7.18) for the case of the Agusta AW 109 the estimated blade length
results to be 5.5268 m a value very close to the simulated value in Table 7.2. For the
case of the Apache in Figure 7.11 the measured rotation rate is of 4.78 rps while the
maximum micro-Doppler results to be 97.39 Hz leading to an estimated blade length
of 6.98 m, the error is principally due to the choice of frequencies bins in the time-
frequency analysis. The measured rotation rate for the Black Hawk Figure 7.12 is of
4.29 rps while the maximum micro-Doppler results to be 102.4 Hz leading to an esti-
mated blade length of 8.1887 m, again the micro-Doppler signature is good to extract
the features of the rotor blades. Last case is the case Figure 7.13 with 5 blades, in this
case the measured rotating rate is 8.1566 rps and the maximum micro-Doppler fre-
quency results to be of 97.39 Hz, these values leads to obtain a blade length of 4.0962

m that is a good estimation of the original length.
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Figure 7.13: Radar return and micro-Doppler signature for a Defender.
7.8 Conclusion

This chapter investigated the possibility of exploiting the GNSS signal in a Passive
Bistatic Radar system when a target is in the near forward scattering zone for micro-
Doppler analysis. The feasibility study has provided the budget analysis showing that
by exploiting the forward scattering enhancement it is possible to obtain enough for-
ward scattered power from the rotor blades of a helicopter. The feasibility study in-
vestigated the micro-Doppler characteristics of the echoes received from the rotating
blades, showing that this particular system operating in the near forward scattering
zone allows useful analysis of the micro-Doppler signatures.

The proposed PBR system has been simulated and the presence of different helicopters
flying in the near forward scattering zone has been simulated. The micro-Doppler sig-
nature relative to their rotor blades in this kind of system has been analysed and the
possibility to extract the rotor blades features from it has been shown with a good con-

fidence in the possibility to recognize the specific helicopter.
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The proposed PBR is therefore a good candidate to be an alternative application of the
GNSS signal and is useful for the analysis of the micro-Doppler signatures of heli-

copters and can find applications in areas such as borders or coastal surveillance.
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Chapter 8

Advanced micro-Doppler analysis and

extraction

8.1 Introduction

In this chapter two advanced aspect of the micro-Doppler analysis are discussed: the
effect of wind turbines in SAR imaging and the extraction of micro-Doppler signatures
from clutter. In Chapter 3 we have introduced the effect on SAR images of vibrating
targets. A case of extended objects of particular interest is the effect on SAR images
introduced by rotating wind turbines, which is analysed in this chapter. The results
show that an image can appear corrupted and that smearing and ghost echoes can pos-
sibly hide details of the images that can be distant from the wind turbine.

In an operative system the micro-Doppler signal will normally be embedded in clutter
with a low Signal to Clutter Ratio (SCR) and the challenge becomes the extraction of
this feature from the received signal.

In this chapter a technique based on SSA is developed and applied for micro-Doppler
extraction from SAR data in the case of the PBR system proposed in Chapter 7.

The remainder of this chapter is organized as follows. Section II introduces the acqui-
sition SAR geometry with respect to the presence of a wind turbine in the scene and
derives the signal model showing some simulation results on the effect in two canoni-
cal geometries. Section III presents the SSA approach and its novel application of for

the effective extraction of micro-Doppler signatures from the radar returns. Results
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obtained through simulations confirms the usefulness of the extraction technique.

8.2 Effect of wind turbines in SAR images

In this section the acquisition geometry and the received signal model are introduced.
A top view of the acquisition geometry is shown in Figure 8.1. The wind turbine is
located at P with 6; indicating the rotation angle between the rotor and the platform
flight track. The angle 6, is the observation angle between the platform and the wind

turbine.

Figure 8.1: Acquisition geometries, top view.

The effect of targets with micro-motions in SAR was theoretically studied in Chen
et al. [2006], while in Sparr and Krane [2003a] and Ruegg et al. [2007] the effect was
analysed using real experiments. Mechanical vibrations or rotations of radar targets
induce a superimposed phase modulations in the received SAR signal. In the case of
a wind turbine rotating with angular velocity €, the phase modulation induced on the

SAR received signal is Gallardo-Hernando et al. [2011]:

4
Qw1 (n) = —A—WL cos(0, — 0,) cos(S4n + ¢;) (8.1)

C

where 7 represents the slow time, A, the carrier frequency, L is the blade length and ¢;

is the initial rotating phase of the i-th blade. From the derivative of (8.1) the induced
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Doppler frequency shift from the ¢-th blade results:

2L0)
fwr.(n) = 3 tcos(Qt — 0,) sin(2n + ¢;) 8.2)

C

Thus the received SAR signal after range compression from a point scatterer lo-

cated on the tip of the ¢-th blade of the wind turbine results to be Ruegg et al. [2007]:

Sre, (T, 1) =pr (T - Rm)) Wqz (1) exp {—j %]‘W} exp {—j27 fwrn} (8.3)

C

where c is the speed of light, R(n) is the slant range function, 7 is the fast time, p,(.)
is the range envelope and w,(.) is the antenna pattern.

The second exponential in (8.3) that includes the Doppler shift from the wind turbine
blade can be expanded as a series of Bessel functions of the first kind Chen et al.
[2006]. Assuming ¢; = 0 the contribution of a single blade the radar return can be

modelled as:

T or

1 T
Je(B) / eI (Bsin€un=kQm) 40y 4 (8.4)

—T

where B = ?\—’ZLQt cos(, — 0,) and J,(B) decreases with increasing k. Thus the

received signal can be written as:

R(1) o) &
re\7T; =pPr - az ¢ B)e?™H =
Sre(T,M) =P (T . )w (n)e > Ju(B)e

k=—o0

Pr (T - —R(c”)) War ()€™ EE [o(B) + Jy(B)e?™ — Jy(B)e 1%
+ JQ(B>€jQQtn + J2<B)€—j29m + Jg(B)ejSQm _ Jg(B)e_j?’Qtn + .. ]

(8.5)

From (8.5) it can be seen that the rotating turbine introduces a Doppler shift that will
result in an infinite number of ghost targets in the final focussed image. It can be
seen how the series of echoes depends on the turbine characteristics: the blade length,
rotation velocity and aspect angle defined as ¢, = 0, — 6,. This last parameter in-

fluences the amplitude of the maximum Doppler shift. Indeed the maximum Doppler
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shift increases with |6,| — 90°, for this reason in the next section simulations with two
different values of 6, are presented in order to address the two canonical geometries:
the case of the wind turbine facing the flight track and the case of the wind turbine

orthogonal to the flight track.

8.2.1 Simulation Results

In this section the results obtained simulating the acquisition from an X-band side-
looking SAR and focussed using the Range Doppler Algorithm Cumming and Wong
[2005] are reported. Two simulations are presented, the first with the rotor of the wind
turbine facing the flight track of the SAR platform while the second is with the blades
rotating in the plane orthogonal to the platform flight track. Illustrations of the simu-
lated geometries are shown in Figure 8.2-a and Figure 8.2-b. These two simulations
cover two canonical cases, the case 6, ~ 0° and 6, ~ 90° respectively.

In Table 8.1 the simulation parameters for the SAR acquisition and the wind turbine
are reported. In each simulation 20 scatterers have been considered along each blade
and 5 scatterers have been considered on the rotor and the tower of the wind turbine.

In Figure 8.3 the results obtained for the configuration with the wind turbine facing

Table 8.1: Simulation parameters

PRF 1000 Hz
Carrier Frequency 9.5 GHz
Pulse Duration 10 ps
Flight Duration 1s
Pulse Bandwidth 50 MHz
Platform Velocity 100 m/s
Wind Turbine: range position 4000 m
Wind Turbine: rotor altitude 50 m
Wind Turbine: # of blades 3m
Wind Turbine: blade length 26 m
Wind Turbine: rotating velocity | 0, 18 and 30 rpm
Wind Turbine: aspect angle 0 and 90 deg

the flight track of the platform (configuration in Figure 8.2-a) are presented. Figure
8.3-a shows the result when the wind turbine has the rotating velocity of 0 rpm while

Figure 8.3-b and Figure 8.3-c show the case of 18 and 30 rpm respectively. In the first
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(b)

Figure 8.2: Simulated geometries: a) wind turbine facing the flight track of the plat-
form, b) wind turbine orthogonal to the flight track of the platform.

case there is no smearing in the image while in both cases where the rotating frequency
is different from 0 it can be seen how the focussing stage in the azimuth direction fails
to focus correctly the wind turbine leading to a smeared image, the smearing of the
image increases with the wind turbine rotating velocity.

In Figure 8.4 the results obtained for the configuration with the wind turbine placed
with the rotor orthogonal to the platform flight track (configuration in Figure 8.2-b)
are presented. Figure 8.4-a shows the result when the wind turbine has the rotating
velocity of 0 rpm while Figure 8.4-b and Figure 8.4-c show the case of 18 and 30 rpm

respectively. In the first case there is no smearing or ghost echoes in the image while
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in both cases where the rotating frequency is different from 0 it can be seen how the
focussing stage in the azimuth direction fails to focus correctly the wind turbine lead-
ing to an image that shows ghost echoes for each of the scatterers on the 3 blades, in
accordance with (8.5). The intensity and the shape of resulting ghost image is the over-
lap of the intensities of the echoes of each scatterer located along the blades leading
to an extended stripe of echoes that affects all the range gates in which the blades are

present.
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Figure 8.3: Focussed SAR image with the wind turbine placed with the blades parallel

to the platform flight track a) fixed b) rotating at 18 rpm and c) rotating at 30 rpm.
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Figure 8.4: Focussed SAR image with the wind turbine placed with the blades orthog-

onal to the platform flight track a) fixed b) rotating at 18 rpm and c) rotating at 30

rpm.
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8.3 Singular Spectrum Analysis based Extraction of
micro-Doppler signatures

In Chapter 3 the extraction techniques applied to radar data to extract the micro-
Doppler signatures have been introduced. The problem rises in presence of strong
return from stationary objects in the scene or from interference signals that could bury
the micro-Doppler signature. For this reason signal processing techniques are required
to mitigate the effect of the clutter, in this chapter we apply the Singular Spectrum
Analysis as useful technique to suppress the clutter and extract correctly the micro-
Doppler signature.

Singular Spectrum Analysis (SSA) is a technique used to analyse time series signals
based on Singular Value Decomposition (SVD) Golyandina [2001]. The aim of SSA
is to decompose the original time series into the sum of a small number of independent
and interpretable components such as trends, slowly varying components and noise.
The SSA technique consists of two complementary stages: decomposition and recon-
struction. The decomposition firstly uses embedding to decompose the original signal
in a trajectory matrix which is then separated into an independent trajectory matrix us-
ing SVD. In the reconstruction stage subgroups of the trajectory matrices and diagonal
averaging are used to reconstruct the new time series.

The first step in the analysis is the construction of the trajectory matrix Hassani [2007].
Consider a time series of length N , Yy = (y1,---,yn), fix the window length
L < N/2 and defining K = N — L + 1. The embedding stage builds a multi-
dimensional time series X, --- , X starting from Yy, where X; is populated with
(Yiy -+ ,Yisr—1) € RE. The parameter to be selected in this stage is the window
length L, the trajectory matrix X = [X7, - - , X}] is a Hankel matrix which means that
all the elements on the diagonal ¢ + j = const are equal.

SVD is then applied to the matrix XX, to form eigenvalues and eigenvectors of XX T
represented with XX” = PAP” where A = diag(A1, Ay, --- , Az) is the diagonal
matrix of the eigenvalues of XX in non-increasing order and P = (P, Py, -+ , PL)
is the corresponding orthogonal matrix of the eigenvectors of X X7

At this stage a selection of the eigenvectors, from a selection of a group of [ (1 <

134



Chapter 8 Advanced micro-Doppler analysis and extraction

[ < L) eigen-vectors P, P,,,--- , P, from the matrix P can be performed. This step
corresponds to splitting the elementary matrix X; in groups and summing the matrix
within each group.

The final step is the reconstruction, the matrix X can be computed as an approxima-

l
tion to X as ||Z;;|| = Z P, P! X. The one dimensional series can be obtained by the
k=1

averaging over the diagonals of X containing the contribute of the components corre-
sponding to the [ selected eigen-vectors.
The proposed approach to extract the micro-Doppler signature from SAR data is shown

in Figure 8.5.

Raw Data R Range Gate Doppler Centroid and
—> c ange > Ext?action »| Azimuth modulation
ompression removal
micro-Doppler Y
Signature Grouping and | Components | Embedding
Reconstruction | selection - and SVD

Figure 8.5: Proposed micro-Doppler extraction process.

Starting from the raw data, the range compression step is performed using a replica
of the transmitted signal. From the range compressed data the range gate containing
the scatterer is selected. Depending on the analyzed configurations a range cell migra-
tion correction step Cumming and Wong [2005] can be performed before the extraction
of the range gate.

In order to align the signal within the time-frequency plane to obtain a correct visu-
alization and positioning of the time-frequency distribution, the Doppler centroid and
the azimuth frequency slope is removed from the signal before the three steps of the
SSA. After the reconstruction the resulting micro-Doppler signature can be visualized
and used for target classification through the computation of the Pseudo Wigner Ville
Distribution (PWVD) Cohen [1989]. For the case of the PBR using the GNSS illu-
minator the extraction algorithm is the same shown in Figure 8.5 without the Doppler

centroid estimation and azimuth modulation removal step.
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In order to select the components the clutter energy should be considered, in a real-
istic scenario the clutter energy results to be higher than the energy from the target
with micro-Doppler meaning that the eigenvalues spectrum exhibits clear separation

between the clutter components and the micro-Doppler components.

8.3.1 Simulation results

The proposed micro-Doppler extraction method was tested with simulated data. In this
section will be shown first the results obtained on SAR data then the results about the
PBR.

For the SAR case the simulated system is an X band (10 GHz) SAR. In the simulations
a K-distributed clutter is assumed. This kind of distribution was shown to fit properly
for both monostatic and bistatic ground and sea clutter Yates et al. [2006].

Two simulations with different vibrating amplitudes and frequencies were performed
all with a SCR less than —3 dBs. The point scatterer model has been used to perform
the simulations, in the first simulation a vibrating target with a vibrating amplitude of
10 cm and a vibrating frequency of 8 Hz was placed in the scene centre. The PWVD
of the range gate under test is shown in Figure 8.6, it can be seen that the sinusoidal
modulation induced from the target vibration is not clearly visible while the clutter is

strong and evident in the time-frequency analysis.

PWVD of the Received SAR signal
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Figure 8.6: Pseudo-Wigner Ville Distribution of the analyzed range gate for the first

simulated configuration.

From the eigenvalue spectrum, shown in Figure 8.7, obtained using the SSA it is

136



Chapter 8 Advanced micro-Doppler analysis and extraction

possible to identify the main component containing the higher amount of energy.
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Figure 8.7: Eigenvalue spectrum for the first simulated configuration.

This component contains the contribution of the strong echoes of the stationary
clutter signal, while components from 2 to 33 result to contain the micro-Doppler
signature of the simulated vibrating target. In Figure 8.8 it is shown the obtained re-
constructed micro-Doppler signature extracted from the clutter. It can be seen that the
resulting micro-Doppler signature contains all the features describing the vibration. In
Figure 8.8 are now clearly visible the 4 periods in 0.5 seconds corresponding to the 8
Hz vibration of the simulated point target while it can be measured a maximum micro-

Doppler frequency of 325 Hz, corresponds to 0.097 m of vibrating amplitude.
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Figure 8.8: Extracted m-D signature for the first simulated config.

The point target for the second case has a vibrating frequency of 5 Hz and 2 cm of

vibrating amplitude. The PWVD of the range gate under test is shown in Figure 8.9, it
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can be seen that the modulation induced from the target vibration is not clearly visible

and is actually mixed with the clutter.

PWVD of the Received SAR signal
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Figure 8.9: Pseudo-Wigner Ville Distribution of the analyzed range gate for the second

simulated configuration.
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Figure 8.10: Eigenvalue spectrum for the second simulated configuration.

From the eigenvalue spectrum, shown in Figure 8.10, obtained using the SSA it
is possible to identify the main component containing the higher amount of energy.
This component contains the contribution of the strong echoes of the stationary clut-
ter signal, while components from 2 to 11 contain the micro-Doppler signature of the
simulated vibrating target. In Figure 8.11 it is shown that the obtained reconstructed
micro-Doppler signature is extracted from the clutter. It can be seen that the resulting
micro-Doppler signature contains all the features describing the vibration. In Figure
8.11 can be measured 2.5 periods in 0.5 seconds corresponding to the 5 Hz vibration

of the simulated point target while a maximum micro-Doppler frequency of 46 Hz cor-
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responding to 0.022 m of vibrating amplitude was measured.
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Figure 8.11: Extracted m-D signature for the second simulated config.

The results obtained simulating the returns from helicopters rotor blades buried by
high clutter due to the strong return of the helicopter fuselage are now presented.
The simulated system parameters are reported in Table 8.2. These values are the same
used for the budget analysis proposed in chapter 7 with the only exception of the SCR
that now is considered in the analysis. In chapter 7 has been demonstrated that with
these parameters rotor blades can be detected within ranges in the order or 3 km with

a minimum SNR of 8 dBs. An important parameter is the maximum Signal to Clutter

Parameter Value Units
Sair 39.81 x 107 W/m?
Lb 5.5 m
Wi 0.6 m
oy 379 m?
MaxSCR -08 dB
Bandwidth  2.046 x 10° Hz
Ters 344 K
A 0.19 m
Gsp 53.2 dB
L, 3.25 dB
G, 35 dB
k 1.30 x 10723

Table 8.2: Simulated parameters.

Ratio, MaxSCR, where the useful signal is the return from the blade and the clutter
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is the return from the fuselage. This is a very low value providing a good test bench
for the SSA technique.

The simulated helicopters parameters are reported in Table 8.3. The bistatic RCS of
the blades has been computed using the physical optics approximation provided in the
POfacets tool for Matlab® POfacets considering a metallic blade. The rotating plane
for the blades is assumed to be parallel to the earth, different angles will reflect in
a deviation of the angle ¢. In Figures 8.12-a and 8.13-a the time-frequency analysis
obtained using the Short Time Fourier Transform of the received signal is shown. It
can be seen how the strong return from the fuselage buries the return from the rotor
blades.

In Figure 8.12-b the eigenvalues spectrum obtained using the SSA with an embedding

Model # of Blade Blade Rotor
blades length [m] width [m] vel. [r/s]
AH-64
Apache 4 7.3 0.6 4.8
MD 500E
Defender 5 4 0.6 8.2

Table 8.3: Simulated helicopters and rotor blades features.

length of 150 samples is shown for the case of the Apache. It is possible to identify the
first stronger component that contains the strong clutter return, while the others contain
other features of the echoes. Components 2 to 10 are used to reconstruct the micro-
Doppler signatures. The noise floor begins 11 and is kept out of the reconstruction. In
Figure 8.12-c the time-frequency analysis of the reconstructed signal is shown. The

period of rotation of the rotor and their Doppler shift are now clearly observed.
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Time frequency return of an Apache
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Micro-Doppler signature of an Apache
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Figure 8.12: a) Time-Frequency return of an Apache b) its eigenvalues spectrum and

¢) the extracted micro-Doppler signature of the rotor blades.
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Time frequency return of a Defender
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Micro-Doppler signature of a Defender
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Figure 8.13: a) Time-Frequency return of a Defender b) its eigenvalues spectrum and

¢) the extracted micro-Doppler signature of the rotor blades.

For the case shown in Figure 8.12-c the period of the rotation can be obtained from
the flashes and is measured to be 4.78 rps. The maximum amplitude of the micro-

Doppler shift measured at the -3 dB point is of 101.15 Hz. From this information, the
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following formula can be used to estimate the blade length:

A D
fy= —JmDnas (8.6)

cos (é) cos(6)272

2

where, L, is the estimated blade length, fm Dyna. and ) are the estimated maximum
Doppler shift and rotation rate respectively. From equation (8.6) for the case of the
Apache the estimated blade length of 7.25 m, close to the simulated value seen in Ta-
ble 8.3.

For the simulated case the bistatic angle is 169.9 degrees while 0 is of 10.30 degrees.
In Figure 8.13-b the eigenvalues spectrum obtained using the SSA with an embedding
length of 150 samples is shown for the case of the Defender. It is possible to iden-
tify the first strong component that contains the strong clutter return, while the others
contain other features of the echoes. Components 2 to 4 are used to reconstruct the
micro-Doppler signatures, while component 5 and higher is considered noise. In Fig-
ure 8.13-c the time-frequency analysis of the reconstructed signal is shown. It can be
seen that the rotational period of the rotor and their Doppler shift, in this case the mea-
sured rotating rate is 8.1566 rps and the maximum micro-Doppler frequency results to
be of 97.39 Hz, these values leads to obtain a blade length of 4.0962 m that is a good

estimation of the original length as seen in Table 8.3.

8.4 Conclusion

In this chapter advanced analysis of micro-Doppler and an extraction technique have
been presented. The effect of wind turbines in SAR images has been modelled and
studied through simulations. The effect of wind turbines on radar systems is of great
interest due to their interference. In our work we showed that the effect on the focussed
image changes with the orientation of the wind turbine with respect to the flight direc-
tion of the platform carrying the SAR sensor. We showed also that the effect changes
with the rotating frequency of the wind turbine, similar dependence is expected for
different blade lengths since the series of echoes can be modelled as a series of Bessel

function with the amplitude depending on the wind turbine features.
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Generally wind farms are composed of many turbines, which could lead to an image
strongly affected by smearing and ghost echoes that could mask other features in the
image. For example a wind farm could be used to temporary mask targets of military
interest.

Further studies will be conducted on the removal of the effect of the wind turbines in
order to obtain SAR images of good quality and the possible military and commercial
exploitation of this effect.

In this chapter we also demonstrate the effectiveness of the use of the Singular Spec-
trum Analysis to extract micro-Doppler signatures from SAR and passive radar signals
in clutter. The technique is robust with respect to high signal to clutter ratio provid-
ing an useful tool for micro-Doppler analysis in realistic environments. The SSA has
been applied to simulated data with a very low SCR demonstrating that it is useful
also for the extraction of this family of micro-Doppler signatures, maintaining their

characterizing features.
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Chapter 9

Conclusions and Future Works

This thesis investigated signal processing techniques, models and concept for radar
imaging and micro-Doppler signatures analysis.

The basics of SAR imaging were introduced in Chapter 2. This chapter provided a
review of the Range Doppler Algorithm and the Chirp Scaling Algorithm. In addition
the Fractional Fourier Transform and the FrCSA algorithm were described. In Chapter
2 also the focussing problem in the bistatic SAR case was described and the different
approaches for the development of an accurate focussing strategy were analysed. In
particular two models for the bistatic point target spectrum were discussed in detail:
the BPTS based on the Method of Series Reversion and the BPTS derived using the
2D Principle of Stationary Phase.

The review of micro-Doppler was presented in Chapter 3. The recent advances in radar
based m-D analysis from radar imaging systems were introduced. The presented re-
view indicated how the information produced from the micro-motions of a target can
affect the return to a SAR/ISAR platform. The radar imaging community could then
take advantage of this complementary source of information for example to remove
uncertainty in automatic target recognition systems.

Two new SAR focussing algorithms were presented using the Fractional Fourier Trans-
form applied to the Range Doppler Algorithm and to the Chirp Scaling algorithm in
Chapter 4. The FrFT and a time-mapping operation were used to replace the matched
filter used in the RDA and CSA. The resulting FrRDA and eFrCSA algorithms use the

property of the Fractional Fourier Transform to resolve chirp signals to increase the
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resolution of the point scatterers in the scene. The proposed approach was tested with
simulated data and real Radarsat-1 data. For both the proposed algorithms the pro-
posed approach showed to improve the quality of the impulse response both in terms
of side lobes and resolution.

In Chapter 5 a new polynomial Chebyshev approximation of the bistatic slant range
function and of the bistatic frequency coupling terms were analytically derived to
improve the accuracy and the efficiency of bistatic SAR focussing algorithms. The
proposed approximation is intended to replace the Taylor approximation used in Neo
[2007]; Neo et al. [2007]; Wang et al. [2011] to derive the analytical bistatic point
target spectrum. The proposed approximation is easy to compute and does not in-
crease the computational complexity with respect to the Taylor based approach. The
approximation error using the Taylor and the Chebyshev polynomials was evaluated,
confirming the theoretical capability of the Chebyshev approach to minimize the norm
of the error.

In Chapter 6 the micro-Doppler signatures from vibrating targets in bistatic SAR sys-
tems were investigated. The bistatic configuration with a fixed receiver was used to
derive an expression for the bistatic micro Doppler signature. The effect on the fo-
cussed image was also analysed. The bistatic case shows a substantial difference to
that of the traditional monostatic case. The bistatic micro Doppler signature is influ-
enced by the bistatic geometry. The simulations confirmed the model that provides a
useful tool for the analysis of the micro-Doppler signature from a bistatic SAR system.
It was demonstrated that the bistatic configuration exhibits the advantage of a reduced
minimum required PRF compared to that required in the monostatic SAR. Further-
more this reduces the effects of potential aliasing in the analysis of the micro-Doppler
signature compared to the monostatic case.

A novel concept of Passive Bistatic Radar was investigated in Chapter 7. The pro-
posed system exploits the GNSS signal when a target is in the near forward scattering
zone for micro-Doppler analysis. The feasibility study provided the budget analysis
showing that by exploiting the forward scattering enhancement it is possible to obtain
enough forward scattered power from the rotor blades of an helicopter. The proposed

PBR system was simulated and the presence of different helicopters flying in the near

146



Chapter 9 Conclusions and Future Works

forward scattering zone has been simulated. The micro-Doppler signature relative to
their rotor blades in this kind of system was analysed and the possibility to extract the
rotor blades features from it was shown with a good confidence in the possibility to
recognize the specific helicopter.

In Chapter 8 advanced analysis of micro-Doppler and an extraction technique were pre-
sented. The effect of wind turbines in SAR images was modelled and studied through
simulations. The effect of wind turbines on radar systems is of great interest due to
their interference. The effect on the focussed image changes with the orientation of
the wind turbine with respect to the flight direction of the platform carrying the SAR
sensor. We showed also that the effect changes with the rotating frequency of the wind
turbine, similar dependence is expected for different blade lengths since the series of
echoes can be modelled as a series of Bessel function with the amplitude depending
on the wind turbine features.

In the same chapter we also demonstrated the effectiveness of the use of the Singular
Spectrum Analysis to extract micro-Doppler signatures from SAR and passive radar
signals in clutter. The technique is robust with respect to low signal to clutter ratio

providing an useful tool for micro-Doppler analysis in realistic environments.

9.1 Future Directions

Based on the research presented throughout this thesis, different research areas will be
of interest for potential further investigation.

Further testing of the 2D PSP based focussing RDA with Chebyshev approxima-
tion: The bistatic Range Doppler Algorithm that derives directly from the 2D PSP
BPTS can be tested with both versions of the BPTS ( Taylor and Chebyshev). The
efficiency and the accuracy could be analysed and discussed in the future.
Application of the SSA to human micro-Doppler: The SSA can be applied also in
the case of radar micro-Doppler of humans, for example it could be exploited for the
extraction of the micro-Doppler signature of the chest due to the breathing from clutter
in order to detect humans for rescue operations.

Feature extraction for micro-Doppler classification: Investigation of novel tech-
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niques for the extraction of the micro-Doppler features. The extracted features can be
used in classifiers in order to provide a robust classification system based on micro-
Doppler signatures.

Implementation of micro-Doppler extraction and classification on embedded plat-
forms: In order to get a real time classification result, the time-frequency analysis, the
feature extraction and the classification stage must be accomplished in a reasonable
time. For this reason a future development will be the realization of the micro-Doppler
classification chain on high performance DSP processors.

Furthermore the proposed algorithms and can be applied in many other areas of interest

including sonar, biomedical engineering, and communications.
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Appendix A

Chebyshev Polynomial Approximation

A.1 Polynomial Approximation

Weistrass theorem Rivlin [2003] suggests that polynomial approximation of continu-
ous function in an interval [a, b] can be always performed. The objective is to represent

a continuous function f(z) with a polynomial in the form:
f(zx) = ag+ a1x + axx® + -+ + a,a” (A.1)

where n is the approximation order.
A diffused approach in obtaining an approximating polynomial is to minimize the

square residual for the approximation of a function. It is defined as Rivlin [2003]:

k
= [y — (a0 + arw; + - + ana})? (A2)
=1

where y is the discrete version of f(z). This minimization finds a solution for the
least squares problem, which is solved using an interpolating polynomial families of
orthogonal polynomials.

The orthogonal Chebyshev polynomials allows to obtain an approximation which min-
imizes the error in the sense of the least squares Rivlin [2003] and the infinity norm
|| - ||oo» hence reducing the so called Runge phenomenon, meaning that the maximum

approximation error is bounded.
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A.1.1 Chebyshev Polynomials

Chebyshev polynomials play an important role in numerical analysis J.Mason [1996].
They have been used in approximation of functions, computation of integrals, and

solution of differential equations. These polynomials have many properties, including:
e Continuous
e The least deviation from zero property
e The recurrence relation that leads to efficient computation

There are four families of Chebyshev polynomials. Their power derive from the close

relation with the trigonometric function cosine and sine functions. The first kind is
defined as:
T, (x) = cosnd where x = cosf (A.3)

where xe[—1, 1], and 6€[0, 7].

Recurrence relation for this kind of Chebyshev polynomial can also be obtained by:
To(z) =2nT,_1(x) — T o(x) n=2,3,--- (A4)
with initial conditions:
To(x)=1 and Ti(x)=z; (A.5)
This is the most common kind and is used in this thesis.

A.1.1.1 Chebysheyv series expansion

Restricting the range on [-1,1], Chebyshev series expansion of f(z) can be expressed

in the form:

f@) = aTi(x) = cTo(z) + e Ti () + - (A.6)

=0

where c¢; are the Chebyshev coefficients computed using the Chebyshev nodes.
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A.1.1.2 Chebyshev nodes and coefficients

Due to the so called Runge phenomenon J.Mason [1996] the set of zeroes of the Cheby-
shev poynomial can make the interpolation more efficient and stable. The Chebyshev

nodes for ze[—1, 1] are defined as:

2k +1
Ty = COS ((%n—il)) 7r), k=0,1,...,n (A.7)
The more general formulation for the nodes in the interval [a,b] is given by:
a+b b—a 2k +1
= PR A8
w5 o (o)) e

The Chebyshev coefficients computed in the Chebyshev nodes allows us to obtain

uniform convergence for n — oo. The coefficients are defined as:

o= o le 1 ; flzp)To(zr) ¢ = n —1k 2 ; f(r) T (k) (A.9)

After the coefficients have been calculated, the interpolating polynomial of f(x) can

be defined as follows:

f(z) ~ P,(z) = Z ;T (x) (A.10)

where n is the approximation order.
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