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ABSTRACT

Synthetic Aperture Radar (SAR) provides fine-resolution imagery in all weather
conditions during both day and night. SAR can provide 3D imaging capability,
enhancing image interpretability and target recognition. Producing sufficient
scatterer resolvability and coverage in the vertical imaging direction can be
challenging due to the often-impractical data collection requirements of 3D SAR
imaging. This thesis presents a novel algorithm for exploiting multistatic sensing
opportunities to reduce the sampling requirements of forming high-quality 3D
SAR imagery, which is named the SSARVI algorithm. An extension of the
SSARVI algorithm to polarimetric SAR analyses is also presented, named the
PoISSARVI algorithm. The development of both algorithms addresses limitations
in the literature of applying sparse 3D SAR approaches to multistatic SAR
geometries. Both simulated and experimental data are used throughout this
thesis to validate and optimise the performance of the algorithms developed.
Their performance is compared to back projection (BPA)-formed imagery at
Nyquist sampling in elevation. The results are presented across three distinct
publication chapters.

Keywords: Bistatic, Near-field, Volumetric Processing, Interferometry,

Layover, Nyquist Sampling.
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1 Introduction

Synthetic Aperture Radar (SAR) is an imaging technique where radar pulses are
combined along the flight path of a radar sensor, forming finely detailed imagery
[1], [2]. The coherent combination of signals along a wide aperture from multiple
viewing angles produces a finer resolution than would be possible for a
conventional stationary antenna system [3]. SAR was initially developed as a
military surveillance technique in the 1960s, offering all-weather imaging
capabilities during both the day and night [4]. The longer wavelength of
radiofrequency (RF) waves can penetrate cloud cover, unlike visible light used in
optical imagery [3]. Furthermore, longer wavelength RF can also penetrate
building materials, such as wood and concrete, providing the capability of
through-wall imaging [5], [6]. Since its original development, SAR has morphed
into a highly useful technique for various applications such as urban mapping,

terrain mapping, ocean monitoring, and disaster relief support [7], [8].

Recent SAR studies have explored the use of multiple sensors for improving the
unambiguous cross-range and spatial resolution of SAR imagery [9], [10]. These
are often competing factors when designing SAR systems [3], [11]. Multistatic
sensing generally refers to the integration of target-return data from multiple
receivers, where at least one receiver has a non-negligible spatial separation
from the transmitter [12]. An example of a multistatic SAR system is the TanDEM-
X spaceborne SAR mission, originating from the German Aerospace Centre
(DLR) [9]. Multistatic SAR geometries have applications to the use of UAV
swarm-sensing, as well as satellite constellations [13], [14]. Further satellite
constellation studies include the Radarsat mission of the Canadian Space
Agency, and COSMO SkyMED of the Italian Space Agency. These constellations
use multiple monostatic sensors for providing a wider area of illumination than
would be possible with a single sensor [15], [16]. All have been successfully used
for various applications, including the formation of fine-resolution imagery of
different terrains and improving the accuracy of scatterer height estimates when
forming Digital Elevation Maps (DEMs) [17], [18], [19]. There has also been



recent interest in exploiting multiple sensors for passive SAR image formation

and the detection of vehicle targets [18], [20].

SAR was originally developed as a two-dimensional imaging technique, in which
3D scatterers are projected onto a 2D imaging plane. The main drawback of
conventional 2D SAR is the loss of target height information of elevated
scatterers, and the distortion in their position in the image due to an effect known
as layover. The development of 3D SAR imaging capability has interested the
SAR community since the 1970s, when SAR interferometry, often referred to as
INSAR, was first developed for military applications [21]. This method uses the
phase difference between two displaced passes to determine target height
parameters, which is most commonly used for terrain height mapping [22]. This
is now a well-established technique within the SAR community, with the most
notable usage being the Space Shuttle radar topography mission [23], [24]. Whilst
useful for obtaining the height parameters of certain scatterers, this technique
has limited resolvability in the vertical imaging direction.

Fully resolving scatterers in the vertical imaging direction via conventional
Fourier-inversion methods requires multiple repeat SAR passes displaced in
elevation. This process was first described mathematically by the renowned SAR
scientist Jakowatz in 1995 [25]. The collection geometry of such a technique
would conventionally require a finely sampled 2D SAR aperture [26]. Fully
resolved 3D SAR also has no layover artefacts present in the imagery, allowing
for a more accurate reconstruction of targets and greater image interpretability.
However, the collection time required for 3D SAR is impractical for most airborne
scenarios [27], [28]. Fully resolved 3D SAR imagery has been demonstrated in
Ground-Based SAR sensing scenarios, with notable success being achieved in
obtaining remote intelligence of building interiors [29].

Radar polarimetry analyses the effect of a target on the direction of oscillation of
scattered electromagnetic waves. This technique can be applied to SAR and, by
extension, 3D SAR imaging [30], [31], [32]. Polarimetric decompositions can



allow for more information about the target composition and orientation to be
deduced [33].

This thesis focuses on 3D SAR algorithm development, specifically utilising
multistatic sensing for reducing the sampling requirements of forming finely
detailed 3D SAR imagery. The work will focus on the application to vehicle
targets, which have finer resolution requirements than large scatterers such as
buildings and terrain features. The application of SAR polarimetry to this area will

also be investigated.

1.1 Motivation

3D SAR is a highly active discipline within the wider field of SAR, as the greater
image interpretability of this technique and the 3D scatterer information obtained
are highly useful for target identification purposes [34], [35]. The benefits of 3D
SAR have been investigated for use in SAR Automatic Target Recognition (ATR)
algorithms, particularly in the field of Inverse SAR (ISAR) [36], [37]. Extending 3D
SAR imagery to multi-polarimetric data has also been found to improve the target
interpretability for vehicle identification purposes by increasing the number of
scattering centres visible to the radar [38], [39]. The collection of SAR data from
multiple aspect angles has improved the number of scatterer detections in
complex 3D target models and captured more polarimetric information [40], [41].
The use of multiple sensors opens the possibility of exploring multistatic sensing,
utilising satellite constellations and swarms of unmanned aerial vehicles (UAVSs),

for 3D-Polarimetric SAR applications.

There has been increased interest in the use of drones and satellites for remote
sensing applications due to their cost-effectiveness and flexibility [42], [43], [44],
[45]. This is especially the case when compared to manned aircraft. The use of
UAV drone swarms typically allows for an increase in the amount of data that can
be collected, with shorter revisit times [46], [47]. For military sensing applications,
they allow for more intelligence to be gathered with a far reduced risk of the loss
of personnel [48], [49].



Advancements in sensor data-combination methods have allowed for the
potential of multiple airborne, manned and unmanned sensors to be exploited for
intelligence-gathering scenarios [50], [51]. This allows for the advantages of
multistatic SAR sensing, such as finer resolution and larger unambiguous
extents, to be more easily exploited. The work presented in this thesis was funded
under the wider ‘Oberon’ project being led by the Defence Science and
Technology Laboratory (Dstl) of the United Kingdom [52]. The work presented in
this thesis evaluates the potential of the Oberon constellation project and UAV-
SAR swarm sensing for reducing the sampling requirements for producing high-

quality 3D SAR imagery.

Various techniques have been developed for reducing the collection time of 3D
SAR imaging, including the well-established SAR interferometry. This approach
typically struggles with complex manmade targets, that typically have significant
discontinuities in their height profile [22]. Compressive sensing has also been
heavily explored for sparsely formed 3D SAR imagery, producing detailed and
accurate 3D mapping of urban and forest scenes [53]. 3D SAR compressive
sensing (CS) exploits the physical sparsity of the image scene to form 3D imagery
from sparsely sampled data sets [54]. The signal reconstruction techniques
involved in CS can also be computationally expensive and the pre-requisite of the

sparsity of the target scene may not be valid under certain conditions [55].

The use of polarimetric techniques has improved the accuracy of sparse 3D SAR
approaches. This is especially the case for SAR interferometry, where greater
interferometric coherence between passes can be achieved with polarimetric
diversity, and more accurate scatterer heights can be obtained [56], [57].
Polarimetric collections have also improved the performance of related
techniques such as Persistent Scatterer Interferometry (PSI) [58], [59].

For exploiting the advantages of multistatic sensing for forming high-quality 3D
SAR imagery with attainable collection geometries, there exists an opportunity
for novel research with the formulation and validation of a new approach [60],
[61]. The theory developed in this thesis differs from previous studies in this area

as it builds upon concepts first presented in the SAR Point Cloud Generation



Systems (SPCGS), which is an algorithm for sparsely sampled 3D SAR imaging
[62]. The limitations of this algorithm for multistatic sensing and near-field
scenarios are discussed throughout this thesis, in the publication chapters, and
in section 2.3.3. The algorithm presented in this thesis accounts for the
asymmetrical nature of bistatic, multistatic and near-field SAR geometries,
allowing for its implementation using satellite constellations and swarms of UAVs.
The SPCGS would be difficult to implement with the SAR sensor platforms

discussed here.

1.2 Aims and Objectives

This thesis aims to develop a novel algorithm that can exploit the benefits of
satellite constellations and UAV-SAR drone swarms for generating 3D SAR
imagery below the Nyquist sampling requirement in elevation. The developed
algorithm addresses the challenges of current sparsely sampled 3D SAR
approaches applied to multistatic geometries, particularly the SPCGS. The
developed algorithm is the Sparse SAR Volumetric Interferometry (SSARVI)
algorithm. A polarimetric version of the SSARVI algorithm, known as the
Polarimetric SSARVI (PolSSARVI) algorithm, has also been developed.

For the development of both algorithms, the following objectives were formulated:

1. Validate the accuracy of the SSARVI algorithm

e Produce simulations that show the height of scatterers accurately
determined for a series of sparse 2D multistatic SAR apertures.

e Form experimental imagery 3D SAR imagery, below the Nyquist
sampling requirement, of a model vehicle target using multistatic
geometries. Conduct initial validation on monostatic and bistatic
geometries.

2. Optimise the performance of the SSARVI algorithm

e Determine the optimal SAR aperture distributions to minimise the

presence of false scatterer detections.



e Determine the most effective method of combining data from multiple
receivers, focussing on the accuracy of the 3D SAR point clouds
produced.

3. Apply the SSARVI algorithm to polarimetric SAR analyses

e Extend the approach to allow for multiple measured polarimetric
channels to be combined (the PolSSARVI algorithm).

e Use the bistatic Huynen fork parameters to add polarimetric
information of scatterers to the sub-Nyquist formed 3D point clouds
[63].

1.3 Contribution

This thesis contributes a novel algorithm for forming sparsely sampled 3D SAR
imagery. The algorithm allows for the exploitation of multistatic SAR sensing, and
near-field SAR image formation. The overall contribution of this thesis is
distributed across three distinct parts, each presenting new theories and data of

value to the SAR community.

The first contribution is a theoretical and experimental validation of the SSARVI

approach.

The second contribution is an optimisation of the SSARVI approach, in terms of
the distribution in elevation of the SAR apertures and the combination of data

from multiple receivers.

The third contribution is an extension and application of the SSARVI approach,

in this case for polarimetric analyses. This extension is the PoISSARVI algorithm.

1.4 Overview of Thesis Structure

This thesis is presented in the ‘Thesis by papers’ format, where the novel
contributions are presented in a series of journal papers. Together, the journal
papers form a coherent body of work under the objectives laid out in section 1.2.
The relevant literature is reviewed throughout this thesis.



The work presented in Chapter 3 was published in the IET Journal of Electronics
Letters [64]. Some results were added to Chapter 3 that were not included in the
published manuscript due to the page limits of the journal. The results were,
however, included in the response letter to the reviewers. The link to the

publication can be found here: Volumetric interferometry for sparse 3D synthetic

aperture radar with bistatic geometries - Welsh - 2023 - Electronics Letters - Wiley

Online Library.

The work presented in Chapter 4 was published in the IET Journal of Radar,
Sonar and Navigation [65]. Some results were also removed from Chapter 4, to
reduce repetition and provide a more logical ordering to the thesis. The link to the

publication can be found here: Laboratory multistatic 3D SAR with polarimetry

and sparse aperture sampling - Welsh - 2024 - IET Radar, Sonar & Navigation -

Wiley Online Library.

The work presented in chapter 5 was published in the IET Journal of Radar,
Sonar and Navigation [66]. The link to the publication can be found here:
Polarimetry for Sparse Multistatic 3D SAR - Welsh - 2025 - IET Radar, Sonar &
Navigation - Wiley Online Library.

Chapter 2 provides an overview of the theory behind the work presented in this
thesis. Finally, Chapters 6 and 7 provide an overall discussion and conclusion to
this study.

1.4.1 Related Published Works

In addition to the published work mentioned above, work related to this thesis

was presented at the following conferences:

e 2022 EUSAR conference in Leipzig, Germany. See [67].
e |ET Radar Conference 2022 in Edinburgh, Scotland. See [68].
e SASSAR Conference 2023 in Lerici, Italy. See [69].

1.4.2 Statement of Originality

The work presented in the publication chapters of this thesis formed my

intellectual contribution to the field. | was the main author of these publications,


https://ietresearch.onlinelibrary.wiley.com/doi/10.1049/ell2.12851
https://ietresearch.onlinelibrary.wiley.com/doi/10.1049/ell2.12851
https://ietresearch.onlinelibrary.wiley.com/doi/10.1049/ell2.12851
https://ietresearch.onlinelibrary.wiley.com/doi/10.1049/rsn2.12528
https://ietresearch.onlinelibrary.wiley.com/doi/10.1049/rsn2.12528
https://ietresearch.onlinelibrary.wiley.com/doi/10.1049/rsn2.12528
https://ietresearch.onlinelibrary.wiley.com/doi/10.1049/rsn2.70020
https://ietresearch.onlinelibrary.wiley.com/doi/10.1049/rsn2.70020

and my co-authors have received the appropriate accreditation in the submitted

manuscripts.

Various Al tools, such as ChatGPT and Grammarly, were used to aid with the
formatting of the introduction, background and discussion chapters. The tools
were mainly used to help with grammar and paragraph structure. The tools were
not used in any way to form the intellectual contribution of this thesis. The Scopus
Al tool was used to increase the speed of literature searches, but was not used

to provide any critical analysis of the source material.



2 Background

The purpose of this background chapter is to provide a theoretical framework for
the research presented in the publication chapters of this thesis. Section 2.1
describes the fundamentals of SAR image formation. Section 2.2 describes the
geometry and the effects on SAR image formation of using multistatic geometries.
Section 2.3 explains extension of SAR imaging principles to the 3D image
formation, and gives an overview of different image formation algorithms. Section
2.4 gives an overview of the fundamentals of bistatic SAR polarimetry. Section
2.5 describes the experimental setup.

2.1 SAR Image Formation

The fundamentals of SAR image formation are well understood, and the
technique has been continuously developed since its original inception. The goal
of SAR image formation is to separate out scatterers in cross-range that would
otherwise be overlaid with conventional static radar geometries. SAR image
formation constructs a 2D reflectivity function that varies in the x and y imaging
directions, often referred to in the literature as g(x,y) [70]. The cross-range
direction is typically defined along the x-axis of a target scene, and the range
direction along the y-axis. These are both directions in the ground plane of the
SAR image. SAR image formation achieves resolution in the cross-range by
coherently combining return radar signals, over multiple azimuth angles relative
to the target scene, along multiple points of a flightpath. This aperture-synthesis
technique also has applications to other areas of signal processing, including
sonar [71].

A typical radar would determine the range, R, to a target by measuring the time
taken for an individual radar pulse to be transmitted, reflected off a target, and
travel back to the receiver. This is shown by the relation:

_c (2-1)
R = 2



where t is the time taken for the pulse to return to the receiver, and c is the speed
of light [72]. Radar pulses are often transmitted over a wide range of frequencies,
which can be obtained by performing a Fourier transform on the received signal
[73]. If a signal has been reflected a moving target, a doppler shift will be visible
in the received signal. This thesis assumes a negligible target motion relative to

the SAR collection geometry.

SAR measurements collect the range-profile return signals from multiple angles,
relative to the target scene, and collate them in the frequency domain. The
combined signal represents a 2D area in the spatial frequency domain, the
dimensions of which are often referred to as Fxand Fy [74]. The overall 2D spatial
frequency area of a SAR signal is often referred to as the K-space support region.
The spatial coordinates of a scatterer can be obtained by performing a Fourier
transform along each dimension of the K-space support region [75]. This often
requires an interpolation step to transform the data from a polar grid to a cartesian

grid with coordinates in the x and y dimensions.

An example simulated SAR collection is shown by the geometry presented in
(2-1).
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Target scene (blue) with radar trajectory (red)
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Figure 2-1 Simulated monostatic SAR collection geometry. SAR trajectory is shown in

red, and the target scene shown by the blue asterisk.

The total azimuth swept out by the SAR trajectory, relative to the target scene
centre, is 10°. The elevation angle between the ground plane and the SAR
trajectory is 20°, with the range of the aperture to target scene being 10 km. The
corresponding K-space support region is shown in Figure (2-2), with a bandwidth
of 10 GHz. The resulting SAR image was formed using a polar-reformatting
image formation algorithm and is shown in Figure (2-3). The relevant parameters
determining the imaging performance of SAR are detailed in the subsection
below.
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Figure 2-2 Region of K-space support. A dynamic range of 50 dB was used.
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Figure 2-3: Corresponding SAR image of a point scatterer located at the target scene

centre.



A critical theorem that enables SAR imaging to produce resolution in the cross-
range direction is the projection-slice theorem. This states that performing a
Fourier transform at an angle relative to the target scene is equivalent to
performing a 2D Fourier transform along the same projection. The importance of
this theorem for SAR is demonstrated in the foundational book by Jakowatz [70].
The projection slice theorem enables the variation of the reflectivity of the scene
to be obtained in the x and y imaging directions, at each point along a projection
through the target scene.

2.1.1 SAR Resolution and Coverage

A wider area of K-space support corresponds to a finer resolution in the cross-

range [74], [76] . The resolution equations for SAR imaging are given below.

- (2-2)
Pr = 3B

This is the resolution in range, p,., which is dependent upon the speed of light and
the range of frequencies collected, i.e. bandwidth, given by B [77]. The cross-

range resolution is given by:

c

Per = 5 b 23

where f, refers to the centre frequency of the transmitted signal and ¢,, refers to
the angular width of the SAR trajectory relative to the target [78]. The cross-range
resolution is commonly presented in the form shown by equation (2-3), where a
large range to the target compared to the scene dimensions is assumed. Note
that when using conventional stationary antenna systems, cross-range resolution

is determined by the footprint of the antenna beam pattern [79].
The unambiguous range of a SAR collection is given by:

__° (2-4)
br = 2Af

Where Af is the spacing of frequencies sampled [80]. The unambiguous cross-

range is given by:

13



_ ¢ (2-5)
ber = b

Where ¢, is the spacing in angular width spacing between of each individual
radar pulse, corresponding to a spatial sampling [81]. ¢, is the angular width of
the SAR trajectory divided by the number of pulses. The same assumptions are
made concerning the relative dimensions of the collection geometry and the
target scene size for equation (2-5) as were made for equation (2-3). Note that
equation (2-4) is derived from the sampling in Fourier space, and is not the
equation typically used for the unambiguous range for static radar, which is

inversely proportional to the pulse repetition frequency (PRF).

It is essential that the target scene extents in range and cross-range are smaller
than their corresponding unambiguous ranges, and the area of illumination of
antenna beam falls within these dimensions, to prevent a phenomenon known as
aliasing [82]. This is where features wrap-around and are presented in multiple
sections of the image. The minimum sampling size, to prevent aliasing over a
specified target area, is referred to as the Nyquist sampling requirement [83]. This
is a well-established concept, and is derived from the broader field of signal
processing [84], [85]. This form of SAR imaging is often referred as ‘Spotlight-

mode’ SAR image formation.

2.1.2 Image Formation Algorithms

The goal of SAR image formation algorithms is to reconstruct g(x,y), from a
coherent set of signals, from their representation in the Fourier domain (K-space).
The most intuitive mathematical implementation of the SAR image formation
process is the matched filter (MF) approach. MF first estimates the impulse
response of a scatterer across the whole scene, which is then projected onto the
received SAR signal in the Fourier domain. A Fourier transform is then performed
to determine the overlap between the impulse response, and each received
signal in the range domain [86]. The contribution of each pulse is then summed,
which maximises the impulse response at the location of a target and allows the

position of scatterers in 2D space to be determined. This process is described by
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Gorham and Moore in the well-cited SAR image formation toolbox publication
[81]. Whilst this approach is relatively simple and intuitive, it is also

computationally expensive.

This paper also describes the backprojection algorithm (BPA), which is highly
related to matched filtering. The BPA implements a Fast Fourier Transform (FFT)
along the measured frequency domain of each pulse, to separate out the
individual contribution of scatterers in the range direction. The FFT of each pulse
is then summed and projected onto a target scene, with the response being
maximised at the cross-range location of a scatterer within the scene. The FFT
is a highly efficient way of implementing the Discrete Fourier Transform (DFT)
computationally [87]. The BPA is the most robust method of forming SAR
imagery, and is often used as a means of comparison for the development of new
SAR algorithms.

The Polar Format Algorithm (PFA) is an image formation algorithm that is
designed to offer far greater computation speed than both the MF and BPA
approaches [74], [88]. The PFA estimates the 2D reflectivity function of a target
scene by the implementation of a 2D FFT on SAR data collated in the frequency
domain [89]. Before the 2D FFT is implemented, the collected data is resampled
onto a two-dimensional cartesian grid in the spatial frequency domain. Whilst the
PFA can produce accurate SAR imagery in an efficient manner, the image
formation assumes the wavefronts of the SAR signal are planar [90]. This can
introduce artefacts into bistatic and near-field-formed SAR imagery, when using
the PFA, unless adapted versions are used [91], [92]. Furthermore, artefacts can
also be introduced during the data interpolation step. For research purposes, this
thesis will use the BPA as means of comparison for the SSARVI algorithm. This
is due to its reliability, as the imagery produced is free from wave-front distortions

and interpolation artefacts [11].

2.1.3 Near-field vs Far-field SAR image formation

The near-field and far-field regions refer to the overall distance of the SAR sensor
from the target scene, relative to the dimensions of the target scene. Most SAR
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collections occur in the far-field regime, where the distance of the SAR sensor to
the target is significantly larger than the dimensions of the target. In this case, the
wavefronts of the SAR signal are approximated to that of a planar shape.
Furthermore, the total angular width swept out by the SAR trajectory remains
approximately constant across the entire target scene [93]. This also the case

with the elevation angle of the SAR trajectory relative to the desired target.

In the SAR near-field regime, the elevation and total angular width of the SAR
trajectory can no longer be approximated as constant. This can lead to distortions
in the sampling of the SAR signal in K-space, and makes processing of the
layover phenomenon more challenging [94], [95], [96], [97]. Moreover, the
wavefronts in the SAR near-field regime are curved, meaning that utilising
algorithms such as the PFA require extra processing steps. Near-field scattering
effects are noticeable when the SAR sensor operates at relatively small distances
to the target scene, whereby the dimensions of the target scene begin to
approach a non-negligible size compared to the range to the SAR sensor [11].
This also the case for wide-area SAR imaging, where the curvature of the

wavefronts becomes non-negligible at the edges of the target scene [92].

Two common approaches can be used to derive the limits of the near-field to far-
field scattering regime. One such approach determines the distance at which the
azimuth angle from the left side of the scene to right side of the scene differs by
the Nyquist spacing. The Nyquist spacing, of a given unambiguous cross-range,
is given by equation (2-6). From this approach, the derived near-field scattering

condition is described below.

212, (2-6)

D <
Ac

D refers to the distance of the SAR platform to the target, and A. is the centre
wavelength of the radar pulse. This is similar to the well-known Fresnel diffraction
limit [98]. Alternatively, the scene size limits can be compared to the range and
cross-range resolution [99]. The work presented in the publication chapters of this

thesis will use the near-field limit derived from the Nyquist spacing approach.
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Conversely, the planar wavefront limit can be used to determine the near-field to
far-field boundary distance. This approach determines the range at which the
planar-wavefront approximation differs from curved wavefronts at the edges of a
target scene by a certain phase difference. The phase difference used to define

this boundary region is typically g although some studies have stricter limits

[100].
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2.2 Bistatic and Multistatic SAR

Bistatic and multistatic SAR processing are highly related as both involve the use
of at least one receiver antenna with a non-negligible spatial separation to the
transmitter. As stated previously, multistatic sensing contains more than one
receiver antenna in a single SAR aperture. Both collection geometries can have
different performance characteristics than conventional monostatic geometries.
This due to their different properties in the spatial-frequency/wavenumber (K-
space) domain, caused mainly by the change in direction of the resultant
scattering vector and the different number of receivers. There can also be a
significant difference in the radar cross-section (RCS) from different bistatic

angles.

2.2.1 Geometry and Signal Model

The overall distance of a SAR sensor to a target is often referred to as the
differential range, denoted by dR. For systems with separated transmitter and
receiver antennae, such as bistatic and multistatic geometries, the overall

differential range is given by:

Where dR; and dRjy are the respective distances from the transmitter and
receiver to the target scene. The distance from the transmitter to the target scene

is given by:

dRr = /(e (t) = x0)2 + (r(t) — ¥0)* + (zr(t) — 2p)? (2-8)

Where the position of the transmitter, at a pulse time {, is given by the location
(xr, ¥ Z,,) @nd the target is at the location (x,, yo, zy). The distance of the receiver

to the scene centre is given by:

AR = /(xr(t) = %0)% + V() = ¥0)? + (2r(t) — 2)? (2-9)

where the position the receiver, at a pulse time ¢, is given by (xg, yg,zzr). The

collection geometries mainly used in this thesis comprise linear transmitter
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passes with stationary receiver positions. A diagram of a multistatic geometry is

shown in Figure 2-4.

Figure 2-4 Multistatic collection geometry, with a Transmitter (Tx), multiple receivers
(Rx), that are separated through the target scene (Tg) by the bistatic angle (B). The

distances dR; and dRy are the same as defined previously.

The bistatic angle, of which a bisector is shown in Figure 2-4, is defined the
separation of a transmitter and receiver pair through the location of a target. The

bistatic angle is given by the relation:
B = arccos (Rr.Rg) (2-10)

where R; is a unit vector along the direction of the distance defined as dR;, and

Ry is a unit vector along the direction of the distance defined as dR;.

In this thesis, linear SAR transmitter passes will mainly be used for forming
imagery. This contrasts with using SAR trajectories that have a change in
elevation across the aperture, or are offset at an angle relative to the target scene,
which are said to be ‘squinted’. The elevation angle of a linear SAR trajectory is

given by:
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Y = arccos (.R) (2-11)

The unit vector y is defined in the ground plane along the line of sight of the SAR
trajectory to the target scene centre [70]. Note that alterations would be needed
for equation (2-11) if the SAR trajectory were to be squinted. R is a unit vector
from the midpoint of the SAR aperture, directly along the sight of the transmitter

to the target scene centre.

The plane intersecting the target scene from the transmitter aperture is known as
the slant plane. The slant range is the distance from the midpoint of the SAR
aperture to the target scene. For bistatic geometries, the point at which the slant
range is defined is more ambiguous than the monostatic case. The mid-aperture
point, from which the slant range is defined, lies in the bistatic-equivalent
monostatic (BEM) aperture. This is the point of intersection between the bisector
of the transmitter and receiver vectors, and the baseline width between them [70],
[95], [101]. The bisector of the bistatic angle can be referred to as the bisectrix,

this is shown in Figure 2-4.

The signal response, s, of a single pulse, in either a bistatic or multistatic radar

system, is given by:

_2 -
L2nfi (dRy + dRp) |+ n (2-12)

s = Aexp

Where A is the amplitude of the return target signal, f; is the k' sample of the
transmitted frequency range [102], and n is the amplitude of the background
noise. A is dependent on several factors, including both the range and RCS of a
target. For the results presented in Chapters 3 & 4, A will be treated as constant
with to respect range, frequency and orientation. For Chapter 5, which presents
polarimetric analyses, where the amplitude of the return signal is expected

change according to the polarisation channel measured.

The relative power of the background noise to the return target signal is called

the signal-to-noise ratio (SNR), which is given by:
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SNR = 10log10(1€—;) (2-13)

Where P; is the time-averaged power of the target return signal, and Py is the
time-averaged power of the background noise. This is for a logarithmic power
scale, with units of decibels (dB). The effects of background noise on the
developed algorithm are briefly considered in Chapter 3. The rest of the results
presume a minimal noise floor. The noise term is suppressed in the equations

presented in the rest of this chapter.

The combined multistatic signal, S, for a linear SAR transmitter trajectory is given
by:

Nr Np _i2nf, (2-14)
s f) = Z Z Aexp[ (dR;(n) + dRx(m))

c

m=1n=1

Where Ny is the number of receivers, and N, is the number of pulses within a
SAR transmitter flightpath. Although equation (2-14) describes a coherent
combination of pulses from each receiver, different combination methods are

considered throughout this thesis.

Backprojection was implemented throughout this thesis, both as part of the
SSARVI algorithm and as a means of comparison for determining the image
quality of the sub-Nyquist formed 3D SAR renderings. For a multistatic SAR
system, the relation below shows an implementation of the BPA for determining

the location of a target.

& 2, dR () (2-19)
I(p) = Z Z iFft(S (m, n))exp( )

c

m=1n=1

Where I(p) is the brightness of a pixel at the location p, f; is the minimum
frequency of the transmitted pulse, and ifft is an inverse-Fast Fourier Transform
(IFFT) that was implemented in MATLAB. dR,,,(p) is the bistatic differential
range of each transmitter and receiver pair, described by equation (2-7), to the

pth pixel within the target scene. The IFFT was implemented along the spatial
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frequency dimension for each pulse at m# and nt" receiver and transmitter
location. I(p) was interpolated between pixel locations to improve image quality
[81]. Various implementations of the BPA were used throughout this thesis,
including that shown by equation (2-15). This includes a parallelised version for
decreasing the computation time of image formation. The parallelised BPA code

was operated on the Cranfield High Performance Computing (HPC) facilities.

An important effect to consider, for bistatic and multistatic collection geometries,
is the distortion to the shape of the wavefronts. A separated transmitter and
receiver system contains two phase centres, which are the foci of the geometry.
The points of equal range, dR, therefore lie along an elliptical curve, as described
in the foundational book by Willis, Bistatic Radar [103]. This means that points of
equal brightness in bistatic and multistatic range profiles, known as Isoranges,

are elliptical shaped.

Under certain conditions, the plane wave approximation can be applied to bistatic
geometries as well. However, the dimensions are far more restrictive than the
monostatic case [104]. The implications of this for certain forms SAR image
formation will become clear when the concept of layover is discussed in more

detail in section 1.1, as an aspect of 3D SAR image formation.

2.2.2 Effects on Imaging Performance

The imaging performance of multistatic SAR systems is mainly determined by the
bistatic angle between a transmitter and receiver pair, and the overall number of
receivers. These factors have a significant effect on the shape and the sampling

density of the K-space support region.

The impact of the bistatic angle on the imaging performance is best understood
by considering the relative directions of the incident and scattered rays, and how
they relate to the dimensions of the region of K-space support [105]. The
directions of the incident and scattered waves are represented in K-space by their
respective wave vectors, denoted by k; and k; respectively. The magnitude of

the incident and scattered wave vectors given by:
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21 2-16
el = sl =y = = (2-10)
c

Where A, refers to the centre wavelength of the transmitted radar signal, and k,
is the magnitude of an individual scattering component [75]. The resultant wave

vector, K, is given by:
K =k; — kg (2-17)

Which is a combination of both the magnitude and direction of the incident and
scattered wave vectors. For monostatic SAR, k; & kg act in anti-parallel
directions, which means that the resultant wave vector, K, is equal to 2k,. This is
the maximum length of any dimension in K-space. For bistatic SAR, the k; & k;

vectors are offset by the bistatic angle.

Therefore, the overall length of the bistatic scattering vector in K-space, Kz, is

given by:

Kp = 2kycos (g) (2-18)

Where g is the bistatic angle between the transmitter and receiver, from the target
scene centre [106]. For 0 < B < m, this results in a reduction in the extent of the
K-space dimensions, resulting in a coarser resolution [107]. The bistatic SAR

wave vector diagram is represented in Figure 2-5.

Figure 2-5 Diagram of bistatic SAR wave vectors, K, k;, and k;.

The resulting bistatic SAR resolution is given by:
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¢ (2-19)
2Bcos(§)cos W)

Ppgr =

Where c is the speed of propagation, B is the bandwidth, and vy is the elevation
angle [108]. The range resolution given by equation (2-19) is defined along the
line of sight of the BEM mid-aperture point, along the bisector of the bistatic angle.
This thesis uses the mean bistatic angle across the whole SAR aperture as an
approximation of the resolution equations given in [108] for bistatic collections
with a stationary receiver. The cos (/) terms projects the range resolution onto

the ground plane.

The offset bistatic geometry has a similar effect with the cross-range resolution,
defined from the line of sight of the transmitter axis. The bistatic cross-range

resolution is given by:

c (2-20)
2f, pwcos(3)cos ()

PBer =

where f_ is the centre frequency of the transmitted signal and ¢,,, refers to the

total angular width swept out by the transmitter aperture.

The bistatic angle also affects the unambiguous range of bistatic, and by
extension multistatic, SAR collections. Corresponding to the decrease in the
overall extent of K-space, there is also a decrease in the spacing between the
sample points that is associated with the bistatic angle between the incident and
scattered wave vectors. The finer spacing of sample points in spatial frequency
causes an increase in the unambiguous range and cross-range, meaning that

wider areas can be imaged without showing aliasing artefacts.

The unambiguous range for a bistatic SAR system, projected onto the ground
plane, is given by:

¢ (2-21)
2Afcos(g)cos W)

LBgr =

The unambiguous cross-range for bistatic SAR is given by:
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c (2-22)
2/, pspcos(a)cos (1)

Lger =

Where &g, is the angular spacing between successive pulses, along the
transmitter aperture. Equations (2-21) and (2-22) also assume a stationary
receiver bistatic geometry, using the mean bistatic angle as in equations (2-19)
and (2-20).

The properties of the K-space support region can be improved using multistatic
SAR, through the combination of multiple bistatic geometries. Provided the K-
space support regions of the individual bistatic geometries are adjacent, the
coherent combination of data from multiple angles can increase the overall length
and width of the K-space support region [20]. This has been found to improve the
spatial resolution of SAR systems employing this data collection approach,

especially with low-powered illuminators of opportunity (IoT) [109].

If there is significant overlap between the K-space support regions of the
individual bistatic geometries, the data from each receiver can be combined to
increase the effective sampling of a SAR collection [110], [111]. Within each K-
space support region, there are sample points comprising each frequency
collected, and the aspect angle relative to the target scene at which they were
sampled. Provided a bistatic geometry can contribute its own unique sample
points within the same specified dimensions in K-space, the overall number of K-
space samples will increase. This will lead to an improvement in the unambiguous
range and cross-range [10]. Various studies have found this approach to
suppress aliasing, including for fine resolution imagery where there is often a

resolution trade-off associated with improved coverage.

Whilst multistatic SAR geometries have been shown to improve imaging
performance, there is still some uncertainty with how best to predict their resulting
imaging performance from their representations in the Fourier domain [110],
[112]. Furthermore, there are several implementation challenges that result from
return radar combining data from multiple aspect angles [113], [114]. This

includes signal co-registration error and a shift in RCS of certain targets.
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2.3 3D SAR

The aperture synthesis concept can be extended to the vertical imaging plane,
allowing for targets to be resolved in height. Conventionally, this would be
achieved by conducting many repeat SAR passes at different elevation angles
relative to the target scene. This is analogous to the principles from which

conventional 2D SAR approaches produce resolution in the cross-range.

Mathematically, this vertical resolution is enabled by an extension of the
projection slice theorem to the case of 3-dimensional Fourier transforms. This
was first applied to the case of 3D SAR imaging in a publication by Jakowatz in
1995, building on the original tomographic formulation of the 2D case by Munson
et. Al [25], [115]. The generalised 3D version of the projection slice theorem
states that performing a 2D Fourier transform along a rotated planar slice through
a volume is equivalent to performing a 3D Fourier transform along the 3D
coordinates of the same planar slice. This applies to both the spatial domain and
the Fourier domain [116]. A 3D K-space support region can therefore be
constructed from collected return data along multiple vertically displaced SAR

trajectories.

Example 3D SAR renderings are shown below, using the ‘Backhoe Challenge’
public dataset that is available from the US Air Force Research laboratory [117].
This is a simulated data set of a complex model vehicle target, with a 2D polar-
monostatic SAR collection geometry. The example vehicle used was a digger,

also known as a '’backhoe’.
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Figure 2-6: Example maximum intensity projections (MIPs) of the backhoe vehicle from
the SAR backhoe challenge data set. Formed with full geometry and bandwidth available
from the dataset, using the VV linear polarisation channel. The top rendering is a
maximum intensity projection in the XZ imaging plane. The bottom rendering is a
maximum intensity projection in the YZ imaging plane. A dynamic range of 30 dB was
used to present the data in both renderings. Rear-arm labelled ‘A’, side of cabin labelled
‘C.
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The image was formed using the full 2D aperture, with 350 passes displaced in
elevation, with the full bandwidth and the VV polarisation channel. Notable
features include the rear arm, which is visible towards the left of the YZ MIP and
above the main structure in the XZ MIP, and the front shovel which is visible
towards the bottom right of the YZ projection and bottom left of the XZ projection.
Multipath is visible directly below the shovel, where the scattered ray has

experienced multiple reflections before being received by the radar transceiver.

The plot below shows a volumetric 3D plot of the Backhoe vehicle, using the
same scene dimensions, collection geometry, bandwidth and polarisation
channel as the renderings presented above. This was formed using the VOXView
software utilised in Chapter 5 [118].

Figure 2-7: Volumetric plot of SAR backhoe challenge vehicle target. A 30 dB dynamic
range was used, in the VV linear polarisation channel. Intensity of the voxels
represented by the colourmap. Voxel opacity was determined by the respective

brightness of each voxel location.

2.3.1 3D SAR Image Formation

For finely sampled 2D SAR apertures, 3D SAR imagery can be formed using the
BPA. The signal model of a bistatic 2D SAR aperture is given by:
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Ny Np _ionf, (2-23)
S@nfi) = ). ) Aexp| % (@R ) + dRY)
YP=1n=1

Where each SAR pass is separated in height, at an elevation angle . Ny is the
total number of SAR aperture heights sampled. An example of the
implementation of the 3D BPA, for a bistatic aperture, is given by:

Lp@) = ) ) S m)exp <+i2”f ! (denc(p) + dRy (p))
P=1n=1

This describes a coherent summation of signals from each transmitter pass, for

Ny Np > (2-24)

the nt" pulse of each at pass with an elevation angle of y. Multistatic 3D SAR
imagery can be formed by combining BPA formed imagery from multiple receiver
angles [119]. This can be in the form of both a coherent summation and a non-
coherent summation. A finer resolution can be achieved with a coherent
summation, but this method is more susceptible to phase errors and a change in
RCS of the target between the different bistatic angles.

The resolution in the vertical imaging, p,.r, direction is given by:

Poer = ¢ (2-25)
ver zf‘clpw
Where v, is the total aperture is the vertical angular width of the 2D SAR aperture
and is given in radians [34]. The unambiguous cross-range in the vertical imaging

direction, L,.,, is given by:

L= (2-26)

Zﬁdkm
Where v, is the angular spacing between each vertically displaced SAR pass.
Ysep is also given in radians [120]. Equations (2-24) and (2-25) are valid for far-
field monostatic SAR geometries, where 14, and y,, can be assumed to be

constant across the target scene. Corrections can be made to (2-24) and (2-25),
similar to those presented in (2-19) and (2-20), to determine the vertical resolution

and unambiguous range for bistatic geometries.
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The phenomenon of layover is present when projecting 3D targets onto a 2D SAR
imaging plane. Elevated targets appear shifted in the ground range, as they are
at a different range to the radar platform than scatterers directly beneath them.
The layover point is defined as the intersection of the ground plane and the
normal vector to the slant plane [70]. The shifted position in the ground range is

given by:
yL =y + htan(y) (2-27)

Where h is the height of a scatterer, y, is the true position in the y imaging
direction of the elevated target, above the ground plane, and y is the position of
the scatterer when projected onto the ground plane [26]. This is valid for far-field
monostatic geometries, where Y is approximately constant across the entire
scene. For bistatic and multistatic SAR, it is harder to obtain the layover position

of scatterers as due to the asymmetrical nature of their geometries.

2.3.2 SAR Interferometry

Due to the impractical sampling requirements of most airborne 3D SAR
scenarios, SAR interferometry has proven a reliable technique for requiring 3D
target information from a dual-pass aperture [93]. SAR interferometry works by
first forming an interferogram from the two SAR images obtained from each pass.

The SAR interferogram, denoted here as U, is given by:

I (p)1;(p) (2-28)
JIL@2IL(0)2

Up) =

Where [, is a 2D SAR image formed from the first pass, and I, is a 2D SAR image
formed of the second pass. The coherent multiplication described in (2-28) is
performed at each pixel location, p. The phase of the interferogram formed,

typically denoted by ¢, is then determined by:

@(p) = arg (U(p)) (2-29)

The phase from this calculation is the phase difference between the two SAR

images, which is then used to determine the overall height of a scatterer. The
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scatterer height above the ground plane and the phase difference between the

two SAR images are linked by two relations, the first of which is by:

B. -
T @ o
Where 4r is the difference in range to the target between the two SAR flightpaths,
B. is the baseline width between the two passes (which is perpendicular to the
line of sight of the platform), r, is the range to the target from the first SAR pass,
¢, is the incidence angle, and 4h is the height above the ground of a scatterer
[121]. The second relation relates the phase of the interferogram to the range

difference between the two SAR passes, which is given by:

2 -
c[):mTﬂAr (2-31)

Where A is the carrier wavelength, and m is a propagation factor that considers
whether a monostatic or bistatic geometry has been used. ¢ is the overall phase
of each pixel in the formed SAR interferogram, which is obtained via a process

known as phase unwrapping [122].

2.3.3 SAR Point Cloud Generation System

Conventional phase unwrapping can be sensitive when imaging 3D target
structures with significant discontinuities in their height profile, and the presence
of layover can add further complications [123]. This was the original motivation
behind the development of the SPCGS, the concepts from which this thesis uses

to develop a sparse multistatic 3D SAR image formation algorithm [62].

The original literature of the SPCGS describes the summation of a set of 2D-
formed interferograms, formed with a series of N sparsely and unevenly

distributed passes. This process is given by the equation:

K-1 (2-32)
1+ Z exp{(pk,meas - iﬁkh}

k=1

1
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Where MIRF is the maximum interferometric response of a set of interferograms
formed using the scatterer height estimate, h, which is applied to the measured
phase, @i meas- Lk IS a term that is derived from the equations presented in (2-29)
and (2-30), that relates the baseline width to the overall change in phase between
two interferograms [124]. The values of h that maximise the MIRF are taken to
be the height of a scatterer.

Performing this process for 2D-formed interferograms requires for the correction

of layover in the imagery. In the SPCGS literature, the change in layover, 41, by:

A (2-33)

Al =hcos D

Whilst the derivation for equation (2-33) is somewhat unclear, it is evident that
this requires the grazing angle across the target scene to be constant. This is
somewhat challenging for the collection geometries mainly studied in this thesis.
The predictability of scatterer layover position is also dependent on the SAR
wavefronts being planar. For bistatic and multistatic geometries, the target scene
dimensions, under which these assumptions are valid, are for more restricted

[104]. This is compared to conventional monostatic geometries.
2.4 SAR Polarimetry

2.4.1 Overview

Radar polarimetry analyses the effect of a scatterer on the electric field strength
in a specified direction that is orthogonal to the direction of travel of the reflected
radar pulse. The majority of polarimetric SAR analyses are derived from a matrix
representation of the transmitted and received polarisation channels, this matrix
is known as the Sinclair scattering matrix. The Sinclair matrix describes the
transformation effect of a scatterer on the polarisation directions of transmitted
radar signals that illuminate a target. The Sinclair matrix is generally presented in
the form given below:

o [HH HV] (2-34)
VH VvV
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Where the elements HH, HV, VH and VV describe the relative complex scattering
amplitude of the measured polarisation channels. The first letter of each element
represents the orientation of the transmitted polarisation, H is horizontal and V is
vertical, and the second letter is the orientation of the received polarisation.
Conventionally, the HV and VH are treated as being equivalent in what is known
as the reciprocity relation. For bistatic geometries, and by extension multistatic
geometries, this is not the case. The look angles of the transmitter and receiver
can be assumed to differ greatly for bistatic geometries. This means that the
defined horizontal and vertical polarisation axes are rotated between the frames

of reference of the transmitter and receiver [125].

The horizontal and vertical polarisation directions are defined from the line of sight
of the radar platform, from which the target scene is down range [33]. For this
thesis, the horizontal polarisation is treated as being parallel to the ground plane
and the vertical polarisation is treated as being perpendicular to the ground plane.
Rayleigh scattering conditions are assumed in the polarimetric analyses
throughout this thesis, where the wavelength of the incident radar signal is
significantly smaller than the overall target dimensions [126].

The polarimetric techniques studied in this thesis will focus on coherent
approaches, where the analyses are derived from the complex scattering
amplitudes of each measured polarisation channel. There are other matrix
representations used to formulate polarimetric parameters however, this thesis
focuses on methods derived from the Sinclair scattering matrix. Another example
of a polarimetric scattering matrix is the Kennaugh matrix, which is larger in
dimensions than the Sinclair matrix. The larger dimensions mean that using this

matrix if often more convoluted and computationally intensive [127].

The Sinclair matrix is applied to the transmitted polarisation state in the form

presented in equation (2-35).

E,f,] e~ kT S [E,gl (2-35)
E;

T E,
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Where E refers to the total amplitude of a given polarisation, H or V, and the

“I'”

subscripts “/” and “s” the incident and scattered polarisations respectively [128].
The range to the target in this case is given by r, and the wavenumber is given
by k. Furthermore, the Sinclair matrix can also have a time-dependent factor
which is generally suppressed for polarimetric SAR. The propagation factor,

present in equation (2-34), is also suppressed for most polarimetric analyses.

A representation of the incident and scattered polarisation states can be
formulated, with the time and spatially varying factors suppressed. This is known
as the Jones vector, J. A Jones vector representation of the linear polarisation
channels, presented in (2-33), is given by:

_ (En\ is (2-36)

1= ()

En is the horizontal component of the Jones vector, Ev is the vertical component,
and ¢ is the phase difference between the two channels [126], [128]. This thesis
only investigates the use of linear polarisation channels, where there is a
negligible phase difference between the complex amplitudes of the transmitted

channels.

The Jones vector can be transformed to describe the symmetry of the measured
polarisation states, and the orientation about the defined line of sight of the radar.
It is noted that there are other polarisation states commonly utilised in polarimetric
radar analyses, such as circular polarisations where there is a phase difference
between the respective amplitudes of the vertical and horizontal polarisation
channels. Although useful, these polarisation states are not studied in this thesis
as little is understood of their behaviour when used with bistatic and multistatic

SAR geometries.

This is represented by the polarisation ellipse shown in Figure 2-8 where the
ellipticity angle is shown by 1 and the orientation is shown by ©. The polarisation
ellipse is the effective locus of the measured polarisation, described at a single
point in time. The rotation of the scattering matrix, S, is given by:
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U = . ..
©7) sin@  cosBl lisint COST]

(2-37)

The transformation U ) can be applied to the Jones vector, or the Sinclair

scattering matrix [129].

Figure 2-8 Representation of the polarisation ellipse. The measured polarisation
channels are Euy and Ey. The orientation the polarisation states is denoted by ©. The

ellipticity of the polarisation states is denoted by 1.

2.4.2 Development of Bistatic Polarimetric Parameters

2.4.2.1 Huynen Diagonalisation

The development of bistatic applicable polarimetric analyses has been of
significant interest to the radar community since the late 1990s [130]. Bistatic
polarimetric analyses are derived from the pioneering work of Huynen, who first
developed the roll-invariant scattering matrix representation shown in (2-38). The
Huynen parameters, developed in his PhD thesis, were extracted from the
diagonalisation of the Sinclair scattering matrix [131]. S is presented in the form:

S=U*s,Uut (2-38)
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The matrix U comprises the eigenvectors of the Scattering matrix, S, and the =
denotes the complex conjugate. The eigenvectors can be written in the form of
the Jones vector, described previously. The ellipticity and orientation parameters,
introduced earlier, are contained within the matrix, U. The diagonalised matrix,
Sy, contains the eigenvalues of S. The eigenvalues of S contain the polarimetric
properties that are independent of the orientation of the scatterer with respect to
the radar platform. These properties are the polarisability of a scatterer, and the
number of pulse deflections that its surfaces produce when illuminated by a radar.

The symbol 1 refers to the conjugate transpose of the matrix U.

The eigenvalues of the diagonalised scattering matrix, Sq, are written in the form:

s, =M 0] (2-39)

0 A,

Where both 1, and 4, correspond to the eigenvectors contained within the matrix,
U. The eigenvector corresponding to the largest eigenvalue, usually 1, is used
to define the polarisation state. This eigenvector will be referred to as the primary

eigenvector in this thesis.

The derivation of equation (2-38) is only valid for symmetric matrices, which in
the case of the Sinclair scattering matrix is the reciprocity between the VH and
HV polarisation channels. As discussed previously, this is not valid for bistatic
and multistatic collection geometries. Lueneburg and Cloude first applied the
Singular Value Decomposition (SVD) method for diagonalising the case of non-
symmetric scattering matrices, with the main intention being the application to
bistatic scattering [132]. Physical meaning was later derived from the
diagonalised bistatic scattering matrix, with the pioneering work of Titin-
Schnaider [133], [134], [135]. This work is described in section 2.4.2.2 below.

2.4.2.2 Bistatic Huynen Parameter Development

The diagonalised bistatic scattering matrix, Sq, is given by the relation:

Sy = Usvt (2-40)
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Where S is again the Sinclair scattering matrix, and U and V are separate
matrices that contain an independent set of coneigenvectors. U contains the
eigenvectors of the matrix STS, and V contains the eigenvectors of the matrix SST.

The eigenvalues obtained from the two combined matrices are the same.

The basis vectors contained within U and V can be both be viewed as a Jones
vector representation of an ‘incident’ and ‘scattered’ polarisation state. Both U
and V contain separate parameters for the orientation and ellipticity of their
respective polarisation states. These are denoted as: ©i, Os, Ti and Ts where the
subscript ‘i’ denotes incident and the subscript ‘s’ denotes scattered, respectively,

for the orientation angle © and ellipticity angle .

A computationally efficient approach, for extracting the bistatic Huynen fork
parameters from the Sinclair matrix, was given by Xu et al. in 2022 [63]. From
their approach, the incident orientation angle is given by:

2|Evx||Evy |cOS(490,) (2-41)
|va|2 - |Evy|2

1
©; = —arctan
)

Where E,, is the horizontal component of the primary eigenvector contained
within the matrix V. E,,, is the vertical component of the same eigenvector within
V. A¢, is the phase difference between the polarisation states of the vertical and
horizontal components within the same eigenvector. The parameter 6; was
determined over the range —45° < 6; < 0. The scattered orientation angle is

given by:

1 2|Eyxl|Euy|cos(dgy,) (2-42)
Bs = Earctan 3
|Eux|2 - |Euy|

Similar to equation (2-41), |E,,| and |Euy| are the magnitudes of the primary
eigenvector within the matrix, U. 4¢,, also refers to the phase difference between
the horizontal and vertical components within the same eigenvector. The

parameter 6, was extracted over the range 0 < 6, < 45°.
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The symmetry parameters were also presented in the same publication. The

incident symmetry parameter, t;, is given by:

1 _ (2-43)
7 = Zarcsin

2|Eyy||Eyy|sin(4¢y,)
|va|2 + |Evy|2

Which uses the same magnitudes and phase differences as those used in (2-41).

Similarly, the scattered symmetry, 1, parameter is given by:

1 _ (2-44)
75 = saresin

2|Eyxl|Epy|sin(4¢y,)
|Eux|2 + |Euy|2

Where the magnitudes and phase differences correspond to those use in (2-42).
An example of a scatterer that is considered highly symmetrical is a sphere,
where the absolute value of the sum of the t; & 7, is approximately zero.
Conversely, a dipole is a highly asymmetrical scatterer, where both the 7; & 74
are approximately zero. In some publications, the symmetry angle is referred to
as the ellipticity angle; this terminology is not used in this thesis.

Huynen, and later Titin-Schnaider, wrote the diagonalised scattering matrix, now

denoted as S, in the form:

e 0 (2-45)

Sa = pe’t 0 tan’ye 2

Where v is known as the skip parameter, and y is the polarisability parameter. u
and k are separate components that do not play any role in characterising the

polarimetric properties of a scatterer, thus they are ignored in the literature.

The polarisability angle, y, is given by:

1 (2-46)
y = arctan /1—:

The polarisability angle is defined between 0° and 45°, where 0 ° indicates a high
level of polarisability and 45° a low level of polarisability. The skip angle, v, is

given by:
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1 S.(2,2) (2-47)
V= ——arg(SA(l'l))

The skip angle determines the number of bounces and is also valid between 0°
and 45°. 0° is typical of a scatterer that produces an odd number of bounces, and
45° is expected of a scatterer that produces an even number of bounces.

2.4.3 Example Renderings

This subsection compares renderings presenting the Huynen-derived skip
parameter with the more conventional odd-even bounce polarimetric
decomposition, using MIPs formed of the ‘Backhoe Challenge’ dataset described

in section 1.1.

2.4.3.1 Odd-Even Bounce Decomposition Plots

The total power radiated by the odd-bounce component, P, , is given by:

1 -
This relation is derived from the scattering matrix of a flat plate scatterer, which
is described in the publication presented in Chapter 5. The total power radiated

by the even-bounce component is given by:

1 -
Peven = 5 |HH = VV|* + 2|HV|? (2-49)
P,;q and P,,., are often combined in a single image by assigning a red-green
colourmap to each component. The odd and even-bounce power components

shown in the polarimetric MIPs presented below.

Figure 2-9 shows a MIP in the YZ imaging plane, where the projected voxel
corresponds to the maximum polarimetric-span brightness of each voxel in the

defined X-axis.
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Figure 2-9: Maximum Intensity Projection of the Backhoe vehicle in the YZ imaging
plane, giving a view of the front cross section. Polarimetric information is associated
with the colour scheme presented, with red representing an odd number of bounces and

green representing an even number of bounces. Multipath is labelled ‘M’.

The multipath visible below the shovel, towards the bottom left of Figure 2-9,
shows an even number of bounces. This is an expected feature of multipath
propagation. Figure 2-10 shows the odd-even bounce decomposition, projected
in the XZ imaging plane. Here, the projected voxel corresponds to that of the
largest polarimetric-span brightness in the Y-axis. The top of the cabin side, and
the rear arm, visibly show a strong single bounce scattering response. The front
of the shovel shows an even bounce scattering response, as would be typical of

a dihedral scatterer.



Figure 2-10: Maximum intensity projection of the Backhoe vehicle, in the XZ imaging
plane. This shows a side view of the tank, with the odd-even bounce decomposition

represented by the red-green colourmap.

2.4.3.2 Skip Parameter Plots

This sub-section shows the plot of the skip parameter that corresponds to the
MIPs presented in section 2.4.3.1. Figure 2-11 shows the MIP in the YZ-imaging
plane, with the skip parameter associated with the brightest voxel, again
determined by the respective polarimetric-span intensity, in the X-axis. The
corresponding skip parameter plot in the XZ-imaging plane is shown in Figure
2-12.

Comparing the plots of the skip parameter to those showing the odd-even bounce
decomposition, there is little difference between the two methods. This is most
evident in the strong odd-bounce scattering response in Figure 2-11 and Figure
2-12, showing the upper right hand side of the backhoe cabin. The multipath
below the shovel also shows an even bounce response when determined by the

skip parameter.
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Figure 2-11: MIP of the Backhoe vehicle in the YZ imaging plane, with the skip angle
associated with each voxel location. Red represents odd-bounce scattering and green

represents even-bounce scattering. Multipath denoted “M”.

Figure 2-12: MIP of the Backhoe vehicle in XZ imaging plane, giving a side view of the
tank structure. The variation of the skip parameter across the vehicle is again

represented by the red-green colourmap.
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2.5 Ground Based SAR Laboratory

The measurements conducted at the Cranfield GBSAR laboratory are described
throughout the publication chapters of this thesis. This section gives an overview

of the experimental set up at this facility.

The SAR scanning laboratory and system is shown in Figure 2-13, with each
antenna mounted on a separated frame. Each frame contains an independent
moveable arm that can sweep out a finely sampled 2D SAR aperture. The

antennas can also be mounted on the same axis for a monostatic collection.
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Figure 2-13: Experimental set up of Cranfield GBSAR laboratory. The antennas shown

here are in the bistatic/multistatic configuration [136].

The GBSAR scanner system is a custom-built apparatus that controls and
changes the position of antennae, providing an adjustable SAR aperture with finer
than 1mm accuracy for positioning. To reduce doppler ambiguities, and aid with
algorithm development, each antenna was stationary for the duration of each
pulse. This is in addition to the target being stationary.

A detailed summary of the hardware deployed in the GBSAR laboratory can be
found here [136]. The main hardware included:

e Two antenna horns:
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o these were A-Info UWB dual polarisation Antenna horns, 1-10
GHz, LB-SJ-10100,

An Agilent (now Keysight) Vector Network Analyser (VNA) model N5230A,
Microwave cables with sufficient length for bistatic positioning,

Hewlett Packard wide band microwave amplifier connected to the receive
VNA port,

Two, Two-dimensional vertical plane positional scanner in system,

1. The first two-axis scanner, generally with just the transmitter, but
also taking the receiver for monostatic scans, allowing positioning
in a vertical rectangle 3500 mm in the horizontal and 1450 in the

vertical;

2. The second two-axis scanner, generally with just the receiver,
allowing positioning in a vertical rectangle 1285 mm in the
horizontal and 1450 in the vertical.

Two scanner controller boxes, each controlling one of the two-axis

scanners.

Control and data recording computer connected to the VNA and two

scanner controller boxes.

44



Figure 2-14. Dual-polarimetric horns with a microwave switch on each. Polarimetric

switching is here performed automatically by the scanning system [136].
2.6 Summary of Chapter

This chapter gives an overview of the main theoretical concepts and publications
that are relevant to the work carried out in this thesis. The fundamental
mathematical principles behind the operation of SAR were introduced, which is
mainly the Fourier slice theorem. This underpins all of SAR, and therefore this
thesis. The effect of bistatic and multistatic geometries on SAR image formation
was then discussed, and then the challenges that arise from this. The extension
of SAR principles to 3D SAR was discussed, and various sparse 3D SAR image
formation techniques were presented. The one that is most relevant to the
SSARVI algorithm developed in this thesis, the SPCGS, was discussed in detail.
An overview was given of tangential 3D SAR image formation algorithms. The

bistatic Huynen fork parameters were introduced, which were used to extend the
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SSARVI algorithm to polarimetric imaging in the final publication chapter of this

thesis. Finally, an overview of the Cranfield GBSAR laboratory was given.

46



3 Volumetric SAR Interferometry for Sparse 3D SAR with

Bistatic Geometries
3.1 Abstract

Synthetic Aperture Radar (SAR) renderings in 3D provide additional target
information when compared to 2D by separating out features overlaid in height.
However, the required 2D SAR aperture, when Nyquist sampled, necessitates
large scanning times that would be impractical for most realistic collections. This
research has developed a novel volumetric approach to sparse aperture 3D SAR
imaging, that is applicable to bistatic SAR near-field geometries, a generalization
of far-field cases. This approach is first demonstrated in simulation and then
applied to a measured scene containing a model vehicle target, producing sub-
Nyquist sampled 3D SAR renderings.

3.2 Introduction

Conventional finely sampled volumetric images can be impractical to produce
from realistic SAR collections, as achieving suitable resolution and coverage in
the vertical direction requires a finely sampled 2D SAR aperture, necessitating
many radar platform horizontal flight passes with varying height over the scene
[27], [137]. Producing volumetric renderings with few passes would typically be
insufficient to satisfy the Nyquist sampling criterion in the vertical direction,

leading to image wrap-around aliasing artefacts [3].

Several methods have been developed for forming 3D renderings from sparsely
sampled SAR datasets, allowing for fewer collection passes over a scene,
including SAR interferometry, the SAR Point Cloud Generation System, and 3D
SAR compressive sensing [55], [62], [138].

Here, a novel interferometry-based approach for sparsely sampled aperture 3D
SAR imaging has been developed, that can be used for bistatic and SAR near-

field geometries, which are generalisations of both monostatic and SAR far-field
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geometries. The SAR near-field is defined as the regime where the range d <
212/, for centre wavelength 1, and for a scene with cross range extent L.,.. No
phase unwrapping or intensive signal reconstruction methods are required for the
developed approach, as is the case for interferometry and compressive sensing
respectively. Conventional SAR interferometry is sensitive to structures with
significant discontinuities in their height profile, which is problematic for imaging
complex targets [139]. The measured data used to demonstrate the algorithm
was collected at the Cranfield University Ground-Based SAR (GBSAR) laboratory
[67], [68].

3.3 Outline of Approach

Sparse 3D point cloud renderings have previously been formed from simulated
far-field interferometric SAR data using monostatic collection linear trajectories
[119]. The approach presented in [62], [140] utilises the change in layover of
scatterers when processing the interferogram phase factor of the returned
signals, assuming a constant radar trajectory height for each of the separate
passes. However, the assumptions made, for example that the grazing angle is
constant across the scene, are not generally valid for SAR near-field geometries.
Bistatic geometries, where the transceivers have a non-negligeable separation,
add further complexities [95], [141], [142].

The new approach described here exploits volumetric processing of
interferograms to account for the effects of layover in the processing of the data
in a natural way. Volumetric interferograms are formed from volumetric SAR
images generated with the Backprojection Algorithm (BPA) [143], which accounts
for complications associated with bistatic and SAR near-field geometry imaging
[144].

Linear horizontal radar platform passes are employed to form the individual
volumetric SAR images, and these linear passes should be distributed in height
in an irregular manner to avoid strong aliasing artefacts in the final 3D scene
rendering. Although the initial individual volumetric images have no vertical
resolution, when they are combined, 3D information is obtained due to the

variation of collection grazing angle across the set.
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As outlined in Figure 3-1, N sparsely and non-evenly distributed in height
horizontal linear SAR apertures are collected and formed into volumetric SAR
images. Having chosen one of these to be the common reference image, N-1
volumetric interferograms are then formed.

Measure Scene with
N SAR collections, Form N volumetric
sparsely and unevenly SAR images
distributed in height

Having chosen the
reference collection,
form N-1 volumetric

interferograms

Coherently sum
interferograms as in

(1)

Associate the mean

of the N SAR image

intensities with the
3D detections

Apply threshold to
extract scatterer
locations

Figure 3-1: Flow chart illustrating key principles of new approach.

The phase factors of the interferograms are coherently summed for each voxel,

x, giving the volumetric summed phase factor response at the voxel,

=N (3-1)
R@) = ~|1+ Z eion()
n=1

Where ¢, (x) is the phase at voxel x of the n'" interferogram. Point scatterer
detections are determined by applying a threshold to R(x). Scatterer detections

surpassing the threshold form part of an output 3D point cloud rendering. To each
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of these detections, it is useful to associate the corresponding mean sparse-

volumetric SAR image intensity value at the voxel.

3.4 Simulations

Bistatic near-field SAR simulations were conducted with sparse 2D apertures,
consisting of five linear horizontal transmitter SAR apertures distributed in height
with a stationary receiver positioned to the side. An example rendering of the

simulation geometry is shown in Figure 3-2 below.
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Figure 3-2: Bistatic simulation geometry, consisting of five passes and a single receiver
location. Target situated at (z=0m) in height.

Three height distributions, labelled (G, — 63), were implemented, with fixed overall
vertical extent of 1.4 m. The standard deviation of normalized transmitter pass
height spacing (pass height spacing divided by its mean) (6) provides a measure
of unevenness of the height sampling. The frequency range measured was 6-10
GHz and the distance to the target from the transmitter aperture was 5.0 m.

Figure 3-3 shows R along a vertical iso-range line through a point scatterer

situated at 0 m in height, for the three SAR geometries (1 — 33), as follows:
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a) an even distribution of passes is employed with height spacings of 35 cm, so that

6 = 0. This results in large scatterer height ambiguities 52 cm from the true
scatter position, with R = 1, so that unique scatterer localization is not possible,
two of the inner passes are offset by 5 cm so that & = 0.17 resulting in a reduction
in ambiguity sidelobe height to just over R = 0.8, and thus an accurate height
estimation of the scatterer position can be made with appropriate threshold in R,
the transmitter pass heights are further randomized so that & = 0.52, and
sidelobes have been further suppressed to under R = 0.7.

The examples show that with unevenly spaced trajectories, the application of a

suitable threshold to R can allow the detection of point scatterers at their correct
locations.

0.8 0.6 0.4 0.2 0 0.2 0.4 0.6
Height (m)

Figure 3-3: Summed phase factor, R, along a vertical iso-range through the target

location (z=0 m), with trajectory &,=0, 5,=0.17 and ,=0.52.

The simulations presented in Figure 3-4 show the summed phase factor
response, R, in the presence of background noise. The simulation used a signal-

to-noise ratio (SNR) of 6dB, and comparable collection geometries to those used
for Figure 3-3.
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Figure 3-4: Simulated summed phase response, R. SNR of simulation was set to 6dB.
Transmitter apertures of 5 passes were used, with an increasingly uneven distribution

of pass spacings.

For all three pass distributions, in Figure 3-4, the value of R at the scatterer height
was below 1. The sidelobe height increases in the presence of background noise,
with 1 and 62 being of a comparable pass distribution to that used in Figure 3-3.
The sidelobe heights for these apertures were R = 0.82 and 0.75 respectively,
which is considerably higher than those presented in Figure 3-3. The sidelobe
height 63 was R = 0.72. The difference between the peak of R and the largest
sidelobe, denoted as was 0.03, 0.13 and 0.11 for 1, 62 and 3 respectively.

It was generally found that if trajectory distributions with & greater than
approximately 0.6 were employed, AR began to decrease. This behaviour can be
attributed to trajectory clustering. For scenarios of low SNR, lower sidelobes are
required for correct target estimation, such that a more uneven distribution of
pass spacings are required for greater sidelobe reduction. A more typical
summed phase factor response, with similar sidelobe heights to simulations
without background noise, was observed with SNR values in the range of 12-14
dB. A distinct peak close to the maximum value of 1 was also observed within
this range of SNR values. These observations were made using comparable

collection geometries to those used in Figure 3-3 and Figure 3-4.
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3.5 Measured Data Validation

The measured scene consisted of a quarter scale tank model situated on gravel.
A finely sampled vertical 2D SAR transmitter aperture was initially measured, for
monostatic and bistatic geometries, where in the bistatic geometry the receiver
was fixed and offset to the side. The SAR transmit apertures had vertical and
horizontal extents of 1.4 m and 3.5 m, respectively. A frequency range of 6.62-10
GHz was measured in the VV linear polarisation channel. A diagram of the fully

collected bistatic aperture is shown in Figure 3-5.

Figure 3-5: 2D Bistatic SAR geometry, finely sampled in elevation. Transmitter aperture is
represented by the blue trajectory diagram (labelled Tx). Stationary receiver position is
represented by the red asterisk to the right of the transmitter aperture (labelled Rx).

The finely sampled 2D SAR geometry presented in Figure 3-5, along with the
corresponding monostatic geometry, was repeatedly downsampled for
determining the minimum sampling requirements of the developed algorithm. The
apertures were downsampled by removing random passes from the middle of the

aperture, whilst keeping the overall extent constant.

The imaging performance of the developed algorithm was determined over a
subset of the downsampled geometries. The most well-sampled aperture, within
the downsampled subset, had a mean pass spacing that was equivalent to the

Nyquist spacing for a 1.8 m high Volume of Interest (Vol) when using
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conventional image formation algorithms. This aperture sampling is referred to as
the sub-initial sampling (SIS), of which the mean pass spacing was 7.8 cm and
5.3 cm for bistatic and monostatic geometries, respectively. The apertures
downsampled to below SIS can be considered sub-Nyquist sampled in elevation.
The individual transmitter heights sampled of the SIS apertures and below are

presented in Figure 3-6 and Figure 3-7.

Aperture removed below SIS (%)
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Figure 3-6: Downsampled transmitter height apertures, using a bistatic geometry. Again,
blue lines indicate individual SAR heights, fully sampled in azimuth, remaining after

each successive downsampling. White spaces consist of fully removed SAR passes
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Figure 3-7: Downsampled transmitter height apertures, using a monostatic geometry.

Blue lines indicate individual SAR heights, fully sampled in azimuth, remaining after

each successive downsampling. White spaces consist of fully removed SAR passes.
It is noted that all of the transmitter apertures presented in Figure 3-6 and Figure
3-7 contain unevenly distributed SAR pass heights, as is required for the
developed algorithm. Whilst the mean spacing of the first bistatic and monostatic
SIS aperture corresponded to the Nyquist spacing for the Vol, parts of the
aperture were sub-Nyquist sampled due to the uneven distribution of passes. The
apertures downsampled to below SIS had a larger mean pass spacing, and thus

lower sampling rate, than the Nyquist sampling requirement.

The developed algorithm was assessed by comparing the sparsely sampled 3D
point cloud images produced to finely sampled BPA-formed volumetric
renderings. Figure 3-8 shows normalised cross-correlation results between full-
Nyquist BPA images (bistatic and monostatic) and the corresponding
downsampled aperture point cloud results. For generating the sub-Nyquist point
clouds, a histogram-based thresholding was implemented in the developed
algorithm. The threshold was set by the difference between the maximum value
of R and its modal value across the scene, and then selecting voxels in the upper
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25% of this range. Similar approaches are taken in other image processing

applications [145].
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Figure 3-8: Normalised cross-correlation of sparse point cloud renderings with the

corresponding full aperture BPA volumetric SAR geometry images.

Figure 3-8 initially shows a high normalised cross-correlation with the full-Nyquist
BPA rendering, for both monostatic and bistatic geometries, with a low rate of
decline in correlation until 70% sub-initial sampling (SIS) as the sampling density
decreases (by “percentage SIS” it is meant the percentage of aperture removed
from the initial uneven sampling). Only minor erroneous detections are present in
the SIS ranges from 58-74% and 39-71% for the monostatic and bistatic

renderings respectively.

Example point cloud renderings without errors are presented in Figure 3-9 and
Figure 3-10 with SIS values of 50% and 37% for monostatic and bistatic, the tank
structure is discernible with cannon and main body as distinct features. The
gravel below the tank is also visible. Here, the monostatic and bistatic apertures
have 14 and 12 passes respectively, with mean height spacings of 10.9 cm and

12.8 cm respectively.
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The clustering of points detected for the bistatic rendering is visibly larger than
the monostatic rendering due to the coarser underlying SAR resolution of this
antenna geometry as derived from the overall SAR aperture extents. There are
no aliasing artefacts present in either of the renderings, which was not the case
for the corresponding conventionally formed BPA sub-Nyquist SAR aperture

volumetric images.
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Figure 3-9 Model tank measurement sparse aperture point cloud renderings, 50% SAR

aperture removed for a monostatic SAR geometry.
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Figure 3-10 Model tank measurement sparse aperture point cloud renderings, 37% SAR

aperture removed for a bistatic SAR geometry.

Erroneous detections increase dramatically after the 74% and 71% sub-Nyquist
limits for the monostatic and bistatic case respectively. After this limit, the tank
structure is not discernible from erroneous background detections. This limit
corresponds with the sharp decrease in correlation with the BPA rendering
(Figure 3-6). The mean spacing between passes at this limit was 47.0 cm and
23.6 cm for the bistatic and monostatic geometries respectively, which for evenly
sampled heights would have given vertical unambiguous cross-ranges smaller
than the height of the tank structure when using the BPA algorithm on evenly
sampled data. The model tank point cloud renderings at these respective

apertures are shown in Figure 3-11 and Figure 3-12
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Figure 3-11: Example rendering of a T72 point cloud, past the limit of discernibility.

Formed using a monostatic collection geometry, with 74% aperture removed.
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Figure 3-12: Example rendering of a T72 point cloud, past the limit of discernibility.

Formed using a bistatic collection geometry, with 71% aperture removed.

3.6 Conclusions

The developed 3D point cloud imaging approach produces accurate height

estimates of scatterers using bistatic SAR near-field geometries, which is a
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generalisation of the monostatic far-field case. The simulations showed the effect
of pass distribution on sidelobe height, and also the effect of background noise.
Simulations were validated with complex model target laboratory measurements,
forming sub-Nyquist SAR aperture point cloud renderings. Good quality results
were obtained for SIS up to 50% and 37% for the monostatic and bistatic cases
respectively. The nature of the SAR near-field geometries tested show the

versatility of the approach.

The determined downsampling limits indicate the minimum sampling needed to
obtain useful 3D target information with no aliasing artefacts. The approach is
applicable to non-linear sparse aperture SAR collections employing formation
flying between pairs of transceivers, including UAV’s and satellite constellations

as examples.
Future research will go into more detail on the effect of pass distribution on

sidelobe height and will demonstrate the new approach on multistatic geometries.

The incorporating of polarimetric information will also be explored.
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4 Laboratory Multistatic 3D SAR with Polarimetry and
Sparse Aperture Sampling

4.1 Abstract

With the advent of constellations of SAR satellites, and the possibility of swarms
of SAR UAV’s, there is increased interest in multistatic SAR image formation.
This may provide advantages including allowing three-dimensional image
formation free of clutter overlay; the coherent combination of bistatic SAR
geometries for improved image resolution; the collection of additional scattering
information, including polarimetric. The polarimetric collection may provide useful
target information, such as its orientation, polarisability, or number of interactions
with the radar signal; distributed receivers would be more likely to capture any
bright specular responses from targets in the scene, making target outlines
distinct. Highlight results from multistatic polarimetric SAR experiments at the
Cranfield University GBSAR laboratory are presented, illustrating the utility of the
approach for fully sampled 3D SAR image formation, and for sparse aperture
SAR 3D point-cloud generation with a newly developed volumetric multistatic

interferometry algorithm.

4.2 Introduction

With the advent of constellations of Synthetic Aperture Radar (SAR) satellites,
and the possibility of swarms of SAR Unmanned Aerial Vehicles (UAV)’s [146],
[147], there is increased interest in multistatic SAR image formation.

These types of collections may provide advantages such as finer spatial
resolution improvement, and allowing three-dimensional (3D) image formation
free of clutter overlay [35], [109], [148], [149].

The coherent combination of bistatic SAR geometry collections allow for
improved image resolution; the collection of additional scattering information,
including polarimetric [150], [151], [152].

Polarimetric collections allow for more scene data to be collected and may

provide additional target information, such as scatterer orientation, polarisability,
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or number of inter-actions with the radar signal [131], [133], [134], [135].
Furthermore, distributed receivers would be more likely to capture any bright

specular responses from targets in the scene, making target outlines distinct.

Obtaining 3D SAR imagery is desirable for object recognition, though providing
sufficient SAR aperture sampling in the vertical dimension can be challenging.
Hence there is a need for the development of new image formation algorithms
that only require sparsely sampled apertures [27], [54], [153].

Several approaches to forming 3D SAR scene renderings from sparsely sampled
collections have been developed. These include dual-pass SAR interferometry,
3D SAR compressive sensing and the SAR Point-Cloud Generation System
(SPCGS) [3], [55], [62]. Dual-pass SAR interferometry is used to construct Digital
Elevation Models (DEMs) of target scenes and can involve phase unwrapping
methods. This method often struggles with manmade targets due to scene height
discontinuities which can give rise to several scatterers of different height being
overlaid. The approach developed for the SPCGS estimates 3D locations of
scatterers by summing the phase factors from a series of 2D SAR interferograms
collected with a sparse set of elevation angles. This method utilises the change
in layover within a stack of 2D images, with the assumption that the SAR
collections are monostatic, are in a far-field scenario, and have constant grazing
angle across the scene. The approach has been successful in forming target
renderings from simulated monostatic datasets [140]. However, the assumptions
made for this approach would not generally hold true for data collected with SAR
satellite constellations and UAV-SAR drone swarms. This is due to their use of
multiple receiver locations being significantly separated from that of the
transmitter. Processing these collection geometries can introduce distortions to
the SAR scatterer layover due to their asymmetrical nature [95], [141], [154].

Sparse reconstruction methods, such as compressive sensing, have been the
focus of recent tomographic SAR research. This approach has mainly achieved
success in areas such as urban mapping. Such scenarios can be relied upon for
having largely empty scenes, which is exploited in the sparse reconstruction
approach [22]. The application to vehicle targets has been limited thus far, with
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simple 3D renderings being produced of model tanks [155]. Applying this
technique to sparse 3D swarm sensing may be complicated by the need to
estimate scatterer reflectivity for multiple bistatic angles, although simulated 3D
renderings have been formed [156].

Results from multistatic polarimetric SAR experiments at the Cranfield University
GBSAR laboratory [157] are presented, illustrating the utility of the approach for
fully sampled 3D SAR image formation, and for sparse aperture sampled SAR

3D point-cloud generation.

Section 4.3 describes the extension of a newly developed 3D point-cloud
algorithm which operates with multistatic geometries apertures and is valid in the
most general SAR near-field multistatic geometries. The use of all linear
polarisation channels is also considered.

Section 4.4 describes the laboratory SAR measurements undertaken. The
simulations in section 4.5 presents the workings of the sparse 3D aperture
approach, defining parameters that would enable multistatic trajectories to be
designed for an optimal performance of the new approach. Section 4.6 presents
fully sampled 2D SAR aperture results whilst section 4.7 presents sparsely
sampled SAR aperture 3D point-cloud results, for each measured polarisation
channel. Concluding remarks are presented in section 4.8.

4.3 Sparse aperture 3D point-cloud algorithm

A new sparse SAR aperture imaging approach, Sparse SAR Volumetric
Interferometry (SSARVI) is described here. It is a generalisation of the SPCGS
algorithm, in this case applicable to multistatic and SAR near-field imaged
scenes. Previously the performance of the algorithm was demonstrated for
monostatic and bistatic scenarios for a single polarisation channel [64], whereas
here it is demonstrated on multistatic collections. It exploits the benefits of
volumetric processing, allowing laid over scatterers to be processed and
distinguished in a natural manner [144]. A wide variety of multistatic SAR
geometry scenarios can be accommodated by the algorithm, however in the

results presented here, multiple simultaneous fixed receiver positions are used,
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together with multiple horizontal passes of the transmitter at different heights. It
is noted that a randomised trajectory spacing in height suppresses vertical
aliasing artefacts [62], [140]. In the multistatic scenario, this randomised spacing
should be imparted to Bistatic Equivalent Monostatic (BEM) trajectories which
follow the bistatic bisectors of the corresponding transceiver locations. This new
approach does not require the intensive signal reconstruction processes, or

phase unwrapping, used for other sparse 3D SAR techniques [95].

Within a multistatic collection, having chosen the reference bistatic collection, the
other bistatic collections can then be combined with the reference to form
volumetric interferograms. Each volumetric interferogram contributes vertical
SAR iso-range arcs at the scatterer locations (with no vertical resolution
themselves), but when combining different interferograms, the arcs cross at the
scatterer 3D location, allowing the scatterer heights to be determined by the

locations of maximum interferogram phase factor sum, to be introduced next.

Considering N bistatic SAR geometry collections (comprising the multistatic SAR
collection), the sum of the interferogram phase factors is evaluated at each voxel

location:

N-1

14 Z ei¥n(x)

n=1

(4-1)
R(x) =

1
N

Where ¢n(x) is the phase at voxel x of the nth interferogram. Voxel locations
where the summed phase R has surpassed a designated threshold, form part of
a point-cloud rendering of the target being imaged. Detections are determined by
the use of a threshold, which can be implemented through histogram-based
approaches that are common in image processing [144]. The point-clouds can
then be augmented by associating the mean voxel intensity of the contributing
SAR data, at the position of each individual point detection. The multistatic
extension of the SSARVI approach is summarised by the flow diagram in Figure

4-1.
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Measure scene for all linear
polarimetric channels, with N
sparse unevenly distributed [ 2
transmitter passes with
multiple receivers.

Choose a reference collection,
then form a set of N-1

volumetric interferograms for
each receiver.

Apply summed phase factor
thresholding to each outlined
combination method, for
extracting scatterer locations.

Combine receiver
interferograms as outlined in
methods (1), (2) and (3).

Associate the mean intensity Overlay detections for each
of each receiver data set with [ measured polarisation
the scatterer location. channel.

Figure 4-1: Flow diagram of the multistatic and polarimetric extension to the SSARVI

algorithm.

Many approaches to combining SAR data from contributing bistatic geometries
are possible, however three approaches are here employed, attuned to the
particular SAR measurements undertaken in the laboratory. The three
approaches may offer benefits in the case of complex targets, to be commented
on below. The effect on performance of each method of combination is
considered both theoretically and experimentally. This is due to the improvement
in resolution associated with multistatic geometries, but also the challenges of
combining multiple received signals. The main challenges arise from varying
signal returns from complex volumetric targets over a wide baseline and signal
co-registration [12], [158], [159], [160].
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Let there be N transmitter passes undertaken, with M receivers. For the m™"
receiver, the sum of interferometric phase factors corresponding to the N
transmitter passes, R,,,(x), is obtained via equation (4-1). The three approaches

to multistatic point-cloud generation used are:

1. Coherent multistatic sum: a coherent combination of all N-1
interferograms for all transmitter (Tx) and receiver (Rx) combinations, with
the threshold being applied to the absolute value of the phase factor sum:

i R (%)

(4-2)
> Th

Det = =
“=u

Where Det is the set of point-cloud detections and Th is the threshold derived
from the histogram-based approach. For omnidirectional point scatterers, this
could offer finer resolution than other approaches, however it could prove overly
sensitive when applied to variable bistatic RCS scatterers.

2. Non-coherent bistatic sum: a coherent sum of all the bistatic geometry
interferograms corresponding to each receiver trajectory, and then an
absolute value sum of these values:

1< (4-3)
Det = z IR, (x)| > Th
m=1

Where the threshold is applied to the final sum. This approach could offer greater

stability to complex target RCS variation than the fully coherent summation

approach, when applied to experimental data.

3. Non-coherent bistatic combination: a combination of the detections
obtained from each receiver - a threshold is applied separately to the
coherent summed interferograms corresponding to each receiver, and

these detections are combined:
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! (4-4)
Det = U Det,, ,
m=1

where Det,, = R,,(x)>Th,,

This approach may be most robust to variation in scatterer RCS from complex
targets, however, of the three methods this approach would offer the least

multistatic based spatial resolution improvement.

The performance of each of these methods is demonstrated on a simulated
isotropic point scatterer and on multi-polarisation experimental data from a

complex target measurement.

4.4 Laboratory measurements

The GBSAR laboratory conducts microwave measurements with a Vector
Network Analyser (VNA), which generates a stepped frequency waveform. The
system was set up for indoor use, with two Ultra-Wideband horn antennas
allowing measurements within the range 1-10 GHz. The Antennae can be

mounted in a bistatic or pseudo monostatic configuration.

When in a bistatic configuration, seen in Figure 4-2, each antenna is mounted on
a different two-dimensional vertical SAR aperture scanner. One SAR aperture
was 3.50 m wide by 1.46 m high and was used for the transmitter, and the other
was 1.29 m wide by 1.46 m high and was used for the receiver, as seen in Figure
4-3.

When a SAR scene is left undisturbed, and transmitter trajectories are precisely
repeated, the combination of repeat scans with the receiver in different locations
(or trajectories) are equivalent to a multistatic scan with multiple receivers
operating simultaneously. Using this approach, multistatic scans have been
collected in the GBSAR lab, even though the VNA has only two ports.
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Figure 4-2: The GBSAR laboratory in a bistatic configuration.

The multistatic SAR geometry chosen for this collection is shown in Figure 4-3.
The transmitter traverses the vertical rectangular aperture in blue, with Nyquist
positional sampling, and nine fixed receiver positions to the left of the scene,
numbered 1-9 in the figure, provide nine bistatic 3D SAR collections. For sparse

aperture image analysis, the collected dataset is downsampled.
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Figure 4-3: Multistatic 3D SAR geometry, with 2D SAR aperture transmitter

trajectory in blue, and nine fixed receiver positions to the left of the scene.

The measured target scene for the results presented, consisted of a quarter scale
T72 tank model placed on gravel and reference spheres, seen in Figure 4-4. The
gravel provides a speckle background, with target shadowing visible depending
on SAR geometry. The use of a stationary target allows for optimal algorithm

development.

Figure 4-4: Target scene, consisting of a Quarter scale T72 tank model on gravel and

reference sphere “S”.
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4.5 Simulations

4.5.1 Introduction

To explore the performance of the SSARVI algorithm for multistatic SAR
collections, simulations of a single point scatterer were conducted and are

described in this section.

Previously it was found that randomized spacing trajectory distributions in height
with a normalized trajectory spacing standard deviation (NSTD) of approximately
0.6 gave the best peak to sidelobe performance [64]. However, for higher NSTD
values the peak to sidelobe performance was seen to drop again. It was
hypothesised that this drop was due to the clustering of trajectories that occurs
for higher NSTD values. In this section we therefore investigate how trajectory
clustering affects peak to sidelobe levels. In these simulations, for N transmitter
trajectories, the clustering is performed only on the 2" to (N-1)"" passes, which
we call the mid-aperture trajectories (of which there are N-2), leaving the top-
most and end-most passes unchanged as these define the overall aperture

extent.

4.5.2 Multistatic Summation Approaches

For an initial simulation, the SAR geometry consisted of five transmitter height
horizontal pass trajectories traversed sequentially, with three fixed position
receivers at different heights operating simultaneously, seen in Figure 4-5. The
geometry is comparable to a subset of the measurement geometry seen in Figure
4-3. The Bistatic-Equivalent Monostatic (BEM) passes contributed by each
transmitter and receiver pair are shown in the figure — for each receiver they are
coloured yellow, green, and magenta respectively. The frequency range was 7 —
8 GHz. Note that BEM antenna positions are in the bistatic direction (bisection of
antenna directions from the scene centre), and at a range which is the same as

the bistatic range.
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The vertical extent of the transmitter aperture was 1.28 m, with heights {0.63,
0.19, -0.01, -0.21, -0.65} m, with the three fixed receiver positions offset to the
right at mean bistatic angle of 5.7°. This combination gave a mean slant range of
6.8 m to the target. For an image unambiguous vertical cross-range of 1 m, the
transmitter pass vertical spacing required is 2.46° in elevation. However, starting
from even spacing, the second and fourth transmitter passes were here offset by
0.38° in elevation towards the mid-aperture, which had the effect of supressing
aliasing artefacts over the vertical cross-range extent.

Multistatic Geometry
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Figure 4-5: Simulation multistatic SAR geometry with five sequential transmitter passes
(red) and three simultaneous receivers (blue). The simulated point scatterer location is
labelled “T”. The Bistatic Equivalent Monostatic (BEM) trajectories are also shown

(yellow, green and magenta for each of the three receivers).

The simulation results presented in Figure 4-6 show height estimates for the
scatterer in the form of the interferometric phase factor sum value, R. The R
values plotted are extracted along a vertical iso-range arc through the point
scatterer, thus showing vertical sidelobe structures resulting from different

transceiver aperture distributions in height.

Figure 4-6 shows R values for coherent and non-coherent bistatic interferogram

sums corresponding to the three receiver geometries shown in Figure 4-5. The
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peak of R represents the estimate of the scatterer height in the SSARVI
calculation process, and is correctly collocated with the scatterer height, at 0.4 m.
Both summation methods show the suppression of ambiguities, with the sidelobe
heights being significantly lower than the main peak at the scatterer position. For
the given geometry, the coherent summation of interferograms across receivers

shows the greatest suppression of sidelobes, when compared to the non-

coherent sum.
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Figure 4-6: Simulation values of summed phase factor, R, along a vertical iso-range arc
from multistatic SAR simulations on a point scatterer. The performance is shown for

both coherent interferogram summation from multiple receivers, and the non-coherent
summed bistatic interferogram approach.

4.5.3 Trajectory Clustering Effects

The R sidelobe height gives rise to false detections in the SSARVI algorithm,
which can be influenced by the number of passes and the unevenness of the
spacing between them. It has been found that generally, but only to an extent,
greater unevenness in trajectory height sampling leads to greater sidelobe
suppression [64]. However, it is thought that when the unevenness is taken to the
extreme within a fixed extent, passes can cluster together, effectively reducing

the trajectory sampling, which is prejudicial to R sidelobe suppression. The
clustering effect is investigated here.
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Multiple simulations were conducted, using a generalised bistatic aperture using
the mid receiver position shown in Figure 4-5, and with the same isotropic point-
target. The transmitter passes were varied from evenly distributed, to a centrally
clustered distribution as described in section 4.5.1, with top and bottom passes
defining the constant extent of the transmitter aperture, and the mid-aperture

cluster between them.

For multiple simulations as described above, Figure 4-7 presents the peak to
sidelobe level, AR, as a function of the cluster width, for N transmitter passes.
The degree of clustering is here given by the BEM (mid-aperture) cluster extent
in degrees, which we denote this by x. Smaller values of x therefore represent a
higher degree of clustering. The curves in the figure correspond to 6, 8 and 10
transmitter passes, and show the evolution of AR with ¥, starting from an evenly
sampled in height transmitter aperture. The transmitter mid-aperture passes were
sequentially displaced towards the middle of the aperture, keeping the very top
and very bottom passes unchanged. For the 6-pass case, the initial sampling rate
matches the Nyquist sampling rate for a 1 m unambiguous vertical cross-range
extent. Considering the separation of BEM passes, this corresponded to a

spacing angular extent of 0.98".

It is noted that the 1 m unambiguous vertical cross-range extent is especially
significant, as this gives the extent over which sidelobe levels are considered in
the evaluations of AR, hence the 0.98° value is marked in the figure with a vertical

dashed line and is denoted 1.
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Figure 4-7: Simulation results for AR determining the relationship between the sidelobe
height and the vertical aperture distribution in the form of the cluster BEM angular extent
X- Results are shown for simulations of 6, 8 and 10 transmitter passes. The vertical
dashed line indicates the angular extent corresponding to the Nyquist spacing for the 1

m unambiguous vertical cross-range extent of interest over which AR is evaluated.

The three curves in Figure 4-7 initially behave in the same way with increasing x:
when x is small, AR starts at zero and progressively increases until x is
approximately double x1. This behaviour is associated with the cluster initially
behaving as a single pass, so that there are effectively three passes in total,

giving rise to a small unambiguous cross-range extent and poor AR performance.

For x greater than about 2x1, AR performance increase is reduced and attains a
maximum, where the greater the number of passes, the greater the maximum.
For 10 passes, AR attains 0.88.

Hence, it has been shown with an example simulation that excessive trajectory
clustering can reduce the sidelobe performance substantially, due to multiple
trajectories behaving as a single trajectory. In the example it is shown that for a
given desired unambiguous vertical cross-range extent, the extent of clustered
trajectories should not be finer than approximately two times the corresponding

Nyquist sample spacing, otherwise the trajectory distribution becomes sub-
optimal.
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4.6 Full aperture 3D SAR image results

4.6.1 Multistatic data summation

A multistatic polarimetric laboratory collection was performed, providing thirty-six
bistatic 2D SAR aperture scans: nine bistatic scans, for each of four linear
polarisation channels. With this data, thirty-six 3D volumetric bistatic SAR image
results were generated with the bistatic Backprojection SAR image formation
algorithm (BPA).

An incoherent sum of the nine bistatic 3D SAR image VV polarisation results,
provided initial volumetric images for inspection, corresponding maximum-
intensity projections (MIPs) are presented in Figure 4-8, with the down-range
direction in the positive y-axis direction. The 3D structure of the target and scene
is evident. The shadowing to the rear of the model is not discernible due to the
wide transmitter SAR aperture, however the shadow to the right of the vehicle,
associated with the static receiver directions, is evident. The large sphere to the
rear-right of the scene is marked “S”, and several associated multipath features
are visible, one directly at ground level below the sphere, and the other

symmetrically below ground level.
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Figure 4-8: MIPs of an incoherent sum of the nine VV polarisation 3D bistatic SAR
images, with a z-projection (a), y-projection (b) and an x-projection (c). The large
reference sphere is marked “S”.

Having evaluated the incoherent sum result, a coherent sum of the nine bistatic
3D SAR image VV polarisation results was performed. Coherent sums are
however very sensitive to positional errors in SAR geometry information. It is
estimated that a 4 mm range error in antenna ground truth, could give rise to as
much as 90° of phase error at 10 GHz. Such a recorded error size would be
possible in the laboratory antenna position ground-truth taking process in the
directions perpendicular to the linear scanner actuators. (However, in the
directions of the linear scanner actuators the accumulated positional errors after
many thousands of moves were confirmed to be lower than 0.1 mm). Indeed,

after forming an initial coherent sum the result was seen to be defocussed.
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A data-driven phase correction algorithm was developed, maximizing the
intensity of the brightest scene scatterer in any given VV image pair coherent
sum, providing an overall phase correction value for each of the nine bistatic SAR
geometries. The result of the phase corrected nine VV polarisation image

coherent sum is presented in Figure 4-9, in the form of MIPs.
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Figure 4-9: MIPs of a phase corrected coherent sum of the nine VV polarisation 3D bistatic
SAR images, with a z-projections (a), y-projection (b) and an x-projection (c). The large
reference sphere is marked “S”.
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An improvement in SAR resolution in all three spatial dimensions has resulted
from the phase corrected coherent summation, over the incoherent summation,

providing finer detail across the main target and scene.

4.7 Sparse aperture 3D point-cloud results

The SSARVI technique is applied to downsampled versions of the experimental
dataset described in section 4.4, with the aim of determining a sub-Nyquist
sampling limit for good quality results and determining effective ways of
combining multistatic data from the different receivers when the scene consists
of a complex target, as opposed to the idealised point scatterer investigated in
section 4.5. The results are shown for the four measured polarisation channels,

to determine their utility.

Figure 4-10 shows the repeated random downsampling implemented for the
transmitter aperture in the vertical direction, with the original aperture being
presented in Figure 4-3. The most well sampled aperture size within the subset
geometries presented in Figure 4-10 is referred to as the sub-initial sampling
(SIS) in the figure. To provide an unambiguous vertical image extent across a 1.8
m high Volume of Interest (Vol), a conventional bistatic BPA based imaging
approach would require a transmitter spacing of 7.8 cm between transmitter
passes for the measured frequencies. For each method of receiver-data
combination, passes were sequentially removed until the tank structure became

indistinguishable from erroneous detection artefacts.
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Figure 4-10: Representation of the downsampled transmitter aperture. Blue lines show
the transmitter height sampled, for a full aperture width, as a percentage of the initial

transmitter aperture removed.

A threshold was determined for the tank structure using a subset of the geometry
shown in Figure 4-3. Using a single receiver position, interferogram phase factors
from all transmitter passes were summed forming a combined volumetric
interferogram (the phase factor sum is always divided by the number of elements
in sum, hence giving a mean). Background artefacts were then reduced by
systematically increasing the summed phase factor lower threshold. The
threshold at which they were removed was determined to be optimal at the point
which is 75% from the modal R value to the maximum R value across the whole
Vol. This thresholding approach was maintained in the formation of the sub-
Nyquist aperture point-cloud renderings, which enabled the appearance of
artefacts to be associated with the performance of the SSARVI algorithm,

providing the downsampling limits presented.

Figure 4-11 compares example sub-Nyquist point-cloud renderings formed from
each of the three combination approaches described in section 3, employing the

VV linear polarisation data.
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(b)

Figure 4-11: VV polarisation measurement sub-Nyquist transmitter height sampled
multistatic point-cloud renderings. (a) Coherently summed, (b) Non-coherent bistatic

summed, (c) Non-coherent bistatic combined.

The renderings presented were formed using 10 randomly spaced transmitter
passes, extracted from the radar geometry shown in Figure 4-3, employing
receivers 3, 6 and 9, which are in a single vertical column. The resulting
transmitter aperture had a mean pass spacing of 14.1 cm, which would give a
maximum unambiguous vertical cross-range extent of 1.2 m when using
conventional image formation. This sampling corresponds to 47% removal of

data from the initial aperture seen in Figure 4-9.
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From the point-cloud detections, the tank structure is clearly visible for all three
methods of receiver combination, with the main body appearing the brightest. The
cannon barrel is visible, and the gravel is visible. The point-cloud rendering shown
in Figure 4-11c (“combined") shows the most points detected out of the three
methods, and the most discernible tank structure in the point-cloud formation.
With the “summed” combination approaches, both coherent and non-coherent,
there is a section of the rear body missing from the point-cloud rendering with the

cannon also less well defined.

In determining the effect of removing passes from the transmitter aperture, a 3D
cross correlation was performed between consecutive sub-Nyquist formed point-
cloud renderings and the initial sampling point-cloud rendering. The cross-
correlation measures similarity between two 3D point-clouds, represented as 3D
images. The point-cloud renderings formed with the initial sampling rate were free
of erroneous detections, therefore significant decreases in correlation with
aperture downsampling can be reasonably attributed to the appearance of
erroneous detection artefacts. Sections 4.7.1 to 4.7.3 present the results with this
measure, for each receiver combination method, to highlight trends in image

quality.

The correlation results are compared to the point-clouds themselves by a process
of direct visual inspection, for each sparse aperture employed. The direct
inspection process was used to determine the aperture downsampling limits for

the cases:
1) where only minor artefacts are present, and
2) where major but not overwhelming artefacts are present.

The case of “major but not overwhelming artefacts” is included as these
renderings are deemed to still provide useful results, as the target can still be
discerned. Beyond this point however, the target is no longer discernible. The two
sparse aperture downsampling limits for point-cloud formation are summarised in

Table 4-1 for the different polarisations and receiver data combination methods.
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To determine the effect of using increasing amounts of receiver aperture data
(increasing fixed receiver positions), the maximum summed phase factor value,
R, for the brightest scatterer in the scene is presented, for the different
polarisations and multistatic data combination approaches. The results for each
method of combining receiver data are also presented in section 4.7.1 to section
4.7.3. The receiver positions used are those shown in Figure 4-3, with the full
width of receivers spanning a total width of 18.6° in azimuth, and 17.0° in
elevation. A summary of the properties of the point clouds from each receiver is

presented in section 4.7 .4.

4.7.1 Coherent Multistatic Summation

Figure 4-12 shows the downsampling aperture point-cloud correlation
performance for the coherent multistatic summed approach, for the four
polarisations against their corresponding initial sampling point-cloud rendering.
The receiver column employed in generating the Figure 4-11 results (receivers 3,
6, 9) were used in generating subsequent multistatic point-cloud correlation

results.
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Figure 4-12: Normalised cross-correlation between successive coherent summed
bistatic sparse aperture point-cloud renderings and the corresponding initial-sampling

point-cloud renderings for each polarisation.

The correlation values necessarily start at 1 for all polarisations, and then show
a decline as passes were removed from the aperture. For the VV and HV
channels, the correlation remained above 0.8 until 74% of the original aperture
had been removed. Inspection of the point-cloud renderings indicated that this
corresponds to sparse apertures for which only a small number of erroneous
detections were present. Although the correlation values for the remaining
polarisations were lower, inspection of point-clouds showed consistency across
all polarisations for given aperture sparsity. Hence the correlation values should

be taken to represent trends rather than exact point-cloud detection performance.

The correlation then showed a rapid decline, so that up until 78% aperture
removal there were major but not overwhelming erroneous detections. Beyond
the 78% aperture removal, the target is overwhelmed by image artefacts so that
no useful target information is obtained. The aperture downsampling limit values

are provided in Table 4-1.
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To illustrate the effect of adding measured data from an increasing number of
receivers, Figure 4-13 shows the summed phase factor, R, at the location of the
brightest scatterer in the scene for each polarisation. This scatterer was located
on the vehicle turret, and is visible in Figure 4-4. The values of R, for the three
multistatic combination methods, were generated using an increasing number of
receivers, with a fixed transmitter aperture. The transmitter aperture consisted of
14 passes, corresponding to 26% initial aperture removal. The first three receiver
positions plotted, correspond to those used to form the renderings and correlation

results shown in Figure 4-11 and Figure 4-12.
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Figure 4-13: Summed phase factor response when coherently summing data from an

increasing number of receivers, for the brightest scatterer in each polarisation.

Most of the polarisations initially show a pronounced decrease in R, which then
became less pronounced. Direct inspection of point-clouds revealed that the
decrease was associated with a decrease in the number of detections. This
decrease in complex phase factor sum is likely associated with the scatterer
variability in bistatic complex RCS. The isotropic point scatterer simulation results

in Figure 4-6 showed no such decrease in R.
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4.7.2 Non-coherent Multistatic Summation

Figure 4-14 shows the downsampling aperture point-cloud correlation
performance for the non-coherent multistatic summed approach, for the four
polarisations against their corresponding initial sampling point-cloud rendering,
and the same geometries as in section 4.7.1.

The correlation values mostly remain above 0.8 until 47% of the initial aperture is
removed, after which they show a faster decline. Point-cloud inspection revealed
that only minor artefacts were present until 68% of the initial aperture was
removed. This aperture downsampling point occurred earlier than in the
coherently summed approach. The last usefully interpretable point-cloud
renderings, where ‘major but not overwhelming’ artefacts are present, occurred
when 73% of the initial sampled aperture was removed. The downsampling

values are summarised in Table 4-1.
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Figure 4-14: Normalised cross-correlation between successive non-coherent summed
bistatic sparse aperture point-cloud renderings and the corresponding initial-sampling

point-cloud renderings for each polarisation.

For the non-coherent multistatic summation, to illustrate the effect of adding
measured data from an increasing number of receivers, Figure 4-15 shows the

summed phase factor, R, at the location of the brightest scatterer in the scene for
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each polarisation. This scatterer was located on the vehicle turret and is visible
in Figure 4-4, and the conditions for the generation of the results were as in the

corresponding ones in section 4.7.1.

Most of the polarisations initially show a decrease in R, after which they then
mostly stabilize and, in some cases, increase slightly. Likely due to this trend,
when comparing the corresponding point-clouds with the coherent summed
approach point-clouds, more detections were visible in the non-coherent
summation case. The additional detections are distributed across the main body
of the vehicle. It is likely that this property comes about due to the reduced
sensitivity of the non-coherent multistatic addition approach to the RCS variation
between bistatic geometries. The reduced sensitivity, however, has led to lower
aperture removal limits when compared to the coherent summation case, as seen
in Table 4-1.
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Figure 4-15: Maximum summed phase factor value when non-coherently summing data

from an increasing number of receivers.

4.7.3 Non-coherent Combined Bistatic

Figure 4-16 shows the downsampling aperture point-cloud correlation

performance for the non-coherent combined bistatic approach, for the four
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polarisations against their corresponding initial sampling point-cloud rendering,

and the same geometries as in Figure 4-10.
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Figure 4-16: Normalised cross-correlation between successive non-coherent combined
bistatic sparse aperture point-cloud renderings and the corresponding initial-sampling
point-cloud renderings for each polarisation.

The downsampled aperture point-cloud correlation curves are smooth and
relatively high valued in comparison to the summed approaches, however more
artefacts were present. Only minor artefacts were present up until between 32%
and 42% depending on the polarisation, and major artefacts were introduced at
57%, both earlier limits than in the summation approaches (sections 4.7.1, 4.7.2).
These limits are shown in Table 4-1. Generally, the combination approach
showed significantly more initial detections and a more complete initial vehicle

structure. Example point-clouds were presented in Figure 4-11(c), illustrating this.

It is seen that with the combination approach, for a given transmitter aperture,
incorporating an increasing number of receivers adds further detections. This is
in contrast with the previous two approaches, which both showed a decrease in
the number of detections as receivers were added. This approach is the least
sensitive to variations in bistatic RCS however, it generally requires more passes

than the summation approaches due to the faster onset of erroneous detections.
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4.7.4 Point-Cloud Properties Summary and Polarimetric Results

The point-cloud sparse aperture artefact limits for minor and major artefacts, are
presented in Table 4-1. Regarding false scatterer artefacts, for a given aperture
sparsity, the coherent summation gives the least, followed by the non-coherent
summation and then the non-coherent combination approach. Similarly, it was
observed that for a given aperture sparsity where little or no false scatterers were
present, the coherent summation approach gave the fewest scatterer detections
over the vehicle, followed by the non-coherent summation and then by the non-
coherent combination, as seen in the example results in Figure 4-11.

Table 4-1: Table showing the aperture downsampling limits for point-clouds with minor
and major artefacts, for all three receiver combination approaches: coherent multistatic
sum (CMS), non-coherent multistatic sum (NCMS), non-coherent bistatic combination
(BC).

Pol. Downsampling limit for only | Downsampling limit for only
minor artefacts (%) major artefacts (%)
CMS NCMS BC CMS NCMS BC

HH 73 68 32 78 73 57

HV 73 68 42 78 73 57

VH 73 68 36 78 78 57

W 73 68 42 78 73 57

Regarding the point-clouds formed in the different polarimetric channels for a
given multistatic SAR geometry and combination approach, it was found that the
actual detections differed across the channels. Figure 4-17 shows this for the
three-receiver scenario with 26% of passes removed from the transmit aperture,
by overlaying the four point-clouds in a single plot with different colours for
different polarisations. It is noted that the SSARVI algorithm and thresholding
process was applied to the channels separately.
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The result shows that each polarisation contributes a significant amount of
different scatterer detections, so that when they are combined, a more complete
outline of the vehicle is provided. Of the three multistatic combination
approaches, the coherent summation one benefits most from the overlay of the

polarimetric channels as for any given aperture it has the least detections.

: ' 35
x{-[-]n? 0 25 ’ y(m) {C)

Figure 4-17: Overlaid point-clouds from each polarisation channel, shown for the three
multistatic geometry combination methods: (a) Coherent summation, (b) Non-coherent

bistatic summed, (c) Non-coherent bistatic combined.

4.8 Conclusion

Multistatic polarimetric SAR measurements of a complex target and scene were
conducted at the Cranfield University GBSAR laboratory, to determine benefits

of these type of collection geometries.
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Results have been presented which combine multiple bistatic SAR collections to
provide 3D SAR (volumetric) images of the scene. Full Nyquist sampled
measured data were collected and image processed with the back-projection
image formation algorithm (BPA), and downsampled versions of the collected
data were processed with the novel, and here extended to multistatic SAR

geometries, sparse aperture point-cloud formation algorithm, SSARVI.

For the Nyquist sampled datasets, incoherent summation of the individual bistatic
collections provides useful BPA derived results, allowing a clear determination of
the target, however with the SAR geometries utilised, a phase corrected coherent
summation of the nine bistatic SAR collections was shown to provide BPA results

with a much-improved SAR resolution in all three spatial dimensions.

A multistatic SAR geometries extension of the SSARVI approach for generating
sub-Nyquist SAR aperture 3D point-cloud renderings was presented. With
simulations, it was shown that excessive clustering of trajectories can reduce the
sidelobe performance substantially, essentially due to multiple trajectories
behaving as a single trajectory. When designing non-even trajectories for
collections, trajectory cluster extents below the Nyquist spacing are suboptimal,
as the advantages of having the clustered multiple trajectories are then lost. With
a generalised bistatic example, it was shown that for a given desired
unambiguous vertical cross-range extent, the extent of clustered trajectories
should not be finer than approximately two times the corresponding Nyquist

sample spacing, otherwise the trajectory distribution becomes sub-optimal.

A comparison of three different methods for combing the multistatic data from
different receivers was made. Out of the three approaches implemented, it was
found that coherent summation of the data was the most effective approach to
suppressing artefact detections but gave rise to fewest point-cloud detections
overall. The non-coherent summing approach showed similar results but with
more detections and more artefacts for any given sparse SAR aperture.
Overlaying the detections in the ‘Non-coherent Bistatic Combined’ approach gave
rise to the most detections but required more passes for suppressing higher
levels of detection artefacts.
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For the coherent and non-coherent summed methods, it was found that
increasing the number of receiver datasets used for point-cloud formation
resulted in a decrease in the number of points detected. The “non-coherent
bistatic combined” approach led to the most complete outline of the target but
contained the most artefact detections. These different approach behaviours are
likely due to their varying sensitivity to the variation in bistatic RCS across the

different receiver datasets.

It was found that each polarisation channel contributes a significant amount of
different scatterer detections, so that when they are combined, a more complete
outline of the vehicle is provided. Of the three multistatic combination
approaches, the coherent summation one benefits most from the overlay of the

polarimetric channels as for any given aperture it has the least detections.

Further research will include developing the SSARVI approach for polarimetric
decompositions other than the Ilinear set, to provide a polarimetric
characterisation of detections. Further effects expected in realistic conditions
should also be considered, such as SAR geometry errors, noise, and target
motion. It is possible that different summed phase factor thresholds might be
appropriate for different scenes. Potentially electromagnetic scattering simulation

could allow the generation of target specific thresholds [140].
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5 Polarimetry for Sparse Multistatic 3D SAR
5.1 Abstract

There is significant interest in multistatic SAR image formation, due to the
increased development of satellite constellations and UAV swarms for remote
sensing applications. The exploitation of the finer resolution and wider coverage
of these geometries has been shown to reduce the often-impractical data
collection requirements of 3D SAR imagery; this offers advantages such as
improved target identification and the removal layover artefacts. This paper
presents a novel polarimetric generalisation of the SSARVI algorithm, which was
previously developed to exploit these sparse aperture multistatic collections for
3D SAR image formation. The new algorithm presented here, denoted the
PolSSARVI algorithm, combines polarimetrically weighted interferograms for
determining the 3D scatterer locations from sparse aperture polarimetric
collections. The bistatic generalised Huynen fork polarimetric parameters are
then determined for the multistatic PoOISSARVI 3D SAR renderings. This new
approach was tested on both simulated and experimental data. Experimental

imagery was formed using measurements from the Cranfield GBSAR laboratory.

5.2 Introduction

When compared to conventional monostatic Synthetic Aperture Radar (SAR),
multistatic SAR image formation can be used to improve the resolution and
coverage of SAR systems and capture additional target information from multiple
aspect angles [10], [149], [152]. This has led to increased interest in SAR
missions employing satellite constellations and UAV-SAR drone swarms [15],
[111], [147], [161]. The advantages of multistatic SAR could be exploited for 3D
imaging scenarios, which often have impractically high sampling requirements
[162]. Moreover, multiple aspect angle collections make multistatic geometries
beneficial for capturing additional target scattering information, including

polarimetric [163].

3D SAR has the benefit of separating target features overlaid in height, and thus

removing layover distortions from imagery. However, producing sufficient
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resolution and coverage in the vertical direction conventionally requires many
repeat passes over multiple aperture heights with Nyquist sampled spacing [26],
[27], [28]. With conventional 3D SAR imaging algorithms, a reduction in the
number of passes can make the collection more realisable, however would

reduce image quality with aliasing ambiguities.

Various techniques have been developed for reducing the sampling requirements
of 3D SAR whilst maintaining image quality, these include differential SAR
interferometry, 3D SAR Compressive Sensing, and the SAR Point-Cloud
Generation System (SPCGS) [22], [62], [164]. SAR interferometry relies on a
phase unwrapping process to generate scatterer height estimates [3], and has
primarily seen success with Digital Elevation Mapping. However, the phase
unwrapping step can introduce ambiguities for scenes with large discontinuities
in their height profile [139]. 3D SAR compressive sensing has seen significant
interest, with renderings of complex vehicle targets being successfully produced
[155]. This approach requires the target scene to be sparsely populated, which is
then exploited in the signal reconstruction. The approach can be computationally
expensive [55]. However, recently introduced methods based on sparse-prior

optimisation are attempting to improve this [165].

The SPCGS algorithm processes the change in layover within a stack of 2D SAR
images obtained from different radar platform trajectory heights, and sums the
interferometric contribution to generate scatterer height estimates [62], [140].
This can be challenging for bistatic, multistatic SAR geometries, and in particular
in SAR near-field geometries where the elevation angle across the scene is
spatially variant. Under these conditions, the layover position of scatterers is
difficult to calculate due to significant distortions of the contributing SAR iso-range
arcs (constant range contours) [95]. The Sparse SAR Volumetric Interferometry

(SSARVI) approach was originally developed to overcome this problem [64], [65].

This paper contributes a new polarimetric generalisation of the multistatic
SSARVI algorithm, which we denote PolSSARVI. The PolSSARVI algorithm
utilises the novel volumetric interferometry-based approach, developed in the
previous SSARVI literature, to account for the layover distortions attributed to
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using multistatic and near-field SAR collections. This paper extends the capability
of this approach further, by combining multiple volumetric interferograms for each
measured polarisation channel, for a sparsely sampled 2D multistatic aperture.
The polarimetric interferograms are each weighted by their combined polarimetric
span intensity. This combined polarimetric approach was devised to better
account for the variability of scatterer brightness in different polarisation
channels, and enable the association of polarimetric information with 3D scatterer
detections. Examples of such scatterers, including a discussion on polarimetric
scattering variability, can be found here [33]. The new methodology introduced

by the PolISSARVI algorithm is explained in greater detail in section 5.3.

Previous studies of the SSARVI algorithm were based on the overlay of individual
polarisation channel detections, which although contributing more detections, did
not provide polarimetric scatterer properties [65]. The polarimetric information
determined for the 3D targets presented in this study is obtained from bistatic
Huynen fork parameters, which were developed from the pioneering work of
Huynen and later Titin-Schnaider [131], [133], [134], [135]. The development of

these parameters is explained in more detail in section 5.4.

Recent studies highlight the utility of extending SAR imaging techniques to
include polarimetric analyses, particularly for improving target identification [166].
Prior to this work, polarimetry has been combined with sparsely sampled 3D SAR
approaches, with meaningful polarimetric scatterer information being obtained
using 3D SAR Compressive Sensing (CS) [167]. Whilst useful, this approach also
uses the expensive signal reconstruction processes associated with single-
channel compressive sensing. Recent publications have improved the scatterer
identification of the polarimetric 3D CS-based approach, employing mixed-
regularisation reconstruction methods and novel polarimetric decompositions
[168], [169]. The polarimetric decompositions used in these approaches,

however, are not applicable to the multistatic geometries used in this study.

The most established sparse polarimetric 3D SAR technique is polarimetric SAR
interferometry [170]. This technique uses the phase unwrapping process utilised
by conventional SAR interferometry. The polarimetric diversity is used to optimise
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the coherence between SAR passes, which leads to smaller phase ambiguities
and more accurate scatterer height estimates [56]. Recent publications have
exploited this for 3D Interferometric Inverse-SAR (InISAR) image formation,
forming complex point cloud models of a full-size model tank [39], [59], [171]. Like
the PolSSARVI algorithm, these publications do not use phase unwrapping
process due to its sensitivity with complex targets. These studies found that the
use of multiple polarisations was able to produce more accurate and stable point
cloud models of a model tank target, leading to improved target identification.
Whilst the algorithms in these publications are different to the one presented in
this paper, they show that performance gains are possible when using multi-

polarimetric data.

The detection performance of PoISSARVI, for a range of sub-Nyquist sampled
apertures, will be compared to the non-polarimetric SSARVI approach previously
presented, using both simulated and experimental data. It will also be shown that
PoISSARVI provides accurate polarimetric information, associated with sub-
Nyquist formed 3D renderings of targets. The extraction of bistatic polarimetric
parameters used in this study has been previously validated at the Cranfield
GBSAR laboratory, using finely sampled SAR collection geometries [163].

Section 5.5 presents simulation results. Section 5.6 describes the Cranfield
GBSAR laboratory. Section 5.7 outlines the experimental procedure and
polarimetric features of the model target. Section 5.8 compares the PoISSARVI
algorithm to the SSARVI algorithm and assesses the accuracy of polarimetric
data obtained with the PoISSARVI algorithm, followed by a discussion.

Concluding remarks are provided in Section 5.9.

5.3 Development of the PoISSARVI Algorithm

The SSARVI algorithm described in previous work, [64], [65] uses a set of
volumetric interferograms that are formed for a single polarisation, using N
sparsely and unevenly distributed in height SAR passes. To be more specific, for
the case of multistatic collections, the passes as described by their Bistatic
Equivalent Monostatic (BEM) trajectories, should be sparsely and unevenly
distributed in height. For a given scene centre, a BEM antenna position is defined
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along the bisecting line (bisectrix) of the transmitter and receiver positions relative
to the scene centre, and at the bistatic range from the scene centre. N-1
volumetric interferograms are formed using a common reference image, and the

phase factors of each interferogram are summed as follows:

N-1
14 z £ ion@)
n=1

where ¢, (x) is the phase at image voxel x of the n'" interferogram. Voxels, with

! (5-1)

R(X) = N

a value of R, surpassing a threshold are classed as a 3D scatterer detection
location. This approach utilises volumetric processing when forming a set of
sparsely sampled interferograms, which removes the need to account for the
layover distortions when summing the interferograms [144]. A consistent
elevation angle across the imaged scene is not required for this approach, which
also allows for bistatic, multistatic and SAR near-field geometries to be processed

more easily.

However, a weakness of this SSARVI approach is that it acts only on single
polarimetric channels at a time — it may for example be the case that some objects
spread their scattering response over several polarimetric channels. In this case
it would be advantageous to detect these responses in a joint manner, helping to
raise a joint polarimetric phase factor sum R above the scatterer detection
threshold.

For the generalised polarimetric algorithm, termed PolSSARVI, data is again
collected from N sparsely sampled and unevenly distributed in height SAR
passes, though now for all four polarisation channels (in the linear basis: HH, HV,
VH, VV). Firstly, for a given pass n, across each set of four polarisations labelled
p, the four complex values at a given SAR image voxel, a,, (x), can be regarded
as a two-by-two polarimetric scattering matrix (with four elements labelled p),

whose polarimetric Span is given by:

: (5-2)
520 = ) Jany @)
p=1
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The nt" Span-normalised polarimetric interferogram for polarisation p is here

defined as follows:

Ay (X)ap , (X) (5-3)

VSn(2)Sn(x)

where without loss of generality, pass N is chosen to be the reference pass. Note

rnp(x) =

that with this definition, the magnitude of each polarimetric interferogram is

generally not equal to one.

Now we define the sum over all of the collections of interferograms for a given

polarisation as follows:

N
. (5-4)
Bp@) =5 ) Fp(®)
n=1

Finally, we may now define the generalised polarimetric phase factor sum, to be
used for scatterer detections, as follows:
= 18, (5-5)

Roo(x) = Sy (x)
P ! ;|a,vp(x)|2

It is the case that Rpol < 1, thus a threshold value less than one, to be determined,

is applied for scatterer detections.

For each detection and for each of the four polarisations, the mean SAR image
complex pixel value may be obtained 1/N N, anp(x), providing what can be

regarded as a two-by-two polarimetric scattering matrix (with four elements,
labelled p). Thus, for each of these detections, the bistatic Huynen fork
parameters, or any other polarimetric decomposition, can be determined. The
whole PoISSARVI process is described in the flow diagram in Figure 5-1.
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Measure N polarimetric
SAR collections with
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unevenly distributed in
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Form a set of N volumetric
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polarisation channel, by
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Normalise interferograms
of each pass using the Sum the normalised
corresponding interferograms across each
polarimetric span pass (6)
intensities

Now combine the
summed interferograms
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polarisation channels, as
given by (7)

Apply threshold to extract
3D scatterer locations

For each scatterer
For each scatterer

location, associate a location apply Bistatic
polarimetric scattering e 2 Huynen fork

matrix derived from the "
decomposition

N SAR images

Figure 5-1: Flow diagram outlining the PolSSARVI algorithm.

It is noted that alternative phase factor sum expressions are possible, giving
varying levels of detection performance. In particular, one may define a
generalised polarimetric phase factor sum term which has its form in
correspondence with (5-1):
4 (5-6)
Roo2(9) = | £,()
p=1
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However, the detection performance for Rpoi2 has been found to be no better, and
sometimes worse, than that for Rpo in (5-5), likely due sensitivity due to the

complex summation over polarisation terms.

5.4 Bistatic Polarimetry and Huynen Fork Parameters

Bistatic radar polarimetry has seen a significant degree of interest from the 1990s
onwards [130], [132]. Bistatic polarimetry is generally more complicated than
monostatic, as cross-polarisation terms are no longer equivalent. In this paper,
we employ a robust bistatic polarimetric decomposition developed by Titin-
Schnaider which builds on work by Huynen [133], [134], [135]. Huynen showed
that the scattering matrix of a target illuminated monostatically, S, can be written
in the diagonalised form:
S=U(6,7)S;y,v)U(B,1)f (5-7)

Where the superscript *’ represents the complex conjugate, and ‘t’ represents
the complex conjugate transposed. ©,1,y and v are the four real-independent
Huynen fork parameters describing polarimetric properties of the scatterer; U is
a unitary matrix constructed for the diagonalisation of S; Sq is a diagonalised
matrix that contains information about the polarisability of the scatterer, and
nominally about whether the number of reflections associated with the scattered

ray is odd or even [131].

Titin-Schnaider showed that Huynen diagonalisation approach could be extended
to the bistatic case as follows:

S =U(8;, 1) Say, V)V (85, T5)T (5-8)
Where 0;, Ti, 6s, Ts are redefined to include the orientation and symmetry of the

scatterer for incident “” and “s” scattered wave directions; U and V are unitary

matrices which diagonalise the asymmetric scattering matrix for bistatic radar
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geometries. The approach developed by Titin-Schnaider was further developed

by Xu et. Al [63], presenting a computationally efficient algorithm.
The Huynen fork parameters are summarised as follows:

« Orientation / Tilt angle, O: the angle of the dipole type scattering orientation
to the horizontal plane about the line from the transceiver to the scatterer, in the
anticlockwise direction, when looking down-range. The range of definition is -
90°<6<90°. In the monostatic case there is one orientation parameter, however
in the bistatic case this is replaced by two: 8i denoting the incident direction
orientation relating to the transmitter, and 8s denoting the scattered direction

orientation relating to the receiver;

+ Symmetry angle, T: a parameter indicating how symmetric a scatterer is about
the orientation direction. The range of definition is 0°<|1|<45° where 0° indicates
high symmetry and |1|=45° indicates low symmetry. In the monostatic case there
is only one symmetry parameter, however in the bistatic case this is replaced by
two: Tidenoting the incident direction symmetry relating to the transmitter, and 1s

denoting the scattered direction symmetry relating to the receiver;

« Skip angle, v: a parameter indicating whether the scattered ray has had an
odd or even number of interactions (bounces) with the target. The range of
definition is 0°< |v|< 45° where 0° indicates an Odd-bounce interaction and
|[v|=45° indicates an Even-bounce interaction. Odd-bounce type scatterers
include spheres, flat plates and trihedral multi-bounce. Even-bounce scatterers

include dihedral multi-bounce;

+ Polarisability angle, y: a parameter indicating how polarising a scatterer is —
a measure of how much the incident polarisation is projected on to any particular
orientation. The range of definition is 0°<y<45° where 0° indicates high
polarisability and 45° low. Scatterers with medium to high polarisability include
rods and the straight edges of extended objects. Scatterers with low polarisability
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include spheres, flat plates, and corner reflectors with multi-bounce, including
both dihedrals and trihedrals.

The six Huynen parameters extracted for the experimental work of this paper
were obtained via singular value decomposition [63], with the main experimental
point-cloud renderings being presented for the rotationally independent
parameters v and y.

5.5 Simulations

Simulations were conducted to verify the effectiveness of the PolSSARVI
approach, and compare its combined interferometric response to the response of
the more basic SSARVI approach across multiple polarisation channels.
Simulations were performed on isotropic point scatterers and used a sparsely
sampled 2D bistatic SAR aperture, seen in Figure 5-2. For simplicity, scatterers
were given the monostatic polarimetric response of a flat plate, a dihedral and of
dipole scatterers. The antennae geometry and scatterer locations of the first

simulation are shown in Figure 5-2.

Rx

111

Dipole
- Flat Plate .

. _Dihedral

Figure 5-2: Sparse bistatic SAR simulation geometry. The transmitter aperture (red) is
labelled Tx and receiver position is labelled Rx. The flat plate, dihedral and dipole

scatterers are labelled in the scene.
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The vertical extent of the transmitter aperture is 1.74 m, with a mean pass
separation of 2° in elevation to the scene centre at the origin. The mean bistatic
angle was 14.4°. This is the angle between the mid-transmitter aperture point and
the receiver location, through the scene centre. Using a frequency range of 7-8
GHz, this would give a theoretical unambiguous vertical cross-range extent of
1.11 m. The unambiguous extent is approximately equal to half of the 2 m vertical
target extent. The point scatterers were situated between 9.5 m and 10.5 m in
ground range from the transmitter aperture. The dihedral and dipole scatterers
were orientated respectively at 22.5° and 45° anticlockwise to the down-range
direction, so that in the form of a two-by-two scattering matrix their polarimetric
responses in the linear polarimetric basis were set as follows:

S _1[1 0 (5-9)
plate — \/i 0 1

Sain(22.5°) = %[} "

-1

w111
Sqip(45°) = 5 [1 1]
_[HH HV
where, S = [VH vV

Figure 5-3 presents the summed interferometric response Rpol along vertical iso-

ranges (constant range) arcs through the three scatterers.
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Height (m)

Figure 5-3: Summed interferometric response Ryq along vertical iso-range arcs through
the location of the flat plate, dihedral and dipole scatterer. These are labelled Plate, Dih

and Dip respectively.

The Rpol curves attain maximum values of 1 when passing through their
respective scatterers at the correct heights of -0.6 m, 0 m and 0.8 m. The Rpol
curves have low sidelobes. Using conventional image formation algorithms, with
a transmitter aperture sampled evenly in elevation, would result in aliased peaks
which would significantly increase scatterer height ambiguity and result in false
detections.

To contrast the performance of the new PoISSARVI algorithm in comparison to
the SARVI algorithm, an additional simulation is run, using the previous bistatic
SAR geometry of Figure 5-2, though with only a single scatterer, consisting of a
horizontal dipole at 0 m height. A low level of noise is added to each polarimetric
channel to illustrate algorithm behaviour where scatterer polarimetric responses
are very low. In the channels with signal present, the signal to noise ratio (SNR)
was 60 dB.

In Figure 5-4, vertical iso-range plots for Rpo (POISSARVI) and the SSARVI

derived R for the single HH and HV polarimetric channels are presented.
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Figure 5-4:Summed interferometric responses along the vertical iso-range arc through
the location of a horizontal dipole. The PolSSARVI response Rpol and the SSARVI
response RHH appear overlaid.

Dipoles are polarising scatterers, showing a strong response in a single
polarisation orientation, and in this case the strong response is in the HH channel
only. The combined polarisation PoISSARVI approach provides a clear and
correctly located peak. The SSARVI approach also provides a correct detection
in the HH channel (Rpol and RuH appear overlaid), however in the HV channel, as
expected, the scatterer is not correctly detected. The highest peak in Ruyv is in the
wrong location, so that the SSARVI threshold application step would lead to an

erroneous detection.

The performance of the PoISSARVI approach has been found to be invariant to
polarimetric scatterer type and orientation, whereas the application of the
SSARVI approach on individual polarisations followed by a combination of the
detections, leads to false detections when scatterers show a dim response in any

given polarimetric channel.
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5.6 Cranfield GBSAR Laboratory Overview

5.6.1 Experimental Setup

The SSARVI and PolSSARVI algorithms were applied to an experimental
multistatic SAR data set, collected at the Cranfield GBSAR laboratory. The
laboratory contains a representative target scene, with the quarter-scale model
tank situated on a gravel ground surface, shown in Figure 5-5. The model tank
target is approximately 80 cm in height, and 2.5 m in length. The gravel scene is
approximately 3.5 m in width and 4.5 m in length, and is marked by the sphere
reflectors shown around the edges. A large reference sphere towards the back
of the target scene is visible in Figure 5-5, and is elevated slightly off the ground.
The phase-history data was recorded using a Keysight Vector Network Analyser

(VNA), which also linked the two antennas by high fidelity microwave cables.

Figure 5-5: Photographs of model tank target. The wire on top is denoted by "W", the
turret of tank denoted by "T", and the reference sphere is denoted by “S”.

The transmitter and receiver are situated on independent antenna rails, each
capable of sweeping out 3.5 m in width and 1.9 m in height. Using this setup, a
finely sampled 2D multistatic aperture was used as the initial collection geometry,

consisting of 95 vertically spaced horizontal transmitter passes with a 1.5 cm
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spacing in height, together with two fixed receiver positions to the left of the
aperture, depicted in Figure 5-6. The collection was fully polarimetric with a

frequency range of 6.62 — 10 GHz.

Rx 2
.

Rx 1#*

—
y(m) x(m)

Figure 5-6: Multistatic SAR geometry. The 2D transmitter SAR aperture is shown in red
and denoted by Tx. The stationary receiver positions are shown with blue asterisks and
denoted Rx1 and Rx2.

The transmitter aperture extent was 3.5 m wide and 1.5 m high, providing azimuth
and elevation transmitter apertures of 44° and 17.7°. These values were
determined relative to the scene centre, which was 4.15 m from the transmitter
aperture. The mean bistatic angles to the receiver positions Rx1 and Rx2 were
61.4° and 62.8° respectively, giving ground-range resolutions of 5.7 cm and 5.4
cm, and cross-range resolutions of 55 cm and 5.4 cm respectively. The
theoretical vertical resolutions for Rx1 and Rx2 were 13.6 and 13.5 cm
respectively. The resolution values were determined from the BEM aperture
relative to the scene centre.

5.6.2 Polarimetric Calibration

Polarimetric calibration is achieved by measurement of calibration scattering
targets with known scattering response, following Sarabandi et al. [172]. Metal
spheres were employed as calibration scatterers, since their scattering matrix can
be computed accurately. Additionally, a strong cross-polarisation scatterer was
also employed, consisting of four parallel metal rods. The rods were attached to

a polystyrene backing board and acted as a grid of dipole scatterers. The rods
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were 60cm long with 20cm separation. The polystyrene backing was cut into an
octagon, allowing the grid to be easily rotated in 45° steps for tests with different

configurations.

5.7 Methodology

5.7.1 Aperture Downsampling

For conventional image formation with the laboratory scenario, a minimum
transmitter pass spacing height of 7.8 cm in height would be required to suppress
aliasing artefacts over a 1.8 m high volume of interest (Vol). This aperture spacing
is a subset of the very finely sampled SAR geometry presented in Figure 5-6, and
shall be referred to here as the Sub-Initial Sampling (SIS). However, in
accordance with the SSARVI and PolSSARVI requirements, for the
downsampling procedure, it was convenient that whilst maintaining the required
average spacing, the SIS had randomized heights. For algorithm evaluation, the
transmitter aperture was repeatedly downsampled from the SIS to form sparse
2D apertures, with a mean pass vertical sampling below the minimum Nyquist
sampling requirement. This was achieved by removing passes randomly from
heights within the transmitter vertical aperture extent. The subsampled

transmitter apertures are presented in Figure 5-7.
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Figure 5-7: Downsampled transmitter height apertures. Blue lines show heights sampled
for a given randomly downsampled aperture. White spaces consist of fully removed SAR
passes.

The first subsampled geometry, presented in Figure 5-7, consisted of a mean
transmitter pass spacing of 7.8 cm. This is the SIS aperture, at the minimum mean
spacing required for suppressing artefacts over the Vol around the target. For the
range of sparse apertures presented, the performance of the PoISSARVI and
SSARVI approaches were compared. The performance was determined by the

sub-Nyquist performance measures presented below.

5.7.2 Sub-Nyquist Imaging Performance Measures

Two main measures were used to determine the performance of the PoISSARVI
and SSARVI algorithms with sub-Nyquist sampled apertures. These included a
measure of the level of false detections present in the point-clouds, and of the
accuracy of the bistatic Huynen fork parameters.

The level of false detections was determined by measuring the False Alarm Ratio
(FAR) for a range of aperture samplings below Nyquist sampling. The FAR is
given by:
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FAR = —%
~ TP+FP (5-10)

where FP denotes the number of False Positive erroneous detection of artefacts,

and TP denotes the number of True Positive correct detections [173].

The TP and FP scatterer detections were determined from two 3D binary mask
images for the model tank target. To form the masks, two separate span
polarisation volumetric images were formed from fully sampled SAR aperture
data with the backprojection algorithm (BPA), one for each receiver. The binary
mask of each image was formed by applying a span-intensity threshold at 50 dB
below the maximum of each image. The TP and FP scatterer locations of each

mask image was thus determined, and combined into a single data set.

In addition to the FAR measurements, further quantitative analysis of the sub-
Nyquist aperture performance of the SSARVI and PolSSARVI algorithms was
provided by normalised cross-correlation results. The normalised cross-
correlation was performed between the 3D point clouds formed with the SIS
aperture, and the successively downsampled apertures. The polarimetric span
intensity was associated for each detection location in the point clouds used in
the cross-correlation. This approach, applied to both algorithms, gave a

numerical indication of image quality.

The polarimetric properties of the model tank structure were determined by the
Huynen parameters. The accuracy of the Huynen parameters obtained for the
sub-Nyquist formed PolSSARVI detections was determined by making a
comparison with Huynen parameter arrays obtained from the full SAR aperture
BPA images, which will be referred to as Huynen Reference Arrays. The BPA-
formed Huynen parameters obtained for the model tank target were validated in

previous work [65].

The accuracy of the Huynen parameters obtained for the POISSARVI detections
was determined by making a comparison with Huynen parameter arrays obtained
from the full SAR aperture BPA images, which will be referred to as Huynen
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Reference Arrays. For a quantitative comparison, the normalised-mean squared

deviation (NMSD) was employed for any given Huynen parameter:

S |F(x) — Fra(x)I? (5-11)

=2 __
? D; G2

where i enumerates detections of which there are D; in total for the f sparse

aperture; F(x;) is the value of a particular Huynen parameter for detection i at
location x;; Fra(x;) is the corresponding value of the same Huynen parameter

reference array; G is the range of the specific Huynen parameter.

It is noted that there were slight variations in the location of scatterer detections
for the different aperture samplings, however the NMSD results in section 0 were
restricted to evaluation over ‘TP’ detections only, which reduced the variations.

5.7.3 Huynen Reference Array

The Huynen parameters were determined for full SAR aperture BPA images from
each receiver separately. For each Huynen parameter and image position, the
mean value over the two receiver antennas were used to form the Huynen
parameter reference arrays used in (5-11). The Huynen reference arrays were
used to colour the Span polarisation BPA SAR images presented in Figure 5-8
(formed with full SAR apertures). VoxView software [118] was used to form the
3D renderings, where both the brightness and the opacity of each voxel is
determined by the polarimetric span-intensity. The polarimetric span-intensity is
presented with a dB scale, with a dynamic range of 50 dB. The figure shows

renderings for both the polarisability angle and the Skip angle.

The top rendering shows the polarisability angle across the tank scene. Non-
polarising scatterers appear as green and polarising scatterers as red. The tank
structure is seen as mainly non-polarising, except for the wire labelled as ‘W’ on
the top of the tank. The bottom rendering shows the Skip angle across the tank
scene, with red indicating an Odd-bounce response and green indicating an
Even-bounce response. A mixture between Odd and Even bounce scattering
mechanisms is seen to be present across the tank structure, which may be

expected due to the complex nature of the target. The reference sphere at the
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back of the scene allowed a validation check on the polarimetry: it was seen to

show the expected strong single/Odd-bounce and non-polarising scattering.

2(m)

|V[( )

Figure 5-8: Multistatic 3D BPA SAR images of the model vehicle, formed with the full
transmitter aperture presented in Figure 5-6: Multistatic SAR geometry. The 2D
transmitter SAR aperture is shown in red and denoted by Tx. The stationary receiver
positions are shown with blue asterisks and denoted Rx1 and Rx2.. Polarimetric Span
intensity in dB provides the brightness in these images, and colour is attributed to
polarimetric parameter angles. The polarisability angle is shown (top) together with the
Skip angle (bottom). “W”, in the top rendering, denotes the position of the wire, which

is seen to have a high polarisability value.
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5.8 Experimental Results

5.8.1 Sub-Nyquist Point-Clouds
The SSARVI and PolSSARVI thresholding value used (see Figure 5-1) is

described numerically as:
T = a(max(R) — mode(R)) + mode(R) (5-12)

where q, referred to here as the threshold factor where 0 < a < 1, and was varied
to determine an optimal threshold T. The modal values of the interferometric
phase factor sum R, were determined for both SSARVI and PolSSARVI
approaches [145].

The threshold factor was determined by sequentially increasing its value on finely
sampled experimental imagery until the background noise and sidelobe artefacts
were no longer visible in the point-clouds. For the PolSSARVI algorithm, there
were no visible background erroneous detections above a = 0.5. For the SSARVI
algorithm, there were no visible background artefacts above a = 0.75. These

values of a were adopted for subsequent point cloud generation.

Example renderings of the PoISSARVI algorithm being used to form sub-Nyquist
sampled multistatic polarimetric 3D point-clouds are presented in Figure 5-9. The
polarisability angle is represented through colour. Two different orientations are
presented, the top one with the tank barrel pointing left, and the bottom one
pointing right. The renderings were produced using VoxView, as was the case for
Figure 5-8.
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Figure 5-9: Sub-Nyquist SAR aperture polarimetric and multistatic T72 rendering showing
the Huynen Polarisability angle. Green shows non-polarising scatterers, red shows

polarising scatterers. Two different viewing angles of the same rendering are shown.

Figure 5-9 was formed using a sparse multistatic geometry, using 57% Aperture
Removed From SIS (ARF-SIS) with a mean spacing 18.1 cm. The two stationary
receiver locations, that were shown in Figure 5-6, were used to form the imagery.
The thresholding was applied to the data from each receiver separately, with the
detection points from each then overlaid. No false scatterer detections are

present.

As was the case in the BPA rendering, the result shows a predominantly non-
polarising scattering response for the PolSSARVI point-cloud, though a small
number of polarising scatterers can be seen. The wire, visible in Figure 5-8a,

was not visible in the PoISSARVI rendering.
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In correspondence with Figure 5-9, Figure 5-10 shows the Huynen Skip angle
determined at each point in the point-cloud rendering, formed from a 57% ARF-

SIS aperture.

|U|(°)

Figure 5-10: Sub-Nyquist SAR aperture polarimetric and multistatic T72 rendering
showing the Huynen Skip angle. Green shows Even-bounce scatterers, red shows

Odd-bounce scatterers. Two different viewing angles of the same rendering are shown.

The main tank structure shows a mixture of Odd and Even-bounce scattering, as
was the case for the full aperture BPA rendering in Figure 5-8. The cannon shows
a similar response to the corresponding locations in the full aperture BPA image.
The reference sphere at the back of scene correctly showed a distinct Odd-
bounce scattering response for all aperture samplings.
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5.8.2 Sub-Nyquist Performance of SSARVI and PoISSARVI

Algorithms
The False Alarm Ratio (FAR) was determined for PolSSARVI and SSARVI

algorithms, using a multistatic data set that was sub-Nyquist sampled in elevation.
The apertures used to measure the FAR were presented in Figure 5-7, and were

formed by sequentially downsampling the SIS aperture, as described in section

5.2.
Figure 5-11 compares the FAR of the SSARVI and PoISSARVI approaches. The
FAR measured at each aperture sampling is given by equation Figure 5-10. The

‘TP’ and ‘FP’ scatterer locations were determined from the corresponding mask

images as described in 5.7.2.
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Figure 5-11: False Alarm Ratio (FAR) of the SSARVI and PoISSARVI approaches for

sub-Nyquist SAR aperture samplings below SIS.

As the transmitter aperture was downsampled from 0% to 42% ARF-SIS, the
SSARVI approach showed a negligible FAR. After 42% aperture removal below
SIS, the erroneous artefact detections became more visible around the target and
the measured FAR started to increase. The level of artefact detections started to

have a significant presence on the rendering at 57% ARF-SIS, at which point the
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FAR started to increase at a sharper rate. The tank structure was difficult to
discern at 63% aperture removal below SIS, at which point the measured FAR
was approximately 0.02. The tank structure became indiscernible from artefact
detections at 68% ARF-SIS, at which point the measured FAR was approximately
0.1.

For the POISSARVI approach, there were no visible artefact detections up to 57%
ARF-SIS. At 63% ARF-SIS, there was a minor level of erroneous detections, with
a negligible effect on the FAR. The FAR started to increase significantly at 68%
ARF-SIS. The tank structure became indiscernible from erroneous detections at
73% ARF-SIS, with a FAR of approximately 0.17.

Comparing the two approaches, the PoISSARVI approach showed fewer
erroneous detections over a larger range of aperture samplings below Nyquist
sampling. The tank structure also became indiscernible at a lower aperture
sampling for POISSARVI, which implies that it provides an improved performance

compared to SSARVI, with lower aperture sampling requirements.

The FAR was found useful for indicating the presence of artefacts, with values
below about 0.1 providing scatterer point-clouds with some utility, and below

about 0.01 providing point-clouds of a good quality.

The FAR measurements are supplemented by the normalised cross-correlation
results between the sub-Nyquist aperture point clouds and the finely sampled

aperture point clouds for both algorithms, shown in Figure 5-12.
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Figure 5-12: Normalised cross-correlation of sub-Nyquist formed point cloud renderings
with initial SIS aperture. Performed for both SSARVI and PolSSARVI algorithms.

The sub-Nyquist sampled aperture point clouds formed with the SSARVI
algorithm show an initial high cross-correlation with the corresponding SIS
aperture point cloud. This continues until 47% ARF-SIS, after which the
measured cross-correlation starts to noticeably decline. The cross-correlation
decreases to 0.85 at 57% ARF-SIS which is noted as being the aperture sampling
at which the discernibility of the tank becomes limited due to the presence of
artefact detections. The measured cross-correlation continues to decrease after
63% ARF-SIS, the point at which the tank structure becomes indiscernible.

The measured cross-correlation for the sub-Nyquist aperture point clouds formed
of the PolSSARVI algorithm, also shows a high correlation over a similar
downsampling range when compared to the SSARVI algorithm. The values
obtained for the PoISSARVI algorithm are marginally lower compared to those
obtained from the SSARVI algorithm until 52% ARF-SIS. At 57% ARF-SIS, the
PolSSARVI algorithm has a higher degree of correlation with the finely sampled
point clouds, which is the point at which distinguishability of the tank structure is
limited for the SSARVI algorithm. For the PolSSARVI algorithm, only minor
artefacts are present at this aperture sampling. The normalised cross-correlation
then only shows a significant decrease at 73% ARF-SIS, which is the point at
which the tank structure becomes indiscernible from artefact detections.

117



There was reasonable agreement between the determined FAR at each
downsampled aperture, and the corresponding measured cross-correlation. The
decrease in cross-correlation for the SSARVI algorithm at 57% ARF-SIS
corresponded to a sharp increase in the FAR for the same aperture. This was the
point at which there was limited discernibility for the tank structure in the SSARVI-
formed point clouds, and only minor artefacts for the PoISSARVI-formed point
clouds. As the measured cross-correlation for the PoISSARVI algorithm stayed
above 0.9 at 57% ARF-SIS, this suggests that 0.9 is an optimal value for
classifying good quality 3D point cloud imagery.

5.8.3 Sparsely Sampled Aperture Polarimetry Performance
The NMSD of the Huynen parameters, defined in equation (5-11), obtained for
the PoISSARVI approach, are shown in Figure 5-13. They are presented for the

sub-Nyquist apertures shown in Figure 5-7. The NMSD of the Huynen parameters
was determined for the sub-Nyquist point-cloud detections across the structure

of the target for different aperture samplings.
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Figure 5-13: The NMSD of all six Bistatic Huynen fork parameters for each aperture

sampling.

All the Huynen parameters show the same general trend of maintaining a stable
NMSD until about 57% ARF-SIS, after which they go through increases. The
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curves do have different NMSD levels however, due to a constant difference
between the point cloud detection polarisations and the corresponding BPA

derived Huynen reference arrays (see section 5.7.3).

At 73% ARF-SIS it is noted that the target structure became indiscernible from
erroneous detections, and for more sparse sampling, all the NMSD curves

increase further. The Polarisability parameter seems to be the least sensitive to
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Figure 5-14 PolSSARVI point-cloud MIPs in the x-z plane, showing a front view of the tank
rendering. Colour indicates the Polarisability angle, with brightness determined by the
polarimetric span in dB, with a 50dB dynamic range. The renderings were formed at SIS
sampling (top) and at 52% ARF-SIS (bottom). The turret labelled ‘T’.
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aperture downsampling and experienced the least variation in NMSD. This is
likely because the scene showed an overwhelmingly non-polarising scattering

response.

Polarimetric point-cloud MIPs are shown in Figure 5-14 through Figure 5-17. The
renderings were formed at aperture samplings of 52% ARF-SIS, showing a
negligible presence of erroneous detections and a Huynen parameter NMSD
below 0.1. The MIPs in Figure 5-14 provide a front-view of the target, showing
the maximum polarimetric span in the y-direction in a dB scale with 50 dB

dynamic range, with its associated Polarisability angle represented by colour.

The top rendering shows the polarisability angle of the tank structure, formed at
the SIS aperture. The scattering centre on the turret of the tank, labelled “T”, is
the brightest scatterer. Overall, little difference can be seen in the polarisability
angle when comparing with the 52% ARF-SIS in the lower figure, confirming the

Huynen parameter NMSD results in Figure 5-13.

Figure 5-15 presents MIPs formed with the same aperture sampling and
polarimetric-span intensity projection as those presented in Figure 5-14, though

the colour here represents the Skip angle. Again, there is a good deal of similarity

between the images with the different aperture samplings.
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Figure 5-15 PolSSARVI point-cloud MIPs in the x-z plane, showing a front view of the tank
rendering. Colour indicates the Skip angle, with brightness determined by the polarimetric
span in dB, with a 50dB dynamic range. The renderings were formed at SIS sampling (top)
and at 52% ARF-SIS (bottom).

Figure 5-16 and Figure 5-17 show MIPs corresponding to those in Figure 5-14
and Figure 5-15, but now with an x-direction projection, providing a side view of
the target with the cannon visible, extending beyond the front of the target. Only

minor changes in the location of the detections and their polarisation are
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noticeable between the differently sampled aperture results. The target can be

seen to be mostly non-polarising, and there is some variability in the Skip

parameter.
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Figure 5-16: PolSSARVI point-cloud MIPs in the y-z plane, showing a side view of the tank
rendering. Colour indicates the Polarisability angle, with brightness determined by the
polarimetric span in dB, with a 50dB dynamic range. The renderings were formed at SIS
sampling (top) and at 52% ARF-SIS (bottom).
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Figure 5-17: PoISSARVI point-cloud MIPs in the y-z plane, showing a side view of the
tank rendering. Colour indicates the Skip angle, with brightness determined by the
polarimetric span in dB, with a 50dB dynamic range. The renderings were formed at SIS
sampling (top) and 52% ARF-SIS (bottom).

Figure 5-18 shows the Huynen parameters determined at the location of the
reference sphere, located to the rear of the target scene, labelled “S” in Figure
5-5. These values were extracted for the sparse apertures presented in Figure
5-7. For all the apertures, the Huynen parameters were measured at a common

point on the sphere.
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Figure 5-18: Huynen fork parameters determined at the location of the reference sphere
for each aperture sampling.

The expected Huynen parameter values for a sphere are: 45° for the Polarisability
angle y, 0° for the Skip angle v, and 0° for the symmetry angles Tiand T1s. The
orientation parameters ©i and ©s offer no physical meaning for non-polarising
scatterers [133], [134], [135].

The sphere results are in agreement with the expected values, and are stable
over the sparse apertures implemented, with the Polarisability angle at about 37°,
the Skip angle at about 1.0°, and the sum of the symmetry angles at about 2.7°.

It is noted that a more substantial validation of Huynen parameter extraction in
the GBSAR laboratory was presented in [163] where canonical scatterers
including a metal dihedral in different orientations were measured in a monostatic
geometry. The use of dihedrals for validation in the current multiple bistatic
scenario would have been more difficult however, given the range of different

bistatic geometries used.
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5.8.4 Discussion

Taking into account the NMSD results in Figure 5-13, the stability of the measured
Huynen parameters up to 52% ARF-SIS suggests that this is a good minimum
aperture sampling for obtaining accurate polarimetric information. This aperture
is significantly below the Nyquist sampling requirement and is therefore a large
reduction on what would conventionally be required. There was also little
observed difference in the point cloud detection locations from 0% to 52% ARF-
SIS, which was evidenced in the MIPs presented in Figure 5-14 through Figure
5-17. A negligible FAR was also seen over the same range of sub-Nyquist

sampled apertures, shown in Figure 5-11.

The tank structure was seen to be largely non-polarising in both the Huynen
reference array and in the various sampled aperture point clouds, so
consequently the polarisability angle showed the smallest NMSD, with the
smallest variation. The other Huynen parameters showed a period of stability up
to 52% ARF-SIS followed by substantial increases, most strongly seen for the
Skip parameter. This may be because these parameters, and more-so for the
skip parameter, had the greatest variability across the target structure, as can be

seen in the point-cloud MIPs (e.g. see Figure 5-17).

There was little variation in the Huynen fork parameters determined on the sphere
for all downsampled apertures (see Figure 5-18). This suggests that the Huynen
parameters are most stable for bright and isolated scatterers.

5.9 Conclusion

This paper presented and validated the PolSSARVI algorithm, which is a
polarimetric extension of the multistatic SSARVI algorithm [64], [65]. Simulations
showed that accurate scatterer height locations were determined for
polarimetrically diverse scatterers at sub-Nyquist aperture sampling,

demonstrated using a near-field bistatic collection geometry.
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Simulations showed how the polarimetric combination approach in PoISSARVI
reduces false target detections when compared to SSARVI, arising from when

scatterers have a relatively dim response in a particular polarisation channel.

With experimental data, it was shown that the PoISSARVI approach had a lower
measured FAR compared to the SSARVI approach where detections from each
measured channel were overlaid. For aperture sampling lower than 52% ARF-
SIS the PolSSARVI FAR became significantly lower than that for SSARVI.
Furthermore, it was observed that the minimum aperture sampling limit for
discerning the target structure was 5% less for the PoISSARVI algorithm than for
the SSARVI.

Both algorithms exhibited a significant initial similarity with the finely sampled
point cloud renderings, as evidenced by the normalised cross-correlation
measurements presented in Figure 5-12. The SSARVI algorithm demonstrated a
relatively rapid decrease in cross-correlation beginning at 52% ARF-SIS, which
coincided with an increase in FAR at the same aperture sampling. In contrast, the
PolSSARVI algorithm exhibited a more gradual decline in cross-correlation,
indicating that the imagery produced maintains a higher degree of accuracy at a

smaller aperture sampling.

The accuracy of the Huynen parameters determined on the sub-Nyquist
PolSSARVI-formed point clouds was determined by their NMSD relative to the
corresponding values obtained for the Huynen reference arrays formed from BPA
full aperture SAR images. A minimal NMSD (lower than 0.03), and low variation
in NMSD, was shown across the tank structure between SIS and 52% ARF-SIS
apertures. There was little variation in the Huynen fork parameters determined
on the sphere for all downsampled apertures which suggests that the Huynen

parameters are most stable for bright and isolated scatterers.

Overall, for the current experimental setup and target measured, it was found that
most sparse aperture sampling, which provided negligeable FAR, high correlation
with finely sampled aperture imagery, and accurate Huynen parameter
estimations, was 52% ARF-SIS.
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For this work, non-coherently overlaying of detections from different bistatic
geometries was the method chosen for combing the data from each receiver. The
future of this research should therefore focus on assessing different kinds of
multistatic receiver data combinations for the PolISSARVI approach, including
coherent combination. As with the SSARVI approach, the threshold for the
PoISSARVI approach was determined experimentally for the target. It is possible
that the threshold for scatterers displaying different polarimetric properties may
differ from that observed in this study. In addition to conducting further
measurements, thresholds could potentially be derived from electromagnetic
simulations of other complex polarimetric targets, and statistical-based methods
could also be implemented [140], [174]. The use of CS related methods,
discussed earlier, could also be incorporated [165], [168]. Alternative polarimetric
phase factor summation methods, such as that given by equation (5-6), could

also be investigated further.
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6 Discussion
6.1 Introduction

The purpose of this chapter is to summarise the main findings of this thesis, the
limitations of the study, and discuss its wider place within the literature. The links
between the publication chapters are discussed, relating to the specific objectives
they answer, and how they form a unified body of work. Some of the discussion

points raised in the publication chapters are expanded upon in this section.

6.2 Summary of Key Findings

The main aim of this thesis was to develop a novel algorithm for exploiting satellite
constellations and UAV-SAR swarm sensing to form high-quality sub-Nyquist
sampled 3D SAR imagery. The aim was divided into three objectives answered
in the publication chapters presented in this thesis. The results for each objective

are summarised below.

6.2.1 Objective 1: Validate the Accuracy and Performance of the
SSARVI Approach

The accuracy of the SSARVI approach was first validated in section 3.4, using
simulations of an isotropic point scatterer in 3D space. The simulations used a
bistatic geometry for a near-field target scene, with a sub-Nyquist sampled
aperture in elevation. The algorithm produced accurate scatterer height estimates
with a geometry that would have caused significant distortions to the scatterer
layover properties and K-space support regions. The sub-Nyquist spacing in
elevation would have produced aliasing in the vertical imaging direction using

conventional image formation algorithms.

Experimental validation was presented in section 3.5 by forming 3D point clouds
of a model tank target using the GBSAR laboratory apparatus. The point clouds
were formed with sub-Nyquist sampling in elevation, using monostatic and
bistatic collection geometries for a near-field target scene. The 3D point cloud

renderings formed were highly interpretable until the downsampling limits
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mentioned, showing a high measured cross-correlation with finely sampled BPA
imagery of the same target. These showed that the SSARVI algorithm could
determine accurate 3D locations of complex target structures, suppressing false
scatterer detections well below the Nyquist sampling requirement. As with the
simulations, the experimental SAR geometry would have also produced layover

distortions and K-space irregularity.

6.2.2 Objective 2: Optimise the Performance of the SSARVI
Approach

Chapter 4 presented an optimisation of the SSARVI algorithm. This first involved
the extension of the algorithm to multistatic geometries, in line with the broader

thesis aims of exploiting satellite constellations and swarms.

A coherent summation of receiver data decreased the simulated sidelobe height
and produced fewer false detections than the other combination methods
investigated. This approach had the smallest aperture sampling requirements,
producing interpretable 3D point clouds with the fewest number of passes, but
also produced the fewest detections across the tank structure. The non-coherent
combining of receiver data produced the most detections, as it was the least
sensitive to the change in RCS across the tank structure. However, this showed
the most erroneous detections over the same downsampled aperture sizes
compared to other methods of combining multistatic data. Table 4-1 summarises
the sub-Nyquist performance of each method.

The results suggest that the smaller minimum aperture sizes of a coherent
combination of multistatic data can exploit target scenes with highly isotropic
scatterers. More complex targets with a more varied structure may be better

suited to non-coherent approaches.

In both cases, the presence of false detections can be minimised by the non-even
displacement of SAR passes to within the limits found in this thesis. This was also
investigated as part of the optimisation objective of this thesis. A highly uneven
distribution of SAR heights was found to improve the peak-to-sidelobe difference,
reducing the ambiguity on the height of scatterer detections. However, the over-
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displacement of passes towards the centre of the 2D SAR aperture eventually
resulted in larger sidelobes. The deterioration in peak-to-sidelobe difference
started when the extent of the mid-aperture cluster approached a size that was
twice the Nyquist spacing. This is summarised in section 4.5.

6.2.3 Objective 3: Extend the SSARVI Approach to Polarimetric SAR
Collections and Analyses

The use of multiple measured polarisation channels contributed more detection
points of the tank structure, as shown in the point cloud renderings presented in
section 4.7. The downsampling limits were also found to be similar between the
measured polarisation channels, indicating that extending the polarimetric
capability of the SSARVI algorithm would be plausible further. The PoISSARVI
algorithm was presented in section 5.3, which extended the SSARVI algorithm
by combining polarimetrically weighted interferograms across multiple linear

polarisation channels.

The PoISSARVI algorithm accurately determined the heights of different types of
polarimetric scatterers, using near-field bistatic geometries that were sub-Nyquist
sampled in elevation. Simulations also showed that the PolSSARVI algorithm
could suppress ambiguities that would be present in the SSARVI approach when

scatterers have a dim response in a particular polarisation channel.

Experimental imagery, presented in section 5.8, validated the PolSSARVI
algorithm for producing multistatic sub-Nyquist sampled polarimetric 3D SAR
imagery. The bistatic Huynen fork parameters were used to add polarimetric
information to the sub-Nyquist-formed PolSSARVI point clouds. The FAR of the
PolSSARVI algorithm was determined to be lower over a range of sub-Nyquist
aperture sizes compared to the non-combined polarimetric SSARVI algorithm.
The bistatic Huynen fork parameters determined on the tank structure showed a
small deviation as the aperture was downsampled to significantly below the
Nyquist spacing. A similar stability was shown when the Huynen fork parameters
were determined on the reference sphere for the same set of downsampled SIS
apertures. The experimental results show that the PoISSARVI algorithm

produces sufficiently accurate polarimetric 3D scatterer information for sub-
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Nyquist sampled apertures and suppresses artefact detections more effectively
than the SSARVI approach.

6.3 Limitations

This section summarises the limitations considered throughout this thesis. Some
of the limitations mentioned in the paper chapters are discussed in greater detail

here, and further discussion points are also introduced in this section.

6.3.1 Experimental Uncertainty

Some overlap in the sub-Nyquist performance limits of the multistatic combination
methods discussed in section 4.7.4 may be possible due to the downsampling
interval employed in the determination of these limits. Notably, the difference in
the sub-Nyquist performance limits between the two methods corresponded to
the selected downsampling interval. Utilising the same data collection with
consistent downsampling geometries mitigated this uncertainty to a large degree.
The sub-Nyquist performance limit of the PolSSARVI algorithm was also
marginally lower than that of the SSARVI algorithm. The lower FAR of the
PoISSARVI approach, compared to the SSARVI approach, over a wide range of

apertures means there is little uncertainty of its performance advantage.

Experimental uncertainty was considered for the sphere measurements
presented in section 5.8. An ideal sphere scatterer would be expected to have a
polarisability angle of 45°, compared to the 37° that was shown in the results.
When performed for finely sampled BPA imagery, the polarisability angle was
also approximately 37°. Thus, the difference was not attributed to the PoISSARVI
algorithm. This result still shows the sphere to show a predominantly non-
polarising scattering mechanism and is close to the 5° phase angle margin of
error found within the calibration literature [172]. The other Huynen parameters
determined for the sphere were significantly closer to their expected theoretical
value. A more substantial validation of these parameters was also given in

previous publications [163].
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6.3.2 Thresholding

The thresholding process, outlined in Chapters 3, 4 and 5, involved systematically
increasing the threshold until background noise artefacts were removed. Whilst
this approach is valid for the analysis of the SSARVI and PolSSARVI algorithms
presented in this thesis, the threshold may be different for other targets.
Threshold estimates are given for different scatterers in the SPCGS literature.
However, the application of the developed algorithms to real data collections may

require a generalised thresholding approach.

The SSARVI and PolSSARVI algorithms could make use of adaptive thresholding
algorithms that have been developed for use in SAR, where targets are separated
from clutter and background noise via the use of statistical models [174].
Moreover, as stated in Chapters 4 and 5, electromagnetic simulations could be

used to estimate thresholds for different target structures.

6.3.3 Imaging Performance Metrics

Throughout this thesis, various metrics were utilised to evaluate the imaging
performance of the SSARVI and PolSSARVI algorithms. The impact of pass
clustering was analysed by measuring the peak-to-sidelobe difference (AR) as
detailed in section 4.5.3. It is anticipated that smaller AR values could lead to an
increased FAR in the experimental results; however, additional data collection
with a larger aperture extent would be necessary to confirm this hypothesis. This
is attributed to the overlay of displaced passes in height when applying this

approach to the dataset discussed in section 4.7.

Normalised cross-correlation calculations between sub-Nyquist and full Nyquist
SSARVI point clouds were employed to evaluate image interpretability, as
outlined in Chapters 3 and 4. This metric, along with visual inspections of artefact
detections, proved valuable for classifying trends in image accuracy as the
transmitter aperture was downsampled. However, it was less effective for
quantifying the presence of erroneous detections from different receiver
combination methods. The is lead to a greater reliance on visual inspections in

Chapter 4, and the inclusion of the FAR measure in Chapter 5.
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6.3.4 Sample Height Randomisation

The simulations presented in section 4.5.3 show how the performance of the
SSARVI algorithm could be optimised by a non-even distribution of SAR pass
heights. The uneven distribution of each simulated aperture was quantified by the
pass cluster ratio, denoted as y, which was the width of the mid-aperture cluster
as a proportion of the Nyquist elevation spacing for a given aperture. This
measure does not consider pseudo-randomised SAR pass distributions, which
could be implemented to further optimise the performance of the SSARVI
algorithm and, by extension, the PolSSARVI algorithm. Various apertures of
pseudo-randomly distributed pass heights could be generated by utilising
algorithms designed for phase encoding, such as the Barker code. Passes could
also be displaced within the SAR aperture according to a distribution of co-prime

numbers.

6.3.5 Computation Time Considerations

This thesis primarily considers the data collection requirements of sparse 3D SAR
imaging; as such, the relative computing time was not investigated. Whilst
avoiding the expensive reconstruction processes of 3D SAR compressive
sensing, the SSARVI and PolSSARVI algorithms use volumetric processing,
which requires more processing time than would be the case for conventional 2D
SAR processing. Further algorithm development could research optimal
volumetric scene sizes to reduce the computational time required for SSARVI
and PolSSARVI algorithms. The image formation time of each volumetric
interferogram could be reduced by utilising the PFA image formation discussed
in section 2.1.2. The processing requirements of the POISSARVI algorithm could
potentially be reduced in future work by investigating its usage with hybrid

polarimetric techniques [39].

6.4 Place in the Literature

Several sparse 3D SAR approaches were discussed at various points throughout
this thesis, each contributing a different method for forming high-quality 3D SAR
point clouds with smaller aperture sampling requirements. This section will
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compare the SSARVI and PolSSARVI algorithms to newer methods employing
signal reconstruction techniques and novel SAR transmission modes. SAR
interferometry and Circular SAR (CSAR) have been explored in several
comprehensive studies and have been heavily researched since the 1980s
onwards [137], [175]. The application of CSAR collection techniques to the
algorithms presented in this thesis would likely be feasible. The comparison of
the SSARVI and PoISSARVI algorithms to the SPCGS has been suitably well-
established throughout this thesis.

The compressive sensing (CS) based 3D SAR approach, as mentioned at various
points throughout this thesis, provides scatterer resolvability in the vertical
imaging direction, with a smaller vertical aperture extent than would be
conventionally required. The required aperture extents for conventional 3D SAR
image formation are described by the Rayleigh resolution requirement in the
vertical imaging direction, which is given in section 2.3.1 by equation (2-25).

CS has been mainly applied to urban imaging scenarios. Xu and Bamler have
presented a comprehensive investigation of this technique across multiple
publications [53], [176], [177]. Their study achieved a near-100% increase in the
number of scatterers resolved, compared to conventional approaches, with a
vertical aperture extent of approximately 270 m. With a consistent spacing
between passes, this corresponds to a 50% reduction in the number of SAR
passes required. The imaging results presented were of the Las Vegas cityscape

collected from TerraSAR-X mission data [178].

The algorithms developed in this thesis do not exploit the physical sparsity of a
target scene as CS does, nor do they utilise the associated signal reconstruction
techniques. However, like with CS-based approaches, a reduction in the number
of SAR passes for forming interpretable 3D imagery was shown. In compressive
sensing-based 3D SAR studies, the sparse apertures investigated are often
compared against the Rayleigh resolution requirements, whereas in this thesis,
the sparse aperture sizes were compared against the minimum Nyquist spacing

in elevation. Both are valid when discussing sparsely formed 3D SAR imagery.
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Comparable CS studies to this thesis have investigated a range of complex
manmade targets. Results were presented using a downsampled 2D SAR
aperture for a model tank target by Tian et al. [155]. This publication reduced the
sampling requirements of 3D SAR by downsampling a 2D SAR aperture in
azimuth. This was implemented on an aperture 43% below the minimum 2D SAR
aperture sampling for forming fully volumetric renderings. Interpretable 3D
renderings were shown, with minimal cross-range sidelobes present in the

imagery.

Compressive sensing was also applied to a UAV-SAR swarm sensing collection
for 3D SAR imagery, with simulated model ship targets being one of the
renderings presented [156]. Sparsely sampled imagery was formed by optimising
the distribution of UAVs for exploiting the CS-based signal reconstruction
approaches, with the target structures shown being largely free of artefacts.
Whilst the collection was stated to be sparsely distributed, a relative comparison
in relation to the Rayleigh and Nyquist criteria was not given. A comparable
monostatic CS-based study, investigating the algorithms use for the 3D imaging
of aircraft carriers, showed a 90% reduction in the scene sampling required for
producing an interpretable rendering of the vehicle’s 3D structure [179]. CS has
also been extended to incorporate SAR polarimetric techniques, where accurate
3D polarimetric information has been retrieved for vehicle targets using a sub-

Nyquist aperture size [168].

A similar type of sparse 3D SAR method to the CS-based approaches is the
regularised least-squares (RLS) method. Rather than exploit the physical sparsity
of a target scene, these approaches impose the constraint of a uniform scattering
response on the RCS over a small range of elevation angles. This method was
notably applied to the GOTCHA data set from the US Air Force Research
laboratory, which consists of multiple vertically displaced circular SAR trajectories
[153]. 3D scatterer information was obtained using a sub-set geometry, with 6°
width in elevation, for vehicle targets present in the target scene. This is a large

reduction on the 20° elevation width of the full collection geometry in this example.
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It is also noted that CSAR collections were employed in this data set, which also

provide a certain degree of resolvability in the vertical imaging direction.

RLS and CS-based approaches are similar in that significant prior knowledge of
the reflectivity of the target scene is assumed when forming the imagery.
Comparatively, the SSARVI and PolSSARVI algorithms only require a minimum
estimate of the summed interferometric response of a target for setting a
threshold. In [176], [177], [180], Xu and Bamler found the LS approach to be less
effective than the CS approach at resolving scatterers in the vertical imaging
direction, with aperture extents below the minimum Rayleigh-derived

requirement.

Recent studies have combined the RLS and CS-based approaches and extended
their analyses to polarimetric SAR [168]. Like with the POISSARVI approach, this
was found to produce fewer false detections compared to the single-polarisation
approach, improving the interpretability of the formed 3D imagery. The collection
geometry used for this study, when using conventional 3D SAR image formation,
would have had a resolution of 0.69 m in the vertical direction. Detailed 3D
imagery of targets that were around 1.5 — 2.0 m in height were presented for

wide-area target scenes.

Multiple Input-Multiple Output (MIMO) SAR can be considered an extension of
the multistatic SAR sensing investigated in this thesis. MIMO collections exploit
the angular diversity of both multiple transmit and receive geometries to improve
the properties of the k-space support region. Provided the apertures are
distributed in an optimal manner, the width and spatial sampling of k-space
support can be improved, meaning finer resolution and wider coverage are
achievable [181], [182]. Tebaldini showed that an optimised distribution of 4-5
SAR passes can achieve the vertical imaging resolution and ambiguity
suppression of a conventional 2D SAR system comprising 17-26 displaced SAR
passes. It is, therefore, likely that a further improvement in the SSARVI and
PoISSARVI algorithms could be obtained by extending their capability to
incorporate MIMO-SAR data collections.
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7 Closing Remarks

This section summarises the intellectual contribution of this thesis to the SAR

community, the impact of the findings, and the future directions of this research.

7.1 Contribution to Knowledge

This thesis has contributed a comprehensive new approach for exploiting
multistatic SAR for producing high-quality sub-Nyquist formed 3D SAR imagery,
eventually incorporating polarimetric information. The SSARVI algorithm utilises
volumetric processing to account for the distortion in the layover position of
scatterers in the formed interferograms, allowing for their summed interferometric
response to be maximised at the 3D location of scatterers. This is a novel
implementation of the theory first presented by the SAR Point Cloud Generation

System, optimised for multistatic geometries.

The development of the SSARVI algorithm was spread across three distinct
publication chapters, with Chapter 3 contributing a simulated and experimental

validation of the SSARVI algorithm, primarily focusing on bistatic geometries.

Chapter 4 contributed an optimisation of the SSARVI algorithm, whereby the sub-
Nyquist sampling requirements of the SSARVI algorithm were reduced by
extending the approach to multistatic geometries. The effect of the number of
receivers on the detectability of scatterers was also investigated. An optimised
non-even pass distribution was also presented in Chapter 4, for minimising false
detections. The distribution of passes corresponded to a mid-pass cluster width

of twice the Nyquist spacing.

Chapter 5 presented the PolISSARVI algorithm, which extended the capability of
the SSARVI algorithm by incorporating polarimetric diversity into the formation of
sparsely sampled volumetric interferograms. This new approach was shown to
provide greater suppression of false detections in both simulated and
experimental results. Furthermore, a novel application of the Bistatic Huynen
Target Parameters was contributed in Chapter 5, where they were used to

associate polarimetric information with the sub-Nyquist formed 3D point clouds.
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7.2 Expected Impact

The novel algorithms introduced in this thesis enable the utilisation of a broader
range of unconventional collection geometries in the generation of sub-Nyquist
sampled 3D SAR imagery. The results demonstrate a significant reduction in the
sampling requirements for 3D SAR when compared to conventional image

formation algorithms, such as the BPA.

This decrease in sampling requirements enhances the feasibility of 3D SAR
imaging for real-world applications involving airborne sensors, particularly those
focused on complex vehicle targets. This is particularly relevant for SAR missions
that utilise satellite constellations and swarms of UAVs. The improved attainability
of 3D polarimetric SAR imagery, facilitated by the development of the POISSARVI

algorithm, would be of considerable interest to research in SAR ATR.

7.3 Future Research Directions

The work presented in this thesis regarding the SSARVI and PolSSARVI
algorithms establishes a theoretical foundation for future research into sparse 3D
multistatic SAR imaging. As previously discussed, the thresholding approach
could be further generalised using statistical-based methods. These methods
could complement both the experimental framework outlined in this thesis and

the electromagnetic simulations mentioned earlier.

The aperture size requirements for the SSARVI and PolSSARVI algorithms could
be reduced by using MIMO-SAR geometries and optimisation techniques like
compressive sensing and least-squares regularisation, as discussed in the
previous chapter. Additionally, exploring pseudo-randomisation algorithms could

also be a potential future research direction.

The PolSSARVI algorithm could benefit from the integration of coherence
optimisation techniques that are commonly employed in conventional polarimetric
SAR interferometry. The simplified version of the PoISSARVI algorithm presented

in section 5.3 also warrants further investigation.
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