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ABSTRACT

There is significant interest in multistatic SAR image formation, due to the increased development of satellite constellations and

UAYV 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 of layover artefacts. This paper presents a novel polarimetric generalisation of

the SSARVI algorithm, which was previously developed to exploit sparse aperture multistatic collections for 3D SAR image

formation. The new algorithm presented here, named the PolSSARVI algorithm, combines polarimetrically weighted in-

terferograms for determining the 3D scatterer locations from sparse aperture polarimetric collections. The bistatic generalised

Huynen fork polarimetric parameters are then determined for the multistatic PoISSARVI 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.

1 | Introduction

When compared to a conventional monostatic synthetic aper-
ture 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 an-
gles [1, 2]. This has led to increased interest in SAR missions
employing satellite constellations and UAV-SAR drone swarms
[3, 4]. The advantages of multistatic SAR could be exploited for
3D imaging scenarios, which often have impractically high
sampling requirements [5]. Moreover, multiple aspect angle
collections make multistatic geometries beneficial for capturing
additional target scattering information, including polari-
metric [6].

3D SAR has the benefit of separating target features overlaid in
height and thus removing layover distortions from imagery.
However, producing sufficient resolution and coverage in
the vertical direction conventionally requires many repeat
passes over multiple aperture heights with Nyquist sampled
spacing [7, 8]. With conventional 3D SAR imaging algorithms, a
reduction in the number of passes can make the collection
more realisable, and, however, would reduce image quality with
aliasing ambiguities.

Various techniques have been developed for reducing the
sampling requirements of 3D SAR while maintaining image
quality, and these include differential SAR interferometry, 3D
SAR compressive sensing and the SAR point-cloud generation
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system (SPCGS) [9-11]. SAR interferometry relies on a phase
unwrapping process to generate scatterer height estimates [12]
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 [11].
3D SAR compressive sensing has seen significant interest, with
renderings of complex vehicle targets being successfully pro-
duced [13]. This approach requires the target scene to be
sparsely populated, which is then exploited in the signal
reconstruction. The approach can be computationally expensive
[14]. However, recently introduced methods based on sparse-
prior optimisation are attempting to improve this [15].

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 sparse scatterer height estimates [10, 16]. This can be
challenging for bistatic, multistatic SAR geometries and even
more so for 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 sig-
nificant distortions of the contributing SAR iso-range arcs (con-
stant range contours) [17]. The sparse SAR volumetric
interferometry (SSARVI) approach was developed to overcome
this [18, 19].

This paper contributes a new polarimetric generalisation of the
multistatic SSARVI algorithm, which we denote PolSSARVI.
The PoISSARVI algorithm utilises the novel volumetric
interferometry-based approach, developed in the previous
SSARVI literature, to account for the layover distortions
attributed to 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 mul-
tistatic 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 [20]. The new methodology introduced by the
PoISSARVTI algorithm is explained in greater detail in Section 2.

Previous studies of the SSARVI algorithm were based on the
overlay of individual polarisation channel detections, which
although contributing more detections did not provide polari-
metric scatterer properties [19]. 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
[21-24]. The development of these parameters is explained in
more detail in Section 3.

Recent studies highlight the utility of extending SAR imaging
techniques to include polarimetric analyses, particularly for
improving target identification [25]. Prior to this work, polarim-
etry has been combined with sparsely sampled 3D SAR ap-
proaches, with meaningful polarimetric scatterer information
being obtained using 3D SAR compressive sensing (CS) [26].

Although 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 [27, 28]. The polarimetric
decompositions used in these approaches, however, are not
directly applicable to the multistatic geometries used in this study.

The most established sparse polarimetric 3D SAR technique is
polarimetric SAR interferometry [29]. This technique uses the
phase unwrapping process utilised by conventional SAR inter-
ferometry. The polarimetric diversity is used to optimise the
coherence between SAR passes, which leads to smaller phase
ambiguities and more accurate scatterer height estimates [30].
Recent publications have exploited this for 3D interferometric
inverse-SAR (InISAR) image formation, forming complex point
cloud models of a full-size model tank [31-33]. Like the PolS-
SARVI algorithm, these publications do not use phase
unwrapping for complex targets. These studies found that the
use of multiple polarisations was able to produce more accurate
and stable point cloud models for a complex target, leading to
improved target identification. Although 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 PolSSARVI, 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
PolSSARVI provides accurate polarimetric information, associ-
ated 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 labora-
tory, using finely sampled SAR collection geometries [6].

Section 4 presents simulation results. Section 5 describes the
Cranfield GBSAR laboratory. Section 6 outlines the experi-
mental procedure and polarimetric features of the model target.
Section 7 compares the PolSSARVI algorithm to the SSARVI
algorithm and assesses the accuracy of polarimetric data ob-
tained with the PolSSARVI algorithm, followed by a discussion.
Concluding remarks are provided in Section 8.

2 | Development of the PolSSARVI Algorithm

The SSARVI algorithm described in previous work [18, 19] 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 col-
lections, 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 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 in-
terferograms are formed using a common reference image, and
the phase factors of each interferogram are summed as follows:
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1 N-1
I

n=1

R(x) = @

where @, (x) is the phase at image voxel x of the nth interferogram.
Voxels, with 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 interfero-
grams, which removes the need to account for the layover dis-
tortions when summing the interferograms [34]. 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 are 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 and 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,
aup(x), can be regarded as a two-by-two polarimetric scattering
matrix (with four elements labelled p), whose polarimetric span
is given by Equation (2)

4
Sa() = |anp@)[’ @)
p=1

The nth span-normalised polarimetric interferogram for polar-
isation p is here defined in Equation (3):

anp(@)ay (%)

VSn(X)Sn(x)

where without loss of generality, pass N is chosen to be the
reference pass. Note that with this definition, the magnitude of
each polarimetric interferogram is generally not equal to one.

Tpp(x) = 3

Now, we define the sum over all the interferograms for a given
polarisation in Equation (4):

1 N
B = Y Tuplx) @

Finally, we may now define the generalised polarimetric phase
factor sum, to be used for scatterer detections, as follows:

: gl
Rpol(x) = SN(x)Z

p=1 |aNP (x)|

©)

It is the case that Ry, < 1, and thus a threshold value less than
one, to be determined, is applied for scatterer detections.

Form a set of N
volumetric
interferograms for
each polarisation
channel, by selecting a
reference pass

Measure N
polarimetric SAR
collections with passes
sparsely and unevenly
distributed in height

Normalise
interferograms of each
pass using the
corresponding
polarimetric span
intensities

Sum the normalised
interferograms across
each pass (6)

Now combine the
summed
interferograms across
the measured
polarlsatlon channels,

Apply threshold to
extract 3D scatterer
locations

For each scatterer
location, associate a
polarimetric scattering
matrix derived from the N
SAR images

For each scatterer
location apply Bistatic
Huynen fork
decomposition

FIGURE 1 | Flow diagram outlining the PolSSARVI algorithm.

For each detection and for each of the four polarisations, the
mean SAR image complex pixel value may be obtained

UNZn=
polarimetric scattering matrix (with four elements, labelled as
p)- Thus, for each of these detections, the bistatic Huynen fork
parameters, or any other polarimetric decomposition, can be
determined. The whole PolSSARVI process is described in the
flow diagram in Figure 1.

1@np(x), providing what can be regarded as a two-by-two

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 (1).

)| = NI+ Z Z Tpp(x)

p=1 n=1

(6)

Rpolz (x)

However, the detection performance for Ry,1; has been found to
be no better, and sometimes worse, than that for Ry, in (5),
likely due to sensitivity and complex summation over polar-
isation terms.

3 | Bistatic Polarimetry & Huynen Fork
Parameters

Bistatic radar polarimetry has seen a significant degree of in-
terest from the 1990s onwards [35, 36]. Bistatic polarimetry is
generally more complicated than monostatic, as cross-
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polarisation terms are no longer equivalent. In this paper, we
employ a robust bistatic polarimetric decomposition developed
by Titin-Schnaider which builds on the work by Huynen [22-
24]. Huynen showed that the scattering matrix of a target illu-
minated monostatically, S, can be written in the diagonalised
form given by equation (7):

S=U(S, T)*&(}/, »U(S, T)T 7

where the superscript ¥’ represents the complex conjugate, “f’
represents the complex conjugate transposed and the underline
represents a matrix quantity. ©,7,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; Sy is a diagonalised matrix that con-
tains information about the polarisability of the scatterer and
nominally about whether the number of reflections associated
with the scattered ray is odd or even [21].

Titin-Schnaider showed that the Huynen diagonalisation
approach could be extended to the bistatic case, as presented in
Equation (8):

S =U(8: )" Sy, V)V(6s, 7) ®)

where 6, 7;, 6 and 7, are redefined to include the orientation
and symmetry of the scatterer for incident “i” and “s” scattered
wave directions; and U and V are unitary matrices which
diagonalise the asymmetric scattering matrix for bistatic radar
geometries. The approach developed by Titin-Schnaider was
further developed by Xu et. al. [37], presenting a computation-
ally efficient algorithm.

The Huynen fork parameters are summarised as follows:

e Orientation/Tilt angle, 6: 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 defini-
tion is —90° < 6 < 90°. In the monostatic case, there is one
orientation parameter; however, in the bistatic case, this is
replaced by two: 6; denoting the incident direction orien-
tation relating to the transmitter and 6; denoting the scat-
tered direction orientation relating to the receiver;

e Symmetry angle, T: A parameter indicating how symmetric a
scatterer is about the orientation direction. The range of
definition is 0° < |1l < 45° where 0° indicates high symmetry
and Itl =45° indicates low symmetry. In the monostatic case,
there is only one symmetry parameter; however, in the
bistatic case, this is replaced by two: 7; denoting the incident
direction symmetry relating to the transmitter and 7
denoting the scattered direction symmetry relating to the
receiver;

e 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° <
lvl < 45° where 0° indicates an odd-bounce interaction and
[vl = 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;

e Polarisability angle, y: A parameter indicating how polar-
ising 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 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
[37], with the main experimental point-cloud renderings being
presented for the rotationally independent parameters v and y.

4 | 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 per-
formed on isotropic point scatterers and used a sparsely sampled
2D bistatic SAR aperture, as seen in Figure 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 2.

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 approxi-
mately equal to half of the 2-m vertical target extent. The point
scatterers were situated between 9.5 and 10.5 m in a ground
range from the transmitter aperture. The dihedral and dipole
scatterers were orientated, respectively, at 22.5° and 45° anti-
clockwise to the down-range direction, so that in the form of a

Rx \

Dipole
*

z(m)

Flat Plate
*

FIGURE 2 | Sparse bistatic SAR
transmitter aperture (red) is labelled as Tx and receiver position is as
labelled Rx. The flat plate, dihedral and dipole scatterers are labelled
in the scene.

simulation geometry. The
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FIGURE 3 | Summed interferometric response Ry, along vertical iso-
range arcs through the location of the flat plate, dihedral and dipole
scatterer. These are labelled as Plate, Dih and Dip, respectively.

two-by-two scattering matrix, their polarimetric responses in the
linear polarimetric basis were set as presented in (9):

S 11 O
,plate—\/—z- 0 1

111
Sqin(22.5°) = >

1 -1
9
Saip(45°) =1 t
=dip 201 1
HH HV
where, S =
VH VV

Figure 3 presents the summed interferometric response Ry
along vertical iso-ranges (constant range) arcs through the three
scatterers.

The Ry, curves attain maximum values of 1 when passing
through their respective scatterers at the correct heights of
—0.6 m, 0 and 0.8 m. The R, 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 am-
biguity and result in false detections.

To contrast the performance of the new PolSSARVI algorithm in
comparison to the SARVI algorithm, an additional simulation is
run, using the previous bistatic SAR geometry of Figure 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 the signal present,
the signal to noise ratio (SNR) was 60 dB.

In Figure 4, vertical iso-range plots for R, (PoOISSARVI) and the
SSARVI-derived R for the single HH and HV polarimetric
channels are presented.

Dipoles are polarising scatterers, showing a strong response in a
single polarisation orientation, and in this case, the strong

Summed Interferometric Response

Height (m)

FIGURE 4 | Summed interferometric responses along the vertical
iso-range arc through the location of a horizontal dipole. The
PoISSARVI response Ry, and the SSARVI response Ryy appear
overlaid.

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 (R, and Ry appear overlaid); however, in the
HV channel, as expected, the scatterer is not correctly detected.
The highest peak in Ryy 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 the 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.

5 | Cranfield GBSAR Laboratory Overview

5.1 | Experimental Setup

The SSARVI and PolSSARVI algorithms were applied to an
experimental multistatic SAR dataset, 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, as shown in Figure 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 and is elevated slightly off the ground. The
phase-history data were recorded using a keysight vector
network analyser (VNA), which is also linked to the two an-
tennas by high fidelity microwave cables.

The transmitter and receiver are situated on independent an-
tenna rails, each capable of sweeping out 3.5 m in width and
1.9 m in height. Using this setup, a finely sampled 2D multi-
static aperture was used as the initial collection geometry,
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consisting of 95 vertically spaced horizontal transmitter passes
with a 1.5-cm spacing in height, together with two fixed
receiver positions to the left of the aperture, as depicted in
Figure 6. The collection was fully polarimetric with a frequency
range of 6.62-10 GHz.

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 and 5.4 cm and cross-range resolutions of 5.5 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.

FIGURE 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”.

Rx 2
*

z(m)

ym) x(m)

FIGURE 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 by Rx1 and Rx2.

5.2 | Polarimetric Calibration

Polarimetric calibration is achieved by the measurement of
calibration scattering targets with known scattering responses,
following Sarabandi et al. [38]. Metal spheres were employed as
calibration scatterers since their theoretical scattering matrix
can be computed accurately. Additionally, a strong cross-
polarisation scatterer was also employed, consisting of a dihe-
dral with vertex rotated to several angles, including 22.5° and
45° to the vertical.

6 | Methodology
6.1 | 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 (VoI). This aperture spacing is a subset
of the very finely sampled SAR geometry presented in Figure 6
and shall be referred to here as the sub-initial sampling (SIS).
However, in accordance with the SSARVI and PolSSARVI re-
quirements, for the downsampling procedure, it was conve-
nient that while 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 sam-
pling 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 7.

The first subsampled geometry, presented in Figure 7, con-
sisted 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

90

80

SAR Aperture Removed %
8 8 8 8 8 3

-
o

1.2 1

FIGURE 7 | Downsampled transmitter height apertures. Blue lines

0 0.2 0.4 0.6 0.8 1
Heights Sampled (m)

4

show heights sampled for a given randomly downsampled aperture.
White spaces consist of fully removed SAR passes.
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PoISSARVI and SSARVI approaches was compared. The per-
formance was determined by the presence of false scatterer
detections and the accuracy of the polarimetric information
obtained.

6.2 | Sub-Nyquist Imaging Performance Measures
Numerical measures were used to determine the performance of
the PolSSARVI algorithm and compare its performance to the
SSARVI algorithm. This was undertaken with sub-Nyquist
sampled apertures. The measures included a determination of
the level of false detections present in the point clouds, a cross-
correlation of sub-Nyquist formed imagery with SIS-formed
imagery and a measure 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
the Nyquist sampling. The FAR is given by

FP

FAR = —
TP+ FP

(10)

where FP denotes the number of false positive erroneous
detection of artefacts, and TP denotes the number of true pos-
itive correct detections [39].

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 back-
projection 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 were thus
determined and combined into a single dataset.

In addition to the FAR measurements, a 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 per-
formed 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 indi-
cation 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 PolS-
SARVI 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 the previous work [19].

For a quantitative comparison, the normalised mean squared
deviation (NMSD) was employed for any given Huynen
parameter:

2= i [F i) = Fra()l? an
D; G*

where i enumerates detections of which there are D; in total for
the jth sparse aperture; F(x;) is the value of a particular Huynen
parameter for detection i at location x;; Fra(x;) is the corre-
sponding value of the same Huynen parameter reference array;
and G is the range of the specific Huynen parameter. Mea-
surements of the NMSD are supplemented by the maximum
intensity projections (MIPs) of the model tank target presented
in Section 7.3. The Huynen parameters determined for each SIS
aperture size are presented at each projected voxel location.

It is noted that there were slight variations in the location of
scatterer detections for the different aperture samplings; how-
ever, the NMSD results in Section 7.3 were restricted to evalu-
ation over ‘TP’ detections only, which reduced the variations.

6.3 | 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 values over the two
receiver antennas were used to form the Huynen parameter
reference arrays used in Equation (11). The Huynen reference

|”|( )

FIGURE 8 | Multistatic 3D BPA SAR images of the model vehicle,
formed with the full transmitter aperture presented in Figure 6.
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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arrays were used to colour the span polarisation BPA SAR im-
ages presented in Figure 8 (formed with full SAR apertures).
VoxView software [40] was used to form the 3D renderings,
where both the brightness and the opacity of each voxel are
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. Nonpolarising 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 pre-
sent across the tank structure, which may be expected due to the
complex nature of the target. The reference sphere at the 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.

7 | Results and Discussion

7.1 | Sub-Nyquist Point Clouds
The SSARVI and PolSSARVI thresholding values used (see
Figure 1) are described numerically by Equation (12):

T = a(max(R) — mode(R)) + mode(R) (12)

where o is 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 ap-
proaches [41].

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 PolISSARVI 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 PolSSARVI algorithm being used to
form sub-Nyquist sampled multistatic polarimetric 3D point-
clouds are presented in Figure 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 8.

Figure 9 was formed using a sparse multistatic geometry, using
57% aperture removed from SIS (ARF-SIS) with a mean spacing
of 18.1 cm. The two stationary receiver locations that were
shown in Figure 6 were used to form the imagery. The thresh-
olding was applied to the data from each receiver separately,

z(m)

FIGURE 9 | Sub-Nyquist SAR aperture polarimetric and multistatic
T72 rendering showing the Huynen polarisability angle. Green shows
nonpolarising scatterers, and red shows polarising scatterers. Two
different viewing angles of the same rendering are shown.

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 pre-
dominantly nonpolarising scattering response for the PolS-
SARVI point cloud, though a small number of polarising
scatterers can be seen. The wire, visible in Figure 8a, was not
visible in the PolSSARVI rendering.

In correspondence with Figures 9, Figure 10 shows the Huynen
skip angle determined at each point in the point cloud
rendering, formed from a 57% ARF-SIS aperture.

The main tank structure shows a mixture of odd-bounce and
even-bounce scatterings, as was the case for the full aperture
BPA rendering in Figure 8. The cannon shows a similar
response to the corresponding locations in the full aperture BPA
image. The reference sphere at the back of the scene correctly
showed a distinct odd-bounce scattering response for all aper-
ture samplings.

7.2 | Sub-Nyquist Performance of SSARVI and
PoISSARVI Algorithms

The false alarm ratio (FAR) was determined for PoISSARVI and
SSARVI algorithms, using a multistatic dataset that was sub-
Nyquist sampled in elevation. The apertures used to measure
the FAR were presented in Figure 7 and were formed by
sequentially downsampling the SIS aperture, as described in
Section 6.1.
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FIGURE 10 |

T72 rendering showing the Huynen skip angle. Green shows even-

bounce scatterers, and red shows odd-bounce scatterers. Two different
viewing angles of the same rendering are shown.

Sub-Nyquist SAR aperture polarimetric and multistatic
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FIGURE 11 | False alarm ratio (FAR) of the SSARVI and PolSSARVI
approaches for sub-Nyquist SAR aperture samplings below SIS.

Figure 11 compares the FAR of the SSARVI and PolSSARVI
approaches. The FAR measured at each aperture sampling is
given by Equation (10). The ‘TP’ and ‘FP’ scatterer locations
were determined from the corresponding mask images as
described in Section 6.2.

As the transmitter aperture was downsampled from 0% to 37%
ARF-SIS, the SSARVI approach showed a negligible FAR. At
42% ARF-SIS, the erroneous artefact detections became more
visible around the target and the measured FAR started to in-
crease. The level of artefact detections started to have a
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FIGURE 12 | Normalised cross-correlation of sub-Nyquist-formed
point clouds with the initial SIS point cloud, performed for both
SSARVI and PolSSARVI algorithms.

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

For the PolSSARVI 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 algorithm
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,
compared to the SSARVI algorithm. This implies that it provides
an improved performance, with lower aperture sampling
requirements.

The FAR was found useful for indicating the presence of arte-
facts, 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, as shown in Figure 12 below.

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
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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 PoISSARVT algorithm, also shows a
high correlation over a similar downsampling range when
compared to the SSARVI algorithm. The values obtained for
the PolSSARVI 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 PolS-
SARVI 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.

The high cross-correlation, with the SIS aperture point clouds,
for both algorithms until 52% ARF-SIS, suggests they produce
high quality imagery. This is for a large range of sub-Nyquist
aperture samplings, where the point clouds produced had a
high likeness to those formed with finely sampled geometries.
The later decline of the cross-correlation for the PolSSARVI
algorithm further suggests that a coarser aperture sampling can
be used for forming high quality 3D point clouds.

There was a 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 PolSSARVI-formed point clouds. As the cross-
correlation for the PolSSARVI algorithm stayed above 0.9 at
57% ARF-SIS, this suggests that 0.9 is a suitable value for
obtaining good quality 3D point cloud imagery.

7.3 | Sparsely Sampled Aperture Polarimetry
Performance

The validation of the Huynen parameters for sub-Nyquist
sampled geometries, using the model tank target, is presented
in this section. The NMSD of the Huynen parameters, defined in
(11), obtained for the PoISSARVI approach, is shown in
Figure 13. They are presented for the sub-Nyquist apertures
shown in Figure 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.

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 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 6.3).

— i \Iu|

%Aperture Removed

FIGURE 13 | The NMSD of all six bistatic Huynen fork parameters
for each aperture sampling.

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 polar-
isability parameter seems to be the least sensitive to aperture
downsampling and experienced the least variation in NMSD.
This is likely because the scene showed an overwhelmingly
nonpolarising scattering response.

Polarimetric point-cloud MIPs are shown in Figures 14-17. 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 14
provide a front view of the target, showing the maximum
polarimetric span in the y-direction in a dB scale with a 50-dB
dynamic range, with its associated polarisability angle repre-
sented 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 13.

Figure 15 presents MIPs formed with the same aperture sam-
pling and polarimetric span-intensity projection as those pre-
sented in Figure 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.

Figures 16 and 17 show MIPs corresponding to those in
Figures 14 and 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 notice-
able between the differently sampled aperture results. The target
can be seen to be mostly nonpolarising, and there is some
variability in the skip parameter.

Figure 18 shows the Huynen parameters determined at the
location of the reference sphere, located to the rear of the target
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FIGURE 14 | PoISSARVI 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 50-dB dynamic range. The renderings were formed at SIS
sampling (top) and at 52% ARF-SIS (bottom). The turret is labelled
as ‘T

scene, labelled “S” in Figure 5. These values were extracted for the
sparse apertures presented in Figure 7. For all the apertures, the
Huynen parameters were measured at a common point on the
sphere.

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 7; and 7. The orientation parameters
©; and ©; offer no physical meaning for nonpolarising scat-
terers [22-24].

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°.

15 20 25 30 35 40 45

|I/|(D)

FIGURE 15 | PoISSARVI 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 50-dB
dynamic range. The renderings were formed at SIS sampling (top)
and at 52% ARF-SIS (bottom).

It is noted that a more substantial validation of Huynen
parameter extraction in the GBSAR laboratory was presented in
ref. [6] 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.

7.4 | Discussion

Considering the NMSD results in Figure 13, the stability of the
measured Huynen parameters up to 52% ARF-SIS suggests that
this is a good minimum aperture sampling for obtaining accu-
rate 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 lo-
cations from 0% to 52% ARF-SIS, which was evidenced in the
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FIGURE 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 50-dB dynamic range. The renderings were formed at SIS
sampling (top) and at 52% ARF-SIS (bottom).

®)

FIGURE 17 | PolSSARVI 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 50-dB
dynamic range. The renderings were formed at SIS sampling (top)
and at 52% ARF-SIS (bottom).

MIPs presented in Figures 14-17. A negligible FAR was also
seen over the same range of sub-Nyquist sampled apertures, as
shown in Figure 11.

51}

=}
1

0]

¥
|7+ 7|
i s

IS
[
T

s
o
T

l

[
[=]
T

Huynen Parameter o
] (8]
o (4]

(42
T

(=1
T

(&1

0 N N i
0 10 20 30 40 50 60 70 80

%Aperture Removed

FIGURE 18 | Huynen fork parameters determined at the location of
the reference sphere for each aperture sampling.

The tank structure was seen to be largely nonpolarising 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 17).

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

8 | Conclusion

This paper presented and validated the PolSSARVI algorithm,
which is a polarimetric extension of the multistatic SSARVI
algorithm [18, 19]. Simulations showed that accurate scatterer
height locations were determined for polarimetrically diverse
scatterers at sub-Nyquist aperture sampling, demonstrated us-
ing a near-field bistatic collection geometry.

Simulations showed how the polarimetric combination
approach in PolSSARVI 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 PolSSARVI
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
PoISSARVI FAR became significantly lower than that for
SSARVI. Furthermore, it was observed that the minimum aper-
ture sampling limit for discerning the target structure was 5% less
for the PoISSARVI algorithm than for the SSARVT algorithm.
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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 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 the
reduced 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 down
to 52% ARF-SIS apertures, suggesting that this is an optimal
minimum aperture size for obtaining accurate polarimetric in-
formation. Furthermore, there was little variation in the Huy-
nen fork parameters determined on the sphere for all
downsampled apertures, which suggests that the Huynen pa-
rameters 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 pro-
vided negligible FAR, high correlation with finely sampled
aperture imagery and accurate Huynen parameter estimations,
was 52% ARF-SIS.

For this work, noncoherently 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 PoISSARVI approach,
including coherent combination. As with the SSARVI approach,
the threshold for the PolSSARVI 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
[16, 42]. The use of CS-related methods, as discussed earlier,
could also be incorporated [15, 28]. Alternative polarimetric
phase factor summation methods, such as that given by Equa-
tion (6), could also be investigated further.
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