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Abstract

It is advantageous to produce Synthetic Aperture Radar (SAR) renderings in three dimensions as these allow the separa-
tion of features in height, providing additional target information. A Nyquist sampled 2D SAR aperture produces high
quality 3D imagery, however the large scanning time and data storage requirements make this method impractical for
use in many scenarios. This paper investigates the formation of 3D target renderings from sparsely sampled 2D aperture
Multistatic SAR geometries. The investigation employed both simulations and measured multistatic data collected at the
Ground Based SAR (GBSAR) Laboratory at Cranfield University.

1 Introduction

The optimisation of the 3D Volumetric Synthetic Aperture
Radar (SAR) Imaging process presents an opportunity for
generating detailed three-dimensional renderings of a
target structure, fully utilising the advantages thata SAR
system brings. SAR systems use the horizontal trajectory
of'an antennato covera wider area and generate images of

a smaller azimuth spatial resolution thanwould be possible
for a stationary antenna of the same size [1]. Producing
SAR renderings in 3D has the main advantages of the
separation of target features in the vertical direction, and
the removal of overlay artefacts for elevated scatteres.
However, producing high quality 3D SAR renderings
typically requires a finely sampled 2D aperture window
where the radar data is collected over a wide range of
elevation and azimuth angles, with spacing between
positions corresponding to that required for Nyquist
sampling. This collection geometry requires many passes
of the target scene by a radar antenna and would be
impractical to conduct in many scenarios due to the large
data collection time and cost involved [2], [3].

There has been considerable research effort conducted in
the generation of 3D SAR renderings from coarsely
collected samples, with varoius studies investigating novel
radar trajectories as a method of obtaining a higher vertical
resolution than would be possible for a sparse linear
collection. This includes the utilisation of a sinusoidal and
circular trajectories, which have been found to spread
aliasing artefacts and to reduce clutter in 3D SAR
renderings, compared to that of a straight line sampled
sparse data set[4],[5].

Multistatic antenna geometries are investigated in this
study as they allow for the backscattered radiation to be
measured at multiple different collection angles simultane-
ously, thus increasing the spatial sampling withouta sub-
sequent increase in the data collection time [6], [7]. This
study will look at two approaches for improving the quality
of 3D SAR imagery from data sets sampled coarsely in el-
evation:

1. A multistatic approach — although the transmitter
may sweep coarse sampling in elevation, by use
of'severalreceiversdistributed in height, an effec-
tive Nyquist sampling can be achieved. This ap-
proachis implemented with a conventional SAR
image formation algorithm [8].

2. An approach based on a novel interferometry-
based 3D image formation algorithm, designed to
cope with overall coarse sampling of trajectories
distributed in height.

The investigations for the first part of this study primarily
use multistatic measurements conducted using the equip-
mentofthe GBSAR laboratory, whilstthe second partuses
both simulations and experimental measurements of a la-
boratory scene for investigating the novel image formation
algorithm.

2 SAR Point Cloud Generation Sys-
tem

The second part of this study implements and extends the
patented SAR Point Cloud Generation System (SPCGS)
[9]. The SPCGS requires atargetscene to be scanned from
N different phase centre heights, producing N complex
SAR images via conventional 2D image formation algo-
rithms, such as the Back Projection Algorithm (BPA). The
first of the N complex 2D SAR images is used as a refer-
ence image in order to form an interferogram with the re-
maining secondary N-1 complex SAR images. The ‘sec-
ondary images’ are geometrically co-registered to the ref-
erence to account for differences in layover position of el-
evated scatterers.
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The measured phase differences, for each interferogram,
are combined to produce a measured interferometric re-
sponse function (MIRF) at each pixel position,

MIRF(h) =~ |1+ $h=] e@umeas=i6u0] (1)

@n,meas 1S the phase of the n™ interferogram, fx is the inter-
ferometric scale factor of the interferogram based on
known geometry and / is the height estimate of a scatterer.
The SPCGS method calculates the MIRF values over a
large range of scatterer height estimates, with the estimates
producing a MIRF value above a certain threshold being
used as the height of a scatterer situated at a certain pixel
position. The scatterer height estimates are then stored at
each pixel position, as well as the average intensity for each
pixel of the N complex SAR images.

This paper implements the co-registration for the complex
SAR images by setting a SAR BPA focal surface to the
height estimates of the scatterers. The effect of this is that
there will be no difference in layover between the N com-
plex 2D SAR images when the focal surfaceis at the cor-
rect height of a scatterer; the height of the focal surface is
then used in the interferometric sum calculations, with the
focal surface producing the peak MIRF values being the
one used as the height of a scatterer. Furthermore, this pa-
peradditionally weights the interferometric contribution of
each interferogram against the pixel brightness in the cor-
responding complex SAR image; this means that the scat-
terers in the scene contribute to the interferometric sum
much more than artefacts in the image thus improving res-
olution. The extended SPCGS algorithm, developed and
used in this study, is represented by the flow chartin Figure
1.
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Figure 1: Algorithm flow chart showing SPCGS steps.

The algorithm developed here is considered an extension
of the original SPCGS, as it implements pixel intensity

weighting in the interferometric summation and is applica-
ble to SAR near-field scenarios and bistatic geometries, so
that its applicability is more general.

The study aims to determine the potential of the extended
SPCGS in determining accurate height estimates of simple
scatterers, from coarsely sampled SAR collection geome-
tries.

3 Laboratory Measurements

3.1 Tank Scene Measurement

The Multistatic SAR aperture data was generated using the
Cranfield University Ground Based SAR system. This sys-
tem is based on the operation of a Vector Network Ana-
lyser (VNA), connected to receiver and a transmitter Ultra-
Wideband horn antenna. These are separatelymoved on re-
spective two-dimensional scanners, in vertical planes. The
accurate nature of transceiver trajectory positions allows
for high quality images to be produced, which aids the de-
velopment novel radar modes and image formation algo-
rithms. Figure 2 shows the transceiver trajectories used in
the laboratory, while Figure 3 shows the first scene that
was scanned by the GBSAR system. The setup can be used
to generate both finely sampled and coarsely sampled 2D
aperture data with ahorizontal width of3.5 mand achange
in height of 1.5 m for both monostatic and bistatic geome-
tries.

Radar scene
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Figure 2: Diagram of multistatic radar geometry, with
dense 2D transmitter aperture in red and nine reciever
positions numbered. Scene centre indicated by red asterisk.

igure 3: Photograph of the model tank target scene,
pictured from behind the transmitter axis.



Forthe first part of this study,a multistatic dataset hasbeen
collected of a quarter-scale T-72 tank model situated on a
gravel scene. The target scene consists of a gravel area,
roughly of the dimensions 2.0 x 2.5m, onto which a metal
coated quarter scale model ofthe tank was placed, with the
cannon facing the transmitter axis, as seen in Figure 3. The
measurement had a 15 mm spacing between transmitter
positions in the horizontal and vertical directions;
individual transmitter heights can be extracted fromthe 2D
aperture, providing a down-sampled to investigate image
formation with a coarsely sampled target scene. The
receiver positions form a rectangular grid, coarse in
azimuth and elevation, with spacings of 725 mm and 642.5
mm in the vertical and horizontal directions respectively.
In addition to the multistatic collection, a quasi-monostatic
datasetwas also obtainedby placingareceiver on the same
aperture as the transmitter, with a 255 mm offset, usinga
10 mm spacing between pulse positions in the vertical and
horizontal directions. All four polarisation channels were
measured: VV, VH, HV and HH, conducted in separate
scans to extract more information from the target scene.
The frequency range used for this part of the study was
6.62-10 GHz.

3.2 Sphere Scatterer Scene

Monostatic laboratory measurements were conductedon a

scene of sphere scatterers, with the sphere centres placed at
the same location as the point scatterers in the simulations.
The scan was conducted using a frequency range of 6.62-
10 GHz, with a 10 mm spacing in the vertical and
horizontal directions,and aperture widthof 1450 mmin the
horizontal and vertical directions, for all four polarisation
channels. The scanned target scene is shown in Figure 4.

Figure 4: Phétograph of'scene of sphere scatterers.

4 Results

4.1 Tank Scene Measurements

4.1.1 Fully Nyquist Sampled

To form high quality initial imagery for comparison, the
first 3D SAR rendering formed from the collected data set
employed a monostatic transceiver arrangement, with a

finely sampled collection geometry that spanned the full
width and height of the 2D SAR aperture described in the

Laboratory Measurements section. This formed high qual-
ity maximum intensity projections of the laboratory scene,
shown in Figure 5 in the VV polarisation channel, where
the features ofthe tank are shown to be clearly separatedin
the vertical direction.

oot A e oo 2P W

Lt )

Monostatic SAR image Projection YZP. W

| St

Figure 5: Monostatic maximum intensity projections of
the measured model tank scene, for XZ and YZ planes,

collected at the Nyquist sampling rate.

The top image in Figure 5 is a maximum intensity
projection in the XZ plane. The front cross section of the
tank structure, which is characterised by the area of high
brightness in the centre of the image. The elevated large
sphere at the back of the tank scene, is shown to the right
ofthetank structureata cross-range of 1.52 m,and a height

0f0.52 m.

The bottom image in Figure 5 is a maximum intensity
projection in the YZ plane, showing the length and height
of the tank structure. The main tank structure is situated
centrally in the projection shown, with the cannon of the
tank shown extending outwards from the front of the main
tank structure. The SAR renderings shown in Figure 5
represent high qualtiy 3D SAR renderings, using typical
image formation methods, and will allow a comparison
with multistatic renderings presented in the next section
(Figure 6 and Figure 7).

4.1.2 Coarse Multistatic Geometry

The tank model volumetric SAR projected images shown
in Figure 6 and Figure 7 were produced using a
downsampled collection geometry, from a multistatic
collection geometry shown in Figure 2. The downsampled
collection geometry consisted of only six transmitter
heights and nine stationary receiver positions, shown in
Figure 8. In this figure, the equivalent monostatic positions
— the collection of points half-way between the receiver
and transmitter — are shown in green.

The images in Figure 6 were formed by downsampling the
data set from a finely-sampled wide transmitter aperture to
a coarsely-sampled wide transmitter aperture. The
maximum intensity projections presented were formed
from a non-coherent sum of the nine datasets
corresponding to the nine receiver positions. The features
of the tank structure shown in the projections are
noticeably coarse in appearence, which shows
deterioration in the vertical resolution expected when the
vertical aperture width is downsampled.
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Figure 6: Mulstistatic Volumetric SAR projections of a
non-coherent sum of the nine datasets corresponding to
each of the nine reciever positions, and with a coarsely
sampled vertical transmitter aperture.
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Figure 7: Mulstistatic Volumetric SAR projections of
coherentsum of the nine datasets corresponding to each of
the nine reciever positions, and with a coarsely sampled
vertical transmitter aperture.

The volumetric SAR projections shown in Figure 7 show
an improved 3D imaging performance of the coarsely
sampled SAR geometries, when using the multistatic
antenna arrangement. These SAR images were formed
from a coherent summation of the nine datasets
corresponding to the nine receiver positions. Performing a
coherent summation allows for the combination of phase
information from the nine receiver positions, which means
that the effective vertical aperture width is improved
without increasing the number of transmitter heights used.
The effects of this are shown by the refinement of the
features of the tank structure shown in Figure 7, compared
to those presented in Figure 6, showing that adding the
multiple receiver heights improves the vertical resolution.
It is also likely that the unambiguous vertical cross-range
extend wouldincrease, though itis difficult to ascertain this
in these results. The collection geometry used to produce
both Figure 6 and Figure 7 is shown in Figure 8.

Multistatic radar scene, sparsely sampled

Figure 8: Downsampled Radar collection geometry, with
nine stationary reciever positions, shown in blue, and five
transmitter heights shown in red. The equivalent
monostatic positions are shown in green.

The effect of the multistatic geometry on the unambiguous
vertical cross-range extent is demonstrated by comparison
with the monostatic volumetric SAR projection shown in
Figure 9, produced using the same coarse transmitter
aperture and where the receiver follows the transmitter
motion.
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Figure 9: Coarse monostatic gecomtery volumetric SAR
projection in the YZ plane, showing significant aliasing in
the vertical direction.

Multiple vertical repetitions of the tank structure can be
seen in Figure 9, which is an aliasing effect due to a short
unambiguous vertical cross-range extent. This is due to
insufficient sampling in the vertical dimension for the
target height. Comparing this result with Figure 7, the
separation of aliasing artefacts is significantly greater than
inFigure 9 indicatingthatthe addition of multiplereceivers
at different heights resulted in a noticeable improvement in
image quality.

4.2 Extended SPCGS Algorithm

4.2.1 Simulated Data

In order to determine the performance of the extended
SPCGS image formation algorithm, simulations were first
carried out on a simulated target scene of point scatterers,
placed atthe location ofthe spheres shown in Figure 4. The
antenna geometry used in the simulations is described in
section3.2.

From the simulated antenna geometry, 7 random
transceiver pass heights were extracted from the full set,
and used to generate the phase history data for the point
scatterer scene. The simulated phase history data was then
input to the extended SPCGS (Figure 1). The 2D SAR
images, used to provide the phase information for the
extended SPCGS, were formed using the BPA. Figure 10



is a rendering produced from the 3D target information of
the point scatterer scene, produced by the extended
SPCGS, and Figure 11 shows the geometry used. The blue
points in the figure are point cloud detections for the
scatterers, and underlying these is the actual scatterer
position marked with a red asterisk.
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Figure 10: SAR point cloud rendering formed from
simulated point scatterer scene data. Blue point clouds
indicate algorithm detections, and scatterer actual positions
are marked by partly obscured red asterisks.
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Figure 11: Pseudo monostatic collection geometry used to
form SAR point cloud renderings on simulated data and
data collected from the laboratory. Transmitter positions
are inred, and receiver positions in blue.

In the application of the extended SPCGS algorithm, 141
separate scatterer height estimates, between the values of 0
and 1.41 m, were used to obtain the interferometric values
required for generating the 3D SAR point cloud rendering.
The spread of each point cloud in height, for each
individual simulated point scatterer, is given in Table 1.

The finest resolution obtained from the extended SPCGS
simulation was that of sphere 5, for which a resolution of
30 mm was produced from a collection geometry of 7
individual transceiver passes, over an aperture height of
0.7 mand an average vertical spacingof 103 mm; the same
collection geometry using the BPA would be expected to
achive an 117mm vertical resolution. Furtheremore, the
vertical unambiguous cross-range for the same geometry
would be 0.82 m using the BPA, which would be

insufficient to cover the vertical extent of the scatterer
scene.

Table 1: Vertical spread of SPCGS point clouds, compared
to the true heightof each scatterer. Ah is the spread of each
scatterer point cloud in the vertical direction.

Sphere Measured | Ah/cm
Index Height/cm

1 132.2 5

2 34.8 3

3 35.5 3

4 46.5 4

5 3.9 3

6 118.1 4

4.2.2 Laboratory Data

The main aim of the laboratory measurements on the
sphere scatterer scene was to investigate the algorithm
when applied to real data, where variables such as the
antenna beam pattern, non-zero scatterer dimensions, and
varyingscatterer brightnesswouldbe present. The 3D SAR
point cloud rendering presented in Figure 12 was produced
using the phase history data collected for the scan of the
sphere scatterer scene, outlined in section 3.2. The
downsampled collection geometry used to produce the
simulations were also used to produce the SAR point cloud
renderings from real laboratory data.

Monostatic Point Cloud. Threshold value: 0.48297

*
B #*
)
=
0.5
E
+* 8
0 -
—
2 e * —
-1 e 52 54
0 489
4244487

x (m) y (m)

Figure 12: SAR Point Cloud rendering formed from data
collected in the laboratory. Blue point clouds indicate the
algorithm detections, and scatter ground truth positions

are marked by red asterisks.

In Figure 12, point clouds form in proximity to the known
sphere locations, for spheres 2, 3 and 4 pictured in Figure
4. The point cloud was extracted using a threshold 0.5
times the maximum weighted interferometric response
value. Reducing the threshold further introduces a
considerable amount of artefacts. Spheres 2, 3 and 4 are
situated within a central position within the radar scene,
and are the brightest scatterers within the scene. The
relative brightness of the different scatterers within the
sceneisshown in Figure 13, which is a maximum intensity



projection formed using the BPA applied to the Nyquist
sampled collection aperture of the sphere dataset.
Multipath artefacts of a significant brightness are situated
inthe centre ofthe projection, showinga similar brightness
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Figure 13: BPA image of the scene of sphere scatterers.
Projection in the XZ plane.

5 Conclusions

The results for the investigation into the use of multistatic
SAR geometries with coarsely sampled 2D collection ap-
ertures, showed that adding multiple receiver heights pro-
vided sufficient resolution and coverage for imaging the
main structure of the model quarter scale tank, and an im-
provement over the monostatic geometry. Having shown
this, a more deterministic relationship between the effec-
tive vertical sampling of the multistatic arrangement and
the 3D imaging performance now needs to be determined,
this would be essential for the practical implementation of
real-life scenario multistatic SAR geometries.
Investigation into the developed extended SPCGS showed
that the algorithm is effective at producing high resolution
3D SAR renderings of individual point scatterers. How-
ever, the performance ofthe algorithm needs to be im-
proved for real data images which have varying scatterer
brightness and background artefacts. Using variable detec-
tion thresholds across the image could potentially solve
this. The investigation of the extended SPCGS algorithm
into more complex target scenes with antenna bistatic and
multistatic geometries is ongoing.
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