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Abstract
Synthetic Aperture Radar (SAR) Coherent Change Detection allows for the detection of
very small scene changes. This is particularly useful for Intelligence, Surveillance and
Reconnaissance as small changes such as vehicle tracks can be identified. Rapidly col-
lecting repeat pass SAR imagery is important in these applications. For space‐borne
platforms, such repeat passes may however have significant differences, or baselines.
Coherent Change Detection products are reliant on high coherence for good interpret-
ability. This work investigates the sources and levels of incoherence associated with
bistatic SAR imagery for a variety of baselines using simulations and measured laboratory
data for two ground types. Additionally, spatially variant incoherence trimming is
implemented. The paper shows the importance of angle‐dependant backscatter on the
coherence of sub‐resolution cell scatterers.
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1 | INTRODUCTION

High resolution Synthetic Aperture Radar (SAR) images enable
detailed reconnaissance and surveillance of the Earth's surface
for all weather, during the day and night. Synthetic Aperture
Radar interferometry can be used to determine a Digital
Elevation Maps [1, 2] and can be used for the detection of very
small scene changes, such as vehicle tracks, using Coherent
Change Detection (CCD) [3–6].

For high quality CCD results, typically two radar platform
trajectories are closely repeated, with a low baseline, [7–9]. For
satellites, this may necessitate long revisit times which may for
example, lead to decorrelation due to natural processes such as
wind and rain [8], which would reduce CCD interpretability.

The research presented here is applicable to multistatic/
bistatic satellite constellations, such as that being developed by
the UK MOD under the name Project Oberon [10]. For such
constellations, the ability to utilise trajectories with greater
baselines and differing bistatic geometries could help reduce
revisit times. However, such image pairs may potentially have
low SAR coherence. This work is also relevant to multistatic

Uncrewed Air System swarms with either a transmitter [11–13]
as part of the swarm or with a stand‐off large illuminator
[11, 14].

Forming good quality high contrast CCD results is reliant
on high coherence between SAR images [7, 15]. This coher-
ence can be reduced by natural processes such as wind and rain
[15–18]. Thus, conducting rapid repeated passes would help
mitigate this effect and allow for monitoring developing situ-
ations in a timely manner.

Bistatic (and multistatic) radar geometries involve having
the transmitter and receiver(s) substantially separated, with
multistatic geometries being comprised of multiple simulta-
neous bistatic collections. Multistatic SAR can have several
advantages, such as providing improved cross‐range resolution
[19, 20] and Signal to Noise Ratio (SNR) [21], although the
choice of which SAR trajectories to combine significantly af-
fects these [22].

Multistatic SAR satellite constellations may allow the
collection of more timely change detection images to be
formed using SAR image collections from differing trajec-
tories, thus reducing the repeat pass time [23, 24]. However,
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the CCD's may be subject to varying degrees of coherence due
to differing baselines and other effects such as different radar
scattering due to a change in geometry, such as due to varying
multipath or shadowing [25].

For high coherence and an improved change detection
capability over nominally horizontal ground, the repeat pass
geometries should be chosen to provide a high degree of
spatial frequency (K‐space) support vertical projection overlap
[7, 9, 26], though it has been found that this alone is insuffi-
cient to guaranty high coherence and good CCD contrast [25].

This paper investigates the sources and levels of incoher-
ence between Ultra‐Wideband SAR [27] with different bistatic
geometries, through both simulation and laboratory radar
measurements. The bistatic radar trajectories were chosen to
maintain a high K‐space overlap with increasing bistatic angles.
This allowed for the investigation into a new decorrelation
parameter, γScat. Synthetic Aperture Radar measurements of
two ground types were conducted, to show variability due to
different terrain.

This research is supported by measurements at the Cran-
field University Ground‐Based Synthetic Aperture Radar
(GBSAR) laboratory [25, 28, 29], where antennas are scanned
within two vertical rectangular apertures, which allow a great
deal of flexibility and fine control of SAR geometries for the
scene.

In Section 2, a background discussion of CCD and the
spatial frequency domain is provided. Methodology is
described in Section 3, covering the GBSAR laboratory, SAR
and CCD processing and the estimation of the scattering
factor. Results are presented in Section 4. Discussion and
conclusions are provided in Section 5. References are provided
in Reference section and SAR geometry information is pro-
vided in the appendices Section.

2 | BACKGROUND

2.1 | Coherent Change Detection

Coherence between SAR images can be provided by a measure
of the similarity between the two images, ranging from 0 to 1.
It can be calculated via a normalised cross correlation [7, 17,
30] over corresponding samples of the images to provide a
CCD image product,

γ̂ ¼
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where the magnitude, γ̂ , is referred to as the sample (estimated)
coherence, S1 and S2 are the two complex images being
compared, N is the number of pixels within a window sampled
over the two images and k is the pixel index.

A value approaching zero indicates low coherence, for
example, from a scene change, whereas values approaching 1
indicate areas of no change. An example CCD image is shown

in Figure 1. The image was produced using exactly repeated
SAR trajectories of a gravel rectangle. The letters ‘GBSAR’
were traced on the gravel, leaving legible incoherence tracks.

2.2 | Spatial frequency domain

Synthetic Aperture Radar image information can be repre-
sented in the spatial frequency domain, also known as K‐space,
where it is given the name “image support” [7, 26, 31]. The
extent of the image support is a composite of incident minus

scattered wave vectors from transceivers, K
!
¼ k i
!

− k s
!

, to the

different scene positions, where k i
!
¼ 2π

λ î and k s
!
¼ 2π

λ ŝ , and
î and ŝ are normalised incident and scattered directions. The
length of K

!
is proportional to frequency, and to the cosine of

the bistatic angle, β [7]. These vectors can be plotted to trace
out annulus segments within the K‐space. An example is
shown in Figure 2, for two different trajectories. The vertically
projected areas corresponding to each collection are referred to
as Projected Fourier Supports (PFS), and the PFS's corre-
sponding to the collections in Figure 2 can be seen in Figure 3.

In the context of coherence between SAR images of hor-
izontal rough terrain, the proportion of the overlapping PFS
areas to the square rooted product of the total PFS areas [17,
26] can be used to predict coherence (see section 2.3). In
Figure 3, the overlapping area Ac is defined as Ac = A1 ∩ A2,
where A1 and A2 are the PFS areas of the two radar collections.

In the SAR far‐field it is straightforward to calculate K‐
space overlap as the PFS areas are constant over the scene.
However, in the SAR near‐field, the PFS areas and their
overlap varies significantly across the scene, complicating the
estimation of coherence [7, 26]. The SAR near‐field is defined
as the regime where the range d < 2L2

cr=λc for centre wave-
length λc and for a scene with cross‐range extent Lcr. For the

F I GURE 1 An example Synthetic Aperture Radar (SAR) laboratory
Coherent Change Detection (CCD) image.
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GBSAR system the far‐field distance d ≈ 150 m. The ranges in
the laboratory are in the range of 4–10 m.

This can be further complicated by undulating or non‐flat
terrain, where the PFS projection directions are to the local
terrain normal [32, 33].

The impact of the SAR near‐field on the K‐space is
demonstrated in Figure 4. Here the K‐space segments are
plotted for the four corners of the scene as well as for the scene
centre. It can be seen that in the SAR near‐field, the PFS is
spatially variant over the scene.

2.3 | Factors affecting coherence

The formula for calculating the sample (estimated) coherence,
γ̂ , was presented in (1) Section 2.1. It is referred to as the
estimated coherence because it differs from the true coher-
ence. The estimated coherence, γ̂ , is biased dependent on
calculation features such as the CCD estimation window size
[17, 34]. γtrue can be decomposed into factors which are also in
the range 0–1 [7, 8, 17, 18, 35]:

γtrue ¼ γtempγSNRγprocγgeom ð2Þ

γgeom ¼ γbaselineγScatγreg ð3Þ

Temporal decorrelation, γtemp, refers to the change in the
scene between the two SAR collection times. This may be the
changes we wish to detect such as vehicle tracks or objects
being placed in or removed from the scene. γtemp can also be
reduced by natural processes such as wind and rain [15–18].

The SNR coherence factor γSNR also affects coherence [8,
17] and is given as follows:

F I GURE 3 Projected Fourier Supports (PFS) of two radar collections.
The two PFS areas are labelled A1 and A2, and have the intersecting
area Ac.

F I GURE 4 Spatial frequency plots showing the outline of five spatial
frequency domain segments in the Synthetic Aperture Radar (SAR) near‐
field regime, corresponding to the four corners and centre of the measured
scene. A three‐dimensional view is shown in (a) and ground plane
projection in (b).

F I GURE 2 Spatial frequency plot showing the outline of two spatial
frequency domain image supports.
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γSNR ¼
1

1þ SNR−1 ð4Þ

γproc and γgeom represent the decorrelations due to the pro-
cessing and imaging geometries respectively. γproc accounts for
decorrelations due to the image formation algorithm accuracy
and assumptions, and the geometry term includes terms which
are a function of the SAR imaging geometries. This includes
γbaseline which accounts for K‐space overlap [7, 9, 17, 26] and
γScat which accounts for differences in electromagnetic back-
scatter, which would include shadowing and multipath effects
[28, 36]. γreg refers to the image registration decorrelations due
to differential layover [17].

The baseline correlation factor is as follows [17, 18]:

γbaseline ¼
Ac
ffiffiffiffiffiffiffiffiffiffiffi
A1A2
p ð5Þ

where A1 and A2 are the PFS areas corresponding to the two
radar collections and Ac = A1 ∩ A2 is the area of their inter-
section (see Figure 3). For the near‐field the γbaseline must be
evaluated on a per pixel basis, and then the values are be
averaged. γbaseline is sometimes referred to as the spatial cor-
relation term. Alternative formulae for the spatial term in the
monostatic far‐field case are found in refs. [8, 18], though these
are not applicable to the SAR near‐field data examined in this
paper.

The Scattering term γscat was introduced in ref. [28] and
discussed further in ref. [25], though originally referred to as
the radar cross section (RCS) term. It accounts for a difference
in backscattering dependent on imaging geometry, and in-
cludes effects such as variation in shadowing, multipath and
scattering due to polarisation. The temporal and baseline
correlation terms are typically of most interest for imaged
scenes with developed speckle and low baseline [15, 35],
however at least for bistatic geometries with either high
baseline or significantly different bistatic angles, the scattering
term is hypothesised to play a significant role.

The misregistration term, γreg corresponds to the decor-
relation due to a difference in layover [17],

γreg ¼ sinc
�
hs
�
tan ψ1 − tan ψ2

�

ρres

�

ð6Þ

where hs corresponds to the scatterer height, ψ the grazing
angle and ρres is the resolution cell size.

3 | METHODOLOGY

The laboratory SAR geometries available resulted in substan-
tially curved wavefronts over the scene Region Of Interest
(ROI). For this SAR near‐field scenario, the Back Projection
Algorithm (BPA) [37, 38] was extended to the bistatic case to
generate well‐focused SAR imagery. Bistatic versions of the
Range‐Migration Algorithm [39, 40] or of a curved wavefront
corrected Polar Format Algorithm (PFA), [1, 7, 38, 39, 41]

would also have provided focussed image results in the near‐
field, though would be less straight forward to implement
than the bistatic‐BPA. For the less stringent case of far‐field
SAR geometries where wavefronts are approximated as
planar over the ROI, one may instead choose more compu-
tationally efficient image formation algorithms, such as the
standard (bistatic) PFA [1].

3.1 | Ground‐Based Synthetic Aperture
Radar laboratory

Bistatic SAR measurements were conducted at the Cranfield
University Ground Based SAR laboratory (GBSAR lab) [25,
42] (see Figure 5).

The measurements were conducted with a Vector Network
Analyser (VNA), with centre frequency of 10 GHz and
bandwidth of 4 GHz. Due to the use of a single VNA, there
were no signal synchronisation issues associated with the
bistatic measurements – often a significant issue for practical
remote bistatic SAR sensing.

3.1.1 | Scene ground types

Two scenes were used. Each was surrounded by spheres and
top hat scatterers, used to verify the alignment of the SAR
images.

The first measured scene is shown in Figure 6 and was a
rectangle of gravel (2.7 m � 1.5 m). The gravel consisted of
approximately 1 cm‐sized pieces of gravel, significantly smaller

F I GURE 5 The Ground Based Synthetic Aperture Radar (GBSAR)
laboratory in a bistatic configuration. The transmitter is circled in red and
labelled Tx; the receiver is circled in blue and labelled Rx.

F I GURE 6 Image showing the gravel rectangle, together with spheres
and top hat scatterers used to ensure image alignment.
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than the resolution cell size. A smaller rectangular area
(1.5 m � 1.4 m) was used for the calculation of coherence and
will be referred to as the ROI.

The second scene was a rectangle (1.6 m � 1.5 m) of
densely packed stones, seen in Figure 7. This scene was less
wide than the gravel scene, but encompassed the ROI used for
this investigation.

3.2 | Synthetic Aperture Radar images and
background subtraction

Example SAR images of the two scenes are shown in Figures 8
and 9. To increase the Signal to Clutter Ratio (SCR) and to
better estimate the SNR, Radar Absorbent Material (RAM)
panels were employed, and background scans, free of gravel

and stones, were carried out. The background scans were
subtracted from the scene measurement data. In the region of
the floor on which the gravel was placed, the floor itself was
smooth and highly reflective for the frequency range measured,
so that there was little scattering response from the ROI in the
background scan. This helped ensure that the background
subtraction was effective here.

From these SAR images the SCR was estimated as 21 dB
for the gravel measurements and 25 dB for the stones mea-
surement. This clutter represents scattering from the labora-
tory itself and some multipath, and most of it was removed by
the background subtraction. Some multipath signature
remained visible after the subtraction, and because it was
associated with the stones and gravel, it could not be removed
with a background subtraction. However, the SAR geometry
and the arrangement of the gravel and stones was designed
such that the multipath appeared down‐range of the ROI, so
that it did not affect the coherence results.

The SNR was estimated as 30 dB for the gravel and 38 dB
for the stones. The difference in the SNR and SCR between
the gravel and stones is due to the stones reflecting more
strongly than the gravel.

3.3 | Synthetic Aperture Radar geometries

The SAR geometries used were constrained by transmitter and
receiver vertical rectangular scanning apertures 0.4 m high by
2.4 m wide, seen in the SAR geometry overview in Figure 10.
The red lines correspond to the transmitter positions used, and
the blue to receiver positions.

Fifteen bistatic SAR geometries were measured, and in
each of them the transceiver heights were kept the same. For
each of them, a 1.6 m horizontal aperture was scanned by both
the transmitter and the receiver, and with five different hori-
zontal positions labelled TR1 to TR5, and with three vertical
positions, labelled 000, 200, 400, corresponding to vertical

F I GURE 7 Image showing the stone rectangle. The spheres and top
hat scatterers shown in Figure 6 are also present.

F I GURE 8 Synthetic Aperture Radar (SAR) image (VV, TR1 000) of
the gravel scene with background subtraction.

F I GURE 9 Synthetic Aperture Radar (SAR) image (VV, TR1 000) of
the stone scene after background subtraction.
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distances in millimetres to the scanner origin, with “000”
corresponding to the highest trajectories and 400 corre-
sponding to the lowest. The individual transmitter apertures
are shown in Figure 11 and the corresponding receiver aper-
tures in Figure 12, with local scanner axis coordinates – in
these, the “X” marker colours denote the scanned aperture

extents for each geometry, where TR1 form the outer pair of
transceiver positions and TR5 form the inner pair.

The chosen SAR geometries allow the bistatic angle to be
progressively increased, whilst maintaining a substantial K‐
space overlap between them. The K‐space overlap between
the six SAR geometries was high, with γbaseline ranging from 0.7
to 0.96 for non‐repeating trajectories.

Transceiver scan geometry parameters are listed in the
appendices section. It is noted that the grazing and bistatic
angles are spatially variant over the scene, and the values
provided in the tables are calculated to the centre of the scene
and gravel region. The SAR resolutions were estimated using
the Bistatic Equivalent Monostatic (BEM) antenna positions,
calculated along the antenna bisecting direction to the scene
centre [43, 44].

The bistatic angle difference between the different trajec-
tories and the grazing angle differences are shown in
Figures 13 and 14.

F I GURE 1 0 Diagram showing the radar geometries used. The
transmitter and receiver geometries are shown in red and blue respectively.
The scene centre is marked by the black circle. The stone and gravel regions
are outlined with dashed green lines. The Region Of Interest (ROI) is
outlined by the solid green line.

F I GURE 1 1 Diagram showing the horizontal extent of the
transmitter apertures for each height, in the local axis coordinate system.

F I GURE 1 2 Diagram showing the horizontal extent of the receiver
apertures for each height, in the local axis coordinate system.

F I GURE 1 3 Heatmap and table showing the bistatic angle difference
between the Synthetic Aperture Radar (SAR) geometries measured.

F I GURE 1 4 Heatmap and table showing the grazing angle difference
between the Synthetic Aperture Radar (SAR) geometries measured.
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3.4 | Spatially variant processing

As discussed in section 2.2, spatial frequency domain projections
of the radar collection data vary substantially across the scene
when in the SAR near‐field. Hence the calculation of γbaseline
should be performed in a spatially variant manner. Additionally,
Spatially Variant Incoherence Trimming (SVIT) can be imple-
mented for increased coherence between images [26, 32, 33, 36,
45, 46].

The SVIT process omits/removes incoherent energy from
the non‐overlapping PFS data for each SAR image pixel for
both SAR collections, during the image formation stage,
resulting in two SAR images with greater coherence between
them. The PFS areas alone are used to calculate γbaseline.

Figures 15 and 16 are outputs from the SVIT algorithm
corresponding to the laboratory measurements undertaken,
and are used to illustrate the need for a spatially variant
approach to the near‐field regime. The PFS outline for a single
point in the scene (or SAR image co‐ordinate) is plotted as a
characteristic K‐space annulus segment. For a particular scene
point, the PFS outlines of a master and reference SAR
collection are plotted in red and blue respectively. The grey-
scale figure backgrounds show a running sum of the inter-
secting PFS regions, in Figure 15, and non‐intersecting, in
Figure 16, where each PFS region contributes unit values to the
summation K‐space image (which is normalised in intensity at
the end). These images compare the K‐space overlap of SAR
geometries TR1 000 and TR4 000. The figures show significant
variation in K‐space of overlapping and non‐overlapping re-
gions as a function of scene position (or SAR image pixel
position).

3.5 | Simulation

Two types of SAR image simulation were used. Both sim-
ulations used isotropic point scatterers with a density of
approximately 14.3 scatterers per resolution cell, and 30,000
in total. All the scatterers had a consistent brightness. This
provided fully developed SAR speckle (see section 3.6). The
simulations were run multiple times with randomized scat-
terer positions and coherence results were found to be sta-
ble. Thus, to save time, it was then deemed acceptable to
only use a single simulated scene realisation to generate
results.

For the purposes of modelling bistatic decoherence for
rough ground [17], the second set of simulations added a
random phase contribution to the nth scatterer as follows:

θdecorr;n ¼ CsimβnAn ð7Þ

The phase is dependent on three components: Csim is a
coefficient to be determined empirically to fit the measured
characteristics of the scene; βn is the bistatic angle in radians at
the location of scatterer n; An is a uniformly distributed
random real number assigned to scatterer n such that −1 ≤ An
< 1 [7].

The values An were fixed across the simulations. The result
of the application of the decoherence phase in (7), is that a
decorrelation between SAR images is imposed which increases
with their bistatic angle difference.

The chosen values of Csim corresponded to a minimum
Root Mean Squared Error (RMSE) between the simulation
coherence and the measured data coherence.

F I GURE 1 5 Spatially Variant Incoherence Trimming (SVIT)
algorithm output for TR1 000 and TR4 000. The red and blue lines show
the Projected Fourier Supports (PFS) for the reference and mission
collections for a single scene position and collection pair. The grayscale
background shows the sum over the scene of all intersecting PFS regions.

F I GURE 1 6 Spatially Variant Incoherence Trimming (SVIT)
algorithm output for TR1 000 and TR4 000. The red and blue lines show
the Projected Fourier Supports (PFS) for the reference and mission
collections for a single scene position and collection pair. The grayscale
background shows the sum over the non‐intersecting PFS regions.
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It is noted that the SAR and CCD processing undertaken
was the same for both simulated and measured data.

A 3rd order polynomial, γScat‐fit, function of the difference
in bistatic angle, Δβ, was used to fit γScat coherence curves as
follows:

γfit ¼ γScat−fit

�
γbaselineγSNRγprocγreg

�
ð8Þ

where

γScat−fit ¼ 1þ Cf1Δβþ Cf2Δβ2 þ Cf3Δβ3

Whilst γScat‐fit represents the scattering parameter (γScat), γfit
represents the fitted curve to the measured overall coherence.
The coefficients Cf were chosen so that they resulted in the
lowest RMSE between the average measured coherence (across
polarisations) and γfit. The chosen values for the two measured
scenes are presented in Table 1.

The simulations and curve fitting were used to show that
the behaviour of γScat can be characterised and predicted.

3.6 | Intensity distribution and surface
roughness

A surface is considered rough when the size of the scatterers is
small in comparison to the wavelength, and there are a large
number of scatterers per resolution cell [47]. Additionally, the
following roughness criterion should be met [48, 49]:

Δh >
λ

8 ∙ cos θ
ð9Þ

where Δh (cm) is the surface height variation, λ (cm) the
wavelength and θ the electromagnetic wave incidence angle (it
is expected that this formula extends to bistatic back‐scattering
geometries).

The surface height variation (Δh) is around 1–2 cm for the
gravel and 5–10 cm for the stones. These heights give values
larger than the value of the criterion: λ

8∙cos θ¼ 0:41 cm so that
they are considered to be rough.

The intensity (jI j) Probability Density Function of Ray-
leigh speckle takes the form of the negative exponential
[7, 50–52].

PðjI jÞ ¼
1
hjI ji

exp
�

−
jI j
hjI ji

�

ð10Þ

where |I| is the intensity and h|I|i is the mean intensity [7,
50, 51].

The pixel intensity distribution, calculated for all geome-
tries of the isotropic simulation, is plotted in Figure 17 and
closely follows the negative exponential distribution (red line),
indicating that surface roughness has been well simulated.

Similar distributions can be plotted for the stone and gravel
SAR images for all geometries. These distributions are plotted
below, with the gravel in Figure 18 and the stones in Figure 19.
Intensities were averaged across all geometries for each
polarisation.

TABLE 1 Parameter values used to add
a decorrelation factor to the simulation (7), or
to fit the overall coherence (8) as a function of
bistatic angle difference for the two measured
scenes.

Bistatic decoherence simulation parameter Coherence fitting coefficients

Csim Cf1 Cf2 Cf3

Gravel 5.7 −0.72 −21.87 76.19

Stones 15.1 −8.23 16.62 50.85

F I GURE 1 7 Normalised intensity distribution (histogram) for the
isotropic simulations and negative exponential distribution (red).

F I GURE 1 8 Normalised intensity distribution (histogram) for the
gravel Synthetic Aperture Radar (SAR) images and negative exponential
distribution (red). Intensities were averaged across all geometries for each
polarisation.
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The RMSE can be calculated between the measured in-
tensity values and the negative exponential distribution. These
are presented below in Table 2.

The gravel shows a closer alignment than the stones with
the negative exponential distribution, as shown in Table 2.

The 1 cm diameter gravel stones give rise to complex
scattering, including multipath as well as direct scattering,
however the radar wavelength is significantly larger than the
scatterers themselves which may change the nature of the
scattering away from the simpler and more intuitive Physical
Optics regime.

The stones exhibit a greater deviation from the ideal rough
(speckle) scattering response than for the gravel scene, which
may be due to the presence of fewer scatterers per resolution
cell, as the stones are larger. The stones are approximately
10 cm in size, larger than the centre wavelength of 3 cm.

3.7 | Estimation of γScat

Due to the nature of the laboratory environment, Equa-
tions (2) and (3) can be simplified and the terms calculated to
estimate the scattering component.

No scene changes were present so γtemp = 1. From the
background subtraction images (section 3.2), the SNR was
estimated at 35 and 41 dB for the gravel and stones respectively.

Thus, using Equation (4) γSNR was estimated at 0.98 and 0.99 for
the gravel and stones respectively. The measurement ground
truth was accurately known due to the well‐controlled antenna
positioning and accurate curved wavefront bistatic back‐
projection image formation used, so γProc = 1. The minimum
γreg was calculated using Equation (6) as 0.9968 ≈ 1.

Hence the following equation is used to give an estimate
for γScat;

γ̂Scat−baseline ¼

*
γ̂Measðx; yÞ

γbaselineðx; yÞ γSNR γreg

+

ð11Þ

The angled brackets indicate an averaging of the quantities
over the scene. It is noted that due to the SAR near‐field nature
of the measurements, both the γbaseline and γ̂meas (evaluated
within a square sliding window) vary spatially. Hence, they are
functions of image coordinates (x,y). Therefore γ̂Scat is evalu-
ated as a mean over the spatially varying fraction in Equa-
tions (11) and (12). “Meas” denotes that the coherence value is
from the measured data.

An alternative method to estimate γ̂Scat is to use the
isotropic simulation. The coherence of the simulation,
γ̂Sim−isotropic; is very similar to γbaseline, and this is due to the
isotropic scatterer assumption in the simulation. With this
assumption, γScat for the isotropic simulations is assumed to be
unity and, γ̂Sim−isotropic ≈ γbaseline.

Thus, Equation (12) can be used to estimate γ̂Scat for the
measurements. Here “Sim‐isotropic” denotes that the isotropic
simulation was used.

γ̂Scat−Sim−isotropic ¼

*
γ̂Measðx; yÞ

γ̂Sim−isotropicðx; yÞ γSNR γreg

+

ð12Þ

As in Equation (11), an averaging over the spatially varying
fraction is performed in Equation (12) due to the SAR near‐
field nature of the measurements.

After the spatially variant incoherent trimming process, it is
assumed that the resulting coherence between images
γ̂Trimmedðx; yÞ ¼ γ̂Measðx; yÞ = γbaselineðx; yÞ , hence the following
relation is assumed:

γ̂Scat−Trimmed ¼

*
γ̂Trimmedðx; yÞ

γSNR γreg

+

ð13Þ

Thus, three formulae will be used to calculate γScat Equa-
tions (11)–(13) to improve confidence in the results.

4 | RESULTS

4.1 | Overall coherence results

The coherence between SAR images is evaluated as the mean
of the absolute value of γ̂ (1), over the ROI. For the

F I GURE 1 9 Normalised intensity distribution (histogram) for the
stone Synthetic Aperture Radar (SAR) images and negative exponential
distribution (red). Intensities were averaged across all geometries for each
polarisation.

TABLE 2 Root Mean Squared Error (RMSE) calculated for the
normalised intensity of the measured Synthetic Aperture Radar (SAR)
images and the negative exponential distribution.

RMSE

Polarisation

VV VH HH HV

Gravel 0.33 0.23 0.19 0.25

Stones 0.61 0.43 0.55 0.52

HAGELBERG ET AL. - 9
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measurements conducted, these are plotted in Figure 20,
against the bistatic angle difference. Figures 13 and 14 show
that across the SAR geometries measured, the maximum
bistatic angle difference is 10.3°, and the maximum grazing
angle difference is 0.7°. All four polarisations are plotted, blue
and cyan for the cross‐polar and red and magenta for the co‐
polar. Crosses were used to represent the gravel scene data and
circles the stone scene data, with curves of best fit added. The
γbaseline values are plotted in green.

For differing bistatic angles, the coherence for SAR images
from both measured scenes is less than γbaseline, with an

increased difference as the bistatic angle difference increases.
These results support previous findings [25] and indicate that
there is a geometry dependant decorrelation other than that
due to PFS overlap.

The coherence for the stones is below that for the
gravel scene, indicating that the decoherence is terrain type
specific. Reasons for the difference may include a greater
variability in bistatic RCS for the larger stones, due to their
larger sizes compared to the radar wavelengths (approxi-
mately 10 cm compared to a centre wavelength of 3 cm).
This would also affect the relative prominence and vari-
ability of multipath and shadowing effects. Additionally, the
larger stones have a lower number of scatterers per SAR
resolution cell, leading to the SAR speckle not being quite
as fully developed (see 3.6).

The coherence for the stones plateaus at 8–10°, this
behaviour is attributed to the biasing seen in CCD processing
at low coherence levels [17, 53], which increases estimated
coherence (γ̂ ) above true coherence γTrue, dependant on the
CCD window size [17, 53].

Figure 20 shows there is a variation in coherence between
the different polarisations, which will be seen in greater detail
in Sections 4.2 and 4.3.

It is noted that a simulation using isotropic scatterers
γ̂sim−isotropic provides an overall good match for γbaseline, seen in
Figure 21, as was the case in prior publications [25, 28].

Although there is a good match between the γbaseline and
γ̂sim−isotropic, there are however some differences. γ̂sim−isotropic

gives coherence values below γbaseline up to around 7°, after
which it gives higher coherence values. This difference may be
due to numerical errors and additionally the effects of CCD
coherence estimation for the simulation [17, 53]. This results in
slightly different corresponding values for γ̂Scat in the following
sections. The results are further described in Section 4.2 for the
gravel scene, and Section 4.3 for the stones scene.

4.2 | Gravel scene results

This section presents the coherence results for the gravel
scene. The measured scene coherence is plotted in Figure 22.
It includes measured and simulated coherence as well as
γbaseline and a curve fitted to all of the measured data,
γCurve fit. The simulated coherence incorporated the bistatic
decoherence model phase in (7) (see Section 3.5) and is
referred to as γ̂sim−decorrelation. The parameters used for the
fitted curve and for the decoherence simulation are provided
in Table 1.

For differing bistatic angles, the γbaseline values are signifi-
cantly higher than for themeasured data for all polarisations. The
bistatic decorrelation simulation γ̂sim−decorrelation matches the
measured coherence better than the isotropic scatterer simula-
tion γ̂sim−isotropic (compare with Figure 21). The fit of

γ̂sim−decorrelation could be improved by replacing β with a

F I GURE 2 0 Coherence plotted against bistatic angle difference for
the gravel and stone scene datasets, with γbaseline.

F I GURE 2 1 Graph showing the correspondence between γbaseline
and γ̂Sim−isotropic.

10 - HAGELBERG ET AL.
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polynomial function of β in Equation (7), however the compu-
tationally intensive exercise of finding the optimal coefficient
values is beyond the scope of this paper.

Of the four polarisations, HH shows the least coherence,
for the gravel scene, and VV the most.

Using Equations (11)–(13) the coherence scattering
component associated with a departure from bistatic isotropy,
γ̂Scat, can be estimated with three approaches.

Figure 23 shows γ̂Scat for eachof the four polarisations. In the
case of the gravel scene, polarisation HH exhibits the steepest
decrease in γ̂Scat as a function of the bistatic angle difference. The
three different methodologies for estimating γ̂Scat result in only
slightly different coherence values.

The values for γ̂Scat−baseline (11) and for γ̂Scat−Sim−isotropic (13)
are plotted in green and blue respectively. γ̂Scat−Trimmed (13) is
shown in red and represents the coherence of the incoherence
trimmed image coherence γ̂Trimmed (with compensations for the
SNR and registration errors).

F I GURE 2 3 Gravel scene coherence scattering component γ̂Scat against bistatic angle difference, estimated with three methodologies presented in
Equations (11)–(13).

F I GURE 2 2 Coherence plots against bistatic angle difference for the
gravel scene, including all four polarisations, γbaseline, the bistatic decoherence
simulation and the fitted curve, whose parameters are provided in Table 1.

HAGELBERG ET AL. - 11
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The three γ̂Scat curves mostly show close alignment except
for the increased coherence of γ̂Scat−Sim−isotropic at the most
extreme bistatic angle difference of 10°. This is due to the
difference between γ̂sim−isotropic simulated coherence and
γbaseline, seen in Figure 21.

In summarising results, it has been found useful to divide
the coherence into three performance bands [36]:

� Good CCD performance, occurs where changes are easily
detected, and is associated with coherences above 0.8;

� Moderate CCD performance, occurs where useful detection
information may still be available but is unreliable due to an
elevated false alarm rate, and is associated with coherence
below 0.8 and above 0.6;

� Poor CCD performance, occurs where changes are not
discernible due to a very high false alarm rate, and is asso-
ciated with coherence values below 0.6.

In the summarising of results, the angular differences are
rounded here to the nearest 1°.

For the gravel, “good” γ̂Scat coherence is achieved for
bistatic angle differences from 0° up to 4–6°, depending on
polarisation. This corresponds to 0–6° for VV and HV, 0–5°
for VH and 0–4° for HH.

“Moderate” CCD performance occurred at least for
bistatic angle differences of 6–10° for VV and HV, 5–10° for
VH and 4–7° for HH. The experimental setup did not allow for
angular differences larger than 10°. “Poor” CCD performance
occurred beyond these angular values.

The results are listed in the summary Table 3, and pre-
sented graphically in section 4.4.

4.3 | Stone scene results

This section presents the coherence results for the stones
scene. The coherence results are presented in Figure 24. The
coherence for the stones is lower than for the gravel, and the
difference increases as the bistatic angle difference increases, so
that at 10° the difference is around 0.2. There is less variation
with polarisation in the measured stones scene than with the
gravel and HV is the polarisation in which coherence is least
(whereas for the gravel, HH gave the least coherence).

The non‐isotropic simulation γ̂sim−decorrelation (see Sec-
tion 3.5) is plotted in black and the fitted coherence curve
γCurve fit is dark blue.

The estimates for γ̂Scat (11)‐(13) for the stones are plotted
in Figure 25 for the four polarisations. The cross‐polarization
curves exhibit a steeper decrease in γ̂Scat with respect to bistatic
angle difference. The different methodologies result in only
slightly different values.

The slight rise or plateauing of the γ̂Scat values for the
stones seen at 10° is attributed to the biassing seen in CCD
processing at low coherence levels [17, 53] and the steeper
decrease in coherence of the isotropic simulation (γ̂sim−isotropic)
compared to the baseline (γbaseline) (Figure 21).

In comparison to the gravel results in Figure 23, the values
of γ̂Scat for stones in Figure 25 reduce at a faster rate.

Using the three performance bands defined in Section 4.2:
“good” γ̂Scat coherence is achieved for bistatic angle differ-
ences from 0 to 1° for VV, VH and HH, and 0–2° for HV;
“Moderate” CCD performance occurred for bistatic angle
differences in the range 1–3° or VV, VH and HH, and 2–4° for
HV; “Poor” CCD performance occurred for angles greater
than 3°.

The results are listed in the summary Table 4, and pre-
sented graphically in Section 4.4.

4.4 | Graphical summary section

The impact of the decorrelation on CCD image interopera-
bility can also be seen by inspecting the CCD images them-
selves. Two tessellations of CCD images are presented below.
The gravel results are shown in Figure 26 and the stones results

TABLE 3 Summary of bistatic angular difference extents of
coherence (γ̂ScatÞ performance bands for the gravel, where angles are
rounded to the nearest 1°.

Scene Polar γ̂Scat > 0:8 0:8 ≥ γ̂ Scat > 0:6 0:6 ≥ γ̂ Scat

Gravel VV 0–6° 6–10° N/A

VH 0–5° 5–10° N/A

HH 0–4° 4–7° 7–10°

HV 0–6° 6–10° N/A

F I GURE 2 4 Coherence plots against bistatic angle difference for the
stones scene, including all four polarisations, γbaseline, the bistatic
decoherence simulation and the fitted curve, whose parameters are provided in
Table 1.
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in Figure 27. These images show a marked difference in
coherence between the stones and gravel.

The VH polarisation and 000 height were chosen as
representative of the CCD images – other heights and

polarisations exhibited similar results (with some variation in
coherence as seen in figures Figures 23 and 25).

The results presented in Tables 3 and 4 are presented
graphically in Figure 28. The curves of best fit in Figures 23
and 25 were averaged and plotted with a colourmap based on
the three performance bands defined in Section 4.2. “Good”
CCD performance is represented by green, “Moderate” by
yellow and “Poor” by red.

5 | DISCUSSION AND CONCLUSION

For two types of terrain, it has been shown that when the
difference between bistatic angles is large enough for two
bistatic collections, the coherence between the corresponding

F I GURE 2 5 Stone scene coherence scattering component γ̂Scat against bistatic angle difference, estimated with three methodologies presented in
Equations (11)–(13).

TABLE 4 Summary of bistatic angular difference extents of
coherence (γ̂ScatÞ performance bands for the stones, where angles are
rounded to the nearest 1°.

Scene Pol γ̂Scat > 0:8 0:8 ≥ γ̂ Scat > 0:6 0:6 ≥ γ̂ Scat

Stones VV 0–1° 1–3° 3–10°

VH 0–1° 1–3° 3–10°

HH 0–1° 1–3° 3–10°

HV 0–2° 2–4° 4–10°

HAGELBERG ET AL. - 13
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SAR images is less than would be expected from the degree of
projected Fourier domain support overlap achieved.

It is hypothesised that the observed reduction in coherence
is due to differences in the bistatic microwave scattering be-
tween the two SAR collections, which would include phe-
nomena such as shadowing and multipath. These effects would
be included within the proposed scattering coherence param-
eter γScat.

The results presented build on those found in [25, 28] and
provide improved characterisation of γScat, now for two ground
types. γScat was calculated in three ways, which were in good
agreement.

A CCD simulation was developed which modelled a
decorrelation as a function of bistatic angle difference,
implemented via a decorrelation phase controlled by one
coefficient. Whilst matching to the experimental results was
achieved, it is assumed that the match could be further
improved by use of a polynomial function of the bistatic
angle. The determination of the polynomial coefficients
would be highly computationally intensive and a subject for
future research. Additional further work could include the
determination of improved curve fitting functions for γScat.

It was shown that for bistatic SAR trajectories where
there is a significant bistatic angle difference, the decorrelation
due to γScat dominates the coherence and can reduce it to a
level where CCD interpretability becomes very poor. This
shows that even when terrain has undergone little change,
selection of bistatic SAR collections with high spatial fre-
quency domain overlap may not be sufficient for forming
good quality CCD images, and that the bistatic angle differ-
ence can have a major effect, which is terrain dependent.
These considerations would affect the choice of useful
interferometric imaging geometries obtained from a multi-
static SAR system.

Table 3, Table 4 and Figure 28 summarise the γ̂Scat
coherence results and show that the CCD performance that
can be expected depends upon the scene being imaged and the
measured polarisation.

The two terrain surfaces investigated can be considered
rough, with their surface height variations being above the
Rayleigh Roughness Criterion height of 0.41 cm: the gravel
with a surface height variation just above the criterion (1–

F I GURE 2 6 Tessellation of Coherent Change Detection (CCD)
images for the gravel. These images are for the 000 height and VH
polarisation.

F I GURE 2 7 Tessellation of Coherent Change Detection (CCD)
images for the stones. These images are for the 000 height and VH
polarisation.

F I GURE 2 8 Graphical summary of results showing the bistatic
angular difference extents of coherence (γ̂ScatÞ performance bands for the
gravel and stone scenes. “Good” Coherent Change Detection (CCD)
performance is represented by green, “Moderate” by yellow and “Poor” by red.
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2 cm), and the stones about an order of magnitude above it
(5–10 cm).

Having investigated only two terrain types, it is difficult to
extrapolate the results to general terrain, however the exper-
iments conducted indicate that the bistatic angle difference
extent for any particular CCD performance band broadly
varies inversely with the terrain height variation (so long as it
is above the Rayleigh Roughness Criterion). For example, for
“Good” CCD performance, in the gravel case the angular
extent reached 6°, whereas for the stones case it reached 2°.

Overall, however, it has been shown that the terrain surface
has a significant impact on what different bistatic geometries
can be used to form useful CCD images when an exact
repeated pass is not possible, for example, due to time or
mission constraints.

An approach to simulating the decorrelation has been
demonstrated, and matched to two types of terrain,
controlled by one empirically determined parameter, however
other ground types may respond differently. Future work
could investigate additional ground types and how the
combination of multistatic collections might be used to
reduce the impacts of coherence loss [29]. To improve the
understanding of the behaviour of the γ̂Scat parameter, future
experiments could utilise metal spheres or higher fidelity
simulations using scene CAD model instead of point
scatterers.
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APPENDICES

The appendices contain information about the antenna SAR
trajectories used in this paper. The co‐ordinates of the trajec-
tories are available on the CORD repository: https://dspace.
lib.cranfield.ac.uk/handle/1826/20712.

In Table A1 several angles are presented. The first is the
bistatic angle between the mean transmitter and receiver po-
sitions. Grazing angles for the mean transmitter, receiver and
BEM positions are also presented. The BEM direction is the
bisectrix of the vectors joining the antenna positions and the
scene centre [43, 44].

The slant ranges to the scene centre, and heights for the
mean transmitter, receiver and BEM positions are presented in
Table A2. The BEM range is given by the bistatic range.

The ground‐range and cross‐range resolutions are pre-
sented in Table A3.
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TABLE A1 Bistatic and Grazing angles.

Trajectory Bistatic angle, β (°)

Grazing angle (°)

Tx Rx BEM

TR1 000 63.4 25.3 26.0 30.6

TR2 000 58.6 25.2 26.1 29.8

TR3 000 53.8 25.1 26.1 29.0

TR4 000 49.1 24.9 26.0 28.2

TR5 000 44.4 24.7 25.9 27.5

TR1 200 64.7 22.9 23.8 28.0

TR2 200 59.8 22.9 23.8 27.2

TR3 200 54.9 22.8 23.8 26.5

TR4 200 50.0 22.6 23.8 25.8

TR5 200 45.2 22.4 23.7 25.1

TR1 400 65.9 20.5 21.4 25.3

TR2 400 60.9 20.5 21.5 24.5

TR3 400 55.9 20.4 21.5 23.9

TR4 400 50.9 20.2 21.4 23.2

TR5 400 46.0 20.1 21.3 22.6

TABLE A2 Ranges and heights.

Trajectory

Range (m) Height (m)

Tx Rx BEM Tx Rx BEM

TR1 000 4.55 4.63 4.59 1.94 2.03 2.34

TR2 000 4.56 4.63 4.59 1.94 2.03 2.28

TR3 000 4.58 4.63 4.60 1.94 2.03 2.23

TR4 000 4.60 4.64 4.62 1.94 2.03 2.19

TR5 000 4.64 4.65 4.65 1.94 2.03 2.15

TR1 200 4.47 4.55 4.51 1.74 1.83 2.11

TR2 200 4.48 4.54 4.51 1.74 1.83 2.06

TR3 200 4.50 4.54 4.52 1.74 1.83 2.01

TR4 200 4.52 4.55 4.54 1.74 1.83 1.97

TR5 200 4.56 4.57 4.57 1.74 1.83 1.94

TR1 400 4.39 4.47 4.43 1.54 1.63 1.89

TR2 400 4.40 4.46 4.43 1.54 1.63 1.84

TR3 400 4.42 4.46 4.44 1.54 1.63 1.80

TR4 400 4.45 4.47 4.46 1.54 1.63 1.76

TR5 400 4.49 4.49 4.49 1.54 1.63 1.73

TABLE A3 Resolutions.

Trajectory

Resolution (cm)

Ground range Cross‐range

TR1 000 5.11 5.34

TR2 000 4.95 5.19

TR3 000 4.80 5.09

TR4 000 4.67 5.02

TR5 000 4.57 4.99

TR1 200 5.02 5.24

TR2 200 4.86 5.10

TR3 200 4.72 4.99

TR4 200 4.59 4.92

TR5 200 4.48 4.88

TR1 400 4.93 5.16

TR2 400 4.78 5.01

TR3 400 4.64 4.91

TR4 400 4.52 4.84

TR5 400 4.41 4.79
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