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Abstract—Global navigation satellite system reflectometry
(GNSS-R) has found many applications in the field of Earth ob-
servation including ocean wind-speed detection, ice altimetry, soil
moisture monitoring, and more. The main focus of GNSS-R re-
search to date has been on forward-scattered reflections, but theo-
retical work has proposed a backscattering regime and associated
new application opportunities, including marine target detection.
This article discusses the methods and results of processing the U.K.
TechDemoSat-1 raw data collections in a backscattering regime for
the first time, with initial results from sea ice datasets presented.
The research has also identified a key problem with the backscatter
method—for certain geometries the power from the specular point
(forward scattered) may contaminate the data. The theory behind
this and a method for predicting such occurrences is also discussed.

Index Terms—GNSS reflectometry, microwave reflectometry,
radar data processing, radar scattering, radar target recognition,
sea ice.

I. INTRODUCTION

G LOBAL navigation satellite system reflectometry (GNSS-
R), a passive bistatic L-band system using navigation

satellites as transmitters of ‘signals of opportunity” (SoOP),
has achieved great success in the field of ocean wind speed
sensing. Missions such as UK-DMC (launched in 2003) and
TechDemoSat-1 (also U.K., launched in 2014) proved that the
technique was viable on a space-borne platform and opened
the door for the NASA CYGNSS mission (constellation of 8
satellites, launched in 2016), as well as providing valuable data in
their own right. The data from both TechDemoSat-1 (TDS-1) and
CYGNSS has been of great value to the scientific community,
with a wide range of applications being explored including soil
moisture and flood inundation. These applications all exploit
the bistatic nature of GNSS-R which allows forward-scattered
signals to be collected. In these applications, the major scatter-
ing component is specular, which favors the forward-scattering
geometry.
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Recent studies have investigated the theoretical use of GNSS-
R in a backscattering geometry and the potential new applica-
tions this offers, including marine target detection [1]–[5]. At
L-band the majority of the ocean-reflected radiation (termed
“clutter” when the aim is to detect something other than the
ocean itself) is specularly scattered away from the incidence
direction, i.e., forward-scattered. This means that in a backscat-
tering geometry, the majority of the clutter will be directed
away from the receiver. In contrast, a target such as a ship
provides multiple bounce opportunities which increases the
backscattering cross section (BCS) significantly. These include
double-bounces from the ship’s hull and the sea surface, and
multiple-bounces from other parts of the ship’s structure and/or
the sea. A backscattering geometry is therefore predicted to have
better power returns for target detection than the conventional
forward-scattering mode.

This article discusses the methods and results of processing
the U.K.’s TDS-1 raw data collections in a backscattering regime
for the first time. The unprocessed nature of the data allows
the cross-correlation process between the reflected signal and
a clean copy of the transmitted signal to be targeted at delays
and Dopplers from nonspecular directions. This is in contrast
with the processed Level 1B delay-Doppler maps (DDMs) which
have been made available by Surrey Satellite Technology Ltd.
(SSTL) through the MERRByS online data service [6]. These
DDMs have previously been used to investigate backscattered
signals [4], however these studies were constrained to delay-
Doppler space around the specular point (SP). The raw data
contains signals from multiple GNSS constellations, but pri-
marily from the global positioning system (GPS). It should be
noted that the current study has only considered the GPS coarse
acquisition (C/A) signals but work is ongoing on processing
Galileo reflections from the raw data, both in forward and
backscattering modes.

II. APPLICATIONS

A. Target Detection (Ships and Oil Rigs)

For the detection of targets such as ships the return from
the ocean itself is termed “clutter.” The backscattering mode of
GNSS-R (bGNSS-R) offers the possibility of detecting targets
over the ocean as they will present strong BCSs (σB) relative
to the ocean clutter and should therefore show up clearly in
reflected data. This is providing that they also overcome the
thermal noise which is not reduced in the same way as the clutter.
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The large BCS of ships is due to di- or trihedrals either present
in the target itself or formed by the hull and the water, and
the reflective properties of metal at L-band, the frequency of
GNSS. In previous studies the target response as a whole has
been modeled as a trihedral square corner reflector, with the
following equation [2], [7]:

σ(xS , yS) =
12πl4

λ2
(1)

where λ is the wavelength of the L-band carrier (approximately
19 cm) and the subscript S refers to the “ship” target. l is the
interior edge size of the reflector, taken to be the dimension
of the ship perpendicular to the plane of incidence. The aspect
angle is therefore key to the predicted capability for detection, as
reported in [2]. The same article also discusses the importance
of polarization on target detection, and summarizes that ships
above 20 m in size have the theoretical capability of being
detected. Due to the multiple bounces, RHCP rather than the
conventional LHCP is predicted to be better suited to reception
of backscattered signals. In the current study, we are constrained
to using LHCP-received signals due to the limitations of the
hardware used. In light of this, and considering the lack of
open-source historic ship location data other marine targets have
been considered for study using this data—specifically oil rigs.
The location of fixed oil platforms is known, meaning that results
are easier to verify, and they have been shown to have high BCS
in the microwave bands, and have specifically been shown to
backscatter GNSS signals [4].

B. Ice Edge Detection

Monitoring changes in the location, size, and nature, etc., of
ice-sheets and icebergs is of great importance for climate change
monitoring and environmental science in general. Additionally,
phenomena such as the widening of the North West passage are
of great interest to the shipping, offshore energy and increas-
ingly, tourism, industries.

The edge of an ice-sheet or iceberg can form a near 90◦ angle
with the water, creating a favorable geometry for double-bounce
scattering. Multiple-bounce scattering may also be possible in
ice crevasses or between icebergs. In addition, the ice roughness
plays a part. Ice surface roughness is dependent on the age of
the ice, with young ice being smoother as it has been subject to
less weathering. The dielectric constant of the ice, which varies
with salinity and trapped air, and therefore age, also affects the
scattering properties but this has not been taken into account in
this study as to a first approximation it is not considered to limit
the direction of scattering in the same way as geometry.

In general, reflections from ice will be a combination of
specular and diffuse. Both cases can result in radiation being
backscattered to the receiver: a single instance of diffuse scat-
tering from rough ice could have this result, as would multiple-
bounce specular scattering from smooth ice. As the power will
be less spread out in the latter case, stronger returns are expected
in this scenario, and therefore this method will be used to target
ice edges. In addition to ice edges and the sea surface, missing
chunks, crevasses or other structures in the ice may create natural

Fig. 1. (Left) Typical forward-scattered DDM from an ocean GPS reflection.
(Right) Example of a bDDM from the Antarctic region, showing three features
of high signal power with respect to the background which may be indicative of
sea ice (from the July 24, 2016 dataset—see also Fig. 9).

trihedral corners which could backscatter the signal, irrespective
of incidence angle if the surface is smooth enough.

III. METHOD

During the period of operations of the U.K.’s TDS-1 over
200 raw data collections were made over a variety of Earth
surfaces, mostly containing approximately 2 min. of data. This
was in addition to the DDMs which were generated on board
and disseminated via the MERRByS data service. These raw
data are the unprocessed recordings from the instrument front
end and offer opportunities for new modes of processing other
than those used on board. For this research a software-defined
receiver which had previously been used to process raw data for
forward scattering was updated to predict backscatter reflection
points (BRPs).

For forward scatter, the form of the reflected signal as seen in
the DDM is generally well understood. A characteristic forward
scatter DDM over the ocean shows a strong peak reflection cor-
responding to the SP, and “arms” which represent the scattering
from the glistening zone (GZ), as shown in Fig. 1. The arms
appear weaker for stronger coherent reflections and sometimes
disappear completely.

For backscatter, the expected form of the DDM is different. A
return from a backscattering target should show up as a strong
peak in the backscattered DDM (bDDM), however not neces-
sarily at the centre—which corresponds to the delay-Doppler of
the BRP. Depending on the location and orientation of targets,
backscattered reflections may be possible from points away from
the specifically derived BRP (analogous to forward-scattered
returns coming from the whole GZ). There will therefore be no
characteristic parabola shape, rather individual bright “features”
against a background of clutter. These bright features may cover
several pixels due to the point spread function and this can be
used to distinguish targets from individual noise pixels [4].

It should be noted that the backscatter DDM can be visualized
as a subsection of an extended forward-scatter DDM, as can be
understood from Figs. 2 and 9. The orientation of the delay and
Doppler lines depends on the orientation of the incidence plane
(the plane containing transmitter, receiver, and reflection point)
and the direction of motion of the receiver. The orientation of
the Doppler lines relative to the backscatter point is particularly
important, as it determines the size and shape of the pixels
surrounding the backscatter point. In certain scenarios, the delay
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Fig. 2. Geometry of GNSS-R backscatter—note that the iso-delay and iso-
Doppler lines correspond to just one possible instance of this geometry, and will
change with, e.g., the direction of motion of the receiver relative to the incidence
plane.

and Doppler lines at the backscatter point may be almost aligned
(see the bottom of Fig. 2), resulting in very elongated pixels,
which are less suitable for target detection.

One final point of interest regarding the bDDMs is that due to
geometry the BRP lies at the intersection of the Earth ellipsoid
and the incidence plane, and therefore will always lie on the
semimajor axis of the iso-delay ellipses surrounding the SP. This
can assist with checking the accuracy of the prediction of the
backscatter point.

A. Backscatter Point Prediction

The GNSS-R software receiver used, developed alongside
the SGR-ReSI reflectometry payload [8] which flew on TDS-1,
works in the conventional (forward-scatter) sense by predicting
an SP using the positions of transmitter and receiver and a
quasi-spherical Earth model, then using this position and relative
velocities to generate the predicted delay and Doppler of a signal
reflected from that point. A clean replica for correlation is then
generated on board with these values of delay and Doppler.

In order to update this tool for a backscattering configuration,
it was necessary to predict backscatter points (BRP). Figs. 2
and 3 show the geometry of such a configuration in which the
BRP is defined the point at which the line passing through the
transmitter and receiver intersects the Earth’s surface. For the
purposes of this research, the Earth’s surface has been taken to
be the WGS84 ellipsoid with equation

x2

a2
+
y2

a2
+
z2

b2
− 1 = 0 (2)

Fig. 3. Predicting the backscatter point using the intersection of a parame-
terised line and an ellipsoid (shown in 2-D here and not to scale).

where a and b are the Earth’s WGS84 equatorial and polar radii,
respectively, as defined in [9].

To predict the BRP, the transmitter and receiver positions (T
and R) in the Earth-centred-Earth-fixed frame (ECEF) are used
to form a parameterized line equation in parameter t

T̂R =
R−T

|R−T| = (u, v, w) (3)

L = R+ t · T̂R = (x+ tu, y + tv, z + tw) (4)

where T̂R is the transmitter-to-receiver unit vector, L is a
dummy variable representing a point lying on the line defined
by the parameterized line equation, and x, y, z, u, v, w are the
individual components of the three-dimensional (3-D) vectors
labeled to ease the equation manipulation. Fig. 3 also gives a
description of these variables.

To find the point(s) of intersection of the line (representing
the signal) and the ellipsoid, (4) is substituted into (2) and
expanded. The resulting quadratic equation is then solved for
the line parameter, t, which can be substituted into (4) to give
the location of the reflection point in ECEF. There will be two
solutions for t, one for the line entering and one for it leaving
the Earth. The smaller of the two should be selected, resulting
in (5) for t, as shown at the bottom of this page.

The authors would like to note that a similar concept was ar-
rived at independently by Southwell and Dempster, as described
in [10].

There will be some discrepancy between the predicted point
and the actual reflection point from the Earth’s surface. The
effect of topography on the prediction of both forward and

t =
−1

b2(u2 + v2) + a2w2
·
{
b2(xu+ yv)+a2zw+

√
[b2(xu+ yv)+a2zw]2−[b2(u2 + v2)+a2w2] [b2(x2 + y2 − a2)+a2z2]

}

(5)
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Fig. 4. Approximation of horizontal error in reflection point prediction caused
by deviation of actual sea surface from the reference WGS84 ellipsoid. Calcu-
lated using horzError = Δh/ tan(elevation).

backscatter points is nontrivial and some assumptions have been
made in this regard.

1) As discussed, the WGS84 ellipsoid has been used as an ap-
proximation to the surface. Errors relating to this approx-
imation over the ocean are considered negligible for this
initial research due to the following: over the ocean, the
surface is approximated by the mean sea surface (MSS).
This is a combination of the geoid and long term dynamic
effects described by Dynamic Ocean Topography—the
difference between the geoid and MSS is up to 2.5 m [11].
In turn, the maximum departure of the geoid from the
reference ellipsoid is 105 m [12], meaning over the ocean
there is an approximate maximum error of 107.5 m. Ap-
proximating the ellipsoid with a local plane, the maxi-
mum horizontal error for all elevation angles above 10◦ is
∼600 m, as shown in Fig. 4. For elevation angles above
50◦, which is the case for the scenarios under test, the error
is around 100 m. The spatial resolution of DDM pixels is at
best, i.e., under coherent scattering conditions, limited to
the first Fresnel zone [13]. For the GPS L1 frequency used
here (1.57542 GHz) the first Fresnel zone is of the order
of 500 m and the spatial resolution will worsen in diffuse
scattering conditions such as over the ocean, and thus
will always be worse than the potential errors from this
approximation. At this proof of concept stage, this level
of accuracy is sufficient for assigning strong backscattered
power returns to a surface location.

2) Over the land topography results in more dramatic depar-
tures of the surface from the ellipsoid. Digital elevation
maps can be used to assist more accurate prediction of
the reflection points however as the current study does
not consider land reflections this is not considered further
here.

3) The Earth’s rotational motion is also not taken into ac-
count. The maximum possible surface motion is ∼30 m,
calculated using the time taken for a signal to travel from
Medium Earth orbit to the fastest moving point of the
surface—a point at the equator.

It should be noted that the existence of BRP is not
guaranteed—certain geometries could result in the line not
intersecting the Earth’s surface; such cases result in complex

Fig. 5. GNSS code wrap-around. Tx = Transmitter, Rx = Receiver.

values for the line parameter t and are rejected. The BRP is
also used in the software receiver to predict the antenna gain of
TDS-1 in the direction of the reflection. This is used to reject
reflections below a 0 dB gain threshold.

B. Specular Point Power Intrusions

For any receiver/transmitter pair that generates a valid BRP,
a SP can also be defined. The bistatic nature of GNSS-R means
that signals can be collected from forward and backscattering di-
rections, and the majority of the power return will be from the SP
due to Fermat’s principle of least action [14]. In many cases, this
will not be a problem for the bDDMs as the specularly reflected
signal will not have the same delay-Doppler characteristics as the
reflection from the BRP, and thus will be uncorrelated. However,
the open-service GNSS pseudorandom noise (PRN) spreading
codes repeat on short scales (e.g., the GPS C/A code has a length
of 300 km) meaning there is a possibility of code wrap-around
and thus “specular intrusions” to the bDDM (Fig. 5). If the
path difference between the two reflection points (ΔPath) is an
integer number of GNSS code lengths (LGPScode), then the clean
replica generated to correlate with the predicted backscatter
reflection will also match the delay properties of the SP. This will
result in the power at the SP being selected by the correlation
process and appearing in the bDDM at delay offset zero relative
to the BRP, i.e., on the Doppler axis of the bDDM. In general,
a specular intrusion will appear at a delay offset d from the
BRP delay where modulo(ΔPath, LGPScode) = d, as long as d
is within the axes of the bDDM (normally ±15 chips). For a
specular intrusion to occur, the SP reflection must also have the
same Doppler offset as the BRP, which is more straightforward
to predict and verify. Fig. 6 gives a graphical description of the
algorithm.

A bDDM with a particularly bright feature was investigated
for the possibility of an intrusion. Table I contains a subset of
the analysis data which demonstrates that this was the case.
The path length difference between the specular and backscatter
points for all time-steps was calculated and divided by the code
length. The time-step with result closest to an integer (i.e., the
path difference was an integer number, in this case one, of code
lengths) is shown in bold-italic font. The bDDM for this time-
step is shown in Fig. 7, where it can be seen that the bright
feature is nearly aligned on the zero-delay axis. In this case



2920 IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 13, 2020

Fig. 6. Intrusion checker algorithm. This process is repeated at every mea-
surement time step and for every tracking channel, which will each be tracking
a different satellite transmitter.

TABLE I
PATH LENGTH DATA DEMONSTRATING CODE WRAP-AROUND

Lcode = 299792.458 m

The bold-italic text indicates the time-step in which the specular intrusion was found on
the zero-delay axis.

modulo(ΔPath, LGPScode) ≈ 0. The predicted Doppler for the
SP and backscatter point reflections was compared and found to
be the same.

If bGNSS-R is to be developed as a method, especially looking
to the future and potentially automated target detection, such
intrusions will have to be predicted and removed in order to
prevent false positives. A software tool has been developed to
assist the receiver in automatically detecting bDDMs containing

Fig. 7. bDDM at time-step 469 950 GPS seconds, showing the specular
intrusion crossing the zero-delay axis. At this time-step the path-difference
between the SP and BP was exactly one code length (within acceptable error).

intrusions and raising a flag, as well as providing the affected
time-steps and delay-Doppler pixel(s) to enable rapid inspection.

Testing the tool on the dataset previously discussed, the
outputs demonstrate that the specular intrusion moves through
the bDDM from top to bottom (−15 to +15 delay chips) over
36 time-steps, which is borne out by the generated bDDMs.
After this validation, the intrusion checker was run on the raw
data collections. Each raw data collection contains reflections
from more than one GNSS transmitter, identified by their PRN
number. So far 125 raw datasets have been analyzed using the
intrusion checker, which contain backscatter reflections from
approximately 226 GPS satellites. The tool predicts specular
intrusions for 41 satellites, from 34 datasets—18% of transmit-
ting satellites result in a specular intrusion. However for some
of the satellites predicted to have specular intrusions, the BRP
is rejected by the antenna gain threshold and so bDDMs are
not produced, and there is nothing to contaminate. Of all the
specular intrusions predicted, six are for satellites not rejected.
Therefore on average 2.7% of produced bDDMs will contain a
specular intrusion under the current spacecraft and simulation
parameters.

IV. BACKSCATTERING GNSS-R RESULTS

A large set of raw data collections were made using TDS-1
from December 2015 to March 2019. These data collections
were sorted by the location of the subsatellite track to form a
coarse estimate of surface type and then a down-selection was
made in order to investigate the use cases described in Section II.
Once bDDMs had been generated they were manually inspected
for the presence of strong power returns.

A. Oil Rigs, Gulf of Mexico

Proving the concept of bGNSS-R for detection of ships is
difficult due to the spatial resolution and the lack of ground
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Fig. 8. Section of the Gulf of Mexico containing the Devil’s Tower surface
oil rig installation and overlaid with spatially mapped backscatter DDMs. The
bDDM color scale represents uncalibrated power counts, the colorbar shown is
representative of the track.

truth data for the historical location of ships. Oil rigs have
previously been suggested as alternative, fixed targets, which
should have high BCS as they are large, predominantly metallic
structures [4].

This theory has been tested using raw GNSS-R data. The Gulf
of Mexico was selected for this analysis due to the prevalence of
oil rigs in the area and a number of backscatter point reflection
tracks passing over the region. Fig. 8 shows the backscatter track
considered, from the April 8, 2015 dataset, using the standard
1 ms coherent integration time.

As shown by the figure, the DDMs generated from this dataset
do not contain any significant backscattered features—that is,
pixels with power significantly higher than the clutter, even
when crossing the oil rig directly. This can be compared with
Fig. 9 where the bDDMs containing backscatter features can be
clearly seen. One possible explanation for this is that dihedral
scattering may be the predominant scattering mechanism from
the oil rig, resulting in RHCP returns. This would explain why
the backscattered power is not detected by TDS-1, and it also
seems to confirm the findings of [2], which suggest that RHCP
is the preferred receive antenna polarization for GNSS-R target
detection.

As in general backscatter returns from targets will be coherent
over a longer time than the return from the ocean surface, using
longer coherent integration times may allow target signals in
LHCP to rise above the clutter. However testing this using a
coherent integration time of 4 ms in this dataset did not show
any improvement.

B. Ice Edges, Antarctica

The possibility of using bGNSS-R for sea ice detection has
also been investigated. A dataset from July 24, 2016 was chosen
as the BRP track crossed a sea-ice boundary in the Antarctic,
south of Argentina. Three pixels of increased signal power
compared with the rest of the DDM (hereafter referred to as
“features”) were found in this example, as shown in Fig. 1 (right
panel) and Fig. 9. These features occurred in six consecutive
DDMs (a period of 6 s), moved consistently and smoothly in

Fig. 9. Raw data collected by TDS-1, July 24, 2016 showing (from left to
right) the forward scattered DDMs, the TDS-1 subsatellite track and the bDDMs
mapped onto the surface. The GNSS-R data is overlaid on a Sentinel-1 image
showing sea ice data at the time of the collection [15]. The blue backscatter
DDMs toward the South of the track show the presence of backscattering power
returns in those regions—one of these blue DDMs can be seen in a nonprojected
representation in the right panel of Fig. 1. The colorbars are representative of
the separate regions of the tracks indicated, a universal colorbar could not be
used due to saturation.

Fig. 10. Graphs showing the motion of the direct signal (left) and the strong
feature (right) in delay-Doppler space relative to the SP. The characteristics of
the motion are different which shows that the features are not caused by direct
signal leakage.

delay-Doppler space over this time, and were fixed in delay-
Doppler space relative to each other.

Sea ice maps (Figs. 9 and 12) for the date in question show
there is sea ice present, and as discussed in Section II-B sea ice
cliffs and crevasses are candidates for high backscatter returns. It
has been proven using the intrusion checker tool that the features
are not SP power intrusions, and they are not leakage of the direct
signal as shown by Fig. 10. We therefore now derive a theoretical
model for a structure in the ice.

As discussed in Section II-B, ice edge detection using
backscattering GNSS-R can be separated into three cases based
on geometry—that of coherent dihedral and trihedral reflections,
and single-bounce diffuse scattering from rough ice. The case
chosen for analysis in this article is the trihedral case. Although
dihedral reflections from an ice edge and the ocean could
produce very strong backscattered signals, they will produce
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Fig. 11. Trihedral corner reflector formed by an ice edge.

Fig. 12. Sea ice concentration map, Antarctica, July 24, 2016 [19]. Approxi-
mate location of the data collection shown by the circle.

predominantly RHCP returns and thus will largely be rejected
by the TDS-1 nadir antenna. This means they are less likely to be
responsible for strong GNSS-R backscatter returns. They also
place a stricter requirement on the angle of the incidence plane
to the target than the trihedral reflection case.

In the trihedral case, two faces of an ice edge at approximately
90◦ to each other and the ocean approximate a trihedral corner
reflector, this could, for example, be the case after an iceberg
has calved off the edge of an ice shelf. A model for the radar
cross section (RCS) for such a reflector with an infinite ground
plane—the ocean in this case—is given by [16]

σ(ψ, θ) =
16πa4

λ2
(Atri)

2 (6)

where

Atri =

⎧⎪⎨
⎪⎩

sinθcosψ if(cosθ − sinθ ≥ tanψ)

cosθ cosψ if (sinθ − cosθ ≥ tanψ)
2 sinθ cosθ cosψ

(sinθ+ cosθ+ tanψ) otherwise

and a is the edge of the triangular sections of the trihedral and
λ is the carrier frequency of the incident radiation. The viewing
angles ψ and θ are defined in Fig. 11. It is acknowledged that

this model for the RCS is purely geometrical, as it was derived
based on the assumption of perfectly conducting faces of the
trihedral. Sea water is close to a perfect conductor at GPS
frequencies [17] but the two ice faces will have both roughness
and dielectric properties which are not accounted for in this
model, however it is still considered valid for the purposes of
predicting whether backscattered power would be expected to
appear above ocean clutter in this scenario. In addition, the ice
faces will not necessarily be triangles and are likely to present
a larger effective retroreflecting area than that assumed here,
meaning this is an under-estimation of reflecting power from a
geometrical perspective. Using example values of the following:

1) viewing angle azimuth, θ = 45◦;
2) viewing angle elevation, ψ = 65◦;
3) trihedral side approximated by

√
2 ∗ hice, with hice =

200 m.
The RCS is calculated to be approximately 100 dB for these

dimensions.
This RCS can be inserted into a bistatic radar equation (BRE)

to predict the reflected power from the ice edge in such a
scenario. Although the reflections will be largely coherent, the
dependency on distance in the BRE will not follow the form
of the coherent term in the Zavorotny–Voronovich BRE for
reflectometry, updated in [18], which is proportional to R−2.
This is because in this scenario we are considering reflections
from a finite target rather than extended plane and thus the
reflector will not act like a mirror and the dependency will be
on R−2

1 R−2
2 . The full equation is the following:

PR

=
T 2

Cohλ
2

4π3

PTGT (rt)GR(rt)σ(rt)χ
2(t− t′(rt), f − f ′(rt))

|(R− rt)|2|(T− rt)|2
(7)

where rt is the location of the target; PR,T are the reflected and
transmitted powers, respectively;TCoh is the coherent integration
time; GR,T (rt) are the receiver and transmitter gains toward
the target location; σ(rt) is the RCS given by (6); χ2 is the
Woodward Ambiguity Function; and R,T are the receiver and
transmitter locations.

This equation can be used in future work to predict the
backscatter returns from finite targets. At this stage a model
for the RCS of the clutter has not been developed and so the
powers cannot be predicted numerically, however an empirical
approach has been used to predict the signal-to-noise ratio (SNR)
of the backscatter power features. DDMs which do not contain
the features have been averaged to form an estimate of the noise,
in this case the clutter from the surface plus the thermal noise
associated with the instrument. This was used to calculate an
approximate SNR for the features, of −3 dB. This indicates that
the apparent signal is lower than the noise, and significantly
lower than would be expected if the RCS was 100 dB. A
geolocation analysis carried out on the brightest feature (in the
middle of the three) which mapped the pixels of the bDDM
onto the surface found that over the 6 s the calculated spatial
location of the feature did in fact appear to move, contrary to
initial assessment, with approximately the speed of the receiver
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(∼7.8 kms−1) but not consistently. However, analysis has shown
that the features are not due to direct signal leakage (Fig. 10).

The feature appearing to move with such speed would seem
to imply that it is not a surface feature, however analysis has
shown that it is also not a known instrument effect. One possible
explanation is that the distortion of the delay-Doppler cells at lo-
cations far from the SP caused by the backscatter geometry gives
the impression of movement. As there has not been significant
research into the nature of bDDMs and this distorting affect this
area is highlighted for further investigation to ensure that the
observables are suitable for target detection. Another geophys-
ical explanation is that the reflecting area contains an extended
dihedral (for example, an ice cliff) and the reflection point moves
across the feature with the speed of the receiver. This would also
account for the reduced power on account of the mismatch in
polarization with the nadir antenna, as discussed above.

V. CONCLUSION AND FUTURE WORK

This article builds on existing theoretical work and analysis
using preprocessed DDMs for backscattering GNSS-R, and
shows that careful considerations in processing must be made
if this mode is to be pursued as an operational method. This
research has shown that GNSS-R in a backscattering configura-
tion may provide useful data in a range of scenarios, particularly
when plotted onto the surface but that refinement of the process-
ing is required. In particular the geometry of the mode and the
effect on delay-Doppler space is highlighted for future research.

Scenarios analyzed in this work include sea ice detection, and
a theoretical model for this is presented along with comparison
with a TDS-1 raw dataset. Analysis of oil rig datasets does
not show any detections using bGNSS-R, which may be due
to RHCP being the preferable polarization for detecting marine
targets, which is in agreement with previous literature.

Specular intrusions have been shown to be a key source of con-
tamination in bDDMs, and a method and tool for predicting them
has been presented. At this stage DDMs containing intrusions
must simply be discarded; however future work could develop
the tool further to remove the intrusion power using information
from the forward scattered DDM. Moving forward, new signals
from Galileo may be beneficial for specular intrusion mitigation
thanks to longer ranging codes which will repeat less frequently.
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