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[. INTRODUCTION

The last decade has seen a surge of research dedicated
to investigation of passive coherent location systems (PCL)
for detection and tracking of ground, maritime, and air-
borne targets, mostly using terrestrial broadcasting signals
[1]-[5]. The reason for this great interest in passive sys-
tems is that they represent an alternative way to provide
large area surveillance with persistent monitoring in a cost-
and resource-effective way, without the introduction of spe-
cific dedicated systems. The PCL system concept is well
developed and has been under research for a few decades,
a comprehensive review of the current state of the art can
be found, for example, in [6].

The traditional choice of terrestrial systems as illumi-
nators of opportunity (IoOs) is dictated by their accessibil-
ity, high transmitted powers, excellent coverage (at least in
populated areas), and reasonably large bandwidth providing
a range resolution acceptable for many applications.

Terrestrial broadcasting networks have, however, no
coverage over the open seas and are potentially vulnera-
ble in situations of man-made or natural disasters. These
factors limit their universality and reliability and therefore
also limit the attractiveness of such systems for pervasive
surveillance; instead space-borne IoOs may help to tackle
such limitations. Assuming that a system based on space-
borne illuminators is feasible it will offer some benefits:

1) covert operation and uncertainty for the target’s radio
countermeasure system,

2) potentially longer target detection range,

3) low levels of glint due to the bistatic nature of the system,
and

4) reduction of the effects of clutter due to the lower oper-
ational frequencies of many of the possible transmitters
of opportunity, compared to a dedicated system.

Therefore, there is a need to analyze the suitability of
available systems and to discuss possible tradeoffs of pa-
rameters to deliver the required performance.

Some experimental work has been performed on using
the transmissions from space-based synthetic aperture radar
(SAR) systems bistatically [7], [8]. Earlier work has also
been performed investigating the concept of space-based
SAR systems functioning in a passive way, utilizing recep-
tion of terrestrial broadcast signals [9]. Global navigation
systems (GNS) have been used as 10O for SAR purposes,
as described in [10], these have the continuous coverage
which is not available from dedicated radar satellites. This
paper is, however, looking at real-aperture applications, and
its focus is on the use of communications satellites. The re-
search into the use of communication-based space-borne
I00Os began with [11].

The goal of this work is to investigate, experimentally
and analytically, the performance of a bistatic passive sys-
tem for detection and kinematic parameter estimation of
maritime targets, based on the use of communication satel-
lites as 10Os. Initial analysis of the ambiguity function (AF)
of Iridium and Inmarsat downlink signals with respect to
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the application of these systems for PCL has been already
briefly reported by authors in [12] and [13]. This paper
builds upon these studies and the system feasibility study
presented in [14], which included a comprehensive power
budget evaluation. That study was based on estimation of
the system sensitivity in terms of expected signal to noise
and clutter to noise ratios for varying sea states against a
standard 10 m? target, which were then confirmed through
use of initial measurements of a small target. This paper
follows on from that work by describing the actual im-
plementation of such a system, with a discussion of the
range-Doppler processing, as well as theoretical and exper-
imental analysis of the IoOs’ AF—alongside this, methods
to improve range resolution and reduce side lobes are dis-
cussed. To validate this implementation experimentally, a
comprehensive measurement campaign was conducted for
a variety of target types; results of which are presented
herein.

This paper is thus organized as follows. First, in
Section II, the requirements for the IoOs to provide global
persistent surveillance are presented. Then, in Section III
the basic power budget is outlined, where the simulated
radar cross section (RCS) of a representative target is shown
and discussed in the context of the bistatic detection. In
Section IV, the experimental data acquisition procedure
is presented and then the Inmarsat downlink signal wave-
form parameters and the range-Doppler processing tech-
nique used to best exploit the waveform are explained. The
procedure of band “stitching” is then described and an anal-
ysis of the parameters affecting the autocorrelation function
for a combined “effective” band is made, aiming to reduce
the side lobe levels due to the coherent band combina-
tion. This is done using both experimental and modeling
results of the AF. Experimental scenarios, measurements,
and results are then presented and, finally, conclusions are
formulated and plans for further work are outlined.

[I. REQUIREMENTS FOR PROSPECTIVE ILLUMINA-
TORS OF OPPORTUNITY

To provide the required capabilities, outlined in
Section I, the prospective IoOs should be considered in
terms of the following parameters:

1) Spatial availability. For maritime surveillance global
coverage is needed; however, this requirement can be
relaxed to exclude areas around the geographical poles.
In future as the economic importance of the Arctic region
increases, we may expect additional satellite communi-
cations coverage to be provided in that region. Maritime
applications have no requirement to operate over the
Southern Polar Regions as these are covered by land.
Limitation on the coverage by the illuminators in this
region is therefore not an issue.

2) Temporal availability or pervasiveness. The signal of
opportunity is required to be continuously available.

3) Transmit power flux density (PFD) produced by the
transmitter in areas of interest must be sufficient to
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provide the required target signal to noise ratio (SNR)
at the receiver for distances defined by the application.

4) Transmit signal carrier frequency. This is a relatively
“soft” requirement, though certain aspects need to be
considered: utilization of signals from different inde-
pendent IoOs operating within the same radio frequency
(RF) band will lead to reduced complexity of multichan-
nel receiver, yet can provide multi-aspect observation,
more accurate positioning, and higher reliability of the
system. This favors L-band, which also offers the addi-
tional advantages of lower atmospheric attenuation and
fading in comparison with the higher frequency signals.

5) Transmit signal bandwidth. This parameter specifies the
radar range resolution and therefore defines the sys-
tem performance in multitarget scenarios and reduces
its sensitivity to surface or volume clutter.

6) Transmitter geometry with respect to the receiver. The
bistatic angle must be known in order to estimate the
target state, i.e., to determine the relationship between
the measured “bistatic range” and the distance between
the target and the receiver. This is also necessary to de-
termine the relationship between the measured bistatic
Doppler shift and the actual target velocity.

7) Number of the transmitters covering the chosen ob-
servation area simultaneously. The reliability of the
system fully depends on the availability of the IoOs
and, obviously the more transmitters which are visible
simultaneously, the less is the chance of significant sig-
nal outage. Additionally, in bistatic systems care should
be taken to avoid unfavorable bistatic geometries with
large bistatic angles where both range and Doppler
resolutions degrade. Spatial diversity of multiple 10oOs
provides the opportunity to use the most appropriate
available configurations. Moreover, the powers received
from several transmitters could be combined, at least
noncoherently, to improve the sensitivity.

8) Ownership and operational control of the transmitters.
This factor is also directly related to the system relia-
bility and pervasiveness. Ideally, the transmitters would
belong to international organizations or to allied defense
forces or other national institutions. This would prevent
anyone from denying access to the signals.

9) Vulnerability of the transmitter in the case of man-made
or natural catastrophes.

According to all the requirements mentioned, satellite-
based transmitters could be viewed as the most suitable.
Significant emitters such as the Inmarsat -4 and Iridium
communication satellite constellations, the upgraded GPS,
and the Galileo satellite navigation systems as well as
broadcasting satellites can be considered as potential can-
didates. Their characteristics are shown in Table I.

The fact that there are only a small number of broadcast
signals illuminating a given geographical area is driven
by economics—the cheapest way to provide the signals
is by using a single geostationary satellite, illuminating
the region with a single beam transmitting all the signals
together.
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TABLE I

Characteristics of Prospective Satellite Systems as Illuminators of Opportunity

Parameter Navigation satellites GNSS
(GPS, GLONASS, Galileo,
BeiDou)

Coverage True global

Temporal availability 24/7

Power flux density on the Earth Low to marginal

Transmit signal carrier frequency L-band,

Transmit signal bandwidth Medium to high—0.5-10
MHz

Transmitter location Known

Number of the satellites in view ~24

Number of transmitters owners 2-3

Survivability Low

Communication Satellites (Iridium,

Inmarsat, Globalstar)

Some have true global (e.g., Iridium) or

nearly global (e.g., Inmarsat)
2477

Marginal to medium

Mostly L-band

Low (i.e., 31.5 kHz Iridium single
channel) to Medium (i.e., 200 kHz

Inmarsat single channel), could

potentially be combined to improve the

resolution.

Known or could be derived
1-5

At least 2

Low

Direct-Broadcast Satellites
(DBS) (Astra Intelsat,
Galaxy, etc.)

Regional coverage, land only

24/7

Medium to high

K-band

Medium (per channel): could
potentially be combined to
become high

Known
1-2
Low
Low

From many aspects, such as bandwidth and spa-
tial/temporal availability, GNSS satellites may be viewed
as the most suitable. However, the key parameter to ensure
such system suitability for passive surveillance—the PFD
at the Earth, is approximately 30-40 dB less than that of
communication satellites [4]. Combining the signals may,
however, improve the power budget. An examination of the
incoherent integration gain [15] shows that the improve-
ment in sensitivity against noise can be taken to be n¥*
where 7 is the number of signals combined. If we consider
the example of the GPS system, which provides at least
four but typically six satellites in sight at any time, with
2-3 frequency separated channels, their incoherent integra-
tion would give an extra gain of about 4-6 dB.

As an alternative, communication satellite systems
which have global or near global coverage, such as In-
marsat and Iridium, may provide satisfactory PFD. They are
less attractive in terms of the bandwidth and pervasiveness;
therefore, research should be focused on the development
of approaches to improve resolution and to investigate if
multimode operation, i.e., various combinations of differ-
ent [0Os, services, channels, etc., can enhance the system
performance. In the next section, we present the basic power
budget for Iridium and Inmarsat transmitters with maritime
targets of medium RCS.

[ll. POWER BUDGET ANALYSIS

Fig. 1 shows the general system topology where a
double-channel receiver positioned on either a low altitude
airborne platform, or a seaborne platform, is used to collect
reflected signals from a vessel coherently with a reference
(synchronization) signal from a satellite.

Two examples of communication satellites, Iridium and
Inmarsat I-4, provide very similar power densities at the
Earth’s surface of =70 and —-64 dBm/m?, respectively [4],
despite their very different orbital heights of about 780 km
for Iridium (low Earth orbit) and 36 000 km (geostation-
ary Earth orbit, GEO) for Inmarsat, because they both need
sufficient power density to send down useful data rates into
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Fig. 1.
space-borne transmitter. The figure represents a general passive bistatic
scenario.

Passive target detection by PCL with a low altitude receiver and

receivers with modest antenna apertures. The wider band-
width of Inmarsat is matched by the fact that its receivers
use small dish antennas whereas those used by Iridium, with
its lower data rate, appear to be essentially monopoles.

The two systems operate at slightly different frequen-
cies within the L-band; the difference is not significant
given the other approximations within the model, so we use
an identical nominal frequency of 1.5 GHz (20 cm wave-
length). The SNR at the receiver for the satellite signal
scattered from the target can be calculated by the follow-
ing equation, which is a simplification of the classic radar
equation:

SNR = _ProArco (1)
47d*kT BN

where
Prp incident power flux from the illuminator;
Apg, effective area of the receiver antenna;
o bistatic RCS of the target;
d range from the target to the receiver;
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Boltzmann’s constant;
receiver temperature;
coherent integration bandwidth of the system;
receiver noise factor.
For a pseudo-monostatic geometry, the resolution cell
area Ay can be approximated as

>N

Acll = AR - A -d )

where
AR range resolution of the waveform and
A6 angular resolution of the receive antenna.

The clutter RCS is found by multiplying the area of
the clutter patch by the specific RCS of the clutter and the
signal to clutter ratio can be deduced directly from this, as
shown in [14].

A. Target RCS

The bistatic RCS is expected to be smaller than the
monostatic RCS and less affected by the specular reflectors
of the target. Results of the CST Microwave Studio [16] full-
wave simulation of a ship model made of perfect electric
conductor material are shown in Fig. 2.

To simulate the position of the Inmarsat satellite as the
source of the probing signal at 26° over the horizon as in
the experimental scenarios, the excitation plane wave port
was positioned perpendicular to 0° elevation plane and the
ship was rotated by —26° with respect to the excitation
plane [see Fig. 2(a)] to give an illumination direction of 0°
in elevation and azimuth. This defines a 26° aspect angle
from the satellite to the ship’s broadside. Fig. 2(b) shows
the variation of the bistatic return (magnitude) with the ele-
vation of the receiver around the red circle and the position
of illuminator as shown in Fig. 2(a). Fig. 2(c) shows the
same illuminator geometry with the receiver at 0° elevation
and the return as a function of azimuth (around the green
circle).

The estimations using such a model simulate the full
shape of a ship “in vacuum.” As one can see from Fig. 2(b),
the reflection along the broadside direction at 0° elevation
would be about 58 dBsm. The bistatic RCS at —20° after
broadside would be 10-20 dB below the backscatter return.
At greater angles, between 15° and 120° in elevation away
from broadside the bistatic RCS would be about 30 dBsm.
This value will, therefore, be used in estimating the sensi-
tivity of the proposed system.

Even more rapid decrease of RCS magnitude is ob-
served with variation in azimuth [see Fig. 2(c)], such that
few degrees variation of the ship heading can result in
20-40 dB lower magnitude.

As areference, the monostatic RCS variation in azimuth
plane of the ship is shown in Fig. 3 which gives a broadside
RCS of 55 dBsqm.

Given that all results are conservative and do not include
the effects of multipath, we would expect the return could
be of an order of magnitude smaller than the traditional
estimate of broadside monostatic RCS.
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Fig. 2. Full-size model of ship (a) with corresponding bistatic RCS in
elevation (b) and in azimuth (c).

B. Inmarsat

Assuming a maximum of the PFD of —64 dBm/m?, a
receiver aperture of —8 dBm?, a noise figure of 3 dB, a
coherent integration bandwidth of 2 Hz, and a target range
of 30 km, the SNR against the target will be about 25 dB
according to (1). In sea state 5, the signal to clutter ratio
using a single 200 kHz channel will be about 15 dB, as
shown in [14], based on the monostatic clutter data derived
from [17]. The methods used to estimate the signal to noise
and clutter to noise ratios are discussed in more detail in
[14]. These estimates suggest that a system based on this
illuminator will have a very useful noise-limited sensitivity
as would be expected from the high transmitter power den-
sity, but only a modest performance in clutter, as would also
be expected from the relatively narrow signal bandwidth.
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Fig. 3. Monostatic RCS of ship model.

C. Iridium

For a similar system based on the Iridium signals, the
SNR at 30 km will be 6 dB lower, i.e., a still-useful 19 dB,
simply because the incident power flux illuminating the
target is 6 dB lower. The signal to clutter ratio will be only
about 7 dB, due to the coarser range resolution which is
in turn a consequence of the lower signal bandwidth and
emphasizes the importance of finding techniques to reduce
the effective area of the clutter patch. One such technique
is the coherent summation of multiple channels to improve
the range resolution, such as discussed in Section VI.

This theoretical comparison of the potential perfor-
mance using Inmarsat and Iridium signals as the emitters of
opportunity shows that Inmarsat will give higher SNRs and
also higher signal to clutter ratios. The definite aspect in fa-
vor of Iridium is that the greater number of satellites gives
more opportunity to avoid unfavorable geometries, i.e., near
forward scatter geometry. This benefit should be borne in
mind since it might be important for some potential applica-
tions. For installations such as harbor surveillance or vessel
traffic management, however, it is anticipated that receiver
locations will be able to be found which avoid unfavorable
geometries so superior performance will be obtained by
using Inmarsat as the illuminator.

If there is sufficient power for a target to be detected, the
next practical step will be the analysis of the AF of the con-
sidered satellite system waveforms. Because the theoretical
analysis showed Inmarsat to be the more promising donor,
the experimental work concentrated on making measure-
ments using this system and no experiments using Iridium
are reported in the paper. Some performance analysis is,
however, included in the paper for demonstration of the
considerations involved in the proposed PCL system con-
cept. In the next section, the AF of the Inmarsat broadband
global area network (BGAN) signals, which have been used
in the experiments, will be investigated.
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TABLE II
Specifications of INMARSAT I-4 Satellites

Orbit GEO (36 000 km)

Services Phone and data (BGAN)

Coverage Near Global excluding Polar region
(covers latitudes of —82° to
+82°—minimum angle of elevation
above the horizon for acceptable
operation 8.2°).

Satellites in constellation (I-4) 3

Downlink band (L), 1525-1559 MHz, 630 channels with

channelization frequency reuse or 170 frequency
channels, 200 kHz each

Multiple access FDD-TDMA

Modulation 16-QAM, QPSK

Beams per satellite, effective
isotropic radiated power

228 spot beams, 67 dBW each

19 regional beams, 58 dBW each
1 global beam, 43 dBW
Right-hand circular polarization
(RHCP)

Polarization

V. INMARSAT DOWNLINK SIGNAL, INITIAL DATA
ACQUISITION, AND RECEIVER CALIBRATION

The relevant parameters of Inmarsat I-4 satellite constel-
lation [18] and BGAN waveforms are shown in Table II.

A. Inmarsat Waveform

The Inmarsat BGAN is the global, high speed mobile
data network that provides remote mobile service with ac-
cess to the Internet and the corporate intranets with a speed
of up to 492 kbps.

In each 200 kHz channel, a bearer using the protocol
described as F80T4.5X8B is transmitted [19]. The bearer
has a frame length of 80 ms and occupies a bandwidth of
189 kHz. Each frame consists of eight forward error correc-
tion blocks. 16-QAM and 0.25 root raised cosine filters are
used to modulate and shape the signal. The overall symbol
rate is 151.2 ksymbol/s. Therefore, the BGAN signal can
be simulated as shown in [13].

Fig. 4 illustrates normalized spectra of simulated (a)
and recorded (acquisition is described in the next section)
(b) single Inmarsat channel.

B. Flux Density Available From the Inmarsat System

It should be noted that although [4] quotes a flux density
of —64 dBm/m? at the Earth’s surface, in reality one can
expect lower available power and that value representing a
product of total emitted power and the gain of each “spot”
beam. Indeed, the downlink spectrum is 1525-1559 MHz
[18], inferring the system has approximately 170 channels.
Considering the total available effective isotropic radiated
power (EIRP) of 67 dBW, the saturation EIRP per beam
will be about 45 dBW. This is compatible with statement in
[19] that the service link saturation EIRP of each beam is
between 38 and 53 dBW. Using this conservative 45 dBW,
saturation power would give a flux density of about —87
dBm/m? at the Earth’s surface.
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Fig. 4. Normalized spectra of a single Inmarsat channel: (a) simulated
and (b) measured.

A single spot on the Earth can, however, be illuminated
by a number of beams, allowing a number of ground termi-
nals in the same region to use the system simultaneously.
Each geographical region sees only about one-seventh of
these channels (i.e., up to about 24 channels) because a
degree of frequency-diversity is used to prevent different
signals from using the same channel at the edge of a “spot.”
A radar could potentially use the power from 24 channels,
giving a total potential flux density of about —78 dBm/m?.
In practice, the system will generally see many channels
across the band and not all would be transmitting at full
power. In our measurements, due to limited receiver band-
width, we typically record 4-6 channels.

For Inmarsat 1-4A F4 satellite (Alphasat), which
has been used as an IoO in experiments discussed in
Section VII, all quantitative parameters might be further
corrected taking into account higher total EIRP of 70 dBW,
extended downlink bandwidth 1518—-1559 MHz, and four-
color frequency reuse scheme, which will result in a slightly
better PFD of —85 dBm/m? per channel.

C. Signal Acquisition and Receiver Calibration

The digital receiver designed at the University of Birm-
ingham is based on the Universal Software Radio Peripheral
(USRP) NI RIO-2950R with an operational bandwidth of
50 MHz to 2.2 GHz.
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USRP-based passive receiver calibration with spectrum
analyzer.

TABLE III
Passive Receiver Components and Parameters

RF Component Gain, dB

Amplifier ZEL-1217LN +23(~1.5 dB NF)

Splitter—Mini-Circuits ZFSC-2-25004 -3.5
Cable -3
Receiver gain:

USRP +10

or

SA 0 (20 dB NF)
Total gain of USRP/SA receiver front end +26.5/+16.5
Antenna—Helical antenna, Cobham +16 (dBiC)

AMH16-16R-02/082

During receive operation, the RF daughterboard is fed
with an analogue signal which is amplified by a low noise
amplifier (LNA) and then down converted to I/Q baseband
with 40 MHz bandwidth. The analogue signals are then
passed through 200 MHz analogue-to-digital converters and
digitally down converted to the desired bandwidth in the
digital signal processing oriented field-programmable gate
array. The sampling rate, center frequency, and gain of the
USRP are set by the user along with other parameters of the
system, such as the buffer length and the clock reference.
The parameters chosen for the specific target detection sce-
narios will be described in Section VII. The signals are then
transferred through a PCIe x1 (200 MBps) port from the
USRP to be recorded onto a solid-state drive.

The USRP requires calibration of its receive chan-
nels and for the calibration a FieldFox spectrum analyzer
(SA) was used as a benchmark system. The experimental
calibration procedure is indicated in Fig. 5 and involves
simultaneous measurement with the two devices. Compo-
nents and parameters of the passive receiver used in this
test are presented in Table III. The transfer function of each
component of the receiver within the recorded Inmarsat
band has been estimated for further processing of band-
limited signals.

Fig. 6 shows a record of a sub-band of 1550-1555 MHz
made simultaneously by the SA with different intermediate
frequencies (IF) (a) and by the USRP (b).

The flux density of the strongest signal in Fig. 6(a) is
—93 dBm/5 kHz or about =77 dBm in a 200 kHz chan-
nel. This is equivalent to —93.5 dBm at the output of the
antenna. The antenna gain of 16 dB corresponds to an ef-
fective aperture of —9.3 dBm? at a frequency of 1.55 GHz,
corresponding to a flux density of —84.2 dBm/m?. This is
in agreement with the argument in Section I'V-B that the
flux density will be about —85 to —87 dBm/m?.

Fig. 6 also shows that although single Inmarsat chan-
nel has a bandwidth of 200 kHz, channels often appear
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Fig. 6. Inmarsat received power estimation within sub-band 1550—

1555 MHz, measured by SA with different IF settings (a) and USRP,
with 30 s averaging (b).

in groups of up to five adjacent channels. This fact can
increase effective bandwidth up to 1 MHz and therefore
lead to an enhanced range resolution and reduction of the
clutter cell [14].

V. PASSIVE SYSTEM TOPOLOQY, BISTATIC ACQUIISI-
TION, AND DATA PROCESSING

The general bistatic geometry is shown in Fig. 1. One
channel with an antenna directed toward the 10O is a syn-
chronization channel (hereinafter “sync”) which should
provide a copy of transmitted signal as a reference signal.

A satellite signal scattered from a target is received
by the relatively wide beam antenna of the radar channel
(hereinafter “radar”) of the passive receiver. This signal is
a delayed and Doppler shifted version of the reference sig-
nal and therefore a two-dimensional (2-D) cross-correlation
process along range/time and Doppler shift/velocity direc-
tions will provide data from which the bistatic range and
bistatic Doppler can be estimated.

The relatively weak power density of the direct path
signal from a satellite allows relaxation of the requirement
on cancellation of the reference signal coming into radar
antenna from a side lobe. The general processing procedure
of direct signal cancellation outlined in [20] is less crucial
than in the case of commonly used broadcasting signals.
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Fig. 7. Range-Doppler processing block-diagram.

Also experimental results show that zero-range signal to
background ratio is less than the coherent processing gain
(product of the coherent integration time 7™ and a band-
width of a single channel B") of direct signal so that the
presence of the direct signal in the surveillance channel is
not an issue.

A. Processing Summary

The processing algorithm block-diagram is shown in
Fig. 7 and includes the initial alignment of both radar and
sync channels. The correlation procedure of both channels
is then implemented, where the length of each channel’s
signal is defined by the overall noncoherent processing
interval Tj.. In order to build a range-Doppler map and
estimate range-Doppler parameters of the target, the sync
channel samples are cyclically shifted before complex con-
jugation and multiplication with the radar channel samples.
The number of samples for each shift corresponds to the
particular range resolution/bandwidth used. This shift-
ing process forms the range axis of the amplitude-range-
Doppler (ARD) surface; the subsequent fast Fourier trans-
form (FFT) of each product of conjugated shifted sync and
radar channel forms the Doppler axis.

Prior to the FIT, the product signal is decimated to
restrict the Doppler processing to a range that is accept-
able for the target of interest. Otherwise due to the large
data acquisition sample rates, the processing will include
Doppler shifts of many orders of magnitude greater than
those in which a target can appear. Thus, large parts of the
Doppler space can be eliminated a priori. This decimation
is crucial to reducing the processing time due to reduction
of FFT size. The decimation procedure includes an initial
digital low-pass filter (LPF) with a cut off at the maximum
required Doppler frequency.
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This approach is computationally efficient and can be
used if, as in the case of this receiver:

1) The number of range cells required is much less than
the time for which the range must be integrated, since
in this case the “direct” correlator is more efficient than
a Fourier-transform-based correlator and

2) The range of Doppler shifts of the targets of interest is
relatively small, so the saving in processing caused by
simplifying the Doppler processing outweighs the cost
of the transversal LPF.

A sliding window defines the section of the signal corre-
sponding to the coherent integration time 7™, and it slides
with or without overlap over the total length of signal de-
fined by the noncoherent interval T;,.. Once the processing
has been defined for all required cyclic shifts of the sync
signal, i.e., all the required ranges inside the coherent pro-
cessing interval, the process is repeated within the next
sliding window.

The noncoherent integration is defined by summing the
magnitudes of outputs of the coherent processing intervals.
Results which are shown in Section VII were derived with
overall noncoherent and coherent integration times of 1 s.

B. Processing Steps

Step 1: Estimation of relative delay between the two re-
ceive channels of USRP by direct signal measure-
ments. This is only a part of a correction process
for the receiver, where inherent timing delays are
present between the two physical channels of the
USRP and need to be accounted for. After es-
timation and compensation of these delays, the
general passive bistatic radar (PBR) scheme is ap-
plied: Sync channel measures the direct signal and
radar channel records the signal coming from a
surveillance area.

Assuming that the direct path signal from the satel-
lite will be the main component of the signals in
both channels, cross correlation between channels
has been used to find the channel sample offset. The
position of the maximum of the absolute value of
the cross correlation gives the sample lag required
to align channels (see Fig. 8).

Band pass filtering (BPF) is used to extract the
required bands in the spectrum. After the receive
channels have been aligned, a digital high-order
bandpass filter of 200 kHz bandwidth has been
used to select each active BGAN band within the
overall recorded signal as shown in Fig. 9 for the
radar channel (a) and sync channel (b). Aligned and
filtered signals in time domain are also shown for
comparison in Fig. 9(c).

Range-Doppler procedure

The target detection is typically performed on
a range-Doppler map. The performance of pas-
sive detection is defined by the AF of the trans-
mitted waveform S(#) which is mathematically

Step 2:

Step 3:
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described as
2

¥ @ fol” = ‘/ S@t) - S5t — 1) ity
3)

where symbol * denotes the complex conjugation.

In case of zero Doppler, the AF reduces to the autocor-
relation function of the signal complex envelope:

o0
V(r)= / S(t) - S*(t — v)dr. 4)
—00

When the signal is used as a radar waveform, this
defines the range resolution and the range side lobes of
the waveform. The AF at zero Doppler of each radar and
sync channel single-band signals recorded as described in
Section I'V-B is shown in Fig. 10. Detailed analysis of AF of
single and combined bands available from the transmitter,
which is the Inmarsat BGAN transmitter in this paper, will
be presented in the next section.

In the radar context, the cross correlation of the sync
signal with the radar signal is given by

chorr (f) = f Srad(t) : S:ync (t - T) dt (5)
Tint

where the subscripts “rad” and “sync” relate to signals from
the radar and synchronization channels, respectively, and
T is the integration time used for estimation of the output
of the matched filter.
The range-Doppler map is obtained by calculation of
AF in the form:
2

W (z, f)l? = ‘ /T Srad(t) - Sty (1 — DY H0dt] (6)

which represents the output of the matched filter.

The most straightforward way to implement the cal-
culation of (6) would be to calculate the discrete Fourier
transform (DFT) of S,.4(?) - S:ync(t — 1) for each range of
interest, or for a number of discrete t defining range bins

within the total range where target is to be detected.
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For sampled we first calculate cross-

correlations:

signals,

N
S, t) = Sraq(?) - S:ync(t —t(n)) n=1 @

where N is the index of the range cell corresponding to the
highest delay at which we need to see targets (equivalent
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to the monostatic concept of the maximum indicated range,
expressed as a number of range cells).
Then, we apply FFT:

FETCSn O = {3 (A )] i ®
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where K is the number of frequency samples in the coherent
integration period.

Thus, we derive a 2-D array of K x N order which
when mapped allows detection and localization of a target
in bistatic range and velocity.

This approach is called the long integration time method
DFT approach [18]. The processing method is equivalent
to Doppler shifting the reference (sync) signal and then
correlating with the radar signal. There is no processing
loss in terms of size of the Doppler shift, which delivers
Doppler resolution inversely proportional to the long inte-
gration time. The correlation could be performed without
the FFT, by correlating the signal with different Doppler-
shifted references; however, the chosen scheme is much
more computationally efficient for low-speed targets.

As stated, decimation is used to improve the efficiency
of the algorithm based on the following considerations. The
maximum speed at which ships move within the harbor area
may be taken as 10 ms' (20 knots). At a carrier frequency
of 1.55 GHz, this corresponds to a maximum monostatic
Doppler shift of about 100 Hz, and the Doppler shift seen in
a bistatic system cannot be more than this. We can, there-
fore, be confident that if we can process target Doppler
shifts below a conservative value of 200 Hz, we will see
all the possible targets; therefore, we can discard the higher
Doppler frequencies (where targets of interest do not exist)
through decimation prior to the FFT to reduce the process-
ing load when performing the FFT. In the general scenario,
the decimation ratio should be defined similarly by the
maximum of the expected range of speed of the targets
under surveillance.

C. Coherent Integration Time

Obviously, the longer the integration time, the finer the
Doppler resolution: A f; = 1/T™™, and the higher the pro-
cessing gain. There are several factors which can limit the
integration time and in any case one will generally impose a
tighter limit than the others. We consider two main factors:

1) The requirement that a moving target should stay within
the same range cell within integration time and

2) The requirement that an accelerating target should stay
within one Doppler bin over the integration time.

In any particular case, one or other of these two effects
will provide the limiting factor, unless we are in the unusual
case where the two factors give the same limit. In the design
process, however, we need to examine both of them to
see which gives the tighter limit. We can then define the
maximum range-Doppler processing time which meets the
above-mentioned conditions.

1) Assuming radial or cross-range motion of a target, we
can estimate the time for which the target is within one
resolution cell. For simplicity, but without loss of gen-
erality, we assume hereinafter only radial motion and
therefore only the dwell time in a range cell is esti-
mated. For a single band 200 kHz signal with range res-
olution of 750 m, when the target moves along the range
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direction from the receiver it will stay within the same
range cell for a visibility time of about 75 s given a
10 ms™" (or 20 kn) target speed. Therefore, the coher-
ent integration time could be as large as 40 s. For the
case where four bands can be combined to provide an
800 kHz signal bandwidth, with a range resolution of
187.5 m, the visibility time within the same range reso-
lution cell is about 20 s for 10 ms™! target speed. There-
fore, the coherent integration time could safely be as
large as 10 s.

2) Now we consider the time for an accelerating target to
move through one Doppler bin, given that the bistatic
Doppler frequency shift, assuming negligible change of
bistatic geometry within the integration time, is [21]

_ 2vcos(B/2)cosb
N A

where 6 is the angle between the target velocity vector
and the bistatic angle bisector. Then, for a target which
accelerates at a rate a, the change in bistatic Doppler shift
in time 7 will be

2aT cos(B/2)cosO po—o0 2aT
A A

The limiting value occurs when this change of Doppler
equals the monostatic Doppler resolution 1/ Ty, giving a
maximum correlation time of

A
int — Z

fd’ (€))

Afa= 10)

Tmax (1 1)

If we assume that the acceleration is 0.1 ms~2 (1 kn every
5 s) then at 1.55 GHz the limiting integration time is about
1 s. So to avoid possible loss and smearing, the coherent
integration time could be limited to 0.5 s and therefore a
Doppler resolution in the order of 2 Hz will be achieved
(about 0.4 kn).

The processing gain for a target occupying one Doppler
bin will then be defined as a product of the bandwidth and
integration time, delivering 56 dB gain for an 800 kHz
channel and 0.5 s integration time.

D. Computational Complexity

It should be noted that this simplified correlation scheme
has relatively modest computational requirements, certainly
much less than is required for a completely general corre-
lator. For a maximum indicated range of 40 km, we require
only about 200 range cells each with 200 m resolution. If our
maximum Doppler shift of interest is 200 Hz as discussed
above, then the correlator has an integration time of 5 ms
with 200 kHz bandwidth or 1000 samples. If the correlation
is performed directly, each correlation thus requires of the
order of 2 x 10° multiplications, so the required processing
rate is only 4 x 107 multiplications per second. The subse-
quent Doppler processing requires 200 Fourier transforms,
i.e., one for each range cell, FFTs, each of nominally 100
points, in practice 128 points, or a total of about 6 x 10°
multiplies in halve a second, which is negligible compared
with the power required for the correlator.

IEEE TRANSACTIONS ON AEROSPACE AND ELECTRONIC SYSTEMS VOL. 53, NO. 6 DECEMBER 2017



Amplitude [dB]

=)
3‘
-4,500 -3,000 -1,500 0 1,500 3.000 4,500
Range [m]
1]
g
‘o 20F
=
it i
ot &WM " Ry

Duppler [Hz]
(c)

Fig. 11.

=20

-30 o

40

Amplitude [dB]

-50

60 o
1000

0

g / \
40/\/\/\/\ |

&0 " N s L
-4, 500 -3, 000 -1.500 0 1.500 3.000 4,500

Range [m]

Range [km]

Amplitude [dB]

Amplitude [dB]

Doppler [Hz]
(d)

SAF surface maps of a single 200 kHz BGAN band (upper plots) and their zero range and Doppler cuts showing range and Doppler profiles

(lower plots). (a), (c) are showing results of measurements, and (b), (d) are simulations. Amplitudes are normalized to the peak value.

‘We may compare this to the processing power required,
for example, for a modest frequency modulated continuous
wave radar, which may have to perform a 1024 pt FFT
every millisecond, which also requires of the order of 4 x
107 multiplications per second.

Whilst these are very basic estimates of the compu-
tational power, for example, they do not consider the ad-
ditions, only the multiplications, they do indicate that the
processing required for this scheme will not be excessively
greater than that which is currently known to be practical
for relatively modest systems.

VI. INITIAL SIGNAL PROCESSING OF ACQUIRED
DATA. BANDS STITCHING

The ambiguity of the waveform in both range and
Doppler is as important as resolution in both domains.
Being outside the radar designer’s control, the waveform
requires special attention to predict the performance of the
system and its limitations. Moreover, since, as discussed
above, it is theoretically desirable to combine the signals
in several channels to increase the overall bandwidth and
therefore to improve the range resolution, estimation of the
measured ambiguity of such combined signals is very im-
portant for understanding the practical implications of such
a technique for the performance of the system.
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A.  Self-Ambiguity Function of a Single Band

Reference measurements were made on the roof-top of
the School of Engineering at the University of Birming-
ham, where both a sync antenna (helical) and radar channel
antenna (horn) were directed toward the Alphasat satellite.
The goal was to estimate the practical AF of the BGAN In-
marsat signal for a single band and for four adjacent bands,
recorded in the separate reference and radar channels of the
passive receiver. These signals were subsequently used for
target detection as presented in Section VII.

We will use the term “self-ambiguity” function (SAF)
stressing that directly received signals were used. In Fig. 11
(left), the SAF of the recorded signal for a single band of
200 kHz and T;,, = 1 s (a), its range and Doppler profiles
(c) are presented; the plots in (b) and (d) show similar
characteristics for the simulated signal.

The measured range profile shows the expected side
lobe pattern. A rectangular spectrum would of course give
a sin (x)/x sidelobe pattern, with sidelobes at —13 dB, and
with a range resolution of about 700 m at the —3 dB points.
The actual shape is affected by the spectral shaping which
reduces the energy at the edges of the nominal band. This
degrades the range resolution to about 800 m and reduces
the peak side lobe level to —15 dB.

The simulations predict a slightly broader main lobe
than that which is actually observed and also predict slightly
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lower sidelobes, at about —20 dB. It appears then that the
actual transmitted spectrum has a slightly greater effective
width than used in the modeling (see Section IV-A). Both
Doppler profiles of simulated and measured signal SAFs
demonstrate very similar behavior giving 1 Hz Doppler
resolution with side lobe levels of about —45 dB.

The SAFs of both the simulated and the recorded sig-
nals demonstrate the noise-like behavior which would be
expected for BGAN waveforms. Importantly, the range pro-
file patterns for all the frequency bands are stable and highly
repetitive and therefore can be removed by spatial filtering.

B. Band ‘Stitching’

The improvement of the range resolution in passive
radars is one of the directions of research which is rather
critical in order for passive operation to be able to compete
with dedicated active radar systems.

The range resolution improvement has been considered
theoretically in [22]-[24] for digital video broadcasting -
terrestrial (DVB-T) signals, in [25] and [26] for FM signals,
and experimental results can be found in [27] and [28].
In particular, [28] shows both a theoretical analysis and
experimental results for range resolution improvement in
DVB-T-based PBR using adjacent multiple bands from the
same transmitter.

In contrast to broadcasting systems, when communica-
tion systems are used as IoOs we cannot expect a constant
spectrum, but will instead see dynamic band allocation
driven by instantaneous demand, so that signals can ap-
pear randomly within the overall downlink band. There-
fore, a dynamic search of available bands which can appear
sparsely and nonadjacently is required with band stitching
at the IF stage.

In this paper, we outline a practical procedure for
“stitching” the available bands in a recorded signal from
Alphasat and demonstrate the results obtained by using
that scheme.

C. Multiband Signal Acquisition

For acquisition, the sampling rate and therefore the
bandwidth of the receiver was set to be large enough to
record several Inmarsat bands. The results which will be
shown in Section VII are mostly based on four bands, each
200 kHz wide, denoted as 3, 4, 5, 6 in Fig. 12(a) (shown
at baseband) which are centered at 1.5534 GHz. The addi-
tional two bands numbered 1 and 2 centered at 1.5502 GHz
were also used in the verification of the band stitching
procedure.

This study was aimed at analyzing the effects of
nonequal band powers, phase discontinuity, and the ar-
rangement of the bands in sequence (at the IF stage) on
the AF of a combined signal. In particular, it was found
out that nonadjacency of the original bands will not sig-
nificantly influence the range resolution performance of a
PBR. Moreover, it was also observed that if one internal
band in a sequence is missing the results do not change
dramatically, indicating the fact that even if one channel is
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Fig. 12. Band stitching: (a) Power spectral density of received sync
channel; (b) example of combined band which was made by single bands
indicated as 1-6 in (a).

missing for part of the dwell time this will not have a major
effect on the operation.

To combine bands, a digital BPF was used to extract
individual bands, as shown in Section V-B. The selected
bands were then frequency-shifted to allow them to be con-
catenated in the frequency domain to increase effective the
bandwidth from the 200 kHz of a single channel to up to
1200 kHz in different combinations of individual bands.
One realization of “stitched” bands is shown in plot (b) of
Fig. 12.

D. SAF of Combined Signals

Range and Doppler profiles of both the measured and
the simulated SAF of four combined bands are shown in
Fig. 13. These demonstrate a four-fold improvement in
range resolution over a single 200 kHz band. The side
lobes levels of the real and simulated signals differ by 4 dB,
although in this case, in contrast to the results shown in
Fig. 11, the experimental results show lower (better) side
lobes than the simulation. While the width of the main range
lobe has reduced to about 190 m, there are some relatively
high ambiguities due to the “gaps” in the spectrum caused
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by the guard intervals between channels. To avoid this and
therefore provide a continuous spectrum of a noise-like sig-
nal, one can overlap spectra of individual bands. Though
this leads to slight degradation of the range resolution, this
is much less significant than the reduction in the side lobe
levels. The analysis of the effect of the ratio at which bands
are overlapping in the IF stage can be found in [13]. The
result of such a coherent combination, with a 10% channel
overlap, is shown in Fig. 14, although the potential phase
errors have not been corrected. The recorded signal demon-
strates —18 dB side lobe levels, which are comparable with
what would be achieved by an ideal system.

Since each portion of the spectrum is “matched filtered”
with the appropriate portion of the transmitted spectrum,
the phases of the different carriers have no effect on this
process. In one way of looking at this process, the “fine
range” information can be considered to be conveyed by the
relative phase between the returns from different channels,
and the uncertainties in estimating the coarse range to the
target will change the pattern of the range side lobes, but
will not affect the width of the “main lobe” response.

VII.  MEASUREMENT PROGRAM

The main goal of the measurement campaign was to
confirm the power budget and evaluate the performance of
the PBR based on combined bands of Alphasat (Inmarsat
4A-F4 25 E) to detect and locate maritime targets of dif-
ferent sizes. Another goal was to provide a first estimate of
the sea clutter levels.

The trials were conducted at Plymouth Sound, U.K.
(50.3755°N, 4.1427°W) in October 2015. The bistatic
measurements were made with the radar channel antenna
directed at 293° in azimuth and the sync channel directed at
144° in azimuth, providing a near-monostatic configuration
as shown in Fig. 15.

The settings of the receiver are summarized in Table IV.

The receiver was about 35 m above the sea and the
distance between the receiver and Drake Island was about
2.5 km. The majority of targets were moving with a speed
of about 10 kn (about 5 ms™"), due to harbor regulations.
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TABLE IV

Parameters of the Receiver

SYNC RADAR
CHANNEL CHANNEL
USRP LNA Gain +31.5 dB both
LO Centre frequency 1.552 GHz
USRP 1I/Q sampling rate 5 MHz
USRP Buffer samples 131072
USRP Reference GPSDO
frequency source
Antenna Patch (Gain Cobham
6 dBi) AMH16-16L-02/082
Gain 16 dBi, 30°
beamwidth
Hardware Filters VHF-1320+ VHEF-1320+ dc to
dc to 1575 1575 MHz
MHz
VLF-1575+ VLF-1575+
1700— 1700-5000 MHz
5000 MHz
LNA None ZEL-1217LN
+23 dB—measured;
~1.5 dB NF
Cable —-3dB —-3dB
Total receiver gain 34.5dB 67.5dB
TABLE V
Target Parameters
Target Gross Length, Beam, Estimated
tonnage, ton m m Monostatic
RCS, dBsm
Small boat 95 27.84 6.75 20
Medium ship 4800 130 17 36
Ferry 41 000 184.6 30.9 46

The radar channel antenna was a helical LH polarized
antenna in anticipation that most man-made targets are
made with conductive materials and with single-bounce re-
flections it may be expected that the reflected signals would
have opposite polarization to the transmitted.

The sampling rate of 5 MHz enabled a number of adja-
cent channels to be captured without making the tuning of
the receiver excessively sensitive. Since the occupied chan-
nels could be readily identified in the reference channel it
was easy to filter the signals before the actual matched fil-
ter, in accordance with the processing scheme described in
Section V and shown in Fig. 7, to ensure that the matched
filtering would not be degraded by any out-of-band signals
or noise.

The results presented in the next section are taken from
a large database of recorded signals from a diverse range
of maritime targets. Three representative types of maritime
targets were chosen to demonstrate radar performance—
a relatively small boat, a medium-sized ship, and a large
passenger ferry. The main parameters of the targets can be
seen in Table V.

RCS is estimated according to a common rule-of-thumb
equating the RCS in square meters to the displacement in
tons [29] applicable at moderate grazing angles.
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Validation of the results was accomplished by compari-
son of the bistatic Doppler frequency shifts estimated from
range-Doppler maps and automatic identification system
(AIS) data [30] which was used as ground truth of target
position and velocity, recorded by a portable receiver PIA-
Dual-AIS by AlSspotter [31]. The results presented Sec-
tion VII-B correspond to effective bandwidth of 800 kHz
of four adjacent Inmarsat channels 3-6 indicated in Fig. 12.

A. Clutter Information

The sea state in the English Channel was evaluated
from the wave height and wind speed data obtained from
the readings obtained at the Seven Stones Lightship and
the Channel Lightship [32]. On the day of the trials, the
maximum wave height measured by both buoys over the
duration of the measurements was between 3.3 and 3.9 ft,
corresponding to Douglas sea state 3. The wind speeds were
in the range 15-22 kn, corresponding to a Douglas sea state
between 3 and 4.5 in a fully-developed sea.

Conditions in the protected waters of the Sound were
much calmer, however, and the breakwater at the mouth of
the Sound probably meant that conditions out at sea would
have little effect in the Sound. The wind speed on land was
forecast to be about 8 kn, which, in a fully-developed sea,
would correspond to sea state 2. Observations, however,
suggested a sea state of 1 at most. Since the reflectivity is
better correlated with the wind speed than with the sea state
when the sea is not fully-developed, the best estimate of
the expected level of backscatter is probably that it would
be equivalent to sea state 1. Returns from the sea clutter
can be seen in Fig. 17, at a range of 500 m. They are
distinct from the range sidelobes of the close-in clutter by
their small, but distinct, negative Doppler shift. Using the
estimation methods described in [14], it was predicted that
for this particular scenario, and in sea state 1, a clutter-
to-noise ratio of 21 dB would be expected at this range.
The mean value of three observations of the clutter gave
a clutter-to-noise ratio of 22 dB, i.e., sensibly the same as
the expected monostatic value. Whilst this is of course only
a single value and obtained under atypical sea conditions,
when taken with the other evidence which is becoming
available [33], is helping gradually to build up the evidence
that in moderately bistatic geometries (i.e., away from the
forward-scatter regime) and at frequencies around 2 GHz,
the mean backscatter from sea clutter is still effectively the
same as the monostatic value.

B. Targets

1) Small-to-Medium Size Boat: The signals from a
number of small boats have been recorded; however, most
boats of that size do not send AIS tracking data. Thus, to
demonstrate the performance of the bistatic target local-
ization, we will show the result for the one of the boats
for which such data were available—the training ship Smit
Dart (see Fig. 16(a)). The data were obtained around 15:00
on the 15th of Oct. 2015 and the duration of recording

GASHINOVA ET AL.: DESIGN AND VALIDATION OF A PASSIVE RADAR CONCEPT FOR SHIP DETECTION

(b)

Fig. 16. Smit Dart boat (a) and Google Earth map (b) with location of
the receiving equipment, radar antenna orientation (green line of the
main beam axis and red lines showing the -3 dB beam footprint), sync
antenna direction (yellow line) as well as boat AIS track (cyan) recorded
during the experiments.
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Fig. 17. Bistatic range-Doppler track of SMIT DART over the duration
of the record.

was 220 s. The boat’s characteristics are summarized
in Table V.

In Fig. 17, the bistatic track of the Smit Dart is shown.
Such a track is obtained by incoherent averaging of dif-
ferent (time separated) coherent range-Doppler plots. The
data from which these plots were derived were obtained
by coherently combining the signals from four adjacent
bands. This used the process described in Section VI-C,
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Fig. 18. Trajectory of the medium-sized ship—cyan line. Green line
indicates radar antenna boresight and red lines enclose the area
illuminated by the main beam. Yellow line shows the direction to the
satellite.
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Fig. 19. Bistatic Range-Doppler track of medium size ship.

but, for simplicity and unlike the results discussed in
Section VI-D, the bands were not overlapped, since the
improvement which could be obtained by doing so with
the relatively low SNRs seen here would not be justified
by the additional complication. Fig. 17 shows a nearly
constant bistatic range during the time the boat was within
the radar beam, which corresponds to the range estimated
by AIS data. The Doppler frequency signature indicates
that the boat is approaching, passing through zero Doppler,
and moving away along a trajectory nearly orthogonal to
the main axis of radar beam. The relatively narrow clutter
spectrum in negative Doppler domain around —5 Hz points
to the low radial wind speed for the time and geometry
of the recording. The strong stationary return at around
2.5 km range is from Drake Island (see Fig. 15).

It should be noted that the strongest returns are
only about 25 dB above the “floor.” Since the time-
bandwidth product of the transmitted signal is 53 dB and
its range/Doppler sidelobe floor is known to be “flat” and at
this level below the peak, this means that the sidelobes are
below the noise floor and hence direct signal cancellation
is not required in order to improve the dynamic range and,
indeed, will not give an advantage. It is also important to

3130

10 . . . . .

O ARD

H AS

0r u 1
5
T -0} o~ |
>
o
& 20}
= - Q
(]
i | @]
- 30 =
a )
g )
Do -40 - Q o Q
i ®
50 ()
Ve
60 L 1 I 1 1 L | 1
0 50 100 150 200 250 300 350 400 450
Time [s]

Fig. 20. Bistatic Doppler frequency estimated from ARD and
calculated according to AIS data.

(b)

Fig. 21. Ferry Pont Aven (a) and (b), its AIS trajectory (cyan line) as
recorded during the time of the measurement. Green and red lines
indicate radar antenna boresight and main beam width respectively.
Yellow line shows the direction to the satellite.

observe that the return from the ship and also that from the
island are at a similar level to the direct signal breakthrough.
This reduction in the dynamic range of the system is, of
course, in part a consequence of the great distance of the
transmitter from the receiver and the target and is another
practical advantage of using space-based illuminators.

2) Medium Size Ship: The parameters of the medium
sized ship are shown in Table V. Its trajectory during ex-
perimental recording is shown in Fig. 18. The target has
been moving away from the radar nearly along the range
at the beginning of the record. It then turned around the
island whilst within the radar beam; this is clearly visible
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Fig. 22. Range-Doppler track of full length of signal recorded for MT
Pont Aven. Strong signal fluctuations at the end of the record correspond
to the time when the ship was moving into dock, keeping her bearing.
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Fig. 23. Bistatic Doppler frequency estimated from the ARD map and
calculated according to AIS data of the ferry.

in the range-Doppler track plot of Fig. 19—created from
over 420 s of recording. The comparison of the Doppler
frequencies estimated from the ARD plot (see Fig. 19) and
calculated by (9) using AIS data is shown in Fig. 20. The
values extracted from the radar data and the AIS estimated
values show good correspondence.

3) Passenger Ferry “MT Pont Aven”: A photograph
of the ferry and some of its salient parameters are shown
in Fig. 21 and Table V accordingly. Duration of the record
made around 16:00 on the 15th of Oct. 2015 was 578 s.

The ARD track in Fig. 22 matches the AIS trajectory.
The fluctuations of the amplitude along the track are as-
sumed to be due to changes in the heading of the ferry, the
high amplitudes at the end of the track correspond to the
period when ferry was entering the dock, slowly adjusting
its orientation.

Comparison of the Doppler frequencies estimated from
the ARD (see Fig. 22) and calculated by (9) using AIS
data is shown in Fig. 23. As with the medium ship, the
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Doppler frequencies show good correspondence throughout
the experimental recording.

VIII. CONCLUSION

The work addressed in this paper has shown that space-
based transmitters used by modern satellite communication
systems provide potentially very useful IoOs for multistatic
radar systems operating over the open sea, where illumina-
tion from broadcast transmissions is not available.

Basic performance data have been included to show that
such systems have very favorable power budgets against
typical tactical marine targets.

An efficient processing scheme has been described. This
exploits the fact that marine targets only have relatively
modest velocities. As expected, the modest range resolu-
tion of the systems, derived from their modest bandwidths
compared to typical dedicated radar signals, means that the
signal to clutter ratio is less favorable than the SNR. A
scheme has been described to mitigate this by combining
the signals from multiple communication channels to im-
prove the range resolution and hence reduce the size of the
clutter cell.

Practical experiments have been performed to confirm
the viability of the proposed system, using Inmarsat-4
BGAN transmissions as the illuminator; these experiments
have also validated the expectations for the sensitivity of
the system.

It has been shown that combining the signals from dif-
ferent channels gives side lobe levels of the order of —20 dB
close to the target. Whilst these are low enough to deliver
the required reduction in the size of the clutter cell, they
are too high to allow adequate discrimination between rela-
tively close targets, so further work to look at possible ways
of reducing these would be worthwhile.
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