From a Different Perspective
Principles, Practice and Potential of Bistatic
Radar
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Bistatic radar systems have been studied and built since the
earliest days of radar. They have the advantages thai the
receivers are passive, and hence undefectable. The receiving
systems are also potentially simple and cheap. Bistatic radar
may have a connter-stealth capability, since target shaping to
reduce monostatic RCS will in general not reduce the bistatic

RCS, 1In gnite of those advantases rather fow bhistatie radar

RCS. In epite of those advantages, rather few bistatie radar
systems have got past the ‘technology demonsirator’ phase. It
has also been remarked that activity in bistatic radar tends to
vary on a period of approximately fificen years, and that
currently we are at a peak of that cycle; there is particular
current interest in passive coherent location (PCL) techniques,
using broadcast and communications signals as ‘illuminators of
opportunity’,
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properties and current developments in the subject, and
conjectures whether or not the present interest is just another
peak in the cycle.

tic radar, passive coherent location.
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I. INTRODUCTION

Bistatic radar systems have been studied and built since the
earliest days of radar. As an early example, the Germans used
the British Chain Home radars as illuminators for their Klein
Heidelberg bistatic sysiem. Bistatic radars have some obvious
advantages. The recelvmg systems are passive, and hence
undetectable. The receiving systems are also potentially
simple and cheap. Bistatic radar may also have a counter-
stealth capability, since target shaping to reduce target
monostatic RCS will in general not reduce the bistatic RCS,
Furthermore, bistatic radar systems can utilize VHF and UHF
broadcast and communications signals as ‘iHluminators of
opportunity’, at which frequencies target stealth treatment is
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Bistatic systems have some disadvantages. The geometry is
more complicated than that of monostatic systems. It is
necessary to provide some form of synchronization between
transmitter and receiver, in respect of transmitter azimuth
angle, instant of pulse transmission, and (for coherent
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processing) transmit signal phase, Receivers which use
transmitters which scan in azimuth will probably have to
utilize ‘pulse chasing’ processing.

Over the years a number of bistatic radar systems have been
built and evaivaied. However, rather few have progressed
beyond the ‘technology demonstrator’ phase. Willis [32] has
remarked that interest in bistatic radar tends to vary on a
period of approximatety fifteen years, and that currently we
are at a peak of that cycle.

The purpose of this paper is therefore to present a subjective
review of the properties and current developments in the
subject, with particular emphasis on ‘passive coherent
location’ and to consider whether or not the present interest is

nnnnnnn 4l smnnl Za tha aerala

Jubl aAlUUIST PCadh ill HIC LY iIG.

II. PROPERTIES OF BISTATIC RADAR

A. Bistatic radar geomefry

The properties of bistatic radar are described in detail by
Willis [30, 31] and by Dunsmore [6]. Jackson [17] has
analyzed the geometry of bistatic radar systems, and his
notation has been widely adopted.
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Figure 1. Bistatic radar geometry.
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The bistatic radar equation is derived in the same way as the
monostatic radar equation:
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Figure 2. Bistatic radar equation.
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highest for targets close to the transmitter or close to the
receiver,

Doppler shift depends on the motion of target, transmitter and

receiver (Figure 3), and in the general case the equations are
quite complicated [17, 31].
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Figure 3. Bistatic Doppler (after Jackson [17]).

In the case when only the target is moving the Doppler shift is
given by:

A =L2/1—VJcos6cos(ﬂ/2) 3)

B. Bistatic radar cross section
The bistatic RCS of targets has been studied cxtenswely 71,
though relatively little has been publlshed in the open
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equivalence theorem, which states that the bistatic RCS &, is
equal to the monostatic RCS at the bisector of the bistatic
angle /3, reduced in frequency by the factor cos (32), given (i)
sufficiently smooth ftargets, (ii)} no shadowing, and (iii)
persistence of retroreflectors. These assumptions are unlikely
to be universally valid, particulaily for stealthy targets, so the
results should be used with care,

C. Forward scatter
A limiting case of the bistatic geometry occurs when the target
lies on the transmitter-receiver baseline. Whilst this means
that range information cannot be obtained, the geometry does
give rise io a subsiantiial enhancement in scaiiering, even for
stealthy targets, due to the forward scatter phenomenon. This
may be understood by reference to Babinet’s principle, which
shows that a perfectly absorbing target will generate the same
forward scatter as a target shaped hele in a perfectly
conducting screen, The forward scatter RCS is approximately
o, =4z 4 / A%, where 4 is the target projected area, and the
lar width &, of the scatiering will be of the order of
arfdu radians, where d is the target linear dimension. Figure 4
shows how these vary with frequency, for a tarcet of the size
of a typical aircraft, and shows that frequencies around VHF /
UHF are likely to be optimum for exploiting forward scatter.
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Fig. 4. Variation of forward scatter RCS and angular width of
response {d = 10m, 4 = 10m%).

D. Bistatic clutter

Bistatic clutter is subject to greater variability than the
monostatic case, because there are more variables associated
with the geometry [30]. The clutter RCS o, is the product of
the bistatic backscatter coemc:em o] and the cluiter
resolution cell area 4. Both o and A, are geometry
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specular angles. There is relatively little experimental data
available, and little work has been done in developing models
for bistatic clutter.

There is some reason to suppose that bistatic sea clutter may
be less ‘spiky’ than equivalent monostatic sea clutter, and
hence that bistatic geometries may be more favourable for
dpipr-rlnr;
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There is thus much scope for new work on bistatic clutter;
to gather data, to analyze the results, and to develop bistatic
clutter models.

HI, PASSIVE COHERENT LOCATION

use of broadcast or communications

The use of broadcast signalg  ag
‘illuminators of opportunity’ has become known as ‘passive
coherent location” (PCL) or ‘hitchhiking’, and there has been
particular interest in this aspect of bistatic radar in recent
years.

The properties of transmissions for these purposes can be
assessed in terms of (i) power density at the target, (ii) spatial
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density © (in W/m®) at the target is evaluated from:
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The spatial and temporal coverage will depend on the location
of the transmitter, its radiation pattern, and (for example)
whether it is stationary or moving and whether it operates for
24 hours per day or not. In some cases the vertical plane
radiation pattern of TV or radio transmissions is deliberately
shaped so as to avoid wasting power above the horizontai.

The coverage achieved by VHF FM radio and TV
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ccause such systems
have to be designed to cope with non line-of-sight propagation
and very inefficient antenna and receiver gystems. Cellphone
base stations are also potentially useful as PCL illuminators
[33, 35]; whilst these are of rather lower power, there are
many of them, especially in urban areas. Satellite-borne
illuminators, such as DBS TV [12], satellite communications
and navigation {2, 19] and spaceborme radar [13, 23, 34] are
also of interest.

transmissions is substantial.
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The waveform parameters of interest are the frequency,
bandwidth, ambiguity function, and stability. In some cases it
may be appropriate only to use a portion of the available
signal (for example, to avoid ambiguities associated with the
line and frame repetition rate of analogue TV modulation} In
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should be appropriate.

Figure 5 shows the values of @& for wvarious PCL
illuminators, under various assumptions. These are calculated
on the basis of a single channel, the whole signal bandwidth,
and no processing gain.

The detection performance can then be estimated from:
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where G, is the processing gain, which is the product of the
Wi'i'v'efﬁull bandwidth and the m‘legratian dwell time.
integration dwell time in turn depends on the waveform
coherence and the target dynamics. As a rule of thumb, the

maximum integration dwell time is given by:

r 4] ©

where Ap is the radiai component of target acceieration. From
these equations the coverage can be predicted in terms of

Owvals of Cagsini around trangmitter and receiver,

The waveform properties of a variety of PCL illuminators
(VHF FM radio, analogue and digital TV, digital audio
broadcast (DAB) and GSM at 900 and 1800 MHz) have been
assessed by digitizing off-air waveforms and caiculating and
plotting their ambiguity functions {14]. The receiving system
was based on a HP8565A spectrum analyzer, digitizing the
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digitizer card mounted in a PC. The system has the advantage
of great flexibility, since the centre frequency and bandwidth
of the receiver can be set by the controls of the spectrum
analyzer. The rather high noise figure of the spectrum
analyzer is not a disadvantage, since all of the signals are of
high power and propagation is line-of-sight.

Figure 6 shows typical ambiguity functions derived using
this system of (a} BBC Radio 4 at 93.5 MHz, for which the .

nrocramme oontent ig ensach fan announcer rondine tha
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news), and (b) a digital andio broadcast {DAB) signal at 222.4
MHz. Both show range resolution appropriate to their
instantaneous modulation bandwidths (9.1 and 78.6 kHz
respectively), though the difference in the sidelobe structure is
very evident, showing that the digital modulation format is far
superior because the signal is more noise-like.
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Fig. 6. Typical ambignity functions: (a) BBC Radio 4 transmission
0 t WATY N sty el U PO S, S 44 A
(FJ.0 IVIIZL) and (D) aigiual auulu Ul'l]dul.od:l I.I"dll:-l[llbblun (Lis. ¥

MHz).

Table 1 summarizes the measured ambiguity function
performance of the various signals captured.

Fig. 7. Variation in range resolution against time for four types of
VHF FM radio modulation.

peak
range effective peak Doppler
signal frequency | resolution | bandwidth | range | sidelobe
(MHz) (km) (kHz) sidelobe level
level (dB)
(dB)
FM radio: 935 16.5 9.1 -19.1 —46.5
speech (BBC
Radio 4)
FM radio: 100.6 58 259 -239 -32.5
classical
music
FM radio: 104.9 6.55 29 -12.¢ -26.0
rock music
XFM)
FM radio: 1071 1.8 235 -27.0 -39.5
icggac
(Choice FM)
DAB 219.4 1.54 97.1 -11.7 -38.0
Analogue 491.55 9.61 156 0.2 -9.1
™v;
chrominance
sub-carrier
Digital TV 505.0 172 87.1 -18.5 -34.6
(DVB-T)
GSM 900 944.6 1.8 83.3 -9.3 —46.7
GSM 1800 1833.6 262 572 —6.9 -43.8

Table 1. Properties of ambiguity functions of vatious types of

broadeast and commumications gionals
ghals,

It is also important to know how these properties vary with
time, as variations in the form of the ambiguity function will
determine the radio system performance. Fig. 7 shows
variation in range resolution of four VHF FM radio
transinissions, calcilaied from the —3 dB widih of the zero
Doppler cut through the ambiguity function, over a 2.5 second
interval.

It is evident that for the three types of music the range
resolution varies by a factor of two or three, but for the speech
modulation the range resolution is badly degraded during
pauses between words, by a factor of ten or more,

IV. EXAMPLES OF SYSTEMS

4. Amatenr radio forvward scaiter experimonts
A Amaieur radio jorvward scalier expe

An interesting early example of PCL was given by a radio
amateur, the Rev. Dr P.W. Sollom, who had noticed a
fluttering effect on VHF amateur signals due to the
interference between direct signals and Doppler-shified
echoes from aircraft {24]. The same effect may easily be
observed with VHF FM radio and VHF or UHF TV, and
works best when the direct signal and scattered signal are of
comparable amphtudc

He devised an elegant set of experiments using a VHF TV
signal located in northemn France as illuminator, and built a
two-Yagi interferometer, such that a moving target would pass




through the interferometer grating lobes; allowing the target
maotion to be sstimated from the ﬂmr\llhll’lf’ modulation,

B. Non-co-operative radar illuminators

The first work on bistatic radar at University College London
was undertaken in the late 1970s. Schoenenberger and Forrest
designed and built a system using a UHF Air Traffic Controi
radar at Heathrow airport as illuminator, and investigated
particularly the problems of synchron between receiver
and transmitter [28]. Figure 8 shows a typical PPI display
from this system. A real-time co-ordinate correction scheme
was also developed for this system.

Fig. 8. PFI display from UCL bistatic radar system.

Further developments included a digital beamforming array
[91 for pulse chasing experiments (Fig. 9) and a coherent MTI

system using clutter from stable local echoes as a phase
reference [10].

Fig. 9. Digital beamforming array used for pulse chasing
experiments with TCL bistatic radar system.

C. Television-based bistatic radar
Subsequent work at UUCL atfempted to uge UHF television

transmissions as illuminators of opportunny, to detect aircraft
targets landing and taking off from Heathrow airport, to the
west of London [11]. Figure 10 shows the geometry. The
results showed that although the television waveforms are
very suitable in terms of power and coverage, the anaiogue
television modulation format suffers from ambiguities at the
64 us line repet

0f 9.6 km.

Fig.10. Horizontal-plane geometry of Crystal Palace television
transmitter and Heathrow. Indicated Oval of Cassini is the locus
rim=2x10m

D. TV-based forward scatter system

Howland [16] developed a UHF forward scatter system based
on television transmissions. Because a forward scatter system
is not able to provide range information, he adopted a
different approach, measuring angle of arrival (from a two-

element interferometar) and Donnler shift of the vision carrier
ciement migricrome PP 144 LS n carrer

of the television signal. Target tracking was done by an
extended Kalman filter algorithm,

time

Vision

Harmonics Carrler

Fig. 11. Example power spectrum against time, around TV vision
carrier (after Howland [i6].



He was able to demonstrate tracking of aircraft targets at
ranges well in excess of 100 km (Fig. 12).
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Fig. 12. Track estimates formed on 21 February 1997 between 14:00
and 14:07, compared with secondaty radar tracks for the same
aircraft (afier Howland [16]).

E. Silent Sentry

Silent Sentry is a PCL system developed by the Lockheed
Martin company, based on multiple VHF FM radio and
teievision transmissions. In its present version (SSIIT) it has
demonstrated fracking of aircraft and space targets at

imnred c“'na rahgpc

It is advertised ag heing ahnlu-nhlp 1o
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e air surveillance and tracking in areas of limited
coverage — a ‘gap filler;

e capable of tracking low flying, non-cooperative, slow
moving targets;

e continuous total volume surveillance of air breathing
and ballistic objects;

e low acquisition and operations cost, unattended
remotely managed.

Tsuant Sentry®
1 Ingtallation

. Principle of operation of Silent Sentry (figure courtesy of
Lockheed Martin).

V. CONCLUSIONS

This paper has attempied to present a review of bistatic radar
systems, with particular emphasis on Passive Coherent
Location (PCL) techniques. The introduction indicated that
the question of whether the present interest is just another
peak in the cycle will be addressed. There are several reasons
why the answer to this is ‘no’, and that there is reason to
halisve that pmr—hngl bistatic radar ="=*ems may now he
developed and used.

Firstly, there is ever greater spectral congestion. Military
operations ar¢ likely to be carried out close to centres of
population, where there are numerous broadcast and
communications signals, For most purposes this spectral
congestion is a problem, but for PCL it is a positive
advantage. Furthermore, the VHF and TJHF frequencies used
by high power FM radio and television transmissions are in
many senses optimum for PCL.

Secondly, as has already been pointed out, bistatic receivers
are potentially simple and cheap.

Thirdlx, tha nf GPS
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synchronization and timing problems that have previously
limited the performance of bistatic systems.

Fourthly, the inexorable increases in signal processing
power mean that many of the signal digitization and
processing operations are now feasibie in reai time. Moore’s
law predicts that these advances will continue for many years.
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Fertile areas for new work are: (i) the use of phased array
antennas and antenna signal processing techniques for ‘pulse
chasing’, particularly in the context of multistatic systems, (ii)
development of advanced tracking algorithms for multistatic
P W P Y 414 e R PR N aath aw
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bistatic clutter data, and to develop bistatic clutter models.
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