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ahigh degree of multipath susceptibility comprises a plurality
of transducers, each being a transmit or receive antenna, and
being arranged about the region in known locations, to form
a bistatic or multistatic radar, with some embodiments being
MIMO systems. Signals transmitted by the transmit
antenna(s) are received at each receive antenna and processed
to form a set of channel impulse responses, or power delay
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set is formed at a different time, and the difference between
the two sets is calculated, the difference containing informa-
tion on movement within the region. The difference may be
processed to localize the moving object(s) by graphical
means, e.g. by generating an x-y image representative of the
region, and accumulating at each pixel appropriate values of
the profile difference selected according to the propagation
delay between a transmit-receive antenna pair via a region
point represented by the pixel.
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1
RADAR METHOD AND APPARATUS
SUITABLE FOR USE IN MULTIPATH
ENVIRONMENTS

This invention relates to radar and similar systems. In
particular, it relates to radar systems and the like adapted or
otherwise suitable for use in environments typically prone to
strong multipath signal propagation, such as wooded or urba-
nised areas.

There is a current desire for systems capable of detecting
objects, including personnel and vehicles, in wooded areas.
Electro-Optical systems, including thermal imagers, may be
used with some success in this environment, but are not
effective through anything but relatively thin cover. Tree
canopies are effective at obscuring electromagnetic (EM)
radiation at visible and infra-red frequencies and also provide
significant attenuation to radiation above low GHz frequen-
cies.

Traditional radar systems may be used at lower frequen-
cies, where the EM radiation is able to penetrate the foliage to
a greater degree. Such systems have been deployed on air-
borne platforms, normally operative at frequencies of around
1-2 GHz. These systems are faced with a problem of large
clutter returns from the trees, and significant multipath prob-
lems caused by the scattering and embrangling of EM radia-
tion from tree trunks and canopies. Lower frequencies would
provide improved penetration of the environment, but require
larger antennas to achieve the same directional accuracy and
still suffer from the scattering problems.

In urban areas, buildings can obscure targets. Additionally
there is significant multipath from buildings and other
objects, such as lamp posts, signs and vehicles. As such, the
urban environment has multipath problems similar to wooded
areas.

Traditional radar systems have employed “Moving Target
Indicator” (MTT) systems to remove (stationary) clutter from
the scene. These involve storing a return from a pulse, and
subtracting from this return the return from the next pulse.
Thus that part of the return coming from a moving object will
be emphasised as it will be different in the previous pulse.
This is described for example in “The Radar Handbook”,
Skolnik, 1990, Chapter 15.1. MTT algorithms have difficulty
detecting slowly moving targets that do not move much dur-
ing a single pulse repetition interval. They are also adversely
affected by multipath effects when using a single antenna.

The use of multiple transmitter antennas and/or receiver
antennas is commonplace in radar systems, both in mono-
static and bistatic systems, with phased array systems being
the most commonplace. Recently however multiple antenna
systems have been developed that use so-called Multiple
input, Multiple output (MIMO) techniques, that exploit the
spatial diversity created by having independent propagation
channels between each transmit antenna and each receive
antenna, thus allowing independent measurements to be
taken for each transmit antenna-receive antenna pair.

Examples of such systems are described in Donnet, B J,
Longstaff, I D, “MIMO Radar Techniques and Opportuni-
ties” Proc. 377 European Radar Conference, Manchester,
UK, September 2006, and Bekkerman I, Tabrikian J, Target
Detection and Localization Using MIMO Radars and
Sonars”, IEEE Trans. Sig. Proc. Vol. 54 No 10, October 2006,
pp 3873-3883.

According to a first aspect of the present invention there is
provided a method of detecting a moving object or objects in
a region of interest, the region including a multipath rich
environment, comprising the steps of:
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2

1. arranging at least three transducers about the region in
known locations, each transducer being a transmit
antenna or a receive antenna, and there being at least one
transmit antenna and at least one receive antenna;

ii. for a given transmit and receive antenna pair, transmit-
ting a first signal from the at least one transmit antenna,
and receiving it at the at least one receive antenna, the
signal at the receive antenna being a composite signal
made up of signals received from multiple propagation
paths;

iii. processing the first composite signal to produce a first
power delay profile response (alternatively known as an
impulse response) representative of the transit time or
times of the transmitted signal at the receive antenna;

1v. repeating steps ii and ii1 as necessary for each other
transmit antenna and receive antenna pair to produce, for
N transmit and M receive antennas, a first set of NxM
responses each comprising a power delay profile
response, and being representative of the region at a first
time;

v. repeating steps ii. to iv. to produce a second NxM set of
power delay profile responses representative of the tran-
sit time or times of arrival of the transmitted signal(s) at
the receive antenna(s) and being representative of the
region at a second time;,

vi. calculating a difference between the first and second set
of responses, the difference containing values represen-
tative of signal strength received for different signal
propagation times, and including information relating to
object movement between the first and second time;

vil. using the transmitter and receiver antenna location
information, and the timing information in the power
delay profile difference to localise the moving object.

The present invention is particularly suitable for use in
environments where signals are subject to a high degree of
multipath. The additional paths taken by the propagating
signals as they scatter from objects in the region of interest
provide information as to the locations of the scatterers. The
invention makes use of this information by looking for dif-
ferences between the composite signals received from trans-
missions at different times. If nothing has changed, then there
will be little difference between the composite signals,
indicative of no significant movement within the region. If
there is a change, then the composite signals will be different,
and this difference will be dependent upon the degree of
change that has occurred.

The composite signal response may be processed using
known filtering techniques, such as using a matched filter, to
provide an impulse response. Details of such processing tech-
niques are known, and are described in, for example, M
Skolnik, “Introduction to Radar Systems”. The impulse
response may comprise a set of complex values each having
an associated propagation delay time, each complex value
representing the phase and signal strength of the signal fol-
lowing the propagation path having the associated propaga-
tion delay time.

The use of a single transmitter and single receiver antenna
will provide some localisation ability within the region of
interest. In this case however the localisation will be limited
to inferring the location of the moving object on the perimeter
of an ellipse having the antennas positions as its foci, with the
timing information in the power delay profile difference used
to generate a constant distance between the foci via any point
on the perimeter. By using more than one transmit or receive
antenna as in the current invention, to create a plurality of
transmitter-receiver pairs, the localisation may be much more
precise, with the precision dependent upon factors such as the
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degree of movement of the target, the layout of the transmit-
ters and receivers about the region, and the signal to noise
levels present at the receivers.

Ideally each transducer is located spatially separately from
each other transducer. The constraints of a given situation
may mean that some transducers have to be located together,
for example if there is no convenient separate location for
each transducer. The invention still has utility however when
one transducer 1s located separately from the others, albeit the
localisation effectiveness will be reduced.

A plurality of transmitter antennas may be used, with each
antenna advantageously being located spatially separately
from the others. Advantageously the degree of separation is
chosen such that signals emanating from each antenna pro-
vide spatially independent signals, leading to a unique set of
propagation paths within the region. This will typically be at
least half a wavelength of the transmitted signal at its centre
frequency, and preferably be at least a wavelength separation
between receivers, although in general a wider spacing such
as two, four, eight, or fifteen wavelengths will generally give
better performance from the point of view of providing spa-
tially independent signals, and localisation of the moving
object, should space allow.

Using multiple transmit and/or receive antennas in this
manner improves the localisation performance, as will
become clear from the description herein.

Each transmit antenna may be associated with its own
transmitter, or a plurality of antennas may be multiplexed
from each transmitter. In this latter case the signals transmit-
ted may be time-multiplexed so that only a single antenna
connected to each transmitter is active at any one instant.

A plurality of receiver antennas may be used, with each
antenna advantageously being located spatially separately
from the others.

Advantageously the degree of separation is chosen such
that each receiver antenna receives a spatially independent
signal. The guidelines on spacing the receive antennas follow
the same principles as described above in relation to the
transmit antennas. In this manner it is made more likely that
the propagation paths between the network of transmitters
and receivers will have independent fading characteristics.
This provides the advantages of a Multiple Input, Multiple
Output (MIMO) system, wherein the multiple independent
propagation paths provide additional information to the sys-
tem, specifically the location of potential targets. Preferably
each receive antenna is associated with its own receiver. This
allows for simultaneous processing of the received signals.
Alternatively a plurality of antennas may be multiplexed from
each receiver. This may lead to a lower cost option, but has an
impact on the system pulse repetition frequency (PRF).

Antennas associated with each transmitter and receiver
may be freely positionable within a region of interest, or may
alternatively be fixed in position with respect to each other by,
for example, being mounted on a suitably sized boom.

To enable localisation of the moving object the locations of
each of the transmitter and receiver antennas are stored. The
location of the antennas with respect to each other may be
determined by any suitable means, such as a GPS system, a
map reference, measuring wheel, laser rangefinder, or any
other suitable means. Should the system be adapted to process
received signals to calculate a location of moving objects,
then the locations of each of the antennas is required. The
accuracy of the known position of the antennas will be a factor
in determining the accuracy of the moving object; more accu-
rate determination of the antenna locations allows a more
accurate location of the moving object, as described below.
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The transmitter or transmitters may be arranged to transmit
any suitable waveform. The transmitted waveform is one
allowing the impulse response, or the complex power-delay
profile, associated with a particular transmitter-receiver pair
to be measured. The bandwidth of the transmitted signal may
be selected according to the spatial accuracy required. A
signal of wider bandwidth will generally result in greater
spatial resolution, and so is preferred where greater accuracy
is required.

In systems having a plurality of transmitters, the individual
transmitters may be arranged to simultaneously transmit indi-
vidual orthogonally coded signals. The coding may be any-
thing suitable, such as Costas codes or Walsh codes. More
details of suitable codes may be found in “Spreading codes
for direct sequence CDMA and wideband CDMA cellular
networks”, Dinan, E. H. Jabbari, B., IEEE Communications
Magazine, 36(9): 48-54, September 1998. This coding allows
the signals relating to each transmitter-receiver pair to be
separated, using known correlation techniques within the
receivers, which have knowledge of the codes being transmit-
ted. The decoding of orthogonal signals is known, and more
information may be obtained from, for example, “Radar Sig-
nals” by Nadav Levanon and Eli Mozeson.

Alternatively, for systems having multiplexed antennas at
each transmitter or receiver, a time multiplexed signal may be
sent, with a defined time slot allocated to each transmit-
receive antenna pair. It will be understood by those normally
skilled in the art that it is preferable to operate a time-multi-
plexed system by multiplexing the transmit antennas only,
and processing signals received at the receive antennas simul-
taneously. This is because of the impact on achievable PRF
that would otherwise occur in a fully multiplexed system. A
frequency chirp signal is advantageously used with multi-
plexed antenna systems, as it may conveniently be processed
using pulse compression techniques in a known manner to
obtain a defined spatial resolution.

Preferably, if a time multiplexed approach is used, the time
taken to complete a cycle of transmissions from each trans-
mitter is kept short, such that any change in the multipath
conditions during that time is minimal. When using this
method the number of transmit antennas and the desired
system spatial resolution are important considerations. The
higher the number of transmit antennas used, the more time
slots are required for transmission, with each time slot need-
ing to be long enough to transmit, and receive through the
multipath environment, the transmitted signal.

If simultaneous transmission (using coded signals for
example) as described above is employed, then a set of
received signals can be produced in a single transmission
from all antennas. A set of NxM power delay profiles can then
be produced from this single transmission. A plurality of
transmissions will clearly be needed if a time-multiplexed
approach is used to generate the full NxM set, whereas a set
of NxM profiles can be generated in a single transmission if it
is suitably coded.

The method includes the step of storing impulse responses,
or power-delay profiles, from each transmitter-receiver pair.
These power-delay profiles represent the signal flight times of
signals at each receiver antenna transmitted by a given trans-
mitter antenna, and so give a profile of the region, or channel,
traversed by the transmitted signal or signals.

The power delay profiles will consist largely of clutter
responses, i.e. of responses from stationary objects such as
trees. Mixed in with this clutter will be responses from target
objects. The target objects must be separated from the clutter
for the method to be effective.
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To do this, a difference of two profiles corresponding to a
given transmitter-receiver pair taken at different times is pro-
duced. This difference represents any changes in the channel
over the time difference period. The difference may be com-
pared to a pre-determined threshold to determine whether the
difference is significant, and therefore representative of a
target. The difference signal may advantageously be pro-
cessed using standard radar processing techniques, e.g. with a
Constant False Alarm Rate (CFAR) algorithm.

The time difference between the first and second power
delay profile responses may bebetween 0.1 s and 105, such as
between 0.2 s and 5 s, such as between 0.5 s and 1 s, or
between any combination thereof. Time differences outside
this range may be used to detect particularly fast or slowly
moving objects.

The power delay profile is preferably a complex power
delay profile. A complex power delay profile stores both
amplitudes and phases of received signals, the use of which
during subsequent processing greatly improves the system’s
ability to detect moving objects. The difference between two
complex power delay profiles will be a coherent difference.

Tt will be understood by a person normally skilled in the art
that the impulse response coherent difference represents a
relative time or times of arrival of a signal passing between the
given transmitter-receiver pair. In a noiseless ideal environ-
ment this difference will be a reflection from something or
things that have changed in the region of interest in the time
difference between the signals being taken, and therefore is
likely to represent a moving target or targets within the envi-
ronment. With knowledge of the relative locations of the
transmitter and receiver antennas, the time of arrival may
usefully be graphically represented on a plan of the region.
This plot will, for a single transmit-receive antenna pair and a
single moving object tend to be elliptical in nature, as it
represents the locus of a constant distance between the trans-
mitter, the moving object, and receiver antennae locations.
Again in an ideal noiseless environment the moving target
will be located somewhere on this ellipse.

The graphical plot may be generated on a pixel-by-pixel
basis. Each pixel may represent a location in the region of
interest. With knowledge of the locations of the transmitter(s)
and receiver(s) in the region of interest then each pixel relative
10 a given transmitter-receiver pair will represent a physical
distance d from the transmitter to the receiver, via the location
represented by the pixel. The value of each pixel may be
determined by accumulating appropriate magnitude values
from each impulse response coherent difference. The appro-
priate values will be those in the impulse response coherent
differences at time t, where t=d/c, with t being the signal flight
time, d the distance as mentioned above in this paragraph, and
¢ the speed of propagation.

The graphical plot may alternatively be generated analyti-
cally, by formulating appropriate ellipses having the trans-
mitter and receiver locations at the foci, and the circumfer-
ences being loci of constant distance d, where d is as
described in the preceding paragraph.

There will generally be a set of concentric ellipses in the
above ideal sitvation, due to multipath signals that reflect via
the moving object and also from clutter objects such as trees.
However, as these will have a larger time delay than the signal
reflecting only from the moving target, these extra ellipses
will all be larger in size than one just from the target, and so
may be discriminated on these grounds.

In environments where the position of objects such as
buildings is known and can be retrieved from a geographic
information system, it is possible to take into account multi-
path via these objects when calculating the likely position of
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6

targets. In this case the loci of potential target positions as
determined by a single transmit-receive antenna pair is given
by a set of elliptical arcs connecting the objects causing
multipath. Although this introduces an added complication,
the incoherent back propagation step described in the follow-
ing paragraph is still able to perform target localisation.

When used with a plurality of transmit and/or receive
antennas the method is able to perform a localisation step, i.e.
to compute a likely location of the moving object. The
impulse response differences, or power-delay profile differ-
ences (the two terms are synonymous as used herein) from a
plurality of transmitter or receiver pairs may be mapped to a
common positional reference, plotted together and incoher-
ently summed, so building up a series of partially overlapping
plots. The highest peak in the summation is the assumed
position of the moving target. This process has been called an
incoherent back-propagation method. The assumed position
may be tracked over time to improve target detection with a
reduced false alarm rate.

The invention also has utility in the detection and localisa-
tion of multiple targets. Each target present will result in the
generation of a set of elliptical plots. There is the possibility
in this instance that cross-ambiguities will be created due to
spurious crossing of the multiple ellipses. Such cross-ambi-
guities may be resolved using known techniques, such as
iterative maximum likelihood techniques.

According to a second aspect of the present invention there
is provided a radar system for use in a region, the region being
a multipath rich environment, the system comprising at least
three transducers positioned in known locations, each trans-
ducer comprising a transmit antenna or a receive antenna, and
there being at least one transmit and at least one receive
antenna, and a processor, wherein at least one transmit
antenna is adapted to transmit a plurality of signals at differ-
ent times, the at least one receive antenna is adapted to receive
the signals, and the processor is adapted to process the
received signals,

characterised in that the system is arranged to produce a

first set of power delay profiles associated with a first
time, and each associated with a particular transmit-
receive antenna pair, and to produce a second set of
power delay profiles associated with a second time, and
each associated with a particular transmit-receive
antenna pair, and wherein the processor is adapted to
calculate a difference, for each transmit-receive antenna
pair, between the first and second power delay profiles,
the difference representing movement of one or more
objects within the region between the first and second
time, to produce, for N transmitters and M receivers, an
NxM set of power delay profile differences, the proces-
sor being further adapted to use the NxM differences,
along with the transducer location information, to loca-
lise the moving objects.

The antennas used may be whip antennas, or alternatively
may be any antenna having a directionality allowing recep-
tion and transmission of signals throughout the region of
interest. The antennas may be each made up of a plurality of
individual antenna elements, with each element being
arranged in a phased, or time-delayed configuration to imple-
ment directional (and steerable should the phase or time
delays be variable) antennas. This provides additional locali-
sation capabilities, albeit at additional cost and complexity.

The invention has particular utility when used at transmis-
sion frequencies of between 0.2 GHz to around 10 GHz. The
normally skilled person will however appreciate that the
invention will work beyond these values, but a lower perfor-
mance may result due to, at the lower frequency end, a
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reduced reflection from e.g. human targets. At the higher
frequency end the poorer propagation through such environ-
ments will tend to reduce performance.

According to a third aspect of the present invention there is
provided a method of detecting a moving object or objects in
a region of interest, the region including a multipath rich
environment, comprising the steps of:

1. arranging at least three transducers about the region in
known locations, each transducer being a transmit
antenna or a receive antenna, and there being at least one
transmit and at least one receive antenna;

ii. transmitting a first set of signals from at least one trans-
mit antenna to at least one receive antenna, the first set of
signals being, at the at least one receive antenna, a com-
posite made up of signals received from multiple propa-
gation paths;

iii. processing the first set of received signals to produce a
first power delay profile response (alternatively known
as an impulse response) representative of the relative
time or times of arrival of the transmitted signal(s) at the
receive antenna(s), at a first time;

1v. repeating steps ii. and iii. with a second set of signals to
produce a second power delay profile response repre-
sentative of the relative time or times of arrival of the
transmitted signals at the receiver antenna(s), at a second
time;

v. calculating, for each transmit and receive antenna pair-
ing, a difference between the first response and the sec-
ond response, the difference containing values represen-
tative of signal strength received for different signal
propagation times, and including information relating to
object movement between the first and the second time;

vi. repeating steps ii to v as necessary to produce, for N
transmit antennas and M receive antennas, an NxM set
of responses each comprising a power delay profile dif-
ference representative of the relative time or times of
arrival of the transmitted signals at the receiver(s), for
each set of signals transmitted by the transmitter(s).

vii. using the transmitter and receiver location information,
and the timing information in the set of power delay
profile difference to localise the moving object.

The invention will now be described in more detail, by way
of example only, with reference to the following Figures, of
which:

FIG. 1 diagrammatically illustrates a first embodiment of
the present invention, indicating a typical arrangement of
transmitters and receivers in a highly multipath environment,

FIG. 2 diagrammatically illustrates a representation of a
highly scattering environment used to model the invention;

FIG. 3 shows a graph of an impulse response calculated
from a signal received at a single receiver and transmitted by
a single transmitter, as modelled in the model described in
relation to FIG. 2;

FIG. 4 diagrammatically illustrates a representation of a
highly scattering environment used to model the invention,
but with the addition of an extra scatterer representative of a
moving target;

FIG. 5 shows a graph of an impulse response of the sce-
nario as described in relation to FIG. 4, including the target
scatterer;

FIG. 6 illustrates how the incoherent back propagation
method tends to produce an elliptic image, with the target
scatterer being located somewhere on the ellipse boundary;

FIG. 7 diagrammatically illustrates the use of multiple
transmitters and receivers to generate multiple ellipses to aid
localisation of a target scatterer;
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FIG. 8 shows a graph of the results of the incoherent back
propagation technique on a model comprising a single target
scatterer in a region with four transmitters and four receivers
present;

FIG. 9 shows a graph of the results of the incoherent back
propagation technique on a model comprising two target scat-
terers in a region with four transmitters and four receivers
present;

FIG. 10 shows a graph of the results of the incoherent back
propagation technique for a single transmit-receive antenna
pair and a target, with multipath via a nearby building having
been taken into account; and

FIG. 11 diagrammatically illustrates the possibility of
detecting, via multipath, targets that are obscured by build-
ings.

FIG. 1 shows a simplified representation of a situation
where the present invention has utility. A woodland area 1
contains many trees, e.g. 2, each of which will tend to act as
a reflector of RF radiation. A bistatic radar 10 comprises
transmitter 3, transmit multiplexer 4 and transmit antennas
Sa-dlocated at a first on the periphery of woodland 1. Receiv-
ers 6a-d and receive antennas 8a-d are located at a second
point broadly on an opposite side of the woodland area 1. A
processor 9 is connected to the receivers 6a-d, and is adapted
to process the signals received to generate a channel estimate,
and to process this estimate as described below.

In practice, the more widely separated the transmit and
receive antennas are within the bounds of the region of inter-
est, the better accuracy will generally result in determining
the location of a moving target.

The bistatic radar’s 10 transmissions are as follows. Trans-
mitter 5 is programmed to transmit signals over a series of
predetermined time slots. Each time slot is associated with a
given transmitter antenna. Thus the first time slotis associated
with antenna 5a, the second with antenna 54, through to the
time slot associated with antenna 5d. Following each trans-
mission in a given time slot, multiplexer 4 switches the trans-
mission to the next antenna. Each transmission is received by
all antennas 8a-84, receivers 6a-6d, and the received infor-
mation processed in processor 9. This generates a 4x4 array of
impulse responses, one for each transmitter-receiver pair.

This provides a complete channel estimate associated with
the propagation of the transmitted signals. The signal trans-
mitted is a linear frequency chirp starting at 1000 MHz and
ending at 1100 MHz, which gives a resolution of approxi-
mately 1.5 m. The duration of the chirp is 1 ps and each slot
is of 50 us duration, giving an unambiguous bistatic range of
7.5 km. The normally skilled person would understand how
these may be adapted to suit other desired ranges and resolu-
tions.

This process is repeated at intervals of 0.5 s to produce a
sequence of complete channel estimates, and the data from
each repetition is processed in processor 9 as described below
to carry out a target detection and localisation step. Processor
9 has knowledge of the locations of each of the transmit and
receive antennas, information which is used in the localisa-
tion processing.

The invention has been modelled using the MATLAB pro-
gram. FIG. 2 shows a representation of a 3 km square “forest”
19, containing 100 randomly distributed scatterers, each
marked as an X e.g. 20, representing trees. Four transmitters
21a-d arelocated in the vicinity of 0 m, 0 m, as represented by
crosses, and four receivers 22a-d are located in the vicinity of
3000 m, 3000 m, as represented by circles. Due to the scale of
the image it is hard to discern the spacing between each of the
transmitters, and each of the receivers, however, the modelled
spacing is 10 m between adjacent antennas.
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The model is based upon a chirped 1 GHz signal, with a
chirp bandwidth of 100 MHz. This sets the temporal resolu-
tion of the received impulse responses at 10 ns, corresponding
to a path length difference of 3 m. This was selected because
it is a timing accuracy achievable in a typical GPS receiver.

A ray tracing approach was used to compute the impulse
response for each transmitter-receiver pair for the scenario
represented in FIG. 2. A first response for the channel
between transmit antenna 21a and receive antenna 22a of
FIG. 2 is shown in FIG. 3. It can be seen that the earliest return
30, ataround 14.1 ps delay is far larger than any of the others.
This return corresponds to the direct path between the trans-
mitter 21a and receiver 22a. In a real system this direct path
is likely to be heavily attenuated. The remaining returns cor-
respond to signal paths that have been reflected from one or
more of the scatterers present. As these paths are longer than
the direct path, the delay is always greater than the direct path.

For the modelled system with four transmit antennas a-d
and four receive antennas a-d, a full estimate of the channel
comprises a 4x4 matrix of the individual antenna pair
responses as shown in FIG. 3.

The channel may be regarded as a multiple input, multiple
output (MIMO) channel, due to the plurality of both transmit
and receive antennas, with each antenna being separated from
the others and hence providing independent fading statistics.
MIMO technology is a relatively recent development in com-
munications systems. MIMO systems take advantage of mul-
tipath conditions by exploiting the multiple independent
communications paths that exist under such circumstances.

FIG. 4 shows the modelled representation of the “forest” as
shown in FIG. 2, but with the addition of a “target” scatterer
4, indicated in the figure as a square. In reality, this may be a
person or vehicle that has moved away from one of the exist-
ing scatters. The presence of this additional scatterer will
change the impulse response of the channel. The model treats
this target in the same way as the other scatterers in terms of
its scattering properties.

FIG. 5 shows the revised, second impulse response from
transmit antenna 21a to receive antenna 22a of the scenario
including scatterer 40. Looking at the difference between the
impulse responses of FIGS. 3 and 5, It can be seen that an
additional impulse 50 is present at around 14.7 ps, corre-
sponding to a signal reflecting from the target scatterer as it
traverses the forest from transmitter 21a to receiver 22a. Ina
real system the delay profile will be affected beyond this first
return due to multiple scatterings involving the target 50.

Here, the target return is embedded in the clutter caused by
the returns from stationary trees. This clutter may be removed
by coherently subtracting the first impulse response, as shown
in FIG. 3, from the subsequent one (which in practice may be
taken for example 0.5 seconds later), shown in FIG. 5. Of
course, these impulse responses must share corresponding
transmit and receive antennas. In carrying out the subtraction,
the phase information within the impulse responses is used,
and so the subtraction is a complex difference between the
two. This process is called coherent change detection. This is
done for the impulse responses corresponding to each trans-
mit-receive antenna pair. The result is thus a complex delay
profile for each transmit-receive antenna pair corresponding
to scatterers (e.g. the target scatter 40) that have changed in
the time between recording the first and second impulse
responses. The output of the coherent change detection is
compared against a pre-determined threshold level to reduce
returns corresponding to very small objects or noise.

Of course, at this stage the system has little knowledge of
where in the forest the target scatterer is located. However, the
value of the delay corresponding to the target scatterer may
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now be used to hypothesise the location of the target scatter as
lying on an ellipse having the positions of the appropriate
transmit and receive antennas as the ellipse foci. This is
shown in FIG. 6. A region 60 contains a single transmitter
antenna 61 and a single receiver antenna 62. A single scatterer
63 is shown, with the EM transmission path from the trans-
mitter 61 to the scatterer 63 and thence to the receiver 62
indicated. The propagation delay associated with this path is
t, seconds. This propagation delay may be converted into a
length 1, where 1=t ¢, where c is the speed of light, and the
locus of the plot of the length 1 to the location of a single
scatterer between the transmit 61 and receive 62 antennas
generates the ellipse 64 mentioned above.

FIG. 7 shows the above process, this time where there are
two transmitters 71a-b, and two receivers 72a-b present,
along with a single scatterer 73. Each transmitter-receiver
pair generates a single ellipse e.g. 74 according to the process
described above. Each ellipse takes in the scatterer on its
periphery. Thus where all of these individual ellipses cross is
the position determined as most likely to be that of the scat-
terer responsible for the ellipses. Hence the use of multiple
transmitters and/or receivers, which will generate a plurality
of ellipses for each target scatterer, can be used to aid the
localisation of the scatterer within the region of interest.

In practice the above FIGS. 6 and 7 are images built up
from individual pixels, wherein each pixel maps to a physical
location on the region of interest. Each pixel is therefore
associated with a delay time t ; equal to the propagation time
between a given transmitter, the pixel’s associated locationin
the region of interest, and a given receiver, as described
above. For each transmitter and receiver pair, the contribu-
tions in the output of the coherent change detection step
corresponding to the delay time t ;are accumulated to arrive at
an intensity value, and this value is assigned to the pixel in
question. This process has been called Incoherent Back
Propagation, and, for a single target and a single transmitter-
receiver pair, results in an elliptical pattern as shown.

FIG. 8 shows an output of a modelled system comprising
four transmit and four receive antennas. The region modelled
here is a 500 m by 500 m square, with a single scatterer. The
four transmit antennas are located in the region of 0 m, 0 m
and the receiver antennas located in the region of 500 m, 500
m. The transmit antennas are linearly positioned with a sepa-
ration of around six wavelengths between neighbours. The
receive antennas are similarly positioned relative to each
other.

The four transmit antennas and four receive antennas thus
produce 16 coherent change detection outputs, one for each
pair. The above process of plotting, for each pixel in the
region, the accumulation of the part of the coherent change
detection output corresponding to the appropriate delay,
results in the partial ellipses as shown. Here, a brighter pixel
is indicative of a higher value in the coherent change detection
output.

It can be seen that the brightest point in the image is where
the ellipses all apparently cross, at a point in the vicinity of
x=400 m, y=250 m, which is the location of the scatterer.

Inpractice, noise spikes, antenna sidelobes, time sidelobes,
and other multipath responses may all produce artefacts in the
image. Such artefacts will frequently manifest themselves as
concentric ellipses surrounding a response from a genuine
target. Known averaging or tracking methods may be used
reduce these effects. The impulse responses obtained using
the invention may also be processed using known Doppler
filtering techniques to reduce the effects of internal forest
motion. For example, standard Moving Target Indication
(MTI) and Moving Target Detection (MTD) techniques
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(Muehe, C. E., The moving target detector, IEEE Trans. Aero-
space and Elect. Sys., Vol. 42, Issue 3, July 2006, pp 1177-
1181) may be applied to the measured signals for each trans-
mit-receive antenna pair before change detection processing.
These techniques allow returns from the slowly-varying for-
est background to be removed. More sophisticated adaptive
techniques could also be applied to filter out unwanted back-
ground clutter (Anderson, K. J.; Ward, J.; O’Donnell, R. M.,
Adaptive Doppler filtering applied to modern air traffic con-
trol radars, Proceedings of the IEEE Radar Conference, 26-29
Apr. 2004, pp: 242-243).

FIG. 9 shows an image produced by the incoherent back
propagation process described above, but this time with two
targets present. A first target is present in the same location as
described in FIG. 8, at around x=400 m, y=250 m. The second
target is located at x=250 m, y=200 m. It can be seen that each
target generates a set of ellipses. Peak detection of the image
is again used to locate the targets’ locations within the image.
With multiple targets present it is possible that cross-ambi-
guities may be created due to spurious crossing of the mul-
tiple ellipses. Such ambiguities may be resolved by using
iterative maximum likelihood techniques to improve the
localisation performance. A variety of techniques could be
used in this situation but two suitable techniques would be
modified versions of either IMP (J. Mather, “The incremental
multi-parameter algorithm”, 24th Asilomar conference on
signals, systems and computers, 1:368-372, November 1990)
or RELAX (J. Li and P. Stoica, “Efficient mixed-spectrum
estimation with applications to target feature extraction”,
29th Asilomar conference on Signals, Systems and Comput-
ers, 1:428-432, 1995.)

FIG. 10 shows how the presence of a building 100 affects
the locus of the hypothesized target position for a single
transmit 101 and receive 102 antenna pair. It is assumed that
the position of the building 100 is accurately known from
some other source, such as a geographic information system,
and that some object 103 is blocking the direct path from a
target 104 to the receive antenna 102.

From any given pixel, a signal propagation path travelling
via the building may be hypothesised, and the additional
distance traveled by the signal, manifesting as an additional
time delay in the power delay profile, can be taken into
account. This may be done in the incoherent back-propaga-
tion step by calculating the distance of all possible multipath
routes the signal can take and accumulating in the appropriate
pixel the signal power associated with the time-of-flight of
each multipath distance from each transmit-receive antenna
range profile.

For example, as shown in FIG. 10, an inner elliptic arc 105
is calculated from the delay of the signal received by the
receiver via multipath from the building 100, and contains the
correct position of the target 104. This delay could also have
been caused by a target on the outer elliptic arc 106 whose
reflected signal was not subject to multipath. Note that it is not
possible from this information alone to determine on which
arc the target is located. However, when the incoherent back
propagation technique is applied, the elliptic arcs produced
by each transmit-receive antenna pair will all overlap only at
the correct target position. If the target-receiver path were not
blocked as in this example, an additional ellipse, correspond-
ing to the usual transmitter-target-receiver propagation time,
that contains the target position would also be present. This
signal would simply enter the incoherent back propagation
calculation and contribute towards target detection and locali-
sation. As with the transmit and receive antenna positions, the
more accurately the position of the building is known, the
more accurate the detected target location will be.
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FIG. 11 shows how targets obscured by buildings may be
detected if multipath propagation exists via another building.
Transmitters and receivers 110 as described above are posi-
tioned about a region containing buildings 111, 112, and a
target 113. The process as described in relation to FIG. 10
may be employed to provide a more accurate location of the
target 113 than would otherwise be obtained. Knowledge of
the buildings 111, 112 is assumed, e.g. from a geographical
information system. In this example the system is effectively
able to “see around the corner” of the obscuring building 112
using the multipath reflections from building 111. When
using radio waves it is likely that some energy will be dif-
fracted around the leading corner of the obscuring building
112 as shown in the figure. It is assumed that this signal is of
a low enough power not to be of significant detriment to the
performance of the system. However, if necessary such infor-
mation could be added in to the calculation. Note that each
transmitter is shown co-located with a receiver in this
embodiment. The spatial separation between each transmit-
ter/receiver pair however ensures that each receiver is likely
to receive signal with independent fading characteristics, and
so enable the incoherent backpropagation technique dis-
cussed above to localise the target 113.

An alternative method of processing the coherent change
detection differences is possible. In this scheme a peak detec-
tion algorithm would detect the time delay of several peaks in
the coherent difference signal for each transmit-receive
antenna pair. Using this delay and the location of the trans-
mitters and receivers an analytic equation describing the
ellipses corresponding to each potential target position is
calculated. Inideal circumstances the position at whichall the
ellipses overlap would indicate the true target position. How-
ever, in practice noise and other impairments results in
ellipses that do not all precisely overlap at the same point. The
points at which each pair of ellipses overlaps is calculated
analytically and is recorded as a potential target detection
along with the magnitude of the difference signals associated
with this position. The potential target detections as a whole
are automatically examined for tightly positioned clusters.
Clustering may be performed with any standard algorithm,
such as the k-means clustering algorithm (Andrew Webb,
Statistical Pattern Recognition, John Wiley and Sons, 2003).
Clusters whose sum-of-component-magnitudes are above a
detection threshold are declared as a target. The weighted
centroid of the cluster indicates the target position.

Although the invention has been described in relation to the
transmission and reception of electromagnetic signals, it will
be clear to the normally skilled person that the invention may
also be used with other such signals. For example, the inven-
tion may be employed in a multi-static sonar system using
sound waves as the transmission medium.

The scope of the present disclosure includes any novel
feature or combination of features disclosed therein either
explicitly or implicitly or any generalisation thereof irrespec-
tive of whether or not it relates to the claimed invention or
mitigates any or all of the problems addressed by the present
invention. The applicant hereby gives notice that new claims
may be formulated to such features during the prosecution of
this application or of any such further application derived
there-from. In particular, with reference to the appended
claims, features from dependent claims may be combined
with those of the independent claims and features from
respective independent claims may be combined in any
appropriate manner and not merely in the specific combina-
tions enumerated in the claims.



US 8,217,827 B2

13

The invention claimed is:

1. A method of detecting a moving object or objects in a
region of interest, the region including a multipath rich envi-
ronment, comprising the steps of:

1. arranging at least three transducers about the region in
known locations, each transducer being a transmit
antenna or a receive antenna, and there being at least one
transmit antenna and at least one receive antenna;

ii. for a given transmit and receive antenna pair, transmit-
ting a first signal from the at least one transmit antenna,
and receiving it at the at least one receive antenna, the
signal at the receive antenna being a composite signal
made up of signals received from multiple propagation
paths;

i1, processing the first composite signal to produce a first
power delay profile response (alternatively known as an
impulse response) representative of the transit time or
times of the transmitted signal at the receive antenna;

iv. repeating steps ii and iii as necessary for each other
transmit antenna and receive antenna pair to produce, for
N transmit and M receive antennas, a first set of NxM
responses each comprising a power delay profile
response, and being representative of the region at a first
time;

v. repeating steps ii. to iv. to produce a second NxM set of
power delay profile responses representative of the tran-
sit time or times of arrival of the transmitted signal(s) at
the receive antenna(s) and being representative of the
region at a second time;

vi. calculating a difference between the first and second set
of responses, the difference containing values represen-
tative of signal strength received for different signal
propagation times, and including information relating to
object movement between the first and second time;

vii. using the transmitter and receiver antenna location
information, and the timing information in the power
delay profile difference to localise the moving object,
the localisation being carried out with the aid of an
image, each pixel of which corresponds to a part of the
region of interest, and the image comprising information
representative of the power delay profile difference,
wherein the value of each pixel is based upon an accu-
mulation of the values from each difference correspond-
ing to the propagation delay of a signal passing between
each transmit antenna to each receive antenna via that
part of the region represented by the pixel.

2. A method as claimed in claim 1 wherein a plurality of
transmit antennas are used, each separated from the others by
a distance sufficient to ensure that each transmit-receive
channel has independent fading characteristics.

3. A method as claimed in claim 1 wherein a plurality of
receive antennas are used, each separated from the others by
a distance sufficient to ensure that each transmit-receive
channel has independent fading characteristics.

4. A method as claimed in claim 1 wherein the transmitter
antennas and receiver antennas are not co-located, and form a
bistatic or multi-static system.

5. A method as claimed in claim 1 wherein the transmitted
signals are coded to enable each receiver to know from which
transmitter a received signal emanated.
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6. A method as claimed in claim 5 wherein the coding takes
the form of time multiplexing the transmitted signals.

7. A method as claimed in claim 5 wherein the transmitted
signal is a chirp.

8. A method as claimed in claim 5 wherein the coding takes
the form of code division multiplexing of the transmitted
signals.

9. A method as claimed in claim 5 wherein the coding takes
the form of frequency division multiplexing of the transmit-
ted signals.

10. A method as claimed in claim 1 wherein the differences
between the first and second set of responses are processed
using a constant false alarm rate algorithm.

11. A method as claimed in claim 1 wherein each of the
delays corresponding to the differences is used to produce an
ellipse having the locations of the appropriate transmitter and
receiver antennas at the ellipse foci, the ellipse boundary
corresponding to a possible location of a moving target.

12. A method as claimed in claim 11 wherein the intersec-
tions of ellipses are grouped into clusters with the clusters
having the highest number of intersections indicating likely
target positions.

13. A method as claimed in claim 1 wherein the difference
between the first response and the second response is a coher-
ent difference.

14. A method as claimed in claim 13 wherein the set of
power delay profiles comprise complex power delay profiles.

15. A method as claimed in claim 1 wherein the value from
each difference used to generate a pixel value is chosen taking
into account likely multipath delays caused by objects in the
region having a known position.

16. A method as claimed in claim 1 wherein the difference
between the first response and the second response is an
incoherent difference.

17. A radar system for use in a region, the region being a
multipath rich environment, the system comprising at least
three transducers positioned in known locations, each trans-
ducer comprising a transmit antenna or a receive antenna, and
there being at least one transmit and at least one receive
antenna, and a processor, wherein at least one transmit
antenna is adapted to transmit a plurality of signals at differ-
ent times, the at least one receive antenna is adapted to receive
the signals, and the processor is adapted 10 process the
received signals, characterised in that the system is arranged
to produce a first set of power delay profiles associated with a
first time, and each associated with a particular transmit-
receive antenna pair, and to produce a second set of power
delay profiles associated with a second time, and each asso-
ciated with a particular transmit-receive antenna pair, and
wherein the processor is adapted to calculate a coherent dif-
ference, for each transmit-receive antenna pair, between the
first and second power delay profiles, the coherent difference
representing movement of one or more objects within the
region between the first and second time, to produce, for N
transmitters and M receivers, an NxM set of power delay
profile differences, the processor being further adapted to use
the NxM differences, along with the transducer location
information, to localise the moving objects, and

the processor being further adapted to generate an image,

each pixel of which corresponds to a part of the region of
interest, with the value of each pixel being based upon an
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accumulation of the values from each coherent differ-
ence corresponding to the propagation delay of a signal
passing between each transmit antenna to each receive
antenna via that part of the region represented by the
pixel.

18. A system as claimed in claim 17 wherein the power
delay profiles are complex power delay profiles, and the dif-
ference between the two complex power delay profiles is a
coherent difference.
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19. A system as claimed in claim 17 wherein the system
comprises a plurality of transmit antennas, and a plurality of
receive antennas, each of the plurality of transmit antennas
being connected to a transmitter and being arranged to trans-
mit a uniquely coded signal.

20. A system as claimed in claim 17 wherein the accumu-
lation of values of the coherent differences is an incoherent
accumulation.



