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SEPARATING AN UNKNOWN RADAR SIGNAL OUT FROM MULTIPLE
UNKNOWN RADAR SIGNALS

Technical Field of the Invention

The invention relates to a method and a radar signal separator for separating an unknown

radar signal out from multiple unknown radar signals.

Background to-the Invention

There is a desire to separate unknown radar signals out from one another, so that the
unknown radar signals can be individually analysed and identified. In dense radar
environments with multiple radar transmitters, it can be difficult to separate different radar

signals out from one another.

A radar signal typically comprises a'train of pulses that are transmitted by a radar transmitter.
The identification of which pulses relate to which radar transmitters, so that the radar signal
* of any particular radar transmitter can be reconstructed by selecting just the pulses relating to

that particular radar transmitter, 1s a first step in identifying unknown radar transmitters.

Since the radar signals are unknown, it is not possible to separate a given radar signal out
from other radar signals by searching for known characteristics of the given radar signal, for
examplé in a manner similar to that done for separating known GPS system signals out from

-one another.

A known technique for separating unknown radar signals out from one anbthefcomprises
separating radar pulses according to their radio frequency. However, maritime navigation
radars may make up the majority of signals and these typically operate on very similar radio’
frequencies. Other known techniques include separating radar pulses based upon the pulse
width and/or bearing if available. Other approaches have been to use artificial intelligence

techniques and graph theory.
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Another known technique comprises the use of Pulse Repetition Interval (PRI) to separate
radar signals from one another, by assuming that radar pulses which occur at fixed time
intervals are likely to belong to the same radar signal, or at least to belong to a smaller group -
of radar signals than all of the radar signals that are present. However, the radar pulses of a
radar signal are sometimes jittered in time, which can make detection of the jittered radar

signal more difficult.

US Patent No 5, 583,505 discloses a receiver that uses PRI techniques and which is designed
to cope with jittered pulses, however when many different radar signals are present,
separation of individual radar signals even when using these techniques becomes difficult,

particularly when different radar signals have similar PRIs.

It is therefore an aim of the invention to provide an improved way of separating unknown

radar signals from one another.

Summary of the Invention

The Time Of Arrival (TOA) for a radar signal at an antenna is a function of the relative
distance from the radar transmitter to the .antenna. Therefore a radar signal from a particular
radar transmitter will arrive at spatially different antennas at different times. The time
difference between a radar signal arriving at one antenna and the same radar signal arriving at

another antenna is referred to herein as a Time Difference Of Arrival (TDOA).

When radar signals are sent from different radar transmitters -that have different positions to
one another, the radar signals normally have different TDOA’s from one another, Idue to the
differing radar transmitter positions. Therefore, it is possible‘ to distinguish different radar
signals from one another based upon the TDOA of the radar signals at spatially different

antennas.

Therefore, according to a first aspect of the invention, there is provided a method for
separating an unknown radar signal out from multiple unknown radar signals. The method
comprises receiving the multiple unknown radar signals at spatially different antennas, and

separating the unknown radar signal out from the multiple unknown radar signals based upon
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the time difference of arrival (TDOA) of the uriknown radar signal at the spatially different

antennas.

Preferably, the signals received from the spatially different antennas are compared to one
another by performing a cross-correlation between them to determine a correlation péak. The
correlation peak designates the TDOA of radar pulses within the received signals, the radar
pulses responsible for producing the correlation peak. The parts of the received signals that
correlate with one another at this correlation peak may then be extracted to construct the

radar signal that produced the radar pulses.

The cross-correlation may produce muftiple correlation peaks, and each peak may be
reviewed for constructing a radar signal from the parts of the received signals that correlate .
with one another at the correlation peak. Since signals transmitted from different transmit\ter‘s
will have different TDOA’s at the spatially different antennas, each correlation peak should

correspond to a particular transmitter, and therefore a particular signal, such as a radar signal.

Since radar signals generated from spatially different sources are separated from one another
based upon the fact that they have different TDOAs, rather than that they have any particular
values of TDOA, the received signals recorded at the spatially different antennas do not need
to be time-synchronised with o‘neA another. This is because time offsets affect all of the
TDOAs, and do not typically cause one TDOA to match another TDOA when the TDOAs
would not have matched one another had the received signals been all recorded at exactly the
same time. Accordingly, the method can be easily implem’erited without any requirement for

complex and/or expensive time synchronisation methods between the received signals.

Advantageously, the receiving of the multiple unknown radar signals at spatially different
-antennas may comprises receiving a first RF time segment taken from a first antenna of the
spatially different antennas; and ré_ceiving a second RF time segment taken from a second
antenna of the spatially different antennas. The first RF time segment is a recording of the RF
signal received at the first antenna during a first time segment, and the second RF time |
segment 1s a recording of the RF signal received at the second antenna during a second time

segment.
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Hénce, only two spatially different antennas are required to separate an unknown radar signal
out from multiple unknown radar signals. Whilst two different radar transmitters could
theoretically f)roduce the same TDOA at the two antennas if the two different transmitters
were both located in positions produéing the same TDOA, the vast majority of transmitter
positions will produce different TDOA’s, and so this is considered unlikely to occur in
practice. Even if this does occur, a particular signal that is identifiea as having a particular
TDOA, will normally compriée many less radar signals to be separated than all the radar
signals in the first and secoﬁd RF time segments. In such a case, the method may further
comprise additional processing steps to separate the unknown radar signal out from the
particular signal, such that the separation of the unknown radar signal from the multiple -
unknown radar signals is based upon the known techniques, as well as being based upon the

TDOA of the unknown radar signal at the first and second antennas.

The calculation of the TDOA may comprise calculating a cross-correlation between the first
RF time segment and the second RF time segment; and identifying a peak in the calculated
_ cross-correlation, the peak designating the TDOA of the unknown radar signal at the first and

second antennas.

The first and second time segments preferably overlap one another in time so that the cross-
conelatidn can identify a true TDOA between the first and second segments rather than just
an aliased TDOA, which may occur when later radar pulses of a radar signal corrclafe to
earlier radar pulses of the radar signal, if there is very little variation between the radar pulses

of the radar signal.

[f every individual pulse emitted from the radar transmitter is unique, for example if the radar
signal contains jittered pulses, then there are unlikely to be any significdnt peaks in the

correlation that correspond to aliased TDOAs, improving the efficacy of the method.

The TDOA of the unknown radar signal at the first and second antennas may be a timeshift of
the second RF time segment from the first RF time segment at which the first RF time
segment and the second RF time segment correlate with one another. The separating the
unknown radar signal out from the multiple unknown radar signals may fﬁrt_her comprise

calculating an intersection of the first RF time segment and the second RF time segment
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when the second RF time segment is shifted from the first RF time segment by the timeshift;

and outputting the calculated intersection as the unknown radar signal.

The in{ersection operation outputs the signal parts that are present in both the first RF time
segment and the second RF.time segment when the second RF time segment is shifted from
the first RF time segment by the timeshift, and may for example be calculated by multiplying
the first RF time segment and the second RF time segment when the sécond RF time segment

is shifted from the first RF time segment by the timeshift.

The second antenna is sufficiently remote from the first antenna to give measurable
differences between the time of arrival of a pulse at the first antenna and the time of arrival of
the pulse at, the second antenna. Whether a time difference is measurable or not, and therefore.
how rémote the first and second antennas need to be, will clearly depend upon the sampling
rates of the first and second RF time segments. For example, the higher the sampling rate, the

closer together the first and second antennas could be positioned.

To help avoid non-radar transmitters from generating correlation peaks, the frequency range
of each of the first and second RF time segments may be restricted to cover -expécted radar
signal frequencies, prior to the step of calculating a cross-correlation betweé_n the first RF
time segment and the second RF time segment. Then, there will be less correlation peaks that

need to be reviewed.

Advantageously, the receiving the multiple unknown radar signals at spatially different
antennas may comprise receiving a third RF time segment taken from a third antenna of the
spatially different antennas. Then, the calculating a cross-correlation between the first RF
time segment and the second RF time segment comprises calculating the cross-correction
between the first RF time segment, the second RF time segment and the third RF time
segment. Therefore, a correlation peak on the three dimensional surface resulting from the
cross-correlation will designate a TDOA of the unknown radar signal at the first and third
antennas, in addition to the TDOA ‘between the first and second antennas. The TDOA ‘A

between the first and second antennas may also be determined.

The TDOA of the unknown radar signal at the first and third antennas may be a timeshift of

the third RF time segment from the first RF time segment at which the third RF time segment
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correlates with the first and second RF time segments, the second RF time segment being
shifted from the first RF segment by the timeshift of the second RF time segnﬁent from the

first RF time segment.

The step of calculating an intersection may comprise calculating the intersection of the first
RF time segment, the second RF time segment, and the third RF time segment, when the
second RF time segment is shifted from the first RF time éegment by the timeshift of the
second RF time segment from the first RF time segment,.and the third RF time segment is
shifted from the first RF time segment by the timeshift of the third RF time segment from the

first RF time segment.

Using three RF time segments from three spatially different antennas helps to separate radar
signals that have the same TDOA to both the first and second antennas, for example when
two different radar signal transmitters both lie on a hyperboloid surface that has its foci at the

first and second antennas, as will be apparent to those skilled in the art.

Advantageously, a posifion from which the unknown radar signal originates may be
determined based upon the timeshift of the second RF time segment from the first RF time
segment, the timeshift of the third RF time segment from the first RF time segment, the
relative times at which the first, second, and third RF time segments were taken from the
first, seéond, and third antennas respectively, and the position.§ of the first, second, and third

antennas.

The ;'elative times at which the RF time segments were taken from the antennas may be
determined according to respective timestamps associated with each one of the RF time
segments, or the antennas may all be configured to begin recording at exactly the same time
as one anothér, for example by receiving a start command from é transmitter that is

equidistant from all of the antennas.

The method may further comprise identifying a further peak in the calculated cross-
correlation, the further peak designating a TDOA of a further unknown radar signal at the
first and second antennas. A further intersection may be calculated to separate the further

unknown radar signal from the received signals.
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According to a second aspect of the invehtion, there is provided a radar signal separator for
separating an unknown radar signal out from multiple unknown radar signals. The radar
signal separator is configured to receive the multiplé unknown radar éignals from spatially
different antennas; and separate the unknown radar signal out from the multiple unknown |
radar signals based upon the time difference of arrival (TDOA) of the unknown radar sigﬁal

at the spatially different antennas.

‘The radar signal separatér may be configured to receive the multiple unknown radar signals
from spatially different antennas by receiving a first RF time segment taken from a first
antenna; and receiving a second RF time segment takeﬁ from a second antenna that is remote
from the first antenna, and may be further configured to separate thé unknown radar signal
out from the multiple unknown radar signals based upon the TDOA of the unknown radar
-slgnal at the spatially different antennas by:

- calculating a cross- conelatlon between the first RF time segment and the second RF
time segment;

- identifyiﬁg a peak in the calculated cross-correlation, the peak designating a
timeshift of the second RF time segment from the first RF time segment at which the first RF
time segment and the second RF time segment correlate with one another;

- calculating an intersection of the first RF time segment and the second RF time
segment when the second RF time segment is shifted from the first RF time segment by the
timeshift; and ‘

- outputing the calculated intersection as the unknown radar-signal.

The radar signal separator may be configured to perform the methods discussed in relation to
the first aspect. The phrase “spatially different antennas” refers to antennas that are at

different positions to one another.

Preferably the computatioﬁal burden of the method is reduced by converting the radar signals
(or more typiéally the RF segments of interest) from a detailed waveform (e.g. a raw
waveform or an envelope, which may include sampling at or near to radar frequencies of
interest) to a simplified i‘epresentation. The simplified representation preferably contains
information on the timing of radar pulses. This typically includes the leading and/or trailing
edges of the (each) waveform, and may substantially comprise a list of the leading and/or

trailing edges of pulses in the (each) waveform. Optionally the leading edges are used,
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optionally the trailing edges are used, and preferably both are used. Alternatively or
additionally it may include information on the mid-point of the radar pulses, or any other
representative timing indicator (fourth rising edge of each pulse, three-quarter point of each
pulse etc). It should not matter if a consistent offset is included and so the simplified
representation may include the timings of each radar pulse plus a constant (E.g. 1ms)

although in practice there should be no particular benefit in doing $0.

Performing the cross-correlation on the simplified representation enables a reduction in the
computational burden of the operation, as compared to performing the cross-correlation on a
raw waveform. This may enable the processing method to omit the step of recording a raw
waveform in the first place. Due to the high frequencies used in radar transmissions.
recording raw waveforms is technically challenging, and cross correlating the raw wavetorms
quickly (e.g. in real time) requires considerable processing power which is expensive, so the
use 6fa simplified representation may reduce the cost, and perhaps also the power

requirement of an associated computer processor.

When the cross correlation is performed on a simplified representation. a peak in the
identified output is used to identify a TDOA of one of the signals, and this is used to identify
leading edges and/or trailing edges of pulses in the signals (or RF segments of interest) which
have a TDOA that match the identified TDOA, and to construct one of the original signals
(i.e. in this case a simplified representation thereof including information on the leading
and/or trailing edges of pulses in the radar signal) which can be used to identify the type of

- radar transmitter and/or the status of the radar transmitter. Techniques for identifying the type
of radar transmitter and/or its status are known i(n the art and are outside the scope of this
document, however as an example a pulse repetition interval, or indeed a whole pattern

known to be included in certain types of radars. or radars in certain operating modes may be

identified in the reconstructed radar signal.

Therefore advantageously in the method of the first aspect the first and second RF time -
segmeﬁ(s may each comprise a simplified repfesentation of respectively associated rédio

' freqﬁency waveform time segments, each simplified representation including summary
information including the timings of radar pulses of the respectively associated radio
frequency waveform time segments (the timings being at least relative timings — i.e. relative

to other pulses in the same RF time segment). More specifically the first and second RF time
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segments may each include information on the timings (typically the relative timings) of
radar pulses of (i.e. that were derived from) respectively associated radio frequency
waveforms, and substantially exclude such associated radio frequency waveforms (i.e.
omitting waveform sampling data at 01; near the wavelength of the carrier frequency of the
radar signals). Optionally this is preceded by the step of extracting information on the timings
of radar pulses of a radio frequency waveform of the first and second RF time segments, or

alternatively the simplified representation is received and accordingly processed.

Brief Description of the Drawings

Ilustrative embodiments of the invention will now be described by way of example only and
with reference to the accompanying drawings, in which:

Fig. 1 shows a schematic diagram of two unknown radar transmitters and two
spatially different antennas according to first and second illustrative embodiments of the
invention:

B Fig. 2 shows a timing diagram of a first radar signal emitted from 'l first one of the
unknown radar transmitters of Fig. |;

Fig. 3 shows a timing di‘agram of a second radar signal emitted from a second one of
the unknown radar transmitters of Fig. 1;

Fig. 4 shows a timing diagram of the radar signals received at a first one of the
spatially different antennas of Fig. 1, | .

Fig. 5 shows a tiniing diagram of the radar signals received at a second one of the
spatially different antennas of Fig. 1,

Fig..6 shows a diagram of a cross-correlation between the radar signals received at the
first one of the spaually different antennas and the radar signals received at the second one of
the spatially different antennas: |

Fig. 7 shows a diagram of the calculation of the intersection between the radar signals
received at the first one of the spatially different antennas and the radar signals received at the
second one of the spatially different antennas when shifted according to a first correlation
peak corresponding to the first radar signal:

Fig. 8 shows a diagram of the calculation of the intersection between the radar signals

received at the first one of the spatially different antennas and the radar signals received at the
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second one of the spatially different antennas when shifted according to a second correlation
peak corresponding to the second radar signal;

Fig. 9 shows a timing diagram of a first jittered radar signal emitted from the first one
of the unknown radar transmitters of Fig. |,

Fig. 10 shows a timing diagram of a second jittered radar signal emitted from the
second one of the unknown radar transmittejs of Fig. 1;

Fig 11 shows a diagram of a cross-correlation between the jittered radar signals
received at the first one of the spatially different antennas and the jittered radar signals
received at the second one of the spatially different antennas;

Fig. 12 shows a schematic diagram of an unknown radar transmitter and three
spatially different antennas according to a third illustrative embodiment of the invention; and

Fig. 13 shows a schematic diagram of a radar signal separator system according to the

third illustrative embodiment.

The drawings are for illustrative purposes only and are not to scale.

Detailed Description

A first illustrative embodiment of the invention will now be described with reference to Figs.
1 - 8. Fig. | shows a schematic diagram of first and second unknown radar transmitters Scr_A
and Src_B respectively, and first and second spatially different antennas Rx1 and Rx2

respectively.

As shown in Fig. 1, the first and second unknown radar transmitters, and the first and second

spatially different antennas, are all located at different positions to one another.

Since the antennas RX1 and RX2 are at different positions to one another, a radar signal from
the first unknown radar transmitter takes differing amounts of time to reach the antennas RX1
and RX2. Specifically, the Scr_A radar signal takes 300ups to reach the antenna RX1 and
takes 670us to reach the antenna RX2. The Time Difference Of Arrival (TDOA) of the

Scr_A radar signal between the first and second antennas is therefore 370us.
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Furthermore, since the first and second unknown radar transmitters are also at different
positions to one another, the Scr_B radar signal takes 500us to reach the antenna RX1 and
takes 3.60}18 to reach the antenna RX2. The Time Difference Of Arrival (TDOA) of the Scr_B
radar signal between the first and second antennas is therefore -140us.

ASin‘ce the radar signals travel at the speed of light ¢, the antenna RX1 is a distance ot 300us.c
from the first unknown radar transmitter Scr._ A, and 500us.c from the second unknown radar
transmitter Scr_B. The antenna RX2 is a distance of 670us.c from the first unknown radar

transmitter Scr_A and 360us.c from the second unknown radar transmitter Scr_B.

The timing diagram of Fig. 2 shows the Src_A radar signal as comprising multiple pulsés
RP_A. The pulses RP_A are 20us in width, and are repeated at a pulse repetition interval
(PRI) of 450us. The timing diagram of Fig. 3 shows the Src_B radar signal as comprising{
multiple pulses RP_B. The pulses RP_B are also 20us in width, but are repeated at a pulse
repefition interval (PRI) of 633us. The first radar pulses RP_A and RP_B are both ’emitted

from the radar-transmitters Src_A and Scr_B ata time T =0.

‘The timing diagram of Fig. 4 shows a first RF time segment taken from the antenna RX1, the
‘first RF time segment running from the time T = Ous to T - 10000us. Since the antenna RX1,
is 300us.c from the radar transmitter Scr_A, the first pulse RP_A arrives at T = 300us, and
since the antenna RX1 is 500us.c from the radar transmitter Scr_B, the first pulse RP_B
arrives at T = 500us. Throughout the first RF time segment Thé pulses RP_A are received
every 450us, and the 'pulses RP_B are received every 633ps.

The timing diagram of Fig. 5 shows a second RF time segment taken from the antenna RX2,
the second RF time segment also running from the time T = Ous té T = 10000ps. Since the
antenna RX2 1s 670ps.c from the radar transmitter Scr_A, the first pulse RP_A arrives at T =
. 670us. and since the antenna RX2 is 360us.c from the radar transmitter Scr_B, the first pulse
RP_B arrives at T = 360us. Throughout the second RF time segment, the pulses RP_A are

received every 450us, and the pulses RP_B are received every 633us.

Next, the first and second RF time segments are cross-correlated with one another to identify
correlation peaks that may correspond to radar signals being received at the first and second

antennas at different times to one another. The result of the cross-correlation is shown in Fig.
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6. The cross-correlation runs from -2500us to +2500us, as the second RF time segment is slid
past the first RF time segment from -2500us relative to the first RF time segment to +2500us

relative to the first RF time segment.

The large- correlation peak CP_A at -370us indicates that the first RF time segment aﬁd the
second RF time segment correlate well with one another when the second time segment has a
time shift of -370us from the first RF time segment. This corresponds lo"lhe TDOA of the
Scr_A radar signal, the radar transmitter Scr_A being 370us.c closer to the first antenna RX1

than the second antenna RX2.

The correlation peaks at -820us, -80ps, and 530us correspond to aliased TDOA’s of the
Scr_A radar signal, when earlier pulses RP_A correlate well to later pulses RP_A of the
Scr_A radar signal. The correlation péaks of -820us, -370us, -80us, and 530us, occur at

intervals matching the pulse repetition interval of 450us of the Src_A radar signal.

The large correlation peak CP_B at 140us indicates that the first RF time segment and the
second RF time segment correlate well with one another when the second time segment has a
time shift of 140ps from the first RF time segment. This corresponds to the TDOA of the
Ser_B radar signal, the radar transmitter Scr_B being 140us.c further from the first antenna

RX1 than the second antenna RX2.

The correlation peaks at -493ps, and 773ps correspond to aliased TDOA's of the Scr_B radar
signal, when earlier pulses RP_B correlate well to later pulses RP_B of the Scr_B radar
signal. The correlation peaks of -493us, 140us, and 773ps, occur at intervals matching the

pulse repetition interval of 633us of the Src_B radar signal.

The correlation peaks relating to the pulses RP_A are higher than the correlation peaks
relating to the pulses RP_B due to the higher pulse repetition rate, and therefore the greater

the number of pulses that correlate between the RF time segments, of the Src_A radar signal.

Once the cross-correlation has been calculated, a correlation peak is chosen for reconstructing
the signal that is responsible for the correlation peak. Typically, the highest correlation peak
is chosen first. The signal is reconstructed by performing an intersection between the first and

second RF time segments when shifted according to the correlation peak.
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Thé: diagram of Fig. 7 shows the calculation of an intersection INT1 between the first and
second RF time segments when the correlation peak at -370us is chosen. Specifically, the
second RF time segment is shifted -370us relative to the first RF time segment, and the first
and second RF time segments are multiplied together to produce the intersection INT1, which-
corresponds to the radar signal from the unknown radar transmitter Src_A. The dashed lines
on Fig. 7 show how the pulses RP_A are aligned with one another at the timeshift of -370us.

and therefore result in the pulses RP_A being reconstructed in the intersection INT1.

Once the Src_A radar signal has been reconstructed, and identified as having a pulse
repetition interval of 450us, the correlation peaks that appear in the Fig. 6 cross-correlation at
intervals of 450us can be discounted as aliases. Had a different one of the -820us, -370us. -
80us, and 530us correlation peaks been chosen first, then the Src_A radar signal would still
have been reconstructed, albeit with earlier-transmitted pulses multiplied with later-
transmitted pulses to yield the reconstructed radar signal. This should not lead to a
significantly different result: if the earlier-transmitted pulses were significantly different to
the later-transmitted pulses, then the correlation peak would not have been produced in the

first place.

The diagram of Fig. 8 shows the calculation of an intersection INT2 between the first and:
second RF time segments when the next correlation peak at 140us is chosen. Specitically, the
second RF time seglﬁem is shifted 140us relative to the first RF time segment, and the first
and second RF time segments are multiplied together to produce the intersection INT2, which
corresponds to the radar signal from the unknown radar transmitter Src_B. The dashed hnes
on Fig. 7 show how the pulses RP_B are aligned with one another at the timeshift of 140us,

and therefore result in the pulses RP_B being reconstructed in the intersection INT2.

Once the Src_B radar signal has been reconstructed, and identified as having a pulse
repetition interval of 633us, the correlation peaks that appear in the Fig. 6 cross-correlation at
intervals of 633us can be discounted as aliases. Had a different one of the -493us, 140us, and.
773us con*elatidn peaks been chosen first, then the Src_B radar signal would still have been
reconstructed, albeit with earlier-transmitted pulses multiplied with later-transmitted pulses to

yield the reconstructed radar signal. This should not lead to a significantly different result: if
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the earlier-transmitted pulses were significantly different to the later-transmitted pulses, then

the correlation peak would not have been produced in the first place.

The reconstructed radar signals INT1 and INT? can then be passed to any subseqLuenl
processing stages to further characterise them if necessary. Although in this embodiment the
“first and second RF time segments were both synchronised to start at time T = 0, a difference
between the starts of the first and second RF time segments would simply be reflected by a
difference in the timing of the correlation peak, and would not therefore have any significant

effect upon the reconstructed signal.

A second illustrative embodiment of the invention will now be described with reference to
Figs. 1 and 9 — 11. The second embodiment uses the same configuration of first and second
unknown radar transmitters and first and second antennas as the first embodiment. however

the radar signals that are transmitted differ from those of the first embodiment.

The timing diagram of Fig. 9 shows a jittered radar signal Src_AlJ that is transmitted from the
first unknown radar transmitter Src_A. The jittered radar signal Src_AlJ comprises multiple
pulses that have a nominal pulse repetition interval of 450us, but which are jittered by plus or

minus 50ps.

The timing diagram of Fig. 10 shows a jittered radar signal Src_BJ that is transmitted from
the second unknown radar transmitter Src_B. The jittered radar signal Src_BJ comprises
multiple pulses that have a nominal pulse repetition interval of 633us, but which are jittered

by plus or minus 50us.

The jittered radar signals Src_AJ and Src_BJ are received at the first and second antennas
RX 1 and RX2, and first and second RF time segments are taken therefrom. Fig. 11 shows a
cross-correlation of these first and second RF time segments, and it can be seen that the
cross-correlation only produces two peaks, one peak CP_AJ corresponding to the radar signal
Src_AlJ at a TDOA of -370us, and one peak CP_BJ corresponding to the radar signal Src_BJ
at a TDOA of 140us. The aliased correlation peaks that were present in Fig.6 have all
disappeared due to the jittering of the pulses, and the number of radar signals‘can be directly

counted according to the number of correlation peaks.
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A third embodiment of the invention will now be described with reference to Figs. 12 and 13.

Fig. 12 shows a schematic diagram of an unknown radar transmitter Scr_C, and first, second.
and third spatially different antennas RXA and RXB, and RXC. The three antennas each
receive a radar signal from the unknown radar transmitter Src_C. The three antennas also

receive radar signals from other unknown radar transmitters (not shown in Figs).

Fig. 13 shows a schematic diagram of a radar signal separator system which comprises the
three antennas RXA and RXB, and RXC, a radar signal separator 10, and a radar signal
analyser 20. The three antennas RXA and RXB, and RXC are connected to the radar sigﬁal

separator 10 at three respective inputs _RXA, [_LRXB. and [_RXC.

In use, the radar signal separator 10 records three RF time segments from the antennas RXA
and RXB, and RXC. The connections between the antennas and the radar signal separator are
of different lengths, and the radio signal separator 10 automatically offsets the 1‘ec0i‘ded RF
time segments from one another according to the differences between the lengths of the
connections, such that the recofded RF time segments are all synchronised with one another

in time.

The radar signal sepérator 10 calculates the cross-correction between the first RF time
segment, the second RF time segment, and the third RF time segment. and a correlation peak
designates a TDOA of the Scr_C radar signal between the first and second antennas RXA and
RXB, and a TDOA of the Scr_C:‘radar signal between the first and third antennas RXA and
RXC.

The radar signal separator 10 then calculates the intersection between the first RF time
segment, the second RF time segment, and the third RF time segment when the RF time
segments are aligned according to the correlation peak, which yields thé reconstructed Scr_C
radar signal. The reconstructed Scr_C radar signal is output at an output OP to the radar

signal analyser 20 for analysis.

Since three antennas are present rather than only two, the TDOA's can be used to determine
the position of the unknown radar transmitter Scr_C by multi-lateration. Specifically, the

TDOA of the Scr_C radar signal between the first and second antennas RXA and RXB

-
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defines a first hyperbola HYP1 along which the unknown radar transmitter Scr_C must lie,
and the TDOA of the Scr_C radar signal between the first and third antennas RXA and RXC
defines a second hyperbola HYP2 a“long which the unknown radar transmitter Scr_C must lie.
The intersection of the first and second hyperbolas gives the location of the unknown radar

transmitter Scr_C.

As an alternative to synchronising the first, second, and third RF time segments in time
according to the lengths of the connections between the first, second, and third antennas and
the radio signal separator 10, the RF signals may be recorded at the locations of the first,
second, and third antennas, and be sent to the radio signal separator 10 together with

timestamps indicating at which times the RF time segments were recorded.

Note that figures 2 to 10 predominantly depict an embodiment where instead of the method
involving the recording or processing of the raw RF wavetorm. the method is applied to a
simplified representation of the RF waveform, including information on the (at least relative)
timing of the pulses arriving at each receiver. Figures 2 to 10 are described above specifically
recording the timing of leading and trailing edges. and this being embodied in an envelope
waveform representation, however it will be apparent that any timing measurement relevant
to the pulses can be used if used Consistémly, such as the midpoint of each pulse, and it will
be apparent that the calculation of performing the cross correlation need not involve a
graphical representation, nor even an envelope waveform data file, and instead a list of the

timings may be sufficient.

Further embodiments falling within the scope of the appended claims will also be apparent to

those skilled in the art..
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CLAIMS

'

1. A method of receiving multiple unknown radar signals at spatially ditferent antennas.
the multiple unknown radar signals being from different radar transmitters that have different
positions to one another such that the radar -signals have different time difference of arrival
(TDOA) from one another with respect to the spatially different antennas, and separating and
extracting an unknown radar signal out from the multiple unknown radzir signals. the method
comprising:
receiving the multiple unknown radar signals at spatially different antennas, including
receiving a first RF time segment taken from a first antenna of the spatially different
antennas and receiving a second RF time segment taken from a second antenna of the
spatially different antennas, and
separating the unknown radar signal out from the multiple unknown radar signals
based upon the time ditterence of arrival (TDOA) of the unknown radar signal at the
spatially different antennas, including:
calculating a cross-correlation between the first RF time segment and the
second RF time segment, and
identifying a peak in the calculated cross-correlation, the peak designating a
TDOA of the unknown radar signal at the first and second antennas,
and,
extracting the parts of the received signals that correlate with one another at the
identified correlation peak to construct a radar signal,
wherein, the first and second RF time segments each comprise a simplified representation of
respectively associated radio frequency waveform time segments, each simplified
representation including summary information including timings of radar pulses of the

respectively associated radio frequency waveform time segments.

2. The method of claim 1, wherein the TDOA of the unknown radar signal at the first
‘and second antennas is a timeshift of the second RF time segment from the first RF time
segment at which the first RF time segment and the second RF time segment correlate with
one another, and wherein the separating the unknown radar signal out from the multiple

unknown radar signals further comprises:
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- calculating an intersection of the first RF time segment and the second RF time
segment when the second RF time segment is shifted from the first RF time segment by the
timeshift; and

- outputting the calculated intersection as the unknown radar signal.

3. The method of claim 2, wherein the calculating an intersection of the first RF time
segment and the second RF time segment comprises calculating the product of the first RF

time segment and the second RF time segment.

4. The method of claim 1,2 or 3 further comprising restricting a frequency range of each
of the first and second RF time segments to cover expected radar signal frequencies, prior to
the step of calculating a cross-correlation between the first RF time segment and the second

RF time segment.

5. The method of claim 1, 2, 3 or 4 wherein:

- the receiving the multiple unknown rad‘ar signals at spatially different antennas
comprises receiving a third RF time segment taken from a third antenna of the spatially
different antennas; ’

- the calculating a cross-correlation between the first RF time segment and the second -
RF time segment comprises calculating the cross-correction between the first RF time |
segment, the second RF time segment and the third RF time segment; and

- the peak additionally designates a TDOA of the unknown radar signal at the first and

third antennas.

6. The method of claim 5, wherein the TDOA of the unknown radar signal at the first
and third antennas is a timeshift of the third RF time segment from the first RF time segment

at which the third RF time segment correlates with the first and second RF time segments.

7. The method of claim 6, further comprising determining a position from which the
unknown radar signal originates based upon the timeshift of the second RF time segment
from the first RF time segment, the timeshift of the third RF time segment from the first RF
time segment, the relative times at which the first, second, and third RF time segments were
taken from the first. second, and third antennas respectively, and the positions of the first,

second, and third antennas.
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8. The method of claim 7, wherein the relative times at which the RF time segments
were taken from the antennas are determined according to respective timestamps associated

with each-one of the RF time segments.

9. The method of claim 5, 6. 7 or 8 wherein the step of calculating an intersection
comprises calculating the intersection of the fust RF time segment, the second RF time
segment, and the third RF time segment, when the second RF time segment is shifted from
the first RF time segment by the timeshift of the second RF time segment from the first RF
time segment, and the third RF time segment is ﬁliifled from the first RF time segment by the

timeshift of the third RF time segment from the first RF time segment.

10.  The method of any one of claims 1 - 9. further comprising identifying a further peak
in the calculated cross-correlation, the further peak designating a TDOA of a further

unknown radar signal at the first and second antennas.

Il.  The method of claim 10, turther comprising repeating the steps of any one of claims 2

- 9 for the further peak to output the further unknown radar signal.

12. A radar signal separator for separating an unknown radar signal out from rﬁultiple
unknown radar signals, the radar signal separator configured to:

- receive the multiple unknown radar signals from spatially different antennas; and

- separate the unknown radar signal out from the multiple unknown radar signals
based upon the time difference of arrival (TDOA) of the unknown radar signal at the spatially

different antennas.

13.  The radar signal separator of claim 12. wherein the radar signal separator is
configured to receive the multiple unknown radar signals from spatially different antennas
by: '

- receiving a first RF time segment taken from a first antenna; and

-receiving a second RF time segment taken from a second antenna that is remote from

the first antenna, and
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wherein the radar signal separator is configured to separate the unknown radar signal
out from the multiple unknown radar signals based upoh the TDOA of the unknown radar
signal at the spatially different antennas by:

- calculating a cross-correlation between the first RF time segment and the second RF
time segment; '

- identifying a peak in the calculated cross-correlation, the peak designating a
timeshift of the second RF time segment from the first RF time segment at which the first RF
time segment and the second RF time segment correlate with one another;

- calculating an intersection of the first RF time segment and the second RF time
segment when the second RF time segment is shifted from the first RF time segment by the
timeshift; and '

- outputing the calculated intersection as the unknown radar signal.

14. A method of separating an unknown radar signal out from multiple unknown radar
signa]é. comprising receiving the multiple unknown radar signals at spatially different
antennas, and separating the unknown radar signal out from the multiple unknown radar
signals based upon the time difference of arrival (TDOA) of the unknown radar signal at the

spatially different antennas.

15. A method of receiving multiple unknown radar signéls at spatially different antennas, the
multiple unknown radar signals being from different radar transmitters that have different
positions to one another such that the radar signals have different time difference of arrival
(TDOA) from one another with respect to the spatially different antennas, and separating and
extracting an unknown radar signal out from the multiple unknown radar signals, the method
comprising:

receiving the multiple unknown radar signals at spatially different antennas, including

receiving a first RF time segment taken from a first antenna of the spatially different

antennas and receiving a second RF time segment taken from a second antenna of the

spatially different antennas, and

separating the unknown radar signal out from the multiple unknown radar signals

based upon the time difference of arrival (TDOA) of the unknown radar signal at the

spatially different antennas. including:

calculating a cross-correlation between the first RF time segment and the

second RF time segment, and
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identifying a peak in the calculated cross-correlation. the peak designating a
TDOA of the unknown radar signal at the first and second antennas,
and,
extracting the parts of the received signals that correlate with one another at the

identified correlation peak to construct a radar signal.
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