WD 02/ 077662 PCT/ GB02/ 01255 METHOD AND APPARATUS FOR LOCATI NG THE SOURCE
OF AN UNKNOWN SIGNAL This invention relates to a nethod and an appar at us
for | ocatwog2hmesource of an unknown signal received bypraTmBmalissy of
signal relays. 5 The invention is particularly relevant to comunications
using Earth-orbiting satellite relays. Interference occurring in a
satellite communications channel is a serious problem that can deny use of
the channel to a legitinmate user. Qccurrences of interference nunber
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In IEEE Trans. on Aerospace and Electronic Systems, Vol. AES-18, No. 2, March 1982,
15 P C Chestnut describes the basic technique of locating an unknown signal source: it
involves determining the time difference of arrival (TDOA) and/or freqﬁency difference
of arrival (FDOA) of two signals from the source relayed to receivers. The signals are
relayed along two independent signal paths to a receiving station. TDOA and FDOA are
also known as differential time offset (DTO) and differential frequency offset (DFO) or
20  differential Doppler. The technique of determining DTO and DFO from two received
signals is described in IEEE Trans. on Acoustics Speech and Signal Processing, Vol.
ASSP-29, No. 3, June 1981 by S Stein in a paper entitled "Algorithms for Ambiguity
Function Processing”. The technique involves deriving the degree of correlation between
the signals by multiplying them together and integrating their product. Trial relative time
25  shifts and frequency offsets are introduced in sequence between the signals and their
correlation is determined for each. The time shift and frequency offset which maximise
the correlation are taken to be the required DTO and DFO, subject to correction for signal
propagation delays in satellite transponders and frequency shifts in satellites and in

processing.



processi ng. WD 02/ 077662 PCT/ GB02/01255 2 US Patent No 5, 008,679 rel ates
to a transmtter |ocation systemincorporating two relay satellites and
usi ng botwoDT@=mnz DFO neasurenents. The rel ay satellitesParaBon/o01255
geostationary or geosynchronous orbits and they relay signals along two

i ndependent signal paths to a receiving station, i.e. ground - satellite -
ground paths. Each satellite 5 accepts 2 signal (uplink) fromthe source,
frequency shifts it using a turn-round oscillator and returns its

frequency-shifte guixal ent (downlink) to rround receiver.. The -t
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(LOP). Twothswastiradesbse afotHddOAhivth Dopplak satftsdiot dowetlink ¢ipws freqiiere®s: Bk each
at one or nore tinmes, provides two LOPs which intersect at the position of
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25 A(v,v) of S tpo)seigllites) rspegtiyie fiegyency translation or turnround oscillators used for

mixing uplink signals before retransmission for downlink. The positions and velocities of

et

15  the two satellites and the receiving station’s position are known, and the locus of points
of constant TDOA or FDOA is in each case a surface which intercepts the Earth’s surface
to define a curve referred to as a line of position (LOP). Two measurements of TDOA or
FDOA at different times, or one of each at one or more times, provides two LOPs which

intersect at the position of the source to be located.

20  In the prior art, TDOA is also referred to as differential time offset (DTO) and FDOA as
differential frequency offset (DFO) or differential Doppler shift, and the expressions
DTO and DFO will be used hereinafter.

The degree of correlation is determined from what is referred to as the cross ambiguity

function or CAF A(7z, v) defined by:

25 Ay = [s@)s,(+7)e™™dr )

~T/2 .

A(zv)is the integral of the product of two complex signals s1(t) and s,(t) after a trial time

shift T and a trial frequency shift v have been introduced between them in processing after



-T/2 A(z v) is the integral of the product of two conplex signals sl(t) and
s2(t) after a trial time shift ti and a trial frequency shift v have been
i nt roducesomenvmwen them i n processing after WO 02/ 077662 PCT/GHIQRA1:33255 3
reception at the receiving station. The asterisk in s* (t) indicates a
conpl ex conjugate. A nmaxi mum val ue of the nodulus of A(r,v), i.e. | A(zv)l
is a peak in the surface I A(r,v)l as & function of the two variables z
and v, and the values of r and v yielding thi s peak are the required DTO
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(si (t)s2 (t +r)) . Performing this conputation for each practical val ue
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Webber et al I.nt ernational  Patent Applica 00/.02940 rel.ates to
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expressed by the Conpl ex Cross .
us Pat. No. 6,018,312 to Haworth relates to a transmitter location system employing a

reference signal passing via the same satellite relays as the unknown signal and processed
15  in phase coherence with it. The reference signal is used to remove sources of error and
operational limitations: it gives improved accuracy and extends the range of conditions
over which measurements can be made. Another technique for counteracting sources of

error using a broad band approach is disclosed in US Pat No 5,594,452 to Webber e? al.

International Patent Application No. GB 00/02940 relates to a modification to the
20  technique of US Pat. No. 6,018,312 to deal with the problem of time-varying DTO and
DFO.

There is particular difficulty in locating a source of interference which is frequency agile,
i.e. interference that is subject to changes in carrier frequency. The reason for this is as
follows: the performance of the correlation process expressed by the Complex Cross

25  Ambiguity Function depends on achieving an output signal-to-noise ratio (SNR), which
is defined by



25 Anbiguity Function depends on achi eving an output signal-to-noise ratio
(SNR), which is defined by WD 02/ 077662 PCT/ GB02/ 01255 4 SNR = 2BT snrl
snr2 , (2¥0 028316t +snr2 where B is the acquisition sanpl @eChasBdiodtsh of
primary and secondary receiver channels wused to receive signals from
respective satellites, and T is the integration tine as defined in
Equation (1) for the CAF A(v, v). The atquisition sanple bandwidth is the
bandwi dth 5 within which a signal nust lie to be detectable by a receiver,
and is defined by the receiver's sigggl.processing system The prinary
channel is associated with W& g2Blind—based.recei vef2)or antenna directed
at an interference-affected satellit&afdhe secondary channel is
associated with another receiver directed at a further satellite via which
an unknown transmtter causing the interference is also detectable. The
terms snrl waweek Biig the Boquisieion asmppletbavéividiih b&phimpyt ansli sgo@l datorengivarechaatidlos i n
the primary and secondary channels. The term2BT is called the Procgessing
Gain. To a®FidkiPaerdrs sgndls fonpiespash ve patellites, 3nd) his Hp iegietiph imgeas fstiuedis |
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To achieve reliable detection of a correlation peak in the modulus | A(%v) of the CAF
A(7 v), the SNR in Equation (2) should exceed ~ 100 (i.e. 20dB): if snry and snr; are
fixed, this criterion defines the required Processing Gain 2BT for successful location of

15  unknown sources.

For a fixed frequency signal from an unknown transmitter, i.e. a signal with constant
carrier frequency, the maximum available Processing Gain of the relevant receiver
channel is twice the channel’s integration time multiplied by its Complex Sample Rate
(equal to its acquisition sample bandwidth described later in more detail). This sample
20 bandwidth is set as close as possible to the instantaneous bandwidth of the signal to

minimise the extraneous signal and noise components

An unknown transmitter may generate a signal from a non-stationary (varying) carrier
frequency, in which case the associated interference with a satellite relay also varies in
frequency: to acquire this interference and maintain it within a receiver channel’s
25 acquisition sample bandwidth requires wideband sampling and therefore a higher
Processing Gain than in the constant carrier frequency interference equivalent. A typical

receiver channel contains analogue to digital converters (ADCs) and storage facilities,



25 acquisition sanple bandw dth requires w deband sanpling and therefore a
hi gher Processing Gain than in the constant carrier frequency interference
equi val erwO o&otpl cal receiver, channel contai ns anal ogu®@CraGRIZYIASAI
converters (ADCs) and storage facilities, WD 02/077662 PCT/ GB02/ 01255 5
and the speed of the fornmer and the capabilities of the latter are al so
limting factors in terns of the maxi Mmrate of change of frequency of
interference that can be tolerated by the channel while still successfully
carrying o t r.e i i i ' .
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The present invention provides a method of locating the source of an unknown signal of
varying frequency received by a plurality of signal relays, the method including the steps
15  of:- |

a) arranging for a plurality of receivers to receive the unknown signal via respective
signal relays;

b) using a local oscillator (LO) signal to downconvert signals received by respective
receivers to an intermediate frequency (IF);

20 ) introducing trial values of differential time offset (DTO) between received signals;
characterised in that the method also includes the steps of:-

d) constraining the downconverted signals to lie within a prearranged bandwidth by
adjusting the LO signal frequency to counteract frequency change in the unknown
signal; and

25 e) counteracting changes in correlation phase angle of correlated signals relatively offset
from one another in time and associated with differing LO frequencies by virtue of the

offset and the LO signal frequency adjustment.

When the procedure of adjusting the LO signal frequency to counteract frequency change
in the unknown signal was first carried out, the results of target location were much

30 poorer than had been expected and the reason for this was very hard to find. After



25 e) counteracting changes in correl ati on phase angle of correl ated
signals relatively offset fromone another in tinme and associated with
di fferi ngwb@frwauenci es by virtue of the offset and thePCOGHBg0#SS
frequency adjustnent. When the procedure of adjusting the LO signal
frequency to counteract frequency change in 'the unknown signal was first
carried out, the results of target |ocagion were nuch 30 poorer than had
been expected and the reason for this was very hard to find. After WO
02/ 077662 PCT/ (3B02/ 01255 . 6 consjderabl e.research it was found rprisjngly
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varying skgaaleting snchappiyisg sncoredlationquoditcamnef signalprepioge aomediand, iAd tsing
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frequency sieqadnciebaiseandhfed adjisinient espécti@elysi gnal s and det er mi ni ng
therefroman LO signal frequency appropriate for downconverted signals to
be obtained within the prearranged bandw dth. 20 In another aspect, the
present i NY@aBisteNoP HOWHERS cRRP A @alkS maf lcohPeia IdBgmE R efty ﬁ@f?déhc Rraryéfpknown
signal of varying frequency received by a plurality of signal relays, the
signals to a substantially constant frequency and band-limiting them, and further

downconverting the band-limited signals for subsequent processing including digitisation

15  and correlation.

The step of constraining the downconverted signals to lie within a prearranged bandwidth
comprises identifying a frequency of maximum power in a frequency spectrum associated
with received signals and determining therefrom an LO signal frequency appropriate for

downconverted signals to be obtained within the prearranged bandwidth.

20  In another aspect, the present invention provides apparatus for locating the source of an
unknown signal of varying frequency received by a plurality of signal relays, the
apparatus incll;;ding:- |
a) a plurality of receivers for receiving the unknown signal via respective signal relays;

b) a signal generator for providing a local oscillator (LO) signal to downconvert signals

25 received by respective receivers to an intermediate frequency (IF);

c) a correlation processor for introducing trial values of differential time offset (DTO)
between received signals;
characterised in that the apparatus also includes:-

d) processing means for:-



apparatus including: a) a plurality of receivers for receiving the unknown
signal via respective signal relays; b) a signal generator for providing a
| ocal oscwbDloawomseél LO) signal to downconvert signals 25 r @cCeiGBsd/0mss
respective receivers to an internediate frequency (I1F); c) a correlation
processor for introducing trial values of differential time offset (DTO
bet ween recei ved signals; characterised7in that the apparatus al so

i ncl udes: - d) processing neans for: WD 02/ 077662 PCT/ GB02/ 01255 7 i)
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descri bed, by way of exanple only, with reference to the acconpanyin
fre?l/uenc; and band—rermit them,yand further downconvert the band—hmitercripmgr)l/als %or

subsequent processing including digitisation and correlation. It may further be arranged to
constrain the downconverted signals to lie within a prearranged bandwidth by identifying
15 afrequency of maximum power in a frequency spectrum associated with received signals
and determining therefrom an L.O signal frequency appropriate for downconverted signals

to be obtained within the prearranged bandwidth.

In order that the invention might be more fully understood, embodiments thereof will
now be described, by way of example only, with reference to the accompanying

20  drawings, in which:

Figure 1 illustrates a prior art geolocation system;

Figure 2 is a block diagram of a signal processing system for use in the method of the

invention for geolocation of interference with varying carrier fre(;uency;
Figure 3 is a block diagram of steps in the method of the invention;
25 Figure 4 illustrates signal frequency downconversion in the method of the invention;

Figure 5 illustrates definition of an acquisition sample bandwidth to contain

downconverted signals;



20 drawi ngs, in which: Figure 1 illustrates a prior art geol ocation system
Figure 2 is a block diagramof a signal processing systemfor use in the
nmet hod ofwohe/o7iesxenti on for geol ocation of interference WCTIGBoa0YISAg
carrier frequency; Figure 3 is a block diagramof steps in the method of
the invention; 25 Figure 4 illustrates signal frequency downconversion in
the nethod of the invention; Figure 5 Bllustrates definition of an

acqui sition sanple bandwi dth to contain downconverted signals; WO

02/ 077662 RCT/ GB02/01255 8 FEi
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time offset; Figure duh®icdndwRikndls witl 4 RiAfemPbEse angl e against tine
illustrating the effect of LO retuning on the correlation product of two

signals with arelative time 5 offset; Figure 8 is a graph of correlation
phase angl &Figwainst it ageaphoef cormlationaphese pyle ggringtHime iilustktieg thenejech ef ween
0 and 500Hz; Figure is agra of the FFT .of the correl ation_product of
pri mary and secondar@) r‘%ﬁ‘&ﬂgé’flqgﬁ” 6?}5?%“% P’é’ldu%fo tggwgq% gﬁghbayreg?'ntwfdl%?
time-vasying frequepemer; 10 Figure 10 is a flow diagramof steps to
generate a phase-corrected DFO slice fromdigitised primary and secondary

channel signals; Figure 11 is a plot of the nodulus of the cross anbiguity
function adédgumef triula PAph anebrivkdionaphpss;angleyagainst Ximpdws avsimuwattdd-Q n

correl ati on phase angl.e duri sanpl e acgui sit] and the 15 equival ent
after phase correctﬁ%ﬂnwﬂgg%ﬁgWﬁﬁgggaﬂF?ﬁaﬁﬂ%%p@@%ntion; and Figure 13
shows two graphs 150 and 152 of correlation power against frequency for DFO

slices obt @i%_@sbreswg k! of thi tRFTeG Y coleldtiof PrsdRicabf pAmBRASR] 8d8he@ary
correction. Figure 1 illustrates a prior art geol ocation system i ndi cated
general |y by 10: it channel signals after downconversion by an LO of time-varying frequency;

10 Figure 10  is a flow diagram of steps to generate a phase-corrected DFO slice from

digitised primary and secondary channel signals;

Figure 11  is a plot of the modulus of the cross ambiguity function against trial DTO
and DFO values;

Figure 12 shows variation in correlation phase angle during sample acquisition and the

15 equivalent after phase correction in accordance with the invention; and

Figure 13  shows two graphs 150 and 152 bf correlation power against frequency for
DFO slices obtained respectively with and without correlation phase angle

correction.

Figure 1 illustrates a prior art geolocation system indicated gemerally by 10: it is
20 appropriate for signals which - over a measurement time interval - are substantially
constant in carrier frequency. It uses two satellites 12 and 14 monitored by respective
receive antennas 16 and 18 to find the location of an unknown transmitter (target) 20
causing interference to satellite communications. The transmitter 20 has a multi-lobed
transmit radiation pattern of which a main lobe 22 and two sidelobes 24 are shown. One
25  satellite 12 receives radiation in the main lobe 22: it is designated the primary satellite
and processing electronics (not shown) associated with its monitoring receive antenna 16

are designated the primary channel. The other satellite 14 receives radiation in the



20 appropriate for signals which - over a neasurement time interval - are
substantially constant in carrier frequency. It uses two satellites 12 and
14 noni t owed2lyresespecti ve receive antennas 16 and 18 toPCirrGBozloe2ssocat i on
of an unknown transmtter (target) 20 causing interference to satellite
comuni cations. The transmitter 20 has a nulti-lobed transmt radiation
pattern of which a main | obe 22 and two9si del obes 24 are shown. One 25 -
satellite 12 receives radiation in the main lobe 22: it is designated the
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sidelobe 24: it is designated t secondary sSatellite and associ at ed
processi ng chhmely prodocs s1gma1$,em‘tach/eraa[prbmsm1 m%womema@atm % lrespsetttydar y
channel . The and secondar nnej roduce 5| al s are
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(1). Both sahehldct o8 4% ﬁﬂﬁéf&%&%@?&@/ﬁ 18 rEGREERNEReR N8l arld! N Thio
transmtter 26 at a kno ocation and it "to respective antennas 16
and 18. Thirsferaneé sigpaldeusidgnabscribed §eUS &at. (Naasémﬁédlzj n US "Pat. No.

6,018, 312. Referring now also to Figure 2, there is shown a bl ock di agram
of a signal processing system 30 for use in accordance with the invention
for geol oc®ef@fingtmen ilbe ¢ Figuonn, tHerRsdibivhes blotk tdedegah oG g ipheessing

interference has a carrier freq uenc%ﬁsv\,hi,ch varies with 10 tine. The system
30 is enpl eygemdQ fortuse 1@@@90@@%@% thetivyantion feqeapderation giien She inknowg

eraya badnisREbEt A e e D A PR B R e e

val uesjpin t@ﬁ@cmecgzstetﬂlgo s Whiployee wiitd fies gm&ﬁub@tswsm IhekwphidKgnals at
transl ation and downlink frequencies. Wen recei ved the@%st em 30,

si gnal s fr dAOEears apbnkadi tessateHitem il aud 34, efrmwdm}at 55 anslrr@lqu from
12.5GHz t t t F f 140 MHz | | t hi
< ot exabiobbd b IEHEITAE ot Y mtalchel o vuH) PaTr altefin

si gnal fromdr@ayillt 8¢ ekferéRcedhb&teds tﬁ@hpﬁﬂ@s&ﬂﬁlau@ﬁ AR5 dbeel 'ﬂféhﬁéic%d The
| F signal in the primary channel (i.e. corresponding to the target main

| obe) is f &vhen wteved bothespsteml s1gnds| froncthe syelditesul? andaldyae doBacqnMenigckt t
Packar (iiSt y%?ot ﬁ856 1)r<’)m 12.5GHz to a first intermediate frequency (IF) of 140 MHz nominally -

this is not exact because it depends on the frequency of the original output signal from the

target 20 which is not constant as has been indicated.

The IF signal in the primary channel (i.e. corresponding to the target main lobe) is fed
into a conventional frequency spectrum analyser 32 (Hewlett Packard type HP8565),
20 referred to as a signal tracking analyser. The signal tracking analyser 32 has a General
Purpose Interface Bus (GPIB) port (not shown) that allows it to be controlled by
computer via a cable connected to this port. The computer has appropriate device driver
software for the analyser 32: the driver translates high-level software commands (e.g. a
command referred to as “PeakSearch™) into object code which control the analyser 32 to
25 perform automatically a specific function that an operator might do manually. In the
present case the analyser 32 can execute many times a second functions such as
“determine frequency of maximum signal power”, which is equivalent to manual

activation of a peak-search button with which the analyser 32 is equipped.



20 referred to as a signal tracking anal yser. The signal tracking anal yser
32 has a Ceneral Purpose Interface Bus (GPIB) port (not shown) that all ows
it to be wonewoicbrd by conputer via a cable connected t oPCRIGBPOI2SS The
conput er has appropriate device driver software for the analyser 32: the
driver translates high-level software commands (e.g. a conmand referred to
as "PeakSearch") into object code whichOcontrol the analyser 32 to 25
performautomatically a specific function that an operator m ght do
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15 sample acquisition.

Swept interval: - the extent of the swept interval — i.e. its range of frequencies -
should be sufficiently large to maintain the frequency of the interfering signal
within it while samples of primary and secondary channel signals are being
-acquired; it should also be sufficiently small to exclude unwanted signals of greater
20 magnitude than the required signal: the required signal then becomes the largest

magnitude signal in the swept interval and can be readily recognised.

The time taken for the signal tracking analyser 32 to perform a display trace sweep
through the swept interval - the sweep time - should not be greater than the time
taken for the centre frequency of the interference signal to leave a frequency band |
25 referred to as an acquisition sample bandwidth and defined by subsequent signal
processing at lower frequency as will be described later. A convenient acquisition

sample bandwidth is normally much smaller than the swept interval.

Resolution & video bandwidth - it is necessary to use resolution and video
bandwidth settings for the signal tracking analyser 32 which are an order of

30 magnitude smaller than the acquisition sample bandwidth to facilitate an accurate



acquired; it should also be sufficiently small to exclude unwanted signals
of greater 20 magnitude than the required signal: the required signal then
beconmes tWwe okarmest rmagnitude signal in the swept intervaCTarb208035be
readily recognised. The time taken for the signal tracking analyser 32 to
performa display trace sweep through the swept interval - the sweep tine
- should not be greater than the time 1ttaken for the centre frequency of
the interference signal to | eave a frequency band 25 referred to as an
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Resol ution & vi andw IS necessary to use resolution and video
bandw dth settings for the signal tracking anal yser 32 which are an order
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effects of .the other, two: e.g. a w der swept frequency interval nmeans a

| onger swedBaEsHTE @%SW@HS%P]BA’@E%VW SitgHredchar acteristics (e.g. rate
of change of signal frequency) and acquisition sanple bandwidth is

requi red. The signal tracking anal yser 32 operates under the control of
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maximum spectral power: this frequency bin indicates the current or instantaneous
frequency of the interference, and the associated frequency is returned by the signal

15  tracking analyser 32 to the computer.

The computer also controls a signal synthesiser 36, which generates a local oscillator
signal with a frequency of 205.5 MHz nominally: this frequency is adjusted by the
synthesiser 36 in response to the computer and in accordance with the interfe:;ence
frequency determined using the signal tracking analyser 32; its separation from the
20 nominally 140 MHz IF interference signal is maintained accurately at 65.5 MHz. The
local oscillator signal is supplied to a signal conditioning unit 38, which also receives the
primary and secondary channel IF signals from the target 20. The unit 38 downconverts
these IF signals to a second IF, filters them to provide band limiting, and downconverts
them to a third IF or baseband for transfer to respective analogue to digital converters

25  (ADCs) 40 for digitisation.

The signal tracking procedure implemented by the computer controlling the signal
tracking analyser 32 is shown in Figure 3. A first step 41 is to instruct the analyser to
perform a frequency sweep of a frequency interval; this is followed by an instruction 42

to perform a search to identify the swept interval frequency at which signal power is a



The conputer also controls a signal synthesiser 36, which generates a | ocal
oscillator signal with a frequency of 205.5 MHz nomnally: this frequency
i s adj ustwo oby7tehe synt hesi ser 36 in response to the comparaBoanssn
accordance with the interference frequency determ ned using the signal
tracki ng analyser 32; its separation.fromthe 20 nomnally 140 MHz I F
interference signal is maintained accurl2ely at 65.5 MHz. The | ocal
oscillator signal is supplied to a signal conditioning unit 38, which also

receives the .primary, and secopndary chanpel | F . signals from, he target 20.
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43 cal cul ates .for the peak power frequency the baseband equjival ent, i.e.
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hal f of t heymsthepiies B6 tosuppiynipkethbaiphal cidditioningamit 3%he conputer returns to
step 41 and repeats steps 41 to 44:. -1f the baseband equi val ent is outside
the central half of the acquisition sanple bandw dth, at 45 the conputer

conput g5 aReeiNs abwl Afdfo Fig@ﬁue, g YWwhitlo ElegRWR ARk daflid Rige 1iRé edférenedice
signal of interest and at 46 instructs the signal synthesiser 36 to supply
it to the $hegvignal conditioniagivng Ifnistshe®n in anamefdetaili Rgmaonesd sesondarFichams! 4,
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a nom nal centre” frequency of 140 MHz and a bandwidth of 80 MHz: "i.e. the

pri mary anbasdscashlextynd frgmal00 MHz to 180 MHz. The signal synthesiser 36 provides a local

15  oscillator (LO) signal whose frequency (nominally 205.5MHz) is controlled by the

computer controlling the signal tracking analyser 32 as described above: the LO

frequency is accurétely 65.5 MHz greater than the primary channel signal. This LO is

mixed with the primary and secondary channel signals in respective mixers 50a and 50b

to downconvert their nominal 140 MHz IF to a second IF of 65.5 MHz with bandwidth

20  remaining at 80 MHz: the downconverted bandwidth therefore extends from 25.5 MHz to

105.5 MHz. Downconversion is what is referred to as “high side”, i.e. the LO frequency

is greater than the signal frequency: this allows downconversion of the full 80 MHz

bandwidth to the second IF with a centre frequency of 65.5 MHz and avoids any degree of

spectrum inversion (negative difference frequencies becoming detected as positive

25  frequencies).

The 80 MHz bandwidth of the pﬂfnary and secondary channel signals is reduced to 2
MHz by respective bandpass filters 52a and 52b each with a centre frequency of 65.5
MHz. The filters 52a and 52b provide band-limited or narrow band signals which are fed
to respective second mixers 54a and 54B for mixing with a further, fixed frequency LO of

30 68.5 MHz from a generator 56: this provides downconversion of each of the primary and



bands each extend from 100 MHz to 180 MHz. The signal synthesiser 36
provides a local 15 oscillator (LO signal whose frequency (nomnally

205. 5VHz)wWp9200m862 ol | ed by the conputer controlling the ®CgraBo2orzaski ng
anal yser 32 as described above: the LO frequency is accurately 65.5 Mz
greater than the primary channel signal. This LOis mxed with the primary
and secondary channel signals in respedsive mxers 50a and 50b to
downconvert their nomnal 140 MHz IF to a second IF of 65.5 Mz with
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frequency: this allows downconversion of the full 80 MHz bandwi dth to the
second |F with a centre frequency of 65.5 MHz and avoi ds any degree of
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downsanpl i ng produces typically 10kHz; m ninmum (or zero downsanpling
produces to digital conversion process, in the present example the signals are filtered to a passband

15  of 2MHz during signal conditioning (i.e. no frequencies outside this bandwidth will be

seen).

Eigure 5 illustrates the procedure for re-tuning the signal synthesiser LO frequency (205.5
MHz nominal) to maintain the target or interference signal frequency within the
acquisition sample bandwidth as that frequency changes. The drawing shows three
20  schematic representations 70, 72 and 74 of a frequency spectrum displayed by the signal
tracking analyser 32. A carrier frequency of an interference signal indicated by a peak 76
is increasing in frequency and therefore moving to the right in the spectrum as indicated
by an arrow 78. The signal conditioning unit 38 has a detection band for signals, and this
is the acquisition sample bandwidth for the signal processing system 30 previously
25 mentioned. The acquisition sample bandwidth is at the third IF, but it can be projected
back through the downconversion process to the second or first IF. When projected back
- on to each of the signal tracking analyser’s displayed spectra 70 to 74, the acquisition
sample bandwidth is represented by the interval between a pair of solid lines 80. A pair of
chain lines defines a central region 82 of the acquisition sample bandwidth 80, the former

30  being half the width of the latter.



5.12MHz): set up in a graphical user interface on the conmputer nmentioned
above which <controls data acquisition, signal tracking and processing. It
shoul d bewpmeirtwd2 however that although an acquisition saeplGBodamddi dt h of
5.12MHz is possible by this analogue .to digital conversion process, in
the present exanple the signals are filtered to a passband 15 of 2M+
during signal conditioning (i.e. no frd4uencies outside this bandw dth will
be seen). Figure 5 illustrates the procedure for re-tuning the signal
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of the central region 82 as shown in spectrum 72, the conputer controls
the signal ®YAthesi ser 36 to change the LO frequency (nominally 205.5Mz):
this noves the centre frequency of the acquisition sanple 5 bandw dth and
repositions t he @rieEpmeihyeeniiedrearensyk thetacapisitiontsemplechyadwitsh by changing

central region,8 . .t can if hr ou this.regjon.again. Wen

this procedure \%%L (flglrgé?ﬁ%%(iurs P@dp rguéﬁedf%ﬁtéhersé%r%? f %nq%?SISteﬁgg’eafldl ocation were
mich poorer (b) introducing trial values of relative time offsets between the primary and
15 secondary channel signals in order to find a correlation peak in the CAF A(z;, v)

defined by Equation (1).

The reason the two procedures are incompatible with one another will be described with
reference to Figures 6 and 7, which provide graphs of phase angle against time for the LO

signal produced by the signal synthesiser 36 and for the correlation product s;s, of two

20 signals s, and s, (omitting (t) for convenience) respectively. The slopes of the graphs in
Figure 6 indicate the LO frequency in each case. Figure 6 shows a graph 1L.O1 for the LO
signal at frequency f; prior to LO retune, and graphs 1.O2 and LO3 for the LO signal
after an LO retune to a new frequency f,: graphs LO2 and 1.O3 relate to the L.O signal as
applied to the primary and secondary channel signals respectively.

25  For the purposes of determining the differential time offset (DTO) between the primary
and secondary channel signals, a trial value of DTO - designated T - is introduced
between them: in consequence the effective times of retune of the primary and secondary

channel signals relative to one another are no longer the same. In this connection,



t han had been expected and the reason for this was very hard to find. After
a consi derable anount of research it was found surprisingly that the
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channel signal, and a second vertical line T2 indicates a time of retune
for the setulieiesycommemednjegagman digitired fome I oT convesienze drhas bepnasatmed that t he

trial DTO.val ue ti .introduced th i d h |
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downconverted by different LO frequencies fi and f2 due to

Correlation phase angle gradient is normally constant with time, but the gradient changes
15 over an interval T between lines T1 and T2 during which the primary and secondary
channel signals are downconverted at different frequencies f; and f: this effect introduces
a change in correlation phase angle from ¢; to ¢,. A non-continuous phase is not
representative of a single frequency and is reflected in the FFT (or DFO slice) as multiple
frequency (ambiguous) peaks. Figure 7 shows that time biasing signals subject to LO
20  downconversion at different frequencies changes correlation phase angle, and the result is

a non-discrete DFO slice whose peak value may be confused and/or incorrect.

Figure 8 is a graph of correlation phase angle against time for a simulated LO switching
in frequency between 0 and 500Hz, 20 times at random intervals throughout a 20 second
sample duration: phase shift appears as a solid line and shift times are dotted. Each

25  change in LO frequency results in a phase discontinuity of ~22 radians as arrowed at 90.

Figure 9 is a graph of the FFT of the correlation product s;*s; of the primary and
secondary channel signals s; and s, after downconversion by an LO of time-varying

frequency: the two signals s; and s; are assumed to have zero DFO, and prior to cross-



differing tines of retune. Figure 7 is a graph COR of correlation phase
angle 0 against tinme showing the effect of differing tines of LO frequency
retune: tweoeormel ati on phase 0 is defined as the phase POTARYRO1255 t he
product si*s2 of the primary and secondary channel signals sl1 and s2 (*

i ndi cates conplex conjugate) in digitised form For convenience it has been
assuned that there is zero frequency dof set (DFO between sl1 and s2, and
this is reflected in the zero gradient of the graph COR outside the region
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correlation product sl1*s2 of the primary and secondary channel signals sl
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102 at 0. 281Aim&offefuey epr esents the extent of error in the cal cul ated DFO
val ue. M salignnent of LO

15  The process of acquiring data and then processing it are steps which may be separated by
any convenient length of time, because acquired data may be archived for later
processing. Data acquisition is begun by an operator setting up acquisition sample
bandwidth size, data sample size etc as described earlier and then activating an “acquire”
button on the computer’s graphical user interface. If tracking mode is selected then while

20 ADGCs 40 are digitising and storing data to hard-disk, the signal tracking process
described with reference to Figure 3 starts to run. When a pre-determined data-set size is
reached the acquisition process is halted and the signal tracking process is terminated.
The controlling software 34 in the computer is now dormant and may be completely shut

down and restarted prior to processing stored data.

25 At the time of data acquisition there is no offset or trial DTO introduced between s; and
sz. Such an offset is introduced during processing of acquired data when generating a
particular slice of the ambiguity surface for the relevant value of trial DTO. For such a
slice, the corresponding LO freduency change and trial DTO are known, hence the

correlation phase correction can be calculated. For the next DFO slice a different trial



retuning due to tine shifting broadens out what woul d ot herw se have been a
wel | defined peak for the nodulus of the FFT of sl*s2: so there is no

| onger a wonglereeel | defined peak and no accurate val ue ®CTOHEO2/0B5guUre 9
is in fact idealised: in the presence of noisy signals, the FFT shown

| oses its symmetry. 10 It is necessary to counteract the effect of LO
frequency change on the correlation phdde angle, and this is done by the
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processi ng of acquired data when'generating a particular slice of the

anbi gul@y betwear thefldD fricheencies bofont andbdftee rasbind.ri al DTO. For such a slice,
the correspondi ng LO frequency change and trial DTO are known, hence the
correlation phase correction can be cal cul ated. For the next DFO slice a
di ff er ent Afeatoabe dtiiiiati drCIdERHGE @ARbating dn BFDt6 gensard adDbFD 81ice the
sequence of phase .corrections is calculated. Successive trial DTGs may
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40. discontinuity (¢ - ¢). The computer implements the same phase correction to all
correlation products si*s, of the primary and secondary channel signals obtained in an
15 interval between a pair of successive retunes. It calculates a new correction of this kind
for the respective interval each pair of successive retunes. If the new LO frequency
immediately after the nth retune is f,, the LO frequency change at this retune is (f;, — fy..1)-
The step in correlation phase angle due to the nth retune is Ad,, and is given by the

product of the angular frequency change in the LO 27(f, — f,,) and the time offset or

20 trial DTO value T:

ie. A@,=27r(f,~f,,) (3)The

computer calculates the change in correlation phase angle A¢, and from the latter the

¥

correlation phase correction e it multiplies all correlation products s;*s, obtained

between the »™ and (n+1)" retunes by this corection, and then calculates a new

““w1) for application to correlation products between the (n+1)" and (n+2)"

25  correction e
retunes. Strictly speaking the phase change in Equation (3) should be implemented
gradually (i.e. at a constant rate) over the delay period 7 for frequency changes during an

observation period. However, the total duration of these delay periods is usually far less



To process acquired data it is read fromconputer hard disk to nenory. The
anbiguity 5 surface defined by Equation (1) is built up as a series of DFO
slices, ewom2omeefor a particular trial tine bias. |f retramiGRyp20c2568r T ed,
which is flagged in the recorded data, then for each slice, the phase
correction is calculated for all data between the relevant pair of retune
intervals. The correction is calcul ated8using the particular trial value of
DTO introduced between the primary and secondary channel signals and the
di fference 0,.he LO fr. n d_af retne, Af ter
conj ugat e rtrtﬁ%t thl %O\c‘:%tu o%“'%“ Fgguﬁ 1 %ﬁﬂaa?ng fhdeed pE t8 Y ekl émﬁﬁo
slice, thecirc@RbieRE i FRRIRE Fuadord @I)t ARt ltﬁanbl t@p&dﬂ@hSde@ﬁiwd here is
correcting the correl ation phase discontinuity r ). The conputer

i npl ement s adem@latane phase correction to all correl ation products sl*s2 of
the primary and secondary channel signals obtained in"an 15 interval
between a pair of successive retunes. It cal culates a new correction of
this kind Figre fleas aélmedtaigmn iofnﬂ@rslqjs quu:ilnecbmi gemfatiﬂg@cplmbvetrc@eium | f
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or 20 tri af ulaTOTGAVAleE T glvee risd¥0, the emBiguit{ fuxface. f n-J (3) The conputer
cal cul ates the change in correl ation phase angle d, and fromthe latter the
correl ation phase correction e OL : it nmultiplies all correlation products

s1"s2 obt alueginddalopaRbehfint b Ad-&iiebled DFO!iRE oY i)l FuR0BS BTG 91 and

then cal cul ates a new correction e (AO +1) for application to

correl at i omdatetia 130 eiiweesists e offsetting dr tand b(asmg)the seconm plesmelStignad 54 y
speaki n(g t he phase change i n Equati on (3) oul d be |nEp enented gradually
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chservat | o) Bl ect%a i hort Gy wEQTnae heCBRkETEr” appetilea by
descri bed h(?lrl‘c'ie lyl%g by " using the phase angle A¢ calculated from Equation (3). At step 116

the modulus of the FFT of the result of the preceding step 114 is calculated, i.e.

15 }FF T(s; (t)s,(t +7)e™)|, which is the required phase corrected DFO slice corresponding

to a time offset or trial DTO of .

Figure 11 is a plot of the surface | A(gv )| (the modulus of the cross ambiguity function in
Equation (1)) against trial DTO and DFO values © and v. A well resolved correlation peak
120 appears at values t and v which are the correct values of DTO and DFO. The
20  procedure for obtaining DTO and DFO and from them a target location is well known in

the prior art cited above and will not be described.

As part of a trial to assess the effectiveness of the phase correction technique of the
invention, satellite interference was simulated by generating a varying frequency signal,

i.e. a signal with a frequency changing at random: this signal was transmitted via two

25 satellites whose return signals were detected and downconverted to 140MHz nominal to
_ provide s; and s, with a known DTO of 0.246ms calculated from satellite ephemerides

and the knowledge of the transmit and receive site co-ordinates. The resulting s; was



adequate Figure 10 is a flow diagramof the steps required in generating a
phase-corrected DFO 5 slice fromconplex digitised values si and s2 of the
primary awo ogetwnzlary channel signals. As previously di sea3gRb2/OCBHDI Ni ng
DFO slices for different values of tine offset or trial DTO val uer gives
rise to the anbiguity surface. An.initial step in generating a
phase-corrected DFO slice for a trial V&l ue of DTOz is indicated at 110,
and consists of offsetting or tine biasing the secondary channel signal s2
10 by ti w : [ i . - r i):
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phase angl &eKEDeR sPEelptedayth ensAneHisht i on (3). At step 116 the nodul us of
the FFT of the result of the preceding step 114 is calculated, i.e. 15
TFFT(S*(t)s, (t + 2)e"On )l , which is the required phase corrected DFO
slice corr Epehd? rsgows dheyvanatiendpelde 4@ of the egrrahationophase angle ghosghautitke a
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a frequency changing at random this signal was transmtted via two
sat el | 1Q es anglo 42 rafter phassi qpnegttsonniar edelnact with dhel invenmorn ramdrshevwingoa gh@NVHz
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St el T t o LB 2 bAoRRBY Rl SRR 8 R R B o ¢

co-or di nat @@nsteﬂﬂ@zek@%ﬂcﬁén@pco%ﬁecee@%oma% 266942 BdiidBORrObRe> 19 tracked

in frequency using the nethod of the invention and sanpled digitally. The
DTO of 0.2461ns was then renoved by tine biasing s2 appropriately relative

to sl, andRﬁferﬁI@n&% to Figure 13, this drawing illustrates the improvement in accuracy of DFO
measurement provided by the invention. It shows two graphs 150 and 152 of correlation
15  power (dB) against frequency (Hz) for DFO slices obtained respectively with and without
correction of the change in correlation phase angle arising from re-tuning of the signal
synthesiser LO frequency. These graphs were derived from data used to produce Figure
12 and obtained in the trdal referred to above. The graph 150 has a well-defined
correlation peak 154, but the graph 152 has a broad and therefore inaccurately defined

20  correlation peak 156. The peaks 154 and 156 illustrate the improvement in peak °
definition resulting from correlation phase angle correction in accordance with the
invention: it reduces the uncertainty in the calculated DFO and increases the location

accuracy of a target transmitter with varying frequency.

Data used to generate Figure 13 was associated with a non-zero DFO. However, in order
25  to show more clearly the effect of correcting correlation phase, the DFO was removed by
offsetting s, by 291.95-Hz relative to s; prior to conjligate cross-multiplication. This
provided a zero rate of change of correlation phase angle. The x-axes in Figure 13 were

then also adjusted to reflect the s offset and show the peak 154 at an appropriate DFO.



were then correlated with one another. Figure 12 shows the variation (bold)
140 of the correlation phase angle throughout the 5 tinme of sanple

acqui sitiwpo0Rw78és): this variation is between +40 and - 7@CrazBoans2ss The
signal synthesiser LO frequency (nomnally 205.5MHz) was re-tuned to
maintain the sinulated interference (i.e. the satellite return fromthe
frequency sweeping signal) within theZchU|S|t|on sanpl e bandw dt h: about
three re-tunes per second were required using the acquisition sanple
bandwi dt h_aRe$BrovERBH f abludlSor DROSCAIRnkAL 162! BikiaR WAAREthdNGl 442
after phase correction 1n accordance wth the invention, and show ng  a
great i npconstant rﬁlteqhaszytrekmnob'sgnaﬂetchnamtteebmmahapqm@maﬂr@tmmrl staioncaa gheant

hase gradi ent onstant, (zero adi en orrected correlatio hase
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correl ati on peak 156. The peaks 154 and 156 illustrate the inprovenment in
peak definition resulting fromcorrel ati on phase angle correction in
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Figure 13 were then also adjusted to reflect the s2 offset and show t he
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i nprovenent in accuracy of DFO neasurenent for this trial was determ ned
using a




constant frequency reference signal transmtted fromthe sane trial ground
station as the sinulated target signal to the two satellites used in the
trial: thwe ogloowez t hat peak 154 had a frequency error ofPCordB0201382Hz
whereas the peak 156 error was 0.390Hz, i.e. the 5 forner was nearly two
hundred tinmes smaller than the latter illustrating the advantage of the

i nvention. The consequent inprovenent in target |ocation accuracy varies
with the positions of satellites, target and nonitoring ground station. In
the trial described above, a reduct®bn in location error from-100

kil ometres to a few kilonetres was obtained. In respects other than use of
a variable LO and correction of correlation phase angle, 10 derivation of
t he | ocaflagns of a varying frequency transnitter producing interference on
satellite relays will not be described further: it is as disclosed in the

prior ari for,k |locatj consfant frequency transmtters, see for exanple US
bt - No. Lo, 01 1513 QeoeS R ot Heap S oYh SEHAl o 1o FEGUency KABERSE of
| ocating the SEurgy Off sigkhl WIKROME nidugiithciRbingdhy Libgs 4 equency received by

a plurality of signal reélays,” the nethod including the steps of: a)

arrangi ng fora)a plaraagingy faf ar gosiliverd teociversetos eedeine tink nmknown geigdal viia

respective signal rel a%(s; g%a using a local oscillator (LO signal to
downconvert si gnal'$SHeEW¥ § 15“3&3’3:’ espective receivers to an internediate

frequency (IR), C)yddatr0 i ditd~al I f. . di L al; o4 e
(DTO) bet weenFQ)r eceli'S{l/ d 2 g?%lna gli;ila%)ﬁa(rﬂé?t gﬁﬁ %lg ° i %J‘{rﬁg)ﬁ%hgél%a%ﬁg%g{%oﬁoy

i ncl udes the stepsegiectie) receingt t@amintgmetiatcdosgureacv@rY, ed signals to lie

wi thin a prearranged bandw dth by adjusting the LO signal frequency to
count eract f requerBousey&ialnvalipgs of ﬁlfff‘é@ﬂla%it%f‘alc{ffs%a)@@ cRstwesdr seeiveg
changes in correl astlr-]én%ﬁ.phase angle of correlated signals relatively offset
fromone another intine and associated with differing LO frequencies by
virtue of thehefdreikedindhitire ethsdalalindlié&guensypasi-ust ment .

d) constraining the downconverted signals to lie within a prearranged bandwidth by
adjusting the LO signal frequency to counteract frequency change in the
unknown signal; and

e) counteracting changes in correlation phase angle of correlated signals relatively
offset from one another in time and associated with differing 1O frequencies by

virtue of the offset and the LO signal frequency adjustment.

2. A method according to Claim 1 characterised in that the step of compensating for
changes in correlation phase angle comprises calculating and applying to correlation
products of signals a phase correction e™?, A¢is a chaﬂge in correlation phase angle
equal to 2mt(fsz - f3), T is a trial DTO value with which the correlated signals are
relatively offset from one another and f;, and f, are LO frequencies before and after

adjustment respectively.

3. A method according to Claim 1 or 2 characterised in that the step of downconverting
signals comprises downconverting frequency varying signals to a substantially constant
frequency and band-limiting them, and further downconverting the band-limited signals

for subsequent processing including digitisation and correlation.



2. A nmethod according to Caim1 characterised in that the step of
conpensating for changes in correlation phase angle conprises cal cul ati ng
and appl ywog2wowiéenrrel ati on products of signals a phase @®ocmrGRiomssei ", AO
is a change in correlation phase angle equal to 2TCC(fa - fb), r is a
trial DTO value with which the correlated signals are relatively offset
fromone another and fb and fa are LO frequencies before and after

adj ust mrent respectively. 3. A nethod according to daim1l or 2
characterised in that the step of do®&converting signals conprises
downconverting frequency varying signals to a substantially constant

f d,b i d f her. d
band- |1t ed Ai1BAard *esng b S Rt g et HN BRDIR, 8 B FoReaining g
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1 or 2 characterised in that the step of constraining the downconverted
signal s to hefrequendnofamprisamy aﬂ‘gednbaﬁmmﬁmyﬁpcdngmas@@lat@ewtth frgdervgdasignals

frequency of m ovve a freguenc ectrum assoc.i at th receiyved
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cat nk

Appar atus for ing the source o nown signal of varying frequency
received by a plurality of signal relays, the apparatus including: a) a
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trial values of d|f erential tine offset DTO) between received sign I

characterised in tlhbll}’Sthe apparatus al so incl udes - d) processing neans
for: i) constrainin
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signals received by respective receivers to an intermediate frequency (IF);
c) a correlation processor for introducing trial values of differential time offset
(DTO) between received signals;
characterised in that the apparatus also includes:-
d) processing means for:-

1) constraining the downconverted signals to lie within a prearranged
bandwidth by adjusting the 1O signal frequency to counteract frequency
change in the unknown signal; and ‘

i1) counteracting changes in correlation phase angle of correlated signals
relatively offset from one another in time and associated with differing
LO frequencies by lvirtue of the offset and the 1O signal frequency

adjustment.
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6. Apparatus according to Claim 5 characterised in that the processing means is arranged
to calculate and apply to correlation products of signals a phase correction e Ap is a
change in correlation phase angle equal to 27t%(f; - f3), T is a trial DTO value with which
the correlated signals are relatively offset from one another and f; and f, are LO

frequencies before and after adjustment respectively.



change in the unknown signal; and ii) counteracting changes in correlation
phase angle of correlated signals relatively offset fromone another in
ti me and woloimbed with differing LO frequencies by virtraa/Gao2ioissof f set
and the LO signal frequency adjustnent. 6. Apparatus according to Caimb5
characterised in that the processing neans is arranged to calculate and
apply to correlation products of signals a phase correction e ', AOis a
change in correlation phase angle equal to 27rr(fa - fb), r is a trial DTO
value with which the correlated sigRals are relatively offset fromone
another and fb and fa are LO frequencies before and after adjustnent

tiyely. WO 02/ 077662 PCT/(GB02/01 23 7. di t 0.
Gams br & AREFaG: aFfedie 1o ER 1 HE roeadarivg Medne tspRbrPirgBiatos
downconvert fie68MeYdAidtnIEt SEGRALS vir9ind sSehafkttaRtduBithiti FQRShARMt fidqaeesNCY
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according to Claim5 ﬁeri s‘gd in.that the processing neans is
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bandwi dth by identifying a frequency of maxi mum power in a frequency

spectrum associated with received signals and determ ning therefroman, LO
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by identifying a frequency of maximum power in a frequency spectrum associated with
received signals and determining therefrom an LO signal frequency appropriate for

downconverted signals to be obtained within the prearranged bandwidth.



