12 Cctober 2005 1 "H GH RESOLUTI ON MULTI PLE SOURCE DI RECTI ON FI NDI NG W TH A
SINGLE CHANNEL RECEI VER' THI S I NVENTION rel ates to a nmethod of determ ning
the direction of arrival of signals inpinging on a plural{ixYo&bp&iRanae.

Direction fnders are devices that determne the direction of arrival of
signals inpinging thereupon. Direction fpders play an inportant role in
spectrum nonitoring, as well as in reconnai ssance and surveill ance
applications, as the_ direction in which transmtters in the vicinity of a
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conprise an WyEIOBESm%ée whi ch detect signals inpinging thereon, with
phase and anplitude information from the antennae being correlated to
calculate the direction of arrival of the inpinging signhals. In situations

wher e strongTpus tpAat N TIONerdlgeehe @ @ethed- sthddteshinsigttal diresticit of iatrivals
necessary to enploy high resolution directions finding algorithns to

interpret té@sigadla ippidgngdnyplarality of antemnfierder . | n conventi onal
direction fnders using such high resolution direction finding algorithns,
one receiver is provided for each antenna. Since the signal output by each

of the antenpnae nust. he coherentl | ed | i - channel regeiyers are
requi r ed fopB%rﬁF%OIf gg.%_ers H?\Ai‘?/‘@?‘? &@iﬁg&é’&%ﬁ%dﬁ%ﬂ%@%@ YO %ﬁgﬁgi ve
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sanpl ed. HoVR¥gierihfesE wlleas Hi Sadnanisaanre 4ml blveilmee apblieaticis] ustthen. |t
is costly to provide a |large nunber of receivers, along wth associ at ed
wiring and sdiréoviohhin whéch transmitters in the vicinity of a direction finder lie can be
established. Typically, direction finders comprise an array of antennae which
detect signals impinging thereon, with phase and amplitude information from

the antennae being correlated to calculate the direction of arrival of the

impinging signals.

In situations where strong multipath interference or co-channel signals exist, it
is necessary to employ high resolution directions finding algorithms to interpret
the data gathered by a direction finder. In conventional direction finders using
such high resolution direction finding algorithms, one receiver is provided for
each antenna. Since the signal output by each of the antennae must be
coherently sampled, multi-channel receivers are required for this task.

However, such receivers are relatively expensive and complicated in design.

If one receiver is provided for each antenna, the information received by each
of the antennae may be continuously sampled.  However, there are
disadvantages to this mode of construction. It is costly to provide a large
number of receivers, along with associated wiring and so forth, and in
applications where the volume and/or weight of the direction finder are critical,
the provision of a large number of receivers can be disadvantageous. In

addition, the likelihood of equipment failure in the case of a direction finder



applications where the volune and/or weight of the direction fnder are
critical, the provision of a |arge nunber of receivers can be

di sadvant ageous. In addition, the |ikelihood of equi prentsf@iidpee20ds t he
case of a direction finder 12 October 2005 2 having a | arge nunber of
receivers is increased, and maintenance costs are inevitably higher. The
Application of high resolution direction finding algorithnms requires the
receivers to be matched in their phase apd anplitude response. To ensure
that this situation exists, receiver calibration circuifry and signal
sources ar e hpwingi 2 dargeHawaber iof greiverselsapisreased: and (THAMIEAEICA Qs g1e

mai ntain the calibrat.ion of . the recei.vers .wll increase the cost d
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continuously sanpl ed sinultaneously, and various techniques have been
devel oped t signahpemsas eré aequined. Honcd, nstwilkc be apprécstedbthan the apedetd t o
provide a ti rre-var%ﬂ@r:\g pre-processi ng. network between the aptennae and the
reduced nunbwintam thecealibsation ghdhe seqeiyre yal ingreags phe spstaand campe¥ithm t o

interpret the dat.a output.fromthe time-varying pre-processing network.

However , th@FHWo‘i)‘éé’d’“rfg?%d requires at |east two receivers, and shares
the sane receiver calibration and coherency requirenents as conventi onal
hi gh resolution direction finding algorithns. A further techni que enpl oys

2 CLFAOImaRoR Ay o Brapoa envaper uhncay
finder having fewer receivers than antennae. It will be appreciated that a
consequence of this arrangement is that the information received by each of the
antennae can no longer be continuously sampled simultaneously, and various
techniques have been developed to compensate for this. For instance, it has
been proposed to provide a time-varying pre-processing network between the
antennae and the reduced number of receivers, and to implement an appropriate
algorithm to interpret the data output from the time-varying pre-processing
network. However, the proposed method requires at least two receivers, and

shares the same receiver calibration and coherency requirements as

conventional high resolution direction finding algorithms.

A further technique employs an array of antennae and a single receiver. The
antennae in the array may be connected individually to an output by a
switching network. In use of such an arrangement, the information output by a
single antenna is received at the receiver at any one time, and knowledge of the
geometric layout of the antennae comprising the array is employed to establish,
from the data output by the receiver, the direction of arrival of signals
impinging on the array. It will be understood that the above-mentioned

drawback regarding calibration is overcome when a single receiver is used.



swi tching network. In use of such an arrangenent, the information output by
E ajngle aPteRna Is received at the receiver at any one tine, and

now edge of the geonetric |ayout of the antennae conpri gpn S
enpl oyed to establish, fromthe data output by the rggeiggr?c%ﬁgrg?gggtion
of arrival of signals inpinging on the array. It will be understood that
the above-nentioned drawback regarding calibration is overcome when a
single receiver is used, 12 Cctober 2003 3 US Patent 5,497,161 describes a
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The drawback of this approach (when either delay lines or digital processing
are employed) is that the antenna analogue to digital conversion sampling rate
must be larger than 2N times the receiver bandwidth, where N is the number of
antennae. This will result in implementation difficulties in modern spectral
monitoring and surveillance applications, where the instantaneous bandwidth of
the receiver is typically large. For example, a typical 5 element antenna array
direction finder with a 10MHz instantaneous bandwidth will require a sampling
rate greater than 100MHz (5x10x2 MHz). Hence, when employing this method
in wide instantaneous receiver bandwidth applications, very high-speed radio
frequency switches and analogue digital conversion will be required, even
though the bandwidth of the received signal may be much smaller than the
receiver bandwidth. However, the need for higher speed devices and the
corresponding increase in the complexity of the circuitry will increase the cost

of the system. This increased cost offsets the savings offered by the reduction

in the number of receivers.

When delay lines are used to introduce time delays to realign the data received

from the antenna array, the lengths of the delay line need to be highly accurate,



rate greater than 100MHz (5x10x2 MHz). Hence, when enploying this nethod

in wde instantaneous receiver bandw dth applications, very high-speed
radio frequency swi tches and anal ogue digital conversi onyy ired,
even though the bandwi dth of the received signal may be rlrgncﬁlcw%ﬁg@t han
the receiver bandw dth. However, the need for higher speed devices and the
corresponding increase in the conplexity of the circuitry will increase the
cost of the system This increased cost4 offsets the savings offered by the
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changes in the sampling rate will require a set of delay lines having different

lengths, leading to a system that is inflexible and difficult to adapt to new

circumstances.

Digital signal processing using fast Fourier transforms (FFT’s) to compensate
for the time delays between samples received from antennae in an array has
also been proposed. The FFT processing attempts to finely channelise the
signal to a sufficiently small bandwidth that the time delays can be
approximated by phase shift. Reliable approximation can only be achieved
when the largest time delay is very much smaller than the inverse of the
bandwidth. However, very high antenna and analogue to digital conversion
sampling rates and long integration times are required to achieve the desired
channelised bandwidth. Nevertheless, as a result of this approximation, the
reconstructed array output will suffer a reduced signal to noise ratio due to
signal decorrelation. In addition, this approach will require N FFT processors
to align the data output by the array, which will further increase the cost and

complexity of the direction finder.



for the tinme del ays between sanples received fromantennae in an array has
al so been proposed., The FFT processing attenpts to finely channelise the
signal to a sufficiently small bandwi dth that the tine del@y@®ctderR605
approxi mat ed by phase shift,. Reliable approximtion can only be achi eved
when the largest tine delay is very mugh smaller than the inverse of the
bandwi dt h. However, very high antenna and anal ogue to digital conversion
sanpl i ng rHt ssamnebjecngfitheegreatntomdntion & scekool peavide aghethod dhe
desired channelised bandw dth.. Nevertheless, as a result of this

appr oxi mat {&srmMiHag ﬂ@céﬁgh Qb tasaival ﬁytlmsmnalwwhwbunﬁﬁmda aflgyiated si gnal
to noise ratio du nal .decorrelation. In addition, this approach
will reqU|?‘Eﬁnf"\lollfl'—ai1 ?)f lg ¥esdrawpagksyn t he data output by the array, which
will further increase the cost and conplexity of the direction finder. 12
October 2005 5 It is an object of the present invention to seek to provide
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al l eviates sone of the above wbacks. Accordingly, the present

invention gigles @ésirﬁvabbﬁ@oblufala@ft@ﬁ sighalyg thd enethod| cwsnpfisiagrthealtepd a
plurality of signals, the method conprising the steps of: providing a
plurality of provédingea pduraditynef antermacnsamphngutlpwrm,r&m optut Gbm he
antennae, to_obtain a set of sa each of the sanples, relating to
different ??éihn § the nteBnapete &t r{ﬁmgaawoef |S@mﬁqﬁ§n§?9ﬁrﬁoﬂlq faMME of

of 5 pi ur ey P EHE T lRn gl R P R R e S g at i on
of the speghrd shifIes; t}%?@bfﬁ%&&ﬁ&ﬁg N9se Bt RITSHRcBAY lines; identifying
each of a plurality of signals impinging on the antennae from the
configuration of the spectral lines; and calculating, from phase and
amplitude data gathered from at least respective subsets of the spectral
lines, the directions of arrival of each of the plurality of signals at the

antennaec.

Advantageously, the plurality of antennae are spatially separated from one

another.

Alternatively, the plurality of antennae are provided at substantially the

same location as one another.

Preferably, the plurality of antennae have differing gain characteristics

from one another.

Conveniently, each of the subsets of the spectral lines relates to one of the

plurality of signals.

Advantageously, the method further comprises the formulation of a vector

comprising one of the subsets of the spectral lines.



anplitude data gathered fromat |east respective subsets of the spectral
lines, the directions of arrival of each of the plurality of signals at the
antennae. Advantageously, the plurality of antennae are sgataob¥r S6PAr at ed
fromone another. Alternatively, the plurality of antennae are provi ded at
substantially the sane |ocation as ong another. Preferably, the plurality
of antennae have differing gain characteristics from one another.

Conveni ent Pxefesddt, thic sthe ofubertifying théelemdicy odlsignale smpehgingson theone of
the plurality of signals. Advantagequsly, the method further conprises the
for mul at | o#ntghnae fkauh dhe copfuguration obthe speetral Hneseempsrses fae sipcet al
lines. 12 Qctoher 2005.6 .Pr.ef erabl he step of. identifying th lurality
of "t gnal SO HUTRGE e HERHS IninEren FRoATIansagdr gl Adsits Of HE
spectral I} i [P tifying the signals inpinging on
t he antennﬁ%ﬁrag?nﬂ)t%%ﬁ%@gg{tfegitstggpgt%gmégectraI lines with respect to one
anot her. Conveniently, the nethod further conprises the step of determ ning
the frequency of each of the plurality of signals. Advantageously, the
step of deCenwemiengy} ke fmethodnfyrtiodr eamiprises tthe stpp wialeteymifing greal s
conprises the step of determning the frequency of each signal fromthe
posi ti ons Bequencyspbeachnpf thanplirakityaef signats.t hat signal. Preferably, the
outputs fromthe antennae are sanpled by a single receiver.

Advantageously, the step of determining the frequency of each of the
plurality of signals comprises the step of determining the frequency of

each signal from the positions of the spectral lines relating to that signal.
Preferably, the outputs from the antennae are sampled by a single receiver.

Another aspect of the present invention provides a direction finder
comprising: plurality of antennae; receiver, operable to collect samples
from the antennae; switching network, operable to connect the antennae,
in turn, to the receiver; and a processor operable to: receive a set of
samples from the receiver, each of the samples relating to different points
in time; perform a Fourier transform on the set of samples, thereby
producing a sequence of spectral lines; identify a plurality of signals
impinging on the antennae from the configuration of the spectral lines;
and calculate, from phase and amplitude data gathered from at least a
subset of the spectral lines, the direction of arrival of each of the plurality

of signals at the antennae.

Conveniently, the plurality of antennae are spatially separated from one

another.



Anot her aspect of the present invention provides a direction finder
conprising: plurality of antennae; receiver, operable to collect sanples
fromthe antennae; sw tching network, operable to connect 19hg.@pLEsURE: N
turn, to the receiver; and a processor operable to: receive a set of
sanples fromthe receiver, each of the7sanples relating to different points
intim; performa Fourier transformon the set of sanples, thereby

produci ng Alteemptevedy, tfe pheatityloflamesnad denpréwidadplinrsabstantiailysthgnal s

i npi ngi ng on the antennae fromthe configuration of the spectral I|ines;
and cal cul e lagadianpaere anathefipl i t ude data gathered fromat |east a
subset of the spectral lines, the direction of arrival of each of the

plurality of signals at the antennae. Conveniently, the plurality of

antennae a ' S r f.r.om ene er (€ of 120) 2 7

Al ternati v‘éﬁﬁ‘?‘?%g{éﬁr aﬁﬁ?y%@q% enr?ge %r}%ﬂg%éc:vi%a#i n suﬁggang% ly the
same | ocatdipha@eriRfies Fah Mie arffHént ageously, the plurality of antennae
have differing gain characteristics fromone another. In order that the

present invention nmay be nore readily understood, an enbodi nent thereof
w || now be described, by way of exanple, with reference to the
acconpanyiImgoodenihagsthei prespntc nveTitipny snay deomore readidyatnderstpdutanof

hardware used in the inplenentatio of an e di ment qf the present
i nvent i on; eMpgdingent EIFRf\‘RB?t‘Mﬂ{ d’rﬂ%ﬁ?ﬁf‘aé{qsﬁr@ﬁ a(r??[yeﬁﬁ?é’ é’l?r eXAMBIC (¥E i t h t he

reference to the accompanying drawings, in which:

Figure 1 shows a schematic layout of hardware used in the implementation

of an embodiment of the present invention;

Figure 2 shows two antennae in an antenna array for use with the

embodiment of Figure 1; and

Figures 3a and 3b show representations of digital spectra produced using

the antenna array of Figure 2; and

Figure 4 shows antenna gain patterns of three antennae for use in a further

embodiment of the present invention.

Referring to Figure 1, a plurality of antennae 1 are provided, the antennae
1 being spatially separated from one another. Although only three
antennae 1 are depicted, a skilled person will appreciate that the present
invention is not limited to this number of antennae 1, and that any
appropriate number of antennae 1 may be employed. The antennae 1

constitute an antenna array 2.



enbodi mrent of Figure 1; and Figures 3a and 3b show representations of
digital spectra produced using the antenna array of Figure 2; and Figure 4
shows antenna gain patterns of three antennae for use in 3>f8Lidder 2005
enbodi nent of the present invention. Referring to Figure 1, a plurality of
antennae 1 are provided, the antennae 1 being spatially separated from one
anot her. Although only three antennae 1 are depicted, a skilled person
will appreciate that the present invengion is not limted to this nunber
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to digital converter (ADC) 8, a buffer 9, a FFT processor 10 and a signal

processor 11.

In use of the detector in the method embodying the present invention, the
antennae 1 are connected in turn to the single channel receiver 7 by the
switching network 4. The signals received from the antennae 1 may be band-

pass filtered between the antennae 1 and the switching network 4.

The signal output from the switching network 4, Z (), is down-converted by

the downstream processing means to an appropriate intermediate frequency to

give a further signal Z(7). This further signal is digitised by an analogue to
digital converter to give a digital signal Z(z‘+z’];), where T is the sampling
interval (i.e. the time interval between the sampling of successive antennae 1).
It is assumed that the signal is appropriately conditioned, for instance amplified
and filtered, at this stage. It is also assumed that the analogue to digital
conversion of the signal Z(t) and the antenna sampling by the switching

network 4 are synchronised.

Following digitisation of the signal by the ADC, the data samples are buffered

in Q samples, Q being greater than the number of antennae 1 in the array 2.



swi tching network 4. The signals received fromthe antennae 1 may be band-
pass filtered between the antennae 1 and the switching network 4. The
signal output fromthe switching network 4, Z (t) , is dewnosgihéghbes by

t he downstream processing neans to an appropriate internedi ate frequency to
give a further signal Z(t),. This further signal is digitised by an

anal ogue to digital converter to give a digital signal Z(t + 1T) , where
TS is the sanpling interval (i.e. the ©ine interval between the sanpling

f i t 1) the sj tel
8on3?ffﬁﬁ22é§eﬁ€$uq%n£§§h@é daiphrifedes Ao okl Th ohd ABOEAPPES ©1Y
| | f t
2nd. the. antaf %ilmﬁ A50U0% ik & S Eblin QECRARAEIRT 2 ASOELSLETE thé(t)
Fol | owi ng qseq LRNhOfs a}br@mg' SNetle Bitat HEmMARG ahfendaia ?sarrﬁieedlgltaé

In

buffered i'n s I es, greater than the nunber of antennae 1 in

the array ZpedRuftphes) @0@med byEpetforunty batovhicoftravafemundhgabgitised
di screte Fourl er transfer and this can be effl Ci ently achi eved by using a
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obt ai ned by performing a Fourier transformon the 'digitised signal Z(t +
iT) is periodic on coa)vvlth period co, = T . The average sdgpllna S
frequency ifsedrencyaisd—t, and lit tyellabprm%m@f@dtﬂhat Qﬁlﬁepﬁé@ Hatad gital
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spectrum ZF7 (co) is de up of N spectral lines uniformy spaced over
frequency, f N egRRgal lidkst BRifoRhRNR a@éd ayweg. The
p th spect rsﬁ’lggfrlsﬁle 8 Cigj(;?gte r%%uengcﬁ&sgace ast m)d(wﬁyn ? Wws)

frequency, where N is the number of antennae 1 in the antenna array 2 The
a)S
pth spectral line is located in frequency space at mod(a),. + pﬁ,ws) ,

where the operator mod(a,b) computes the remainder of a/b and , is the
frequency of the signal impinging on the antenna array 2. Figures 3a and 3b
depict the spacing of the spectral lines in the digital spectrum Z(w) when
N=3 (ie. three antennae 1 are present in the antenna array 2) and when

o, Y2No, and o, (2 Nw, respectively.

The signal received from the output 5 of the switching network 4 can be seen as
an amplification and sampling of the signals impinging of the antenna array 2

in a non-uniform but periodic manner, and the observed sample signal
Z(t+i];) can be considered to be equivalent to sampling an impinging signal

with the sampling sequence

(604 LD+ VT, 2,y(0) + (N + DT, 7,00 (0) +2NT, o

(B (OB @ By )



where the operator nod(a, b) conputes the renmainder of a/b and wS is the
frequency of the signal inpinging on the antenna array 2. Figures 3a and 3b

depict the spacing of the spectral lines in the digital spec ; )
when N=3 (i.e. three antennae 1 are present in the antenﬁg g?%;godfﬁ)d

when co )2Nw;, and ws (2Nw;, respectively. The signal received fromthe
output 5 of the switching network 4 can be seen as an anplification and
sanpling of the signals inpinging of thgyantenna array 2 in a non-uniform
but periodic manner, and the(égbserved sanpl e nal t + i.T) can,be

consi der ed wherber ad@ vaidedh ) (8 SEApBEIRASG AR} ﬁ]%% hgelay psspeiatgd withnd
sanpl i ng sequence {1)(e) +1..., a(N)(0)+NT, a(,) (6)+(N+1)T, ..., (e)+2NT,
I/vh g.r (e ' )Z ag ogglgn antgnt8la 3?1@;1;11@ ga)n,tem@(amgy 2, mtbar(em%);q arpixes fEfBERNCO R9ALy O

: an ) are, r t , N '
e e L
ref erence point ue,.t.0 ti i ppi_ggi [ ’
gai n assooiarayanetiy 1 Byt ARHR iRy HTERE any EnfE IS ek BF e o
Cee I\L] qa?]ﬂ is the index of the antenna. A skilled person wll
appreci ate A% he sanpling rate is determ ned by the bandw dth of

interest” In principle, the sanpling rate only needs to exceed 2N times
the signal bandwidth. It will also be appreciated that the above-nentioned

time del ay yakilesl peisbntwill appalciatefthay thevsdmpling rategisadetenpinedi big the t he
antenna array 2, and this is elaborated further in Figure 2. Turning to
Figure 2, thandendthrofdeterest. 18 pmeiple, the sampling rate only needs to exceed 2

times the signal bandwidth.

It will also be appreciated that the above-mentioned time delay varies with the
angle of arrival of a signal impinging on the antenna array 2, and this is
elaborated further in Figure 2. Turning to Figure 2, two antennae 12, 13 are
aligned with one another in a first direction 14. An impinging signal 15 arrives
at the two antennae 12, 13 at an angle @ to the first direction 14. Unless the
angle 6 is 90°, corresponding wave fronts of the impinging signal 15 will strike
one of the antennae 12 before reaching the other antenna 13. The time delay
before a corresponding wave front of the signal 15 strikes the second antenna
13 is given by the additional distance that the wave front must travel (indicated
by reference numeral 16 in Figure 2) divided by the speed of propagation of the
signal.

Turning to Figure 4, three possible antenna gain patterns are shown. It is
possible to employ antennae having differing gain patterns to provide an
alternative to an array of spatially separated antennae, as described above. A
skilled person will appreciate that, if the gain characteristics of two antennae
are sufficiently different, signals impinging on the antennae from different

directions of arrival will give rise to different sequences of amplitude samples.



aligned with one another in a first direction 14. An inpinging signal 15
arrives at the two antennae 12, 13 at an angle O to the first direction
14. Unless the angle 0 is 90, corresponding wave fronts qf phfbepBOOPI NY
signal 15 will strike one of the antennae 12 before reaching the other
antenna 13. The tinme delay before a corresponding wave front of the signal
15 strikes the second antenna 13 is given by the additional distance that
the wave front nust travel (indicated 1ay reference numeral 16 in Figure 2)
di vi ded by the speed of propagation of the signal. Turning to Figure 4,

t hree possible antenna gain patterns are shown. is possible to enploy

| t
ant ennae hgeltni%g’l ﬁl{,fvecéiﬁr ngafpg)g'égﬁtt%t hSENS kP @rﬁi’c&%gagaﬂavﬁtgt gfﬁ@&ﬁt\/gaﬁp an

array of s epar a ennae, as descri above. A skilled

person wil ly,g fs%ﬁafkgﬂh&@{he dfovehrsaabed ahay a€tspatialy scpacdted wntcamhennae
are sufficrently ditferent, signals inpinging on the antennae from

di fferent Tder et dOasteahaameedalotvbd Ispatiially sepaated 8iofit @nenanatbefuctices of
anplitude sanples. 1; COctober 2005 11 Hence, it w |l be a&grei%i a]téed. that a
set of ant emterd thay bagravided aesubsiantallythe: ssmesloation apeact oflics. Lyl

described array of, spatially separated antiennae. _The .se a need
not be spa%ﬁa@ﬂp}”e@é@gr Q}aé&h{srs @ﬂﬁaﬁﬂ%tlﬁeﬁf&%ﬁa Ieislr?lge‘ild11 r%éérebgz)%ﬁ%gfded at
substanti al } 1Eiheﬁs?lr'r}e | ocation as each other. It will be appreciated that
this confi 8&1‘%8 PRHANCE | i kel y to result in a nore conpact direction finder.

Returning to the sanpling sequence given above, it will be appreciated that
each different angle of arrival of a signal inpingi nﬁ on the antenna array
t

2 will i Renimseg te the dafipbingndequangd gngnsabprende willt be eippracsated|thes onshi p
that I each different angle of arrival of a signal impinging on the antenna array 2 will
give rise to a different sampling sequence. It is this relationship that is
exploited when determining the angle of arrival of signals impinging on the

antenna array 2.

When @,)2Na,,,, where @, is the largest intermediate frequency, the
frequencies of signals impinging on the antenna array 2 can be determined
directly from the location of the N uniformly spaced spectral lines in the digital
spectrum Z,, (@) of the sampled signal. The frequency of each signal is the

lowest frequency of the detected N uniformly spaced spectral lines.

Once the frequencies of the impinging signals have been established, the
direction of arrival of each of the signals is determined from the phase and
amplitude information in the sampled data, which information is a function of

the directions of arrival of the signals.

Direction finding is achieved by first collecting the amplitudes and phases from
the N spectral lines corresponding to an impinging signal into a vector Zor (a))

The following low-rank data model is obtained:



expl oi ted when determ ning the angle of arrival of signals inpinging on the
antenna array 2. \Wen wWS>2NWn, where wnis the largest internediate
frequency, the frequencies of signals inpinging on the afi gisherP0dy 2 can
be determined directly fromthe |ocation of the N uniformy spaced

spectral lines in the digital spectrumZF7 (co) of the sanpled signal. The
frequency of each signal is the |owest frequency of the detected N
uniformy spaced spectral lines. Once tie frequencies of the inpinging

signal s have been established, the direction of arrival of each of the
signals is determned fromthe phase and anplitude information in the
sanpl ed data, which information is a function of the directions of arrival
of the sign D|r~ achieved by first collecting the

anpl i tudes %ni r)haé ?glrﬁ cmlt t He C*\I);spectral | i nes corresponding to an

i mpi nging signal into a vector 2F (CO The follow ng | owrank data nodel
is obtained: 12 Cctober 2005 12 ZF, (w=) = A((r),w)XF7 (~;~ +tWwW Were O

=[9,... Bd]T , where d is the nunber of inpinging signals detected at co,.
A(Ow, ) =Ta(81,w)...a(8d,w)], and X, (w,)=IxF. T,(w) XF7 2( ) XFT 3(w=)]
Where

0= [Q...Hd]T , where d is the number of impinging signals detected at o, .

Z(@,w,.) = [Zi(@l,a)l). ) .5(9,,,(0,.)] , and

and where x;;, (co,) is the direct Fourier transform (DFT) of the lth signal

source x,(z) at o,. 5(9, a),.) is the direction embedding vector function and can

be interpreted as the “transfer function” for the signal incident to the spinning

array from direction 6. It is given by

a(6,0,)=[4(w,.0). ooy Ao, N -1)]

where



and where xFT,, ((0;) is the direct Fourier transform (DFT) of the Ith
signal source x, (t) at w, . d(0, co,) is the direction enbeddi ng vector
function and can be interpreted as the "transfer functioR’ GelopbbhL0¢s gna
incident to the spinning array fromdirection 0. It is given by a(8,w,
)=[A(wW,,0),...,A(w,,NN1)]7 where 12 Cctober 2005 13 A(wW , |~
_-~3p(B)exp(-Iwi zp(B))eXP .J ~NJ N _2 P=Owhich is a function of the
spatial geonetry of the antennae 1 in tige antenna array 2. Using the

| ow-rank data nodel set forth above, the direction of arrival of plural

i mpi ngi ng signals can be performed using direction fording algorithns
devel oped to process signals obtained froma conventional multi-antenna,
mul ti-receiver det?qLQr. These al gorith E%@%¥Ude conputationally efficient

al gorithms Fshs acs_l\ggj((gmg@g@pﬂ(s)t) yf r, and statistically optinal,
but conput att onal | ¥ @erfandi ng al gorit hms s¥él as stochastic nmaxi num

| i kel i hood, noise sub-space fitting etc. algorithnms. Versions of these

al gorithns, adapted to be applied to the data received fromthe sw tching

network 4, may be enployed, and a skilled person will appreciate how such
adaptation is to be achieved.. For instance, the MJSIC cost function can

be expr essevvdhi%ﬁ ifs aMf{lSrlxc%oglog)f the spatial geometry of the antennae 1 in the antenna
array 2. Using the low-rank data model set forth above, the direction of arrival
of plural impinging signals can be performed using direction finding algorithms
developed to process signals obtained from a conventional multi-antenna,
multi-receiver detector. These algorithms include computationally efficient
algorithms such as MUSIC and Capon’s beamformer, and statistically optimal,
but computationally demanding algorithms such as stochastic maximum
likelihood, noise sub-space fitting etc. algorithms. Versions of these algorithms,
adapted to be applied to the data received from the switching network 4, may

be employed, and a skilled person will appreciate how such adaptation is to be

achieved.

For instance, the MUSIC cost function can be expressed as

fMUSIC(g): laH(g > @, )H Na(e > i )‘

Where H . is the noise sub-space that is derived from the array covariance

matrix,



axle,w,)fJ Na(O ,coj Wiere HN is the noise sub-space that is derived from
the array covariance matrix, 12 Cctober 2005 14 E[ZFT (w;) ZH (w, )] and
where E[] is the expectation operator. Wen co, < 2NWn, tBeclahi,386$!

gi ven above still remains valid, but the direction of arrival and
frequency of inpinging signals need to be jointly , ws) . estimted. The
position of the spectral lines is given by nod(w, P co, The frequency of
the signal may not be the | owest frequepgy of the N uniformy spaced
spectral |ines n co, < .. Hence, the frequencies of the signal nust
be determ né& }}22; di flél(@ route. It will be noted that the signal

frequency is one of the conponents in the N uniformy spaced spectral

lines. Therefore, after the N uniformy spaced spectral |ines have been
detected and determned, the direction of arrival and frequency can be
jointly estimated as follows: .f MJUSIC (0, CO = a'" (6 ,w) H Na(B,w) where
the search for the sjgnal, frequency co is constrained to the finite set of
N uni f or m andsyherdZilds thasXpecHONRREROEd previ ousl y. The application of
this approach to joint direction of arrival and frequency estimation using
ot her conventional high resolution direction finding algorithns (for

i nstance those discussed above) will be straightforward to a skilled

per son.

When o, <2Na,,, the data model given above still remains valid, but the

max ?

direction of arrival and frequency of impinging signals need to be jointly
o,
estimated. The position of the spectral lines is given by mod(a)i + p-i,a)sj )

The frequency of the signal may not be the lowest frequency of the N
uniformly spaced spectral lines when @, <2Nw,. Hence, the frequencies of the
signal must be determined by a different route. It will be noted that the signal
frequency is one of the components in the N uniformly spaced spectral lines.
Therefore, after the N uniformly spaced spectral lines have been detected and
determined, the direction of arrival and frequency can be jointly estimated as

follows:

Susse(0.0)=|"(0.0) T val6,0)

where the search for the signal frequency @ is constrained to the finite set of N
uniformly spaced spectral lines detected previously. The application of this
approach to joint direction of arrival and frequency estimation using other
conventional high resolution direction finding algorithms (for instance those

discussed above) will be straightforward to a skilled person.



12 Cctober 2005 15 In the presence of M signal sources of different
frequency, the extracted spectral lines will have to be de-interl eaved M
groups of N uniformly spaced spectral |ines. Depending oRanWoRidNRF 2005
operating under co, > 2NWnor <c¢s, < 2NWnestinmation of direction of
arrival and frequency will be perfornmed in accordance with the approaches
descri bed above. It will be understood that the present invention provides
a powerful method for estimating the dysections of arrival of signals

i npi nging on a spinning antenna array, that is both accurate and |ess
conputationally intensive than existing algorithnms for performng this
purpose. In particular, the fact that the nmethod of the present invention

antonnae 1 1 Bt A 8 Sk Rl SRR o B et
orreut try erhicHSREnes Wl el Bb BETRRE Rl QRN R, BF SCuRToi BEQEASS! N0
present spegldihaRt iy, " COMPEAGRS" ofeatRethém Wpetiamooruntlens s a2 b, , arg

"conprising™ means "including of consisting of'. The features disclosed in
the foregoi pg «deger i pétiakio bf dnection bfwiiealcind frequearicy wilkbageofopaeyi ng

drawi ngs, expressed in their specific forns or in terms of a neans for
per f or mi ng fnhecaidezlcosath fierapproathesdescriteidabbver process for attai ning
the disclosed result, as appropriate, may, separately, or in any
conbi nation of such features, be utilised for realising the invention in
diverse forns thereof. 12 Cctober 2005 16
It will be understood that the present invention provides a powerful method for
estimating the directions of arrival of signals impinging on a spinning antenna
array, that is both accurate and less computationally intensive than existing
algorithms for performing this purpose. In particular, the fact that the method of
the present invention does not attempt to temporally align the signals received
from the antennae 1 in the antenna array 2 with one another leads to significant
benefits with regard to the requirements that are placed on the processing

circuitry employed for use with embodiments of the invention.

In the present specification "comprises” means "includes or consists of" and

"comprising" means "including or consisting of".

The features disclosed in the foregoing description, or the following claims, or
the accompanying drawings, expressed in their specific forms or in terms of a
means for performing the disclosed function, or a method or process for
attaining the disclosed result, as appropriate, may, separately, or in any
combination of such features, be utilised for realising the invention in diverse

forms thereof.



CLAIMS 1. A nethod of determning the angles of arrival of a plurality of
signals, the nethod conprising the steps of 5 providing a plurality of
antennae; sanpling, in turn, the output fromeach of theanHerBaE200P
obtain a set of sanples, each of the sanples relating to different points
in time; performng a Fourier transformd6 the set of sanples, thereby
produci ng a sequence of spectral lines; 10 identifying each of a plurality
of signals i @liAB8g on the antennae from the configuration of the
spectral lines; and cal cul ating, from phase and anplitude data gathered
fromat | east respective subsets of the spectral lines, the directions of

arrival of egch of it L anal s t.he, apt ennae. .

o according %?%O%f deW% o 315 arty B, BT 2 ATy O sfiocth,
spatially se F}g)df({ Qgg of:3- A nmethod according to Claiml,
wherein the plura ant nnae are 20 provided at substantially the

same Ioca5| on as pf@lamgt&plmal (yf\aﬁmnh@& according to Claiml, wherein the
plurality of antennae have differing gain characteristics fromone

another. 25 5. A sanhbugdodornyitigyotipuCtaimedch mhecentermacﬁoojbtmhea satlofet s
of the spectral lines relates to one of the plurality of signals. 6. A
met hod accor 8¥RY lespeaghnfrhe Samnlmﬁehtlesﬁedif&rﬁgt poats itHleat i on of a

vector conprising Or}grrgfngtzp le*oﬁfjlgrstergrfsfggm to?lethg %gtcct)tr sampl'egl etﬁerejt')y pcr)co& Ocqggr; 2005

a sequence of spectral lines;

10 identifying each of a plurality of signals impinging on the antennae from
the configuration of the spectral lines; and

calculating, from phase and amplitude data gathered from at least

respective subsets of the spectral lines, the directions of arrival of each of the
plurality of signals at the antennae.

15
2. A method according to Claim 1, wherein the plurality of antennae are

spatially separated from one another.

3. A method according to Claim 1, wherein the plurality of antennae are

20 provided at substantially the same location as one another.

4. A method according to Claim 1, wherein the plurality of antennae have

differing gain characteristics from one another.

25 5. A method according to Claim 1, wherein each of the subsets of the

spectral lines relates to one of the plurality of signals.

6. A method according to Claim 1, further comprising the formulation of a

vector comprising one of the subsets of the spectral lines.



17 7. A method according to Claim1, wherein the step of identifying the
plurality of signals inpinging on the antennae fromthe configuration of
the spectral lines conprises the step of identifying the spafdes 20081 Ngi ng
on the 5 antennae fromthe positions of the spectral lines with respect to
one another. 8. A nmethod according to Cdrm 1, further conprising the step
of determning the frequency of each of the plurality of signals. 10 9. A
met hod according to Claim@8, wherein the step of determ ning the frequency
of each of the plurality of signals conprises the step of detferm.nin t he
frequency of ’eachAsiaetaPdraceaiding tBoélaﬂmohs“&er@lﬁet p&lep rof] idenHédng digt i ng
to that signal...15 10, A nethod.according.to Caim whet ei n..t he .out puts
from tne ant OliaHD"af Siscllsp ThA sy g o8 g s o te, SRRy RSBl haer
conpri si ng: nal d.t - ant ; 5@% : I | l.hect
sanpl es frpms?%cg{dgmltﬁ{é!rsln%oﬁ%%sgw&l?c ?I?\g()%ﬁgt@nv\% ) gﬁ??@?@ '?gfncgin%egg t{hﬁe
ant ennae, 5i n ghtéhRae O R pdsE@isVEthe 8Pt 0iRes Hifttre $o epehadther.t o:
receive a set of sanples fromthe receiver, each of the sanples relating
25 to different points in time; performa Fourier transformon the set of

sanpl es, thereby producing a sequence of spectral lines; 12 COctober 2005
18 8. A method™ according to Claim 1, further comprising the step of

determining the frequency of each of the plurality of signals.

10 9. A method according to Claim 8, wherein the step of determining the
frequency of each of the plurality of signals comprises the step of determining
the frequency of each signal from the positions of the spectral lines relating to

that signal.

15 10. A method according to Claim 1, wherein the outputs from the antennae

are sampled by a single receiver.

11. A direction finder comprising:
a plurality of antennae;
20 a receiver, operable to collect samples from the antennae;
a switching network, operable to connect the antennae, in turn, to the
receiver; and
processing means operable to:
receive a set of samples from the receiver, each of the samples relating
25  to different points in time;
perform a Fourier transform on the set of samples, thereby producing a

sequence of spectral lines;



identify a plurality of signals inpinging on the antennae fromthe
configuration of the spectral lines; and cal culate, from phase and
anpl itude data gathered fromat |east a subset 5 of thespoehbat 2d05nes,
the direction of arrival of each of the plurality of signals at the
antennae. 12. A direction finder accordih§ to Caim1l, wherein the
plurality of antennae are spatially separated from one another. 10 13. A
direction finder according to Caim1l1l, wherein the plurality of antennae
are provided in substantially the sane ]ocatjon as one another. _14.
direction finder &g‘é’&‘?ﬂi%@?@h@ aﬂfnﬁlg!}?isvﬁ@?’é‘igm& (8 She, ragtgnngae ofromy ghe
ant ennae have di ffe{.i ng %ii n cj&affict eriati cs from one anot her.
configuration of the spectral lines; an
calculate, from phase and amplitude data gathered from at least a subset
5  of the spectral lines, the direction of arrival of each of the plurality of signals at

the antennae.

12. A direction finder according to Claim 11, wherein the plurality of
antennae are spatially separated from one another.

10
13. A direction finder according to Claim 11, wherein the plurality of

antennae are provided in substantially the same location as one another.

14. A direction finder according to Claim 11, wherein the plurality of

15 antennae have differing gain characteristics from one another.



