SYSTEM AND METHOD FOR DETERM NI NG THE DI RECTI ON OF A RADI O EM TTER FI ELD OF
THE DI SCLOSED TECHNI QUE The di scl osed technique relates to
interferoneters, in general, and to nethods and systens for determning the
direction of a radio emtter with resolved anbiguity in particular.
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emtter are known in the art. A rR”‘RDPO tﬁ-fE s referred to herein as a
devi ce, which generates (i.e., a sourc%rM Iects el ectromagnetic
radi ati on at a frequency range extending substantlally within the radio
frequency band (e.g., between 30 kilo Hertz and 300 and G ga Hertz).
El ectromagnetic radiation emtted by a radio emtter is also referred to

herein as a radio signal. One application of determning the DOA of a radio
signal is, for exanpl eF"a'epeQﬁ'EﬁlEgDﬁQhQ)gEﬂ EECGHNK@ system Anot her
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the DOA of a radio S|gna erm ne ase ditference of a radio

si gnal reanitet oiyh a@sd)leeatammmmmrm@mcula‘r the t wo- di nensi onal (2D) case,
a radi o DOA determ ning systemenpl oys at | east two antennas and neasures

the difference in the phase of the radi o signal received by one antenna,

relative to the rag e aaRyNB G FHEBISEE SSEE TRERIGUE

Systems for determining the Direction Of Arrival (DOA) of

electromagnetic radiation, emitted by a radio emitter are known in the art.
A radio emitter is referred to herein as a device, which generates (i.e., a
source) or reflects electromagnetic radiation at a frequency range
extending substantially within the radio frequency band (e.g., between 30
kilo Hertz and 300 and Giga Hertz). Electromagnetic radiation emitted by
a radio emitter is also referred to herein as a radio signal. One application
of determining the DOA of a radio signal is, for example, determining the
location a RADAR system. Another exemplary application is determining
the location of a wireless transmitting node in a network (e.g., a cellular
telephone or a node in an ad hoc network).

A known in the art technique used to determine the DOA of a
radio signal is to determine the phase difference of a radio signal received
by at least two antennas. In the two-dimensional (2D) case, a radio DOA
determining system employs at least two antennas and measures the
difference in the phase of the radio signal received by one antenna,
relative to the radio signal received by the other antenna.

Reference is now made to Figure 1, which is a schematic
illustration of a radio DOA determining system, generally referenced 10,

which is know in the art. Radio DOA determining system 10 includes two
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Ref erence is now made to Figure 1, which is a schematic illustration of a

radi o DOA determ ni ng system generally referenced 10, which is knowin the
art. Radio DOA determ ning system 10 i ncludes two antennas, antenna 12 and
antenna 14. The |ine extending between antenna 12 and antenna 14 defines a

baseline for, the radio interferometer, indicated hy the line 16. A radio
oronal i rAlTlelnga. BBNABs 125 andnaniesna ol 4 eediedingy SxipadAg DethREn
antenna 1 r oglucj ctiyve lL.ve ' : | €., 40N trical
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may cause a difference i n phase between the received signal of antenna 12
and t he r el ard 18,gsalecefvexhbyramstebha TRart ahsrere d 4i eaghgredbeingean t he

recei ved signal of antenna 12 and the received signal of antenna 14,
rel ates tdeBRectis received sigmad (segran glecisical signal) r ebhie dadia signalnist he
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antenna 14, X represents the wavel engt the“radi o”sign

repr esent 4nthieaddibeativddie thadiceeprathdigndlqoatdarennd) 12asnd thengbeeivetut i on
as long as the relative distance d, between antenna 12 and antenna 14, is

smal | er orsige@lapf tanteana fike wEhe diffgrencs inhphaaei bewvepnmithe received
Positioni s gr%a“eofaarl]rtlt%rr]lr}\aasﬁtand the received signal of antenna 14, relates to the
DOA of the radio signal (i.e., the direction at which the radio emitter is

located) as follows:
Ad= (QR%)sine (1)

where A¢ represents the difference in phase between the radio signal

received by antenna 12 and antenna 14, d4 represents the relative
distance between antenna 12 and antenna 14, A represents the
wavelength of the radio signal and 6 represents the DOA of the radio
signal. Equation (1) has a single solution as long as the relative distance

d, between antenna 12 and antenna 14, is smaller or equal to half the

wavelength of the radio signal (i.e., d s%) . Positioning the antennas at

a relative distance larger than half the wavelength, may cause ambiguity
in the determined DOA. This ambiguity in the determined DOA occurs
since, when placing the antennas at a relative distance greater than half
the wavelength, the number of repetitions of the wavelength associated
with the radio signal, within the relative distance between the antennas, is
greater than one. However, the repetitive nature of the radio signal limits

the measured phase difference A¢ to be between 0 and 2r radians (i.e.,

to portions of a wavelength). Thus, when distance between the antennas

is greater than half the wavelength, more than one wavelength repetitions
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a relative distance |arger than half the wavel ength, may cause anbiguity in
the determ ned DOA. This anbiguity in the determ ned DOA occurs since, when
pl acing the antennas at a relative distance greater than half the

wavel engt h, the number of repetitions of the wavel ength associated with the

di I thin the t di st bet the ntenna reater
Lhan_one. ThaHeIEassamiatedh Rifht VS Shiie, Beasured Mians ARSHRICY Tres hine

measur ed eLQAC [

port i ons gneasuied PSR Sirehahge MRRIRGRER Mudte. ﬁt‘%ﬁﬁféeﬁé‘tgtt diansfs
greater thpgshaldisé hefere@lisiE the ‘mé ﬁiﬂlj‘Br¢6I%I|H§*Yﬁ|tﬁéq5ﬂb§ee§ﬁférbh@@5 may
be associated with the sane neasured ase difference (i.e., the neasured
phase di f fraeasueement i Af) udlonsucp:mrtlymmoretltbanobné?BOAdBaoﬁ)theTl’actnm S
also referred to as the wapping or folding of the phase difference

measur enersigd. NEgyhbeqassocipledwith tharsame Meastred phase differesiognai, may
be associated with the sane neasured phase difference Ao , which results in

an arrbl guiwlyichrreshiéisdetas aimtaiguidpio the detetmineshDEOAL He gireise ciigd, dhence
(i.e..in |othhaeset (\ﬁ\?fecr“errtrgg J On?rlt thea?V\)o dimen sVISHanase ) is given by:

AP = (2n%)sin9 +27n, (2)
where n, represents the number of times the wavelength A repeats in the

distance d between the antennas.
It is noted that the error in direction for a given phase difference

measurement is given by:

A

- 3
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where o, represents the error in the direction, c,, represents the phase

measurement error and where A and 4 are as above in equation (1) and
(2). According to equation (3), the error in the direction decreases as the
distance between the antennas increases relative to the wavelength.
Thus, it is desired to increase the distance between the antennas.
However, as mentioned above, increasing this distance beyond half the
wavelength introduces ambiguity to the determined direction.

U.S. Patent 4,639,733 to King et al, entitled "Direction Finding",
directs to an interferometer system using an array of five antennas
arranged at the apices of a regular pentagon. Two switches sequentially
select a pair of antennas from the five antennas and provide the signal
received by each of the two antennas to a respective receiver. A phase
difference determinator determines the difference in phase between the
two received signals and provides this difference in phase to a calculation
device. The calculation device determines all possible bearings from the

measured phase difference for each pair of antennas. A histogram is then
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GCsin 0 + 2Enc, (2) where n" represents the nunber of tinmes the wavel ength
X repeats in the distance d between the antennas. It is noted that
the error in direction for a given phase difference neasurenent is given
by: ¢ = Acs

formed of the number of possible bearings in each range of possible
bearings. In this histogram, a large number of possible bearings will occur
in one of the possible bearings. Accordingly, the selected bearing shall be
the range containing the number of possible bearings greater than a
predetermined threshold.

U.S. Patent 5,021,792 to Hwang, entitled "System for
Determining Direction or Attitude Using GPS Satellite Signals” directs to
system, which uses the carrier phase of signals provided by GPS
satellites for determining spatial orientation. The system includes an
antenna array including three collinear antennas. Initially the antennas
are equally distant apart and connected to three separate receivers. The
carrier phase measurements are taken by each of the antenna/receiver
combinations with respect to signals from four different satellites. The
positions of two of the antennas are then exchanged, while continuously
tracking the carrier phase. Phase measurements are again taken by each
of the antenna/receiver combinations with respect to signals from the
same four satellites. The antennas are then rearranged from the collinear
arrangement to a non-collinear arrangement while continuously tracking
the carrier phase. Phase measurements are yet again taken by each of
the antenna/receiver combinations with respect to signals from the same
four satellites at the non-collinear arrangement. The phase information
gathered is then processed to resolve the phase ambiguities between the
signals and the components of vectors representing the orientation of the
antenna array based on the phase information by solving a set of
equations.

U.S. Patent 2,860,336 to C. W. Earp et al, entitled "Radio
Direction Finding System" directs to short wave direction-finding system,
which includes a circular antenna array and a reference antenna. The
individual antennas in the array are commutatively coupled one at a time

at a given frequency to an array-receiving channel. The reference
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and cos 0 (3) where co represents the error in the direction, silo
represents the phase neasurenent error and where X and d are as above in
equation (1) and (2). According to equation (3), the error in the direction
decreases as the distance between the antennas increases relative to the

wavel ength. Thus, .it is desired . to increase the, di stance betweep the
ant ennas. AWREVET IS ASAeROBIRE tbay EESPRRINEdEIR ANGP GHONIRAC ENBBNBA hal T
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to Earp et al, in many cases it is not feasible to rotate an antenna at a

reasonable gyration speed.



formed of the nunmber of possible bearings in each range of possible
bearings. In this histogram a |arge nunber of possible bearings will occur
in one of the possible bearings. Accordingly, the selected bearing shall be
t he range containing the nunber of possible bearings greater than a
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THE PRESEm-e %ﬁ%c%%%eﬁ%gggvgﬁ The direction of arrival determinator is coupled
the multi-channel receiver and with each the at least one antenna position
determinator.

The antenna position determinator determines the measurement
positions of the at least one moving antenna in the reference coordinate
system. The multi-channel radio receiver at least includes a respective
phase difference detector for each selected pair of antennas. For each
measurement position of a respective at least one moving antenna, each
respective phase difference detector measures a phase difference
between received signals produced by the antennas respective of the
selected pair of antennas. The direction of arrival determinator associates

each phase difference measurement respective of the selected pair

-6-



It is an object of the disclosed technique to provide a novel nethod and

systemfor determning the direction of a radio emtter with resol ved

anbiguity. In accordance with the disclosed technique, there is thus

provi ded a systemfor determining the direction of arrival of a radio

signal emtted bg @ﬂhadio emtter, relative to a, reference direction. The
a
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the DOA of the radio signal.



BRI EF DESCRI PTI ON OF THE DRAW NGS The di scl osed technique will be
under st ood and appreciated nore fully fromthe follow ng detail ed
description taken in conjunction with the drawi ngs i n which:

Figure 1 is a schematic illustration of a radio DOA determ ning system
which is kpnowin the arg. ) Fi gure | S chematic illustration
of o syst APt BloGedLER iohSRIating the dapEbmrabaak DA ASARe DR BF the

| ocat ed mﬂéﬁki%iﬁkwed anbiguity in the DOA of the radio signal emtted by
the radio , ‘constructed and operative in accordance with an

enbodi nent of the disclosed technique. Fi gures 2B-2F are schematic
illustrations of an exanple for determ ning the DOA fromwhich a radio
signal was received in accordance with the enbodi nent of the disclosed
techni que described with reference to Figure 2A Figure 3 is a
schematic illustration of a systemfor determning the direction in

t hree-di nensions, at which a radio emtter is located with resol ved
anbiguity in the DOA of the radio signal emtted by the radio emtter,
constructed and operative in accordance with another enbodi ment of the

di scl osed techni que.



Figure 4 is a schematic illustration of a nethod, for determ ning the DOA
of a radio emtter, operative in accordance with a further enbodi nent of

t he di scl osed techni que. Figure 5A is a schematic illustration of
a graph, representing the different possible DOAs of the radio signal, for

F1 2 and 13 in a fr EEPESCHIETION ok TER DRRIRIGS tance w'th
another oo el dibfodeol el BIL A wderstonc AP URBEES 1,
v quenc J3cke 8, ORTIRS SKARRMapaIeELasasi it chon rretprereh i (v oe
DESCRI PTI @he @FaWitrgENBADIGENTS

Figure 1 is a schematic illustration of a radio DOA determining
system, which is know in the art.

Figure 2A is a schematic illustration of a system for determining
the direction at which a radio emitter is located with resolved ambiguity in
the DOA of the radio signal emitted by the radio emitter, constructed and
operative in accordance with an embodiment of the disclosed technique.

Figures 2B-2F are schematic illustrations of an example for
determining the DOA from which | a radio signal was received in
accordance with the embodiment of the disclosed technique described
with reference to Figure 2A.

Figure 3 is a schematic illustration of a system for determining
the direction in three-dimensions, at which a radio emitter is located with
resolved ambiguity in the DOA of the radio signal emitted by the radio
emitter, constructed and operative in accordance with another
embodiment of the disclosed technique.

Figure 4 is a schematic illustration of a method, for determining
the DOA of a radio emitter, operative in accordance with a further
embodiment of the disclosed technique.

Figure 5A is a schematic illustration of a graph, representing the
different possible DOAs of the radio signal, for each position of the moving
antenna and for each one of three frequencies, f4, f; and f; in a frequency
alteration sequence, in accordance with another embodiment of the
disclosed technique.

Figure 5B is a schematic illustration of a graph, representing the

histogram produced by the different position of the moving antenna and



The di scl osed techni que overcones the di sadvantages of the prior art by
providing a systemand nethod for determning the Direction O Arrival
(DAA) of a radio signal with resolved anbiguity in the determ ned DOA
According to the disclosed technique, at |east two antennas are enpl oyed

where at | east one of the antennas nove rel ative through lurality of
measur ened® RAGH 1Y 9fnthe rbree cequensies nat &2 s ng'nAgbgrﬁﬁﬁgeﬂéYOne
enbodi nent_,of _}. i scl osed techni que, one antenna noves through a
pIuralityeg@”ﬂﬁgﬁﬁgﬁﬁ@ﬁ@%positions (i.e., a noving antenna) and the ot her
antenna is located at a fixed position (i.e., a stationary antenna). The

di stance between the antennas is larger than half the wavel ength of the
radi o signal. Each nmeasurenent position of the noving antenna defines a
respective different baseline with the stationary antenna. The difference

i n phase between the received signal produced by the noving antenna and the
recei ved signal produced by stationary antenna (i.e., for each selected
different baseline), is nmeasured at each position of the noving antenna.
Accordi ngly, each phase neasurenent is associated with a respective

measur enent position of the noving antenna, and thus, wth a respective
baseline and rel ative di stance between the antennas. For each neasured
phase difference, and thus for each neasurenent position of the noving
antenna, a plurality of correspondi ng possible DOAs of the radio signal are
determned (i.e., due to the above nentioned anbiguity in the DOA). In

ot her words, a respective set of possible DOAs is determ ned for each
measur enent position of the nmoving antenna and respective neasured phase
difference. Fromthe determ ned sets of possible DAOs, the nost probable
DOA is determ ned as the DOA of the radio signal. The nost probable DOA is
determ ned according to the nunber of occurrences of each determ ned

possi ble DOA is a nenber of one of the sets of possible directions. For
exanple, fromthe sets of possible DOA's (i.e., a set for each nmeasurenent
position of the noving antenna), a histogram of the possible DOAs is
produced. This histogramrepresents the nunber of tines each potential DOA
in the histogram has been determ ned as a possible DOA (i.e., each tinme a
potential DOA was a nenber of one of the sets of possible DOAs). In other
words, the histogramrepresents the nunber of tines each possible DOA is a
menber in one of the sets of possible DOA's. The term ' potential DOAs'
relates herein to all the directions within a selected range of directions
at selected resolution (e.g., the range of directions between 0 and 180
degrees, relative to the reference direction, wth a selected resol ution of
0.1 of a degree). Each tine a potential DOA is a nenber of a set of
possible DOAs, is also referred to herein as a "hit'. The potential DOA

wi th the maxi mum nunber of occurrences is determ ned as the DOA 0 of the
radio signal and thus, the direction at which the radio emtter is |ocated.
Alternatively, the DOA O with a nunber of occurrences, which exceeds a
predeterm ned threshold, is determ ned as the DOA of the radio signal.

In general, the phase difference of the radio signal received by each of
the antennas may al so be represented as follows: AcP= (27/Jr. e)+ 2rcn(4)
where F represents the relative position vector between the antennas,
represents the unit vector of the direction of the radio emtter and 4
represents the vector dot product. Accordingly, in general, the disclosed
technique attenpts to determne the DOA O, which mnimzes the difference
bet ween the neasured phase difference and expected phase difference of the
received radio signal for each of the possible DOAs as follows: = arg mn E
Ad), - (27cd",0 j(13))(5)
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e According to an enbodi nent of the disclosed technique, the

nmovi ng antenna i s nechanically coupled with a rotating platformand the
stationary antenna is |located at a fixed position, a distance D fromthe
axis of rotation, of the rotating platform The position of the stationary

o e bRt AL e SCA BN R o BB NG 001 e
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rotating atform e noving antenna fromthe axis of
rotation ddf t Arivela(DOAY aofd & hedidgeigral pesttt iresoblech amibiguiky eindithg
between the axis of rotation of the platformw th the noving antenna,

rel ative tdgetarmigied dIOA.di Ascording s thaediasloseyl dacbRise, oahieast twe

di f f t i t] t which, t ' t i s _located, define..
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general ly r _ termning ti rection at which a radio
emtter isyses@mt edoddrbinges®lomd eaitbodividnt bh thdalif€dsetl tdehinique cohegnal

enitted by the radio emtter, constructed and operative in accordance with
an enbodi mntenoé maveld dbragghl a epluraliye of Fimpasesea®rRFpasdiohshdnat,i @
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106, an antenna position determ nator 108, a dual channel receiver 110 and
a DOA det enavingt antehbhé défiats cheespectivecdiffeeentli@séling meth thes btatemaayphase
difference detector 112. Stationary antenna 104 is | ocated at a known

posi tion @dtannge the ditfatenae dxphasgobeiveesn e rgcpivad sianal tsodysad, the

di stance hotyeen, fotal Lof@l 578" dodid WoRhPhiOAUBAP S PRt Rl onar Y
antenna (i.e., for each selected different baseline), is measured at each
position of the moving antenna. Accordingly, each phase measurement is
associated with a respective measurement position of the moving
antenna, and thus, with a respective baseline and relative distance
between the antennas. For each measured phase difference, and thus for
each measurement position of the moving antenna, a plurality of
corresponding possible DOAs of the radio signal are determined (i.e., due
to the above mentioned ambiguity in the DOA). In other words, a
respective set of possible DOAs is determined for each measurement
position of the moving antenna and respective measured phase
difference. From the determined sets of possible DAOs, the most
probable DOA is determined as the DOA of the radio signal. The most
probable DOA is determined according to the number of occurrences of
each determined possible DOA is a member of one of the sets of possible

directions. For example, from the sets of possible DOA's (i.e., a set for
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i nst ant aneous di stance between the current position of noving antenna 102
and stationary antenna 104 is denoted d Movi ng antenna 102 is
mechani cal ly coupled with rotating platform 106. Antenna position

determ nator 108 is coupled with DOA determ nator 114 and with rotating
pl atform 106 via a notor such as an,electri¢c notor or_ a

.sh
i nt er nal &ﬁ%um%wr@n&wégg%m%@ﬁg%%ﬂegvmaﬁﬁ%m rarﬁ%A?FPSﬁ%@ BB§H?i on
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bet ween t hﬁnégte"ddwgméhﬁallﬁfmf in' ﬂi@?ﬁi@t@g%ﬁﬁ fiRAdnbEh WetdrrhitedTayi A9
antenna 102 relative to a reference direcfion indicated by dashed arrow
116. Dual pusaitriel DOX €i.ggreddh tinse eoppltentiali DO A avds anmerhbev\ufrghamfenna
102 and stationary antenna 104 and w th DOA determ nator 114. It
i s noted tthatseta®ffaasible PEA) ol atasrwordg dhenkistagran eepirsentsdhai t h

2 movi ng " ERK 2! 105R o APl DL G GRTERE Py N 1OT Blasety of O
| at f - ity o] - ' - i I t ed
Bnywier o S PRTel PIOAS: i The 55 RoRAEIORRERRIE e oP 21 4882 102

f rom r ot atdi@ttiaxisswitRin @fsenentédira@gel@ftcﬂieé@ﬁd&ﬁat seldoteamesblutionefergr,e, in
Figures 2A-2D, rotating platform 106 is depicted as exhibiting the shape of

a ci r cul athei gangaHoole directionsabietiyephaf @énd 1IBD miggrersi bielativg ot ke shape
(i.e., geongtrical ,or arbitrary) so lagng as the distance between the axis
OF " rot at’ SRIGSENERATIRRUAT G| ARG SOMAIGTO 01 5 S0 & HRDTES ks
System 10Q. det.er.m i recti i ch i §mﬁ§ n wn) is
| ocat ed i%nﬁﬁéf ééﬁﬁ?%?g?ﬂlﬁ %mg%%pgéﬁggb%s?ggﬁiqﬁlrec%igﬁﬁé ’?%éﬁEQQio
emtter mpyidfed B fEesinc@sby aRitangMaer Poréhtiel DOA WafretRecmalifreEhi on
(e.g., bearing when the reference direction is the north or azimnmuth).

Al t er nat i veinybett bé aticueranass S determiaegidoasthet BOAwY dlethes padivesigrdalby a
unit vector, exhibiting a direction corresponding to the di rection at

whi ch t he anghihwise the idiregtion atwihich the radiguerittonislocated. Adternatively,
direction,g s repnesented by _dashe rr , i i pendicuyl.ar_to
line 122, ﬂi’%usﬁ@@fi % n&v'tab plaanrigml%r&ﬁ (é))f\lljvr éég%&ggégg"t h@'rﬁ?ﬁe%fgf(égift eAdi ng
bet ween s j : s ad [ iatdi | at f orm
T06. det nERedeRRmingd RREhold et detefRifed A QK581 fle F44® sighal: o of
stationary antenng Hehebal, tbetpieass idifferepicecodttitt natlie sigslatmed@ived by
Accordingly, the positions of stationary antenna 104 and rotation axis 120
of rotati egcplefitheranteoeasimayetiee beceepresetiarhas felewsm 124 are known.

Ref erence coordi nate system 124 may, . be\regi stered with, or one of a

geogr aphi cal coordi nate systenlémeﬁ? &érébﬁ?@ml | atitude |ongitudk, WS84,
GRS80, (OsGB36, ED50 and the like. The term"registered" refers to herein to
every poswhere Fnrapreserfssttaneslativerpbsitive \vicidebehagendhe antenesmzorgi ng
known position in the geographical coordinate systen. _ Rot at i ng

pl at f or m IQ@Brasends dbe fIoit vaclopl of the directinn «ft then radin edlerngndr row 118.
Ant enna position, determ nataqar, 108 deter,nm nes. t he .nmeasure t position of
Tovi ng. anteRiRolt e VASiah BLDTRgHrt: AkCerpohertaanerr MeEiieeed or
exanpl e, I It ;AN ! r echs ngHabar_nEskt hon a
of novi ng{%ﬁ’k@ﬁﬁg %Wse.t? (#?%ﬁéﬂ%qab%ex[?@%\di ?\Q efc\/\rgeﬁwr“grﬁlgtelgolrt]ﬁ%xi S
120 of robgidraaice! Bétwden 186 michBursy ipHhstnddfsrent@2and edxgaotedt phase
reference direction 116. The angul ar position determ nator provides this
det ect ed diftpreacepafsing vecaived radie signabokirt éach dﬁtthenpbasibfﬂ D@4s ase
angul ar p&gkhkgn determ nator nay determ ne the angul ar position a of
novi ng an 102 by detecting (i.e., to a desired degree of accuracy) the
Time O Arrival (TOA) of the radio gignal Lo_ih;onplete rotation
interval of rotating pIatfo@ﬁﬂ?@ﬁﬁ”%ﬁgﬁeagﬁggﬁﬁﬁg ) r position dé®kr mi nat or
determ nes the ratio between this nodul o TOA and the conplete rotation

i nterval and nult \pb¥ididgbi 360- n'fBédﬁﬁé‘HP!&tHé“%lié’é]S#é%rte%ﬂi 4Nt

det er mi nat or det erm nes 9he conplete rotation interval of rota |nglg?atform
106 by avefcvihg@rtenhdrisl mieghahicaigscoapiedt withf a trbtating platform and the
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respective intervals of a plurality of rotations. Angul ar position

determ nator determnes the tine interval between the tine at which antenna
102 passed through reference direction 116 and the Tine O Arrival (TOA) of
the radi o signal at noving antenna 102. Angul ar position deternninator

AR o 8 Job S She SR o el Prcher
o R PP, SRR B R AR B Yo, o
124, accorgfafnk0 réRgivel &} wggﬁeef rB&%fdMoﬁFﬁ@@B?&t% pldtfsPh ¥ Khioh,axi s

120 of rotating platform 106, position of rotat axis 120 of rotating

pl at f or m 146 the ptatéoren nalate sthed positioh anithet mevimg ahtenmeshahgesccl mis,movi ng
antenna 102. Alternatively, antenna position deternninator 108 directs
novi ng anttBen@oviy eotenna mavesdhreugh @ rluralitynehsigaswemespesiingsi n

reference .coordj nate system Jt24' é{o th end,.. .for anpl e,. antenna position
det or i natiBrd BTHREE GAGANARSYSIEMe 1 heoPPsitiphroh I MPviadiAniedlarsnent
poST 1,01 MloHhi BckBRIBL kPpbRiBh oy ARPRRIARNBNLAY HerlaBiibe,

al ter nat I ysthtfoh, endaiétamoasofiioving! antornid fohedns auodmatanderta 102
determ ning the nmeasurenent position thereof and providing the position of

movi ng anttbaratfoemtanddre detgdai pasidioniaia linet exiendieg betweeodher axisat or
108 provides the determ ned neasurenent position of 1 ng antepna 102 to
DOA Gt or A REBION 04 The PISToN Vels §1% A0 BROrRIER 2o G BUNE 1903 EIRIence

st ati onaryy; na r i [ L.gn e 0 nat i Ng. ane

Fadi o om R A ARG Brfehf Bl Mo St Bdticne B vifich

el ectri calihgi giwling BAGSheACisOlodBIEUNdEiME NRsspEAivan bagbfihb8NWith angenna

104 provides the respective received signal produced thereby to dual
channel r etafioraryld®tenbaal channel receiver 110 receives the received
signals from movi rI]:?eference is now made to Figures 2A-2F. Figure 2A is a
schematic illustration of a system, generally referenced 100, for
determining the direction at which a radio emitter is located with resolved
ambiguity in the DOA of the radio signal emitted by the radio emitter,
constructed and operative in accordance with an embodiment of the
disclosed technique. Figures 2B-2F are schematic illustrations of an
example for determining the DOA from which a radio signal was received
in accordance with the embodiment of the disclosed technique described
with reference to Figure 2A.
With reference to Figure 2A, system 100 includes two antennas,
a moving antenna 102, a stationary antenna 104. System 100 further
includes a rotating platform 106, an antenna position determinator 108, a
dual channel receiver 110 and a DOA determinator 114. Dual channel
receiver 110 further includes a phase difference detector 112. Stationary
antenna 104 is located at a known position relative to rotation axis 120 of
rotating platform 106. Thus, the distance between rotation axis 120 of

rotating platform 106 and stationary antenna 104 is denoted D. The
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antenna 102 and stationary antenna 104 and perforns substantially identical
recepti on operations on each of the received signhals. These reception
operations include, for exanple, down conversion, filtering, sanpling,
denodul ati on, equalization and the |ike. For each neasurenent position of

novi ng antenna 102, phase difference detector 112 determ nes the respective
di f f er encdnstaniaRRUAGStanCcebpYReN dhet GURBPEIRPSHIO IKASBONING aniak

b 1 th i A I duced b [
the- recer VOB RO sTton s ABERR T4 i BRaPEH nna 104, Dual “channel
receiver 110 provi nﬁhla%t@nﬁéglg f]é r RSN W'Sdll%iﬂp %in?he

determ nator 114. urt Aer nor e, annel recel'ver 110 determ nes

frequency pratféime T@6ei Aatermanisitien Wetebmireatpl oyd&ds Fevupled WithnBIGA M

t echni que\s&| and provides this frequency to DOA deternni nator 114.

Al t er nat | detgrminadouddd ang witbwotating péatienne 1 OF viehe @eiter érot shgwn)vi a
intelligence,or published information) and provides thi.s fr ency .t o DOA
ot or i natUEN A AMTRlECH I FIRREPTGin (HENTAEINBUSHER SRUTBe W) SRR o
the carri fa CWd he rad ' ' t ' or the
i mi mam £ 10 PRI At Bn Y Rsilih Fhe Tl 06 Indy FREY B LALANGY 1,

dual chanpgl angaRIrvessifid desripgnator|(ABEdhwW) WIMEHSBRAViBES thecahyglas, each
coupled with a“respective one of noving antenna 102 and stationary antenna

104, and poséjmar at eobkabre dXtendiny betiweent thie, ratatipheaixigi 120 tdferatation
separate receivers, as |long as these receivers are coherent (i.

synchr oni Péatfermi08 with thek@pviig asienta dRedaie o @é@ﬁ%@n%dﬁ'ﬁ,@ﬁiQ”

output. . _ . t 1 N 1 sSSOci at o) e
ai 1 er encidieatest ERORDELELOLE o7 ShAIIBRIRH TSofRel i Tl BaVRE
”Eafsu.remegtacﬁoéhé'Wn%viﬁ?véﬁ‘l%rﬁfét 90P2ah82statioRary 'ARBhME 102MaRAtGINa
position determ nator 108) at which that phase diTference neasurenent Ao
was neasuDE0Aadetetimirsatoniltid. a respecti ve basel i ne. DOA determ nator 114
further determ nes the angle 13 between |ine 122 and the_ |ine extending
bet ween novi ng antteihanetEd dhat sthe | angviar apesition 1deptermimator may be

incorporated with the motor or with antenna position determinator 108.
Furthermore, in Figure 2, moving antenna 102 is depicted as coupled on
the rim of rotating platform 106. However, it is noted that moving antenna
102 can be located anywhere on rotating platform 106 as long as the
distance R of antenna 102, from rotation axis 120 of rotating platform 106,
is known. Furthermore, in Figures 2A-2D, rotating platform 106 is
depicted as exhibiting the shape of a circular disc. However, rotating
platform 106 may exhibit any other shape (i.e., geometrical or arbitrary) so
long as the distance between the axis of rotation of the rotating platform
and the moving antenna is known.

System 100 determines the direction at which a radio emitter
(not shown) is located in two-dimensions. In two-dimensions, the direction
of the radio emitter may be represented by an angle relative to a reference
direction (e.g., bearing when the reference direction is the north or
azimuth).  Alternatively, the direction of the radio emitter may be

represented by a unit vector, exhibiting a direction corresponding to the
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For each phase difference neasurenent At and the respective neasurenent
position of noving antenna 102, DOA deternninator 114 determ nes a set of
possi bl e directions fromwhich the radio signal was received, according to
the follow ng: O4a:sin7 .(A(1)-2itirZ and Ornd 1- 1(6) 2Thd where e

recei ved AHEEGIOT BbraBiEH 416 HACRAVBRIESK 1 10RKSHne ok ELERS: AR erBtt s i n

the instantanegis 4irddRee i€ PEPSEMIRV )Y MUY 2aA8% 116, which is
perpendicular to line 122, thus defining a plane. In Figures 2A-2D, the line
122 extending between stationary antenna 104 and rotation axis 120 of
rotating platform 106 defines a two-dimensional coordinate system 124
with the position of stationary antenna 104 being the origin of coordinate
system 124. Accordingly, the positions of stationary antenna 104 and
rotation axis 120 of rotating platform 106, in reference coordinate system
124 are known. Reference coordinate system 124 may be registered
with, or one of a geographical coordinate system such geographical
latitude longitude, WGS84, GRS80, OSGB36, ED50 and the like. The
term "registered" refers to herein to every position in the reference
coordinate system having a corresponding known position in the
geographical coordinate system).

Rotating platform 106 rotates, for example, in the direction
indicated by arrow 118. Antenna position determinator 108 determines
the measurement position of moving antenna 102 in reference coordinate
system 124. To that end, for example, the angular position determinator
detects the angular position o of moving antenna 102 (i.e., of the line
extending between rotation axis 120 of rotating platform 106 with moving
antenna 102) relative to the reference direction 116. The angular position
determinator provides this detected angular position o to antenna position
determinator 108. The angular position determinator may determine the
angular position o of moving antenna 102 by detecting (i.e., to a desired
degree of accuracy) the Time Of Arrival (TOA) of the radio signal modulo
a complete rotation interval of rotating platform 106. Thereafter angular
position determinator determines the ratio between this modulo TOA and
the complete rotation interval and multiplying by 360. For example, the
angular position determinator determines the complete rotation interval of

rotating platform 106 by averaging a plurality of measurements of the
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and stationary antenna 104 (i.e., since d may different for each

measur enent position of noving antenna 102 nd may al so be different).
Furthernore, i is an integer (i.e., a nmenber of the set of all integers z)
bet ween zero and rn; whererepresents the round-up operator. It is noted

t hat DOA deternni nator 114 determ nes the vel ength X and, . thus |.d,
accor di ng E8PERUVRIciRiERYHE] 9 cRudidiplilY Ohe retalionSsi gn§n9um RR$IEPR nat or

R U S R e e R I T

respectiveitenna 102 passed through reference direction 116 and the Time Of
Arrival (TOA) of the radio signal at moving antenna 102. Angular position
determinator divides this interval by the complete rotation interval and
multiplies the result of this division by 360 to determine the angular
position o of moving antenna 102.

Antenna  position  determinator 108 determines the
measurement position of moving antenna 102, in reference coordinate
system 124, according to the distance R of moving antenna 102 from
rotation axis 120 of rotating platform 106, the position of rotation axis 120
of rotating platform 106 in coordinate system 124 and the angular position
o of moving antenna 102. Alternatively, antenna position determinator
108 directs moving antenna 106 to move through a plurality measurement
positions in reference coordinate system 124. To that end, for exampile,
antenna position determinator 108 determines the angle o corresponding
to each measurement position and directs the motor to rotate moving
platform to that angle. According to another alternative, antenna position
determinator 108 may alternatively be embodied as a GPS receiver
attached to moving antenna 102, determining the measurement position
thereof and providing the position of moving antenna 102 to DOA
determinator 114. Antenna position determinator 108 provides the
determined measurement position of moving antenna 102 to DOA
determinator 114.

Each one of moving antenna 102 and stationary antenna 104
receives a radio signal originating from the same radio emitter and
produced a respective received signal (i.e., an electrical signal). Each one
of moving antenna 102 and stationary antenna 104 provides the
respective received signal produced thereby to dual channel receiver 110.

Dual channel receiver 110 receives the received signals from moving
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When determ ning the sets of possible DOAs, DOA determ nator 114 al so
accounts for the angle p between line 122 and the |ine extendi ng between
the two antennas (i.e., DOA determ nator 114 subtracts the angle 13 from
the determ ned DOAs). DOA determ nator 114 determ nes the nost probabl e DOA

as the DOA of the radio signal, fromthe determ ned sets of possi bl e DOAs.
For exanplatenga aQ?eﬁﬂ%aﬁgéyoﬂ%W FABa0Ras 194niady gQ%l'ﬁ?rm%rt?%@%tlaﬂ%‘&ﬁVhe

et or m ned QECARERARD Bae'HoRR i, e, oo Hphdiy TASsE%er

det er i ”atr%?éﬂén IBBFANAHS BRI BixBihipiBd dd\in! BbAGEFsiBHTHRferfig,

occurrences as t ection fromwhich the radio sign was
recei ved aagnpling, tleenatiulatiohon eqatalizhtion taedr atieo diketter Har | eaehed.

Alternatively, DOA determi nator 114 determ nes_the nost probable DOA the
thus the Dpasfirarnent pasiiosi ghaovinpeantendaniitBephaseddiffererer deteetosne of

th i ble direct] d ternined threshol d._ According t
anot hor ol 16, ARLEBNEBIS o P AP AABSTETIER. I IRHASSS M oRISChiS AT D gPam a

probabi | i density, function mapping each potenti al Lth t .

Dt obabi | | {PTERLES: aRSRoHLRT TS Bk asC e men bR e BeRe i e Syl dignabao
determ na i t =1 lHC Bi f iy I Khity
density ftﬁég%éﬁdg@h?ﬁﬂ/@%aﬁa{%ﬁ%@\%@ﬁg g?trﬁge?g%gcgptﬁ?ra iggs!) nal .
Wth ref ersgaitendry &htsnre 3842FDddll cremmeg fezeiveret a0ppvides dieisephiaseng t he
direction fromwhich a radio signal was received according to the

enbodi mendiftérance miessusement ethite dAQAJdeiermieatasbble Frurdwimeare: Dimlwi t h
Figure 2A. In the exanple set forth in Figures 2B-2F, the frequency of the
radi o si gehRNNel receiuagahdpPt detavrpinest the 3(@1@@ ob tbe receivgdastdna 102
fromrotation gxis 120 o

f y | at.f 6 . .(,abbr,evi d
by the T ol e By femproyihas PoitisROTRadpRE e RniabaR il B HEB R *1 ©

stati onar 1 I | Xi t t 6 is
10 meter s TR O30l CRRAARITT A AIEFRIRb] TPt BRT SIS
stati onar yrerfuetivyaofl @He avhittort & .igonvixiistellitferde oot@iblighed afoomatibdd
defines two-di nensional reference coordinate system 124 with the position
of st ati omadypeoidesdhisoregeengy tthdDOA gleteninador dil dat Eheyiseauenoy of

Furthernore, the reference iref\ction i S reiRresenIe by dashed aI‘I‘OV\hllES,
which is H«lﬁ*ﬂ@ R élg%ll 2Y PRe ggf_xample, e carrier re&uency INn case thé

radio signal is a modulated signal or the minimum frequency of the
bandwidth of the radio signal. It is noted that dual channel receiver 110
may be replaced with two separate receivers, each coupled with a
respective one of moving antenna 102 and stationary antenna 104, and a
separate phase difference detector, coupled with the two separate
receivers, as long as these receivers are coherent (i.e., synchronized
samplers clocks) and synchronized with respect to their output.

DOA determinator 114 associates each one of the phase
difference measurements received from receiver 110, with a respective
measurement position of moving antenna 102 (i.e., receive from antenna
position determinator 108) at which that phase difference measurement

A was measured and thus, with a respective baseline. DOA
determinator 114 further determines the angle B between line 122 and the

line extending between moving antenna 102 and stationary antenna 104.
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Wth reference to Figure 2B, noving antenna 102 is |located at a first
measur enment position, represented by coordinates [x=10.5, y=0] in reference

coordi nate system 124. The angul ar position a,

of a line extending between

rotation axis 120 of rotating platform 106 with the noving antenna 102,

| nst ant anddtls GRal abess | ATieHEaCe 1NSASHEIRENT | 6. , SRUZ LS HRSPRRbVangI o
ror o ey e Biedfonf Shetn Lot TG S o B D b RA 4
2701, | o SIPrBIIRS aC5ot B PRERIBGREATER, A Ukt IRaRT sind wa

2701,

di recti on rg6iviest a%érd]in9 ( _ _
-68.2136,12.27365,30,51. 86681 where the values in 01 are givenind
and the subscript indicates _(MAp—2mi)

© = arcsin| ——2 ||

4oQheddllowidg. 9248, -40.0052,

ieZandOSiS!—nd_I—1 (6)

where © represents a set of all possible DOAs from which the radio signal

was received and n, represents the number of times the wavelength A

repeats in the instantaneous distance 4 between moving antenna 102
and stationary antenna 104 (i.e., since 4 may different for each

measurement position of moving antenna 102 »n, may also be different).

Furthermore, i is an integer (i.e., a member of the set of all integers 2)

between zero and [n, ] where | | represents the round-up operator. It is

noted that DOA determinator 114 determines the wavelength A and, thus

n,, according to the determined frequency of the radio signal. DOA

determinator 114 further determines the instantaneous distance d
according to the relative position between moving antenna 102 and
stationary antenna 104, respectively.

When determining the sets of possible DOAs, DOA
determinator 114 also accounts for the angle B between line 122 and the
line extending between the two antennas (i.e., DOA determinator 114

subtracts the angle B from the determined DOAs). DOA determinator 114

determines the most probable DOA as the DOA of the radio signal, from
the determined sets of possible DOAs. For example, DOA determinator
114 produces a histogram representing the number of times each one of
the potential DOAs in the histogram has been determined as a possible
DOA in one of the determined sets. DOA determinator 114 determines
the DOA exhibiting the largest number of occurrences (i.e., hits) as the

direction from which the radio signal was received and thus, the direction

-18-

S
m and
O =
erence

egrees



t he index of the neasurenent position of noving antenna 102. Wth
reference to Figure 2C, noving antenna 102 rotated in the direction

i ndicated by arrow 118 and to a second neasurenent position, represented by
coor di nat es [x 9.706, y=-0.4] in reference coordinate system 124. The

angul ar posi n |'i ne ex endi n t ween he | S, of n of the
o1 ot for m At KR iR0iAdG emiEnia. %@te 0 Afelitsa PR debeuniatet 1dn 116
is 218. 66 t hus,
o} 715 mot SFaepTies e modtiabBabie DoAY e ST of 3 P4GH %ﬁhﬁf

ext endi ng \DREMRRE ipELENBT éﬁé@ﬂ@ﬁées %f BrieLsf %&pé@ﬁbﬁ?élrébtléns ekdeeds? )
Enpl oyi ng equation (6) wth d= 2=3i n and correspondi ng phase
differenca npmieterramecbfth:téﬁncslddegwmrdlnge to 40witBér Saltamhtlwbt DA ng

t he angl eﬁ&— -2.4" fromthe results t he set 02 of possible of the
radi o si giigterainatpyel 14 petimades ofram dbg dristogsams:a probablllty @lzsnsﬂy

6. 48109, - 35, 1985, o 40,1290 LR BORZWIROIS) MiREBablly VRlat i 02
potential DOA is the DOA of the radio signal. DAO determinator 114
determines the potential DOA at which this probability density function
exhibits a maximum value as the DOA of the radio signal.

With reference to Figure 2B-2F, following is an example for
determining the direction from which a radio signal was received
according to the embodiment of the disclosed technique described above
in conjunction with Figure 2A. In the example set forth in Figures 2B-2F,
the frequency of the radio signal is 100 Megahertz (MHz), the distance R
of moving antenna 102 from rotation axis 120 of rotating platform 106 is
0.5 meters (abbreviated by the letter m in Figures 2B-2F - R=0.5m). The
distance D of the stationary antenna 104 from rotation axis 120 of rotating
platform 106 is 10 meters (i.e., D=10m). Similar to Figure 2A, the line
122 between stationary antenna 104 and rotation axis 120 of rotating
platform 106 defines two-dimensional reference coordinate system 124
with the position of stationary antenna 104 being the origin of coordinate
system 124. Furthermore, the reference direction is represented by
dashed arrow 116, which is perpendicular to line 122.

With reference to Figure 2B, moving antenna 102 is located
at a first measurement position, represented by coordinates [x=10.5, y=0]
in reference coordinate system 124. The angular position «, of a line
extending between rotation axis 120 of rotating platform 106 with the
moving antenna 102, relative to a reference direction 116 is 90 degrees
(i.e., «=90°). The instantaneous distance d4 is thus, 10.5 meters (i.e.,

d =10.5m). The angle B between line 122 and the line extending between
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Wth reference to Figure 2D, noving antenna 102 rotated in the direction

I ndi cated by arrow 118 to a third neasurenent position, represented by
coordi nates [x=9.706, y=0.4] in reference coordi nate system 124. The
angul ar position a, of a |ine extending between the axis of rotation of the
platformw th the noving antenna 102 relative to a_reference direction 116
i s 321. 34 thegive anteneas ig=zarm. Qagyeesrrﬁbe4, nB £&h)-anEBuRdoving: aauatiani G)t hus,
yet again, 9.715 neters (i.e =9. . . The angle p between line 122 and
the |ine eMtkntrig.oret deedmt ﬁedt%rm@mgg pRase diffrgnessmaassiremestz. 41

i1 of encessrGriedres Dy, iy 620 10, Sot6k00lspp SR SABA%Y S 1 he

10 el 4 P e B ' Do of e v

0, = [~ 4.09601, - 20.9248, — 40.0052, - 68.2136,12.27365, 30, 51 .78668]
where the values in ©, are given in degrees and the subscript indicates
the index of the measurement position of moving antenna 102.

With reference to Figure 2C, moving antenna 102 rotated in the
direction indicated by arrow 118 and to a second measurement position,
represented by coordinates [x=9.706, y=-0.4] in reference coordinate
system 124. The angular position o, of a line extending between the axis
of rotation of the platform with the moving antenna 102 relative to a
reference direction 116 is 218.66 degrees (i.e., «=218.66"). The
instantaneous distance d is thus, 9.715 meters (i.e., 4 =9.715). The angle
B between line 122 and the line extending between the two antennas is
minus 2.4 degrees (i.e., f=-2.4°). Employing equation (6) with 4 =9.715,
A=3m and corresponding phase difference measurement of 180.3
degrees (i.e., A¢=180.3") and subtracting the angle B=-2.4" from the
results, the set ©, of possible DOAs of the radio signal relative to
reference direction 116 is:

0, = [-6.48109,-25.1928,—-48.1290, 11.28447, 30, 52.95081]
where the values in ©, are also given in degrees.

With reference to Figure 2D, moving antenna 102 rotated in the
direction indicated by arrow 118 to a third measurement position,
represented by coordinates [x=9.706, y=0.4] in reference coordinate
system 124. The angular position o, of a line extending between the axis
of rotation of the platform with the moving antenna 102 relative to a
reference direction 116 is 321.34 degrees (i.e., ®=312.34°). The

instantaneous distance d is thus, yet again, 9.715 meters (i.e., d =9.715).
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03 = H7. 08915, - 25.39, - 46.7804, 10.72345, 30, 55.22543] where the val ues
in 03 are also given in degrees. Wth reference to Figure 2E,
graph 150 represents the different possible directions for each nmeasurenent
position of noving antenna 102. The horizontal axis 152 represents the

oo oes; 2P wngle o Chetednikie; 332; aid dbenligs ieaendi, enwegBsing Hoor
novi ng antenna 102, Wth reference tq Fiqure %Plg&a h 160 rerfg%zenté a
to

hi st ogr am@ennasdiss et edeIfREsi(bfe Bad ok t Ing qatio £ Wt

reference direction 116, for each nmeasurenent ition of nmoving aptenna
102, The W%t 2¥ns a6k CPERSEOBAING (HAte HIBgreRe SnEABHEEMBOROT n

??92:?%??%4 Srofee iRy %%%ﬁééfcf#@%%%ﬁwb?, Sl s Hon 6830
ot ' . e C o h .

S three) . TPROTST SPE 6Tt o dresig PRSP 2 BHREL v BlaiRRE B! “11a
det erm nes %hat tgéa ra*di 0, ggi.t_ter is located at a direction of 30 degrees
rel ative rEIYFPORELIERTELY | OR 9116, Alternatively, DOA deterninator 114

determ nes the DOy _{_t?}%blpg,_!%O_%Q,f_géj%@@,dj(pﬁég%r@g; ybspy4the number of

occurrences of one of € possi DOAs exceeds a eterm ned threshol d.
For | X gheph i PATREIndh, FEULERAR FBBSfRe Predetormined (hreshold
oot o % e MRSt RGR S eSS S e
when det erggsiitile tirectéhs forf ehable madisarsi@m! positiod! df hdovibly antenna
102. The horizontal axis 152 represents the potential DOAs in degrees
(i.e., all the direction between -90 to 90 degrees) and the vertical axis 152
represents the index the position of moving antenna 102. With reference
to Figure 2F, graph 160 represents a histogram of the different possible
DOAs of the radio signal relative to reference direction 116, for each
measurement position of moving antenna 102. The horizontal axis 162
represents the histogram potential DOAs in degrees and the vertical axis
164 represents the number of occurrences (i.e., hits). As seen in graph
160, the DOA 0 of 30 degrees (i.e., 6=30") is the most occurring DOA
(i.e., exhibits the maximum number of occurrences - three). Therefore,
with reference to Figures 2A-2D, DOA determinator 114 determines that
the radio emitter is located at a direction of 30 degrees relative reference
direction 116. Alternatively, DOA determinator 114 determines the DOA
0, as the DOA of the radio signal, when the number of occurrences of one
of the possible DOAs exceeds a predetermined threshold. For example,
when number of occurrences exceeds a predetermined threshold of two,
DOA determinator 114 also determines that the radio emitter is located at
a direction of 30 degrees relative reference direction 116.
In general, the number of measurement positions of the moving

antenna, used when determining the DOA 6 of the radio signal, should be
01-



chosen (e.g., heuristically) such that the histogramshall not becone
cladded with different possible direction and thus un-di scernable. For
exanple, only the last 10 or the last 100 positions of noving antenna are
used when determning the DOA of the radio signal. Furthernore, the
accuracy of the determ ned DOA depends, al sp on, the accgégﬁy of ,the distance

bet ween’ t KAOSENeAR&L. hEStiGay} Hidbdbat dhgohistediamesball baat jkgcome

j ti it Fi y 2A- 2B, t | | A : i th
orating praies niBOERsE, dssllp APEHEh SRBULE RSB St on of
rotating RhAGIOHAP tb 18se10%41He st 4001bASHons Wi mbiHg BRferes dreon of
movi ng antenna 10Z, -and consequently the instantaneous distance, d, between
nmovi ng antgerh wHih aedeshiniing rtaey DA esfinthel 0ddid sigredler Funtbeérmiarb, the

desired degree of accuracy. In the enbodi nents descri bed above in
conj unct i @eowiracy [if ginee debexmined: RO Avdepgnantalan0n shpoaegw@cynohk thet at i ng

| at f : di t h nmbodi f th i scl d techn;j. . th
Tovi ng. antUHARCHRPRSEEBL ANEa A APans TESal Iy tHvi AP A EF GRS,
moving | eldedofiplli@Nh. Horfithufbid's witt! BREHLEr S0.98, a0 TRRARAC HIdAGARC!)
or exanplE, ermvmgﬁa ormis located on a rail and¥a 1inear position

encoder defeRéfhitRiof betiROsbtatiag atibhe Pd&sheur be ddigcter o prRIidetRet 0 a
ref erence position. The coordinates of the reference position and direction

at whi ch tamgulai positioor ok notatingi platfioeny 206rwitb & degreié rdtacayacyrsuahe

known. Thus, the position of the noving anten in the reference coordi nate
syst em cahhal sheePasitionyi @l dMAVHE e FIERRNG ﬁrb%e iar{gc{]aﬁpaﬁ%%@n YstBfice, d,

The. above eB At dn BRcE . S i BhEaiBantR 102 SR SERAary
det er m ni pgtbhga '3?@(91 (‘% d@tér%’ih‘éds\ivﬂﬁ%eidbsﬁ‘réd"@e%ié@ﬂﬁh@@@ﬂady?f erence

coordi nate system (e.g., either azinmuth or elevation). However, the

di scl osed t echni qlie theenabsdintentenidsyribd abodetie rmonjumetiarmeitbdPigafrea r adi o
signal in a three-dinensional reference coordi nate systemas wel|. By
addi ng an 24daFs the anowRgeienpa. is locaiachen aretatingdiatiormnt Aaeardng 40

R R et B T R
t hr ee- di mpasjARlg %Qpéq'r&#\?e@éﬁg%ﬂbmgmmatmw (@ %vin@préﬂeicﬁwght ) -

Ref erence 1's now nade to gure Is as matic il lustration of a

system génevaldsy ahef Baekwadd2 ), af eonttsthation nihegebf)e dHareekamplep the
t hr ee-di mensi ons, at which a radio emtter is located with resol ved

anbi gui t y movinge piadforon ishdoealdich @i gaaraikranded Hpeahep@sitivs emcoder,
constructed and, operative.in agg{:or dfim e wth énot t]er enbog(i)rrent of the

di scl osed 9etRIMiNgscthespesitiornah the Qlatieun: on dae Jajldgialive 10 g efesente enna

202, a fi : ti : [ 206.
syst em 2080PFITer PRAEHQAMARTOERIE rdRiedes BRREaAY AR Bl Bifien S0
det er nni ng{@ a1 oridntéd Pinethe sTBeEnEE eBbYEihatd yafsma aldkndeirer MRS, or
218. Triple channel receiver 212 further includesS a first phase difference

det ect or #e pasition sEttenthling@rdehharieiibe réferencerc@irdindersyistemacaonar y
antenna 204 and second stationary antenna are | ocated at known positions

rel ative 845Q Heergetarminedxi s Coriseguanilyat they ipstantansrpes distanse.  He
di stance hetween the rotation axis 4 of rotatl l.aff Qr . first
stati onar ge WEEHnHS8WYIRY Sf'.teﬁﬂé aﬂi?@ﬁ'@@%%%@ﬁ”?ﬂ?ﬁ%t‘g%'légﬁmig s 222 of
rotating platformrgas, aégeﬁﬁ i6h §itHP AeYeYeAtE €9 FgdRs DA-2R reiliés to
i nst ant aneous di st ance bet ween e current position of noving antenna 202
and first determioiray ‘thenDEWaoR @4 radioc sigreaidint e twosdiaersieoals refieséaoe e
bet ween the current _ _ )
coordinate system (e.g., either azimuth or elevation). However, the
disclosed technique may also be employed for determining the DOA of a
radio signal in a three-dimensional reference coordinate system as well.

By adding an additional antenna (i.e., either a stationary antenna or a
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position of noving antenna 202 and stationary antenna 206 is d2.

Movi ng antenna 202 is nechanically coupled with rotating platform 208.

Ant enna position determ nator 210 is coupled with DOA deternninator 218 and
with rotating platform 208 via a notor (not shown) such as an electric

, hyd | . i i i ; he |i ., which
ot %I st HHOWG ABtEAN Lygﬁ%@'o@%é 45 biS aitions el A eadh Abdheoup! oo
ot M oSt t e : : _
angul ar podlef drBoahtdrhs e B! o Ao SIGHE i) BB, BeRtRSa Wop, i o1
of the pl ahfaBRiehbidie cERYiRGIEByeRIA 307, betitbiziButiPandiabeataee

direction indicated by dashed arrow 224." Ea one of noving antenna 202,
first stationary dtefersrace20ié aodv sradedistBiguseaBy whicbnis a ssciearphéid wit h
a respective channel of triple channel receiver 212. Triple chanpnel

recei ver iikustiatamerofcaupysiemi Qenatally sedeianesco 2091 sfor| detasmpig the

mul ti-chanpel .receiver is,used, including, N_channels. r. ch antenna is
coupl ed wi e 'OPeEbetE{?%'éj"Eﬁé‘ﬁMSx g r\’f"ﬂ'gpnﬁr éé&PhSWFi'gc gﬁﬁ% \P/g@ei ver
i ncl udes Wi r i o e

dot eoti ng TRO SR, ATLBRLIR 1 BORX S 18 Tacfo gl bhfBACHy SRR |,

sel ect ed mniterof conistctsd and operatives im0t etcohdanddie witiyul anothesi ti on
determ nator nmay be incorporated with the notor or with Antenna position
det er nni ngmobodimentF@ft the rbiselosed teghnigue, nbysiegn adbenincledes | tirgepi ct ed
as coupled at the rimof rotatin h tform,208.. However, it is. noted that
Tovi ng. an@EIRANSB28cHIPHAT | BAENBE SRGvReHEtGHATIGNRY ANSNAR 0% 208 s I ong

as the di %@Bﬁuﬁs aqfon%W%?HHQZQOérolgygE@ Q@O?@%@rQEC%ﬁOE F&éﬁﬁggg

pl atform nown. ernor e, ure rotatirng platform208 is

depi ct ed gfatfetth bRDBNGa t AAteHTRP p@Sition Cdetarnginatos @ 10jowedple reHatnglg
pl atform 208 may exhibit any other shape (i.e., geonetrical or arbitrary)
so | ong aseceiwediZtZand beD@edataeminater @& otlaiple rchanneiereceivar 442

pl atform and the in ntenna i s.._known. stem 200 det erm nes
Phe. i 1 ociHBRCAMAINTER Sal e AIEIPNER sleteRiRnd 14 AR saspnchphase
t hr ee- di ary| | e-gdijrenst.ons, ; | i ofr4 e dj ytter
e O TR, B AT slSdly SRy 24 g bags
relative Ts?at?orfeﬁzp@ﬁlte'n% bR ¢oEAted S kﬁéwmﬂosﬁf@ﬁ%eréléﬁﬁvé‘@@ thef /itanss
directions are pérpendi cular one relative to the other. Alternatively, the
directi onaxiy/ 288 ofaptatien péatfdynm 2081 Thuscthe distahceibatweea tiier extation
corresponding to the direction at which the radio emtter is |ocated. In
Fi gure 3, aXife 2Pdnel potatiag: platiory 20884 finst statienanoanisnna s 204 and
the line 226 define a first plane, Line 224 and .

The distance between Phe rotation axis 222 of rotating platform 208 and

second stationary antenna 206 is D,. The instantaneous distance

between the current position of moving antenna 202 and first stationary
antenna 204 is 4, and the instantaneous distance between the current
position of moving antenna 202 and stationary antenna 206 is d, .

Moving antenna 202 is mechanically coupled with rotating
platform 208. Antenna position determinator 210 is coupled with DOA
determinator 218 and with rotating platform 208 via a motor (not shown)
such as an electric motor, a hydraulic motor, an internal combustion
engine and the like, which rotates the platform. Antenna position
determinator 210 may also be coupled with an angular position

determinator (not shown) which provides the angular position o, of a line
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| ine 230 define a second plane. These two pl anes, both define a

t hr ee-di nensi onal reference coordinate system 230. Accordingly, the
positions of first stationary antenna 204, second stationary antenna 206
and the rotation axis 222 of rotating platform 208 are known in reference

coordi nate system 230. It is noted,that reference coordi nate system 230 may
be regi st &&eNQingnhbebrean her aé'sgé’f)d%@imrbéﬁ @@opéﬁtf?%mé Wity 1BR BIRMNg s
geographical, | ati i fude 4 t i ke.
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norimal -t hetoal O 8 bRBSEIdVIRE HitdRAa! SR firsP kAot CanfEha 20asaRg! al ed
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rotates, fsecoaxasgitienary dritendarisctowpledndithas eespective whattiel dntriplea

position determ nator 210 determ nes the neasurenent position of noving
ant enna 2@Chainnet seegivat @12o0f tpieathanyel reeepay isfortheacospied with BRI ar

iti d ] t tects th I i ti f. i t 202
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determ nator 210 determines the neasurenent position of noving antenna 202,
i n ref er edletectoss, deach phasa diffrpaceadeiectivmdetactingethn phaseedifeseneevi ng

antenna 202 fromthe axis of tation 222 of rotatin | atform 208, the
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conjunction wth Figure 2A, antenna position determ nator 210 may direct
nmovi ng anfemteriifet in rigare [3; cughing phterma 2P2ofs depxiedrascoppiad iabns in

reference coordinate system 230. To that end, for ex | e, antenna position
det er ni natk® rim of detating pdfarme288g| doweysr v @ﬁ@ﬁé@%g“ oMOYHEMg ank@Riadr ement

%% ur t ner 207 ErhaBedcaled Al RIS ARG ARYE) S sl el ca s
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measur enent position thereof and provides t position of noving antenna
202 to DOaodeisknonal oFuh®&rmore, in Figurga®,hrotating platieimBhiedepictdd,
first stationary antenna 204 and second stationary antenna 206 recejives a
radi o si ga§|emlf;@ingathawghaperﬁftan@lrgaiftr digai Hewevesr ralatingrijatfesn 208
respective recejyed si | . Each one of novi.ng, antenna 202, first

tat onar v eanitat 20w et sBBR.0% OPor CanBERTATESE sPdvhbets ihe
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. e
Tripl e channel "receiver performs substantially i reception

operati onm@nn?@heﬁﬁatigknmﬁﬂecti ve received signals. These reception
operations include, for exanple, down conversion, filtering, sanpling,

denodul ation, equSlystami 300 adetermines Kbe directien ralr which iglradich &nmidier

recei ver determ nes the frequency of the received sjgnal (e.qg., the carrier
frequency?ri‘(ht §B19¥Vr§hl§ ﬁ%ﬁ“@ iy nAIre e LN GRARMN St eg“sﬁ"gﬁﬁﬂ‘ﬁﬂ%"ﬂ'?%vi%s this
frequency ) o] ) i S | ve, the
user may thﬁegf&@%[ﬁ?% %pﬁﬁ%e"gg ﬁeg?ég%e?e\&tggi %ngdl g}@lee%ﬁgrgy to
DOA det er gLt ahd%elePafibhitl eh6h defdtiveh 8 RetedfstivecrFeféiéhddiditictios)) |
triple channel receiver 212 may be replaced with three separate receivers,

or two duwnherbaheetwo eeterence dsettiogs awet perpendicalay ere seltivehtsr dme
(i.e., synchroni zed sanpl ers clocks) and synchroni zedﬂv\%th respect to their
n

output. other. Aliespatively, tBasdirestion pay ke JRPEPSHIGONGY ahteihyesty, first
phase i f g 836y 96 cHon? Eribaling 3o tid 'dedlidl S SHARH theftadfo APL
emitter is located. In Figure 3, the line 224 extending between first

stationary antenna 204 and the line 226 definé a first plane. Line 224 and
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bet ween the radi o signal received by noving antenna 202 and by first
stationary antenna 204. The first difference in phase Aol is used to
determ ne, for exanple, the azimuth angle fromwhich the radio signal was
received. Furthernore, for each neasurenent position of noving antenna 202,
second phase diff rence det ec or 216 determ nes, a se fference in
phase A2 NBeeRR el ar a0PeNd iRAGE- r LOEPS dWOoPIaRSH, ﬁgﬂgrﬁ% e8nd by

Co determ %%%%Lc?naﬁi}%ﬁ%%@c%oﬁ%o@"@@%ﬁ@%@gﬂ&%@er ReSEriNoR 2he r?@% fii'Gna
was recei w%rsf@t@ﬂ.@n Bﬂ?énrféwzg)ét’eéec?ér?d %ﬁ&ﬁbﬁ’&ﬁy hh@em#@%@'afﬁoe&ﬁ@ce

measur enent Aol and A to et'erm nat or 218, i's noted that

neasur i ng rotagiophads diePPerafnetdigigresiatiotmt |2ﬂ&rareankmwa 204 refedence
stationary antenna 206 is optional since the phase difference between these

two ant enG@ordigate systam 230. dt is neted thaluteferencrl coandivateisystem 223Qt i on.

may be registered with, or one of a geographical coordinate system such
as geographical latitude longitude, WGS84, GRS80, OSGB36, ED50 and
the like. In general, the three antennas define a plane. This plane, along
with the normal thereto, defines a three-dimensional space, which may be
associated with a three-dimensional coordinate system.

Rotating platform 208 rotates, for example, in the direction
indicated by arrow 220. Antenna position determinator 210 determines
the measurement position of moving antenna 202 in reference coordinate
system 230. To that end, the angular position determinator detects the
angular position o of moving antenna 202 (i.e., of the line extending
between the axis of rotation 222 of rotating platform 208 with moving
antenna 202) relative to the reference direction 226. The angular position
determinator provides this detected angular position o to antenna position
determinator 210. Antenna position determinator 210 determines the
measurement position of moving antenna 202, in reference coordinate
system 228, according to the distance R of moving antenna 202 from the
axis of rotation 222 of rotating platform 208, the position of rotation axis
222 of rotating platform 208 in coordinate system 228 and the angular
position o of moving antenna 202. Antenna position determinator 210
provides the determined measurement position of moving antenna 202 to
DOA determinator 218. Similar to as described above in conjunction with
Figure 2A, antenna position determinator 210 may direct moving antenna
106 to move through a plurality of measurement positions in reference
coordinate system 230. To that end, for example, antenna position

determinator 210 determines the angle o corresponding to each
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DOA determ nator 218 associ ates each one of phase difference neasurenents,

received fromreceiver 212 with a respective neasurenent position of noving
antenna 202 (i.e., receive fromantenna position determ nator 210) at which
t hat phase difference neasurenent 41 and A0O2 was acquired and thus, with a

respecti ve baseline. DOA_deternninator 218 further determ nes the angle

bot meen | THASGUTRRA PREITIGTh BB ERcir e MaNBBIO TotAtRYRNIh RIS . ©
first staty r nt eQn |l as v 1N d
the line etbggm% b’g\?\l\ge@%\ﬁ% g@r?t“é’%haérggaﬁggégglgggﬁé&ge?ﬁ?'bé{;lbgrré%gn? gnna
230.  may Heenfiidie@dse GIPSTrecens dtRrHEEBMoving ahtéRflaldt® and
respective asurenent position of noving antenna 202, DOA determ nator 218
det er m nedetefmirihg dke méapamesnbhepdsitieat thensof @nd prowiziesithiespoditiomothi ch

the radi o signal was received, according to the followng: 0 =
ar esi nt " 1-00¥ING antenna2dite DOA dgtepminatordide 0 represents the first set

f all I bl f ich.th di ' | ' d i

Cepresents t he nulh 86t phitoying aChy Bn3DR. rsbRRuleEaRy Figina 20k
t ant ' : i ’ : )

ant enna 20010 oGO SRRhar SHERATR00 S B8V ES R R0 PR iRt

antenna 20@rdlthenyganalesseadio enfifter and produsdder respgactive secaivedtsigaal.(i . e.,
a nmenber of the set of all integers z) between zero and nd where 1

r epr esent £adteonewfdnapingpantanyra 202, first stationary antenna 204 and second
stationary antenna 206 provides the respective received signal produced

thereby to triple channel receiver 212. Triple channel receiver performs
substantially identical reception operations on each of the respective
received signals. These reception operations include, for example, down
conversion, filtering, sampling, demodulation, equalization and the like.
Furthermore, triple channel receiver determines the frequency of the
received signal (e.g., the carrier frequency in case the radio signal is a
modulated signal) and provides this frequency to DOA determinator 220.
Alternatively, as mentioned above, the user may know the frequency of
the emitter and provide this frequency to DOA determinator 114. Similar
to dual channel receiver 110 (Figure 2A), triple channel receiver 212 may
be replaced with three separate receivers, or two dual channel receivers
as long as these receivers are coherent (i.e., synchronized samplers
clocks) and synchronized with respect to their output.

For each measurement position of moving antenna 202, first

phase difference detector 214 determines a first difference in phase A¢,,

between the radio signal received by moving antenna 202 and by first
stationary antenna 204. The first difference in phase A¢, is used to
determine, for example, the azimuth angle from which the radio signal was
received. Furthermore, for each measurement position of moving antenna

202, second phase difference detector 216 determines a second
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For each phase difference neasurenent so, and the respective nmeasurenent
position of noving antenna 202, DOA determ nator 218 determ nes a second
set of possible directions (e.g., elevations) fromwhich the radi o signal
was received, according to the followng: t X(A-2 { En__ arcsin0270\lie Z
and 0 i(8) rnd 1-1 \ 2702 where,..: represents the second set of all

possi bl e mtferanceminunhase hd.r.aaetvesnthe or gigsal dgcahed by mfRgsent s
t he nunber of tines the vel ength X repeats in the Lél antaneous di stance

d2' 3_e]E }Ne@rntﬁﬁ?ﬁngognt Y 0%e s?t@@t'ioé‘ﬁé)‘yaa’?ﬁ% 06 (1N€. SesPhte d2|

ai 11 er ent Yo, FREREST b, G 1Red R oA r Siamn, RBleIBEfof?
t t 12 . i i

ot o mi ne ENdIE METNERGE 1R TalR? siarlel e PEGEHYeld ™ TrighE CHEIFHCT BBbor>2°

det er mi ned i GRS fHe tdHadeAdifforengdame e Na Nai@ A@2G0f DOAET

determ nes the instantaneous distances di' and c4 according to the relative
posi tion kpitegAMATONi 208 antienia tddatshtstrachonany & epihas@Ofifference

respectively.
between stationary antenna 204 and stationary antenna 206 is optional
since the phase difference between these two antennas is constant for a
given frequency and radio emitter location.

DOA determinator 218 associates each one of phase difference
measurements, received from receiver 212 with a respective
measurement position of moving antenna 202 (i.e., receive from antenna
position determinator 210) at which that phase difference measurement
A9, and A9, was acquired and thus, with a respective baseline. DOA
determinator 218 further determines the angle g between line 224 and the

line extending between moving antenna 202 and first stationary antenna

204, as well as the angle y between line 230 and the line extending

between moving antenna 202 and second stationary antenna 230.

For each phase difference measurement A¢, and the respective

measurement position of moving antenna 202, DOA determinator 218
determines a first set of possible directions (e.g., azimuths) from which the

radio signal was received, according to the following:

0= {arcsin(m_——z—@j lie Zand 0<i<|n, |- 1} (7)

2nd,
where O represents the first set of all possible DOAs from which the radio

signal was received and n, represents the number of times the

wavelength A repeats in the instantaneous distance d; between moving
antenna 202 and stationary antenna 204 (i.e., since d; may different for

each position of moving antenna 202 », may also be different).
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For each neasurenent position of noving antenna 202, DQOA deternni nator 220
determ nes the sets, 1:1:1 and E, of possible DOAs of the radio signal. For
exanple, the set e represents the set of possible azimuth angles and the
set E represents the set of possible elevation angles. Wen determ ning

t hese DOAs, DOA determ nator 220 accounts for the angles [3 and 7 (i.e.,
DOA det er rRurtiermdrd4 isisban dntegdrhése, angiemsbeheofdbeesei nédliDdtsyerDOM
determ nat or 220 determ nes the nost probable DOAs as the DOAs of the radio
si gnal anggtlydan 2de ghhd oct Werrat] meﬁFeéé}ﬂsrthélr@uﬂmm ®peratdrocat ed, from
the determ ned sets of posSsible . For exanpl e, determ nator 218

produces two hi St ag JE-HFHsE it M@alsiPeMempelo,0hnlitABSc8pebtipae of

the potential DOAs in the histogram has been determq)ﬁed as a possible

in the respessinenést pobitid ot meﬁ)iry%DQﬂ@?mr wozat DO Epstedvmesor 218

t hree- di nensi onal histogram one axiS represents potential azinuth angles,
t he secondedsiminespaeseobadpsttmfi pbseibéy alirenticnsg(egy. aredevationd)i frdnaxi s
represents the nunber of occurrences. The conbination of azinmuth and

el evat i on vdiigh dke érdlimsignay Waseracsiyrd: acrarBing i thietallovdnges are sel ect ed

as the azinmuth and el evati on angl ?»F the emtter The nost
probabl e DOA may be the mest | occuf Mdiy TR | ALt Lvelly, Tt
det er mi nat or 218 det ermi n&s {He possidie di @%tzla%{r%%w“;{ﬁ’_é@luh erD(()g‘)f

occurrences, which exceeds a predeterm ned threshold as the st probabl e
DOA and t Ritfereds t&Srdaant®theedatl 8ef bRl possible DOASHFORTAGIEHTERE
descri bed above in conjunction wth Figures 2A-2F and Figure 3 includes
usi ng pai radiof sgratrwas Woeivedtandas) @peeséntshthamuwmbes ofstimesthag
antenna. However, the disclosed technique is not Iimted thereto.

Addi ti onakyaptiengas A reSeatseint Y irstahtaidivs distaRveng) beween HiRdngwhi ch
define additional pairs of antennas. Each additional pair of antennas

define a LAHKG 202 BagestdtRdry Cantehan206t (i eanspiteas; sy Hifféicpnaoy) or

respective plurality of baselines (i.e., when at |east one of the antennas

of the addiabhonsitish I of Sniovily! BBtEMZNRB2NDY] NEndyr k@) Ise PUifferent)y of
respective nmeasurenent positions in a referencé coordi nate system.

Furthermore, i is an integer (i.e., a member of the set of all integers 2)

between zero and n, . Itis noted that DOA determinator 220 determines
the wavelength A and, thus n, and n,, according to the determined

frequency of the radio signal. DOA determinator 220 further determines
the instantaneous distances d; and d, according to the relative position
between moving antenna 202 and stationary antenna 206, respectively.
For each measurement position of moving antenna 202, DOA
determinator 220 determines the sets, ® and Z, of possible DOAs of the
radio signal. For example, the set © represents the set of possible
azimuth angles and the set = represents the set of possible elevation
angles. When determining these DOAs, DOA determinator 220 accounts

for the angles B and vy (i.e., DOA determinator 114 subtracts these angles

the determined DOAs). DOA determinator 220 determines the most
probable DOAs as the DOAs of the radio signal and thus, the direction at

which the radio emitter is located, from the determined sets of possible
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Furthernore, not all of the possible pairs of antennas nust be used to
determ ne the DOA of the radio signal. Selected pairs of antennas are may
be enpl oyed, where the nunber of selected pairs may be smaller than the
nunber of possible pairs of antennas. Accordingly, a phase difference

espoct VDGR AT e%%m?ﬁéf‘g?@%ﬁ%‘ﬁ%jr j%&fyﬁ%%@bﬁé‘@?‘é&f% s BistoatatBy e
et inea by nranEEailiobBeRuBERE R I pe Rac RBE 2R IG o Frntial BPA T

measur emﬁhé-hi%gghga%%@éﬁ fbtBAhing] ad8nh leNPDA®S tReFRHBEtIFE enna,

the respective ifference detector neasures the phase difterence
bet ween t tgetr ecei ved signals produced by the antennas respective of the
sel ected pair, for each neasurenent position of the respective noving

antenna (i.e., eachltgmadiviehs of DBA pI detgrnipaidr haddiB nePrpduassoci at ed
with are ive Rhase diff.erence nmeasurenent el i.Elrl"e and

: h b
respecti viﬁieﬂ%%"a ?'P&aén STREEDY e RBR ,a)?ﬁsﬁ?%'éeq%r%(fﬁ PZ@%@& i\fez"g'é‘tthof
possi bl e %%s,"l’ﬂ'e%b d gXis4 eéén%eé\gférﬁ%@e?é\%%ﬁ"ﬁﬁgle%eéﬁﬂ ThakRgyt he
e radi'o s

DOA of th i gnal . Furthernore, en nore than ong noving antenna is

enpl oyed, dxi réptezamis RBSi nurabe @f eigburasiesTBT heecdimblimation ed dimeith
determ ning the position of each antenna separately) or centralized (i.e.,

det er m ni @ iedeyrtiin iangiesfexhibitinge theargesinnemigr) of occurrendrst @rence i s
now nade to Figure 4, which is chepatic [l lyustrati.gn of a nethod, for
det ermi ni ﬁ&lq(ﬂgalﬁﬁﬁlﬁ agimuth %n&,%?@y%tllo,n QBQL‘%\PFB}? ?ﬁ"&@ﬁor dance with a
further enbodi nmen f i chni.gu d hase

11 orenco a0 1 Toat haSt HrBRBRF DOREINAR"Be Mo PRRETCHECFRR TOR

antennas N@?ﬁéﬁi/él‘?, fhe EXON gelerfiiggtaRR 18 Gb_téﬂhﬁiﬁ@@atﬁei ﬁ@éﬁﬁi@_@irébtibﬁaﬂ
one novi ng antenna, for each neasurenent position of a respective at |east

one novi ngvitimaenuabeTed atcureastesnehiaby exgeeds enpredeteaningd dlargshold

plurality of nmeasurenment positions [in a reference coordipate system and
exhi bi ts” 28I hei MeshBrokaPIRi YA asgdpust asthe oRee! the adia sigvdlh r ef er ence

movi ng. ant enna. 103 "snan g it JERea A 1 SuiluBBhan HEFLFREMETE T or

L enen oS ARS B RAL S oS VeI SRETU b of
The frequm@yaméﬁnas i e enonddgsagieainaray dvwee viert, ¢hei disdlosear technique is

not limited thereto. Additional antennas (i.e., either stationary or moving)

may be used, which define additional pairs of antennas. Each additional

pair of antennas define a respective baseline (i.e., when both antennas

are stationary) or respective plurality of baselines (i.e., when at least one

of the antennas of the additional pair is a moving antenna moving through

a plurality of respective measurement positions in a reference coordinate

system).

Furthermore, not all of the possible pairs of antennas must be
used to determine the DOA of the radio signal. Selected pairs of
antennas are may be employed, where the number of selected pairs may
be smaller than the number of possible pairs of antennas. Accordingly, a
phase difference detector, respective of each selected pair of antennas,

measures the respective phase difference between the received signals
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exanpl e, by enploying Fourier Transformtechni ques. Alternatively, a user:
may know the frequency of the radio emtter (e.g., via intelligence or
publ i shed information). Wth reference to Figure 2A, dual channel receiver
110 determ nes the frequency of the received radio signal. In
procedure 2 ective set of possibl Eﬁdi rections of arrival from

5 , a res
whi ch t he nraéueegitynﬁ\e aptemascsiespgctiyeditberssleatedopais of rrienpas (k@4 ect ed

east “one tevPAgelR diafieditin (EFANIAITRS 4 Retadienl iR 4 FRBPEHINEor 114
det erm ”eﬁar?as%efdif%relh%sh%%@@ﬁ%rﬂ . LRgheading seitdbd pair of antbfAnas

procedure 256, the nunber of occurréences where each potential DOA has been
det er m nedneladespas sdwingDaAterind h¢he arbspesitiyealphased elifésranoed detbetonunber
of occurrences may be determ ned by enploying a histogram The histogram

r epr esent sNeasuiaghier pbase dikerensehbelyvesn the recpivegdssigeals pdiaacthby as a

i bl . Wth ref [ A d ] 114 d
P 5t ogr am{PEpRBTIAS, g SPRECTRORY 1BE SPRALed oAl orr cradhdnsasLr BB hone
h b 1 ngd Tl - 1298 t
orobabl 6 BOR Cicifs (BeRERVE Moy pntanna (ibg BRERCPHSEIES ol e Mo

probabl e aey diebhbelin®stisoassocinfen th A tespeativeeplasehdiffersacef t he
possi bl e % exceeds a predeterm ned threshol d, that D%A is determ ned as

the nost predsiiem@d). andEakhs, baseline BOA ofesprctividi phaisgnatiifferenge
reference to Figure 2A, .determ nator 114 selects exhi biting
the maxi mie el reeils i ACESPREVRES tpmwwﬁ&%ﬁ FRYsPeas the
DQOA of the radj ' L., j t A Natipr i nes
the st SPSRaaP SRsERpeg, dbPfE Pk atariiiol ML BOA 37 e redip Sab L
number of mEHErHRIIEESWRBNOAforef thAs 8AESHYUVIng! aBRinrnss ey & the
predet erm ned t hreshol d. In general, as nentioned above,

accor di ngantenme pohsitionsdetermihaicumagt bleedistributedhr{i.enndstarminingndhe
relative to the other through a plurality of reI,ativg posi tions, Wen

several oPO§Itonot wachaaniaina sepacatalweOp ssintiadigeds (I €ac ASIRHRIAMNG HB§ be
determ ned, f.or e L. ive GPS receiver attached thereto.
Al ternati égﬁbsor}%@a&l@hﬁ? %&lﬁg%r{tgﬁﬁgggt ween the antennas may be determ ned
with optical or NE@? i LQACK} e d h Vd iennas.
The di scl osed techni ﬁfjéerfcr?ta;}ga gggl)@a%%pﬁy@ghﬁgﬁ’ tvmﬁcf;\aﬁ E)E) séi’dg}%arﬁaféghi bits
f requency ilhisteation @f. al methodr dancdetdriiniagotther DEWodf rentadid ¢rmétter,

di scl osed technique, a histogram simlar to as described above with
r ef er enceOperaivRIrias agaopianee pwihuedurtber eambodiragnénef; thendisstpsed

e e ol eI cbnesb. Sshabh et M s bhe e RERMRR = "
et o e L AHbAES o QR R S OB PR BB cObrPBEIERCes,
g;’g:]af"’ | paf RAsahtdssagNhciding et 1648t HE Sho¥ing NantEAhd 9br td&cHk adi o
measurement position of a respective at least one moving antenna. The
at least one moving antenna moves through a plurality of measurement
positions in a reference coordinate system and exhibits relative motion
with respect to the other antenna. With reference to Figure 2A, dual
channel receiver 110 receives a signal from each one of moving antenna
102 and stationary antenna 104 and phase difference detector 114

determines the phase difference A¢ between the received signals.

In procedure 252, the frequency of the received radio signal is

determined. The frequency of the received signal may be determined, for
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Ref erence is now made to Figures 5A and 5B. Figure 5A is a schematic
illustration of a graph, generally referenced 280, representing the

di fferent possible DOAs of the radio signal, for each position of the
novi ng antenna and for each one of three frequencies, f1, f2 and f3 in a

reaency gl erflon GRahes. il Se priance Vit anaLter s bt aEn oof (e
tenti al ' : P £omn :
potent i [y A0 68 afkpehl 185od BEEREE BEIGRERAL 1, o

bet ween t ha mzhednasfarithtidy. ax Wit 8fefersi@s et Fighee dRAf edgal dHgtenci es
of the frequency altering signal. Figure 5B is a schematic illustration of
a graph, geoeivalrliyl( détmramnesd tRedrequemaseithenceivedhiradioggignabr oduced by

the different position of the noving antenna and for each one of the three
frequencies, fi, P BIRFEIIEn2PAe A rieghertye sal fr BP?@E?'%éH[%Q"ﬂ%‘.S 19§

he ver 01 @ifVaL O SRR 18 Tafic Sl i PRt & uBRolfig SV Rebfifiod: of

in Ei i ' 0=30
occurr encifﬁg ﬁeét%%ﬂphl? ngﬂeSHf@n'%%, drite fl e&eh rﬁ@agﬁré’rﬂeﬁ?ﬂfo\%ﬁﬁod lof the )

[
exhibits rgest nu r of occurrences. Alternatively, en one of the
possi bl e PE8peetiveettsleaspratetraovinge dntdniresshoWith trefsrenbet tdBigue 2A,
determ ned as the DOA O of the radio signal. For exanple, when this
t hr eshol d PQAJdeterminaton d 18edeterminpam sadtofagapaible HAOAs eétthenrastioso
degrees (i.e.,, 0=30") is determ ned as the DOA of the radio signal.
Accor di ng Sﬂ%n%not her enbodi ment of the disclosed technique, a plurality of

antenna pairs are |gSplddifiecn6e IRl Qunbanabt Sucindndbdlenpaee! bakhband

where each antenna pair receives'radi o signals over a respective portion of
the w de gigshtial DO hasAsecrndetsymaingd 4s ar pdssible DORIHfithetradio syl
antenna and a stationary antenna. For exanple, for a spectral band Af and
two pairs iofdelierained. palhe, numbdti 0§t oaeranacpamay drei determired olbyr
portion of Af. and the, second antenpa pair receiver, the upper portion of Af.
hs. menti oREAPIRNEE 2 BIOGEAI, f dhedBiPdram HERrRESmsathe Thimaat o JIBRSI may

be enpl oy L ar lARN h Siykd . a,radi j {0 a erence
coor di nat %ggys]ﬁ@}r?ﬁ[@c?rcgib‘nga%osggﬁupkkég&@%goglgngnpoggibﬁélgbg'd‘;cI (\)Ks/g@

techni que reffreh88sto tFQuiY A& MDOARCRISIMINEGr 104 MFodMeesna dritsdled above
in conjunction wwth Figure 2A or in conjunction with Figure 3, are enpl oyed
for det er mepiesgnting tsinumbeofofatimedi eaehi oher of the poessidient9Asnhas or

t hr ee- di nensi on coordi nate systens respectively. The positions of these two
syst ens, b@%h@ﬁﬂ“@@%%@@@%'bi@@éﬁnate system are known. Each system

et or i nes 2 ¥ oPRELAELR 958! el AHLLoR) L B0 148ise R A" e
Faecl oy DONBL eI O THD Vet prANaa PORCHAP i thberskvo
occurring DOA. Alternatively, when one of the possible DOAs exceeds a
predetermined threshold, that DOA is determined as the most probable
DOA and thus, as the DOA of the radio signal. With reference to Figure
2A, DOA determinator 114 selects the DOA 6 exhibiting the maximum
number of occurrences as the most probable DOA and thus, as the DOA
of the radio signal. Alternatively, DOA 6 determinator 114 determines the
most probable DOA, and thus the DOA of the radio signal, when the
number of occurrences of one of the possible directions exceeds a

predetermined threshold.
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It will be appreciated by persons skilled in the art that the disclosed

technique is not limted to what has been particularly shown and descri bed
her ei nabove. Rat her the scope of the disclosed technique is defined only by
the clains, which follow CLAIMS 1. A systemfor determ ni ng the direction

of arrival of a radio si naI emtted by a radio em tter, | at to . a
reference directi ¢ gonpralsiasymentiongd akaye, AREOH Pgnltl%st [C"W(jﬁ%?done of

pural it y‘*%?ﬁwaﬁﬁeu%’éf?a%?q@@??bf%}xﬁaﬁ”ﬁﬁ%@gﬁét%h%@vé*ﬁo VP AP L1818 2

exhi bi tin lﬁr?ihﬂf of el Qo&‘ffnbhsr epnséH seVetACoPh1UF AR SRfNdSMdlest ance
o3 pai

bet ween e ecte said at |east two antennas being greater than

hal f the whgepesitibh of ezrihd anteihoa singlyabe detdrnsined, Jor etapdpleai withf asai d
at least two antennas including at | east one of sai d at least one novi ng
ant enna, éaﬁﬁe@ih\ée oBPsi igceivere sdtachesl dheeatnas Abematively.sdha relativesi gnal

and producin ective recejved signal;
P pos iéh " G&fveen ¥ the an{ennas r%ay 'be determined with optical or

magnetic tracking systems attached to the moving antennas.

The disclosed technique may also be employed when the radio
signal exhibits frequency alteration. In accordance with another
embodiment of the disclosed technique, a histogram, similar to as
described above with reference to Figures 2A-2F is produced for each
frequency. The DOA determinator determines the most probable DOA 6,
for all the frequencies in a frequency alteration sequence. When
employing a histogram, the DOA determinator determines the DOA 6 with
the maximum number of occurrences for all the frequencies in the
frequency alteration sequence (i.e., summing over all the baselines and all
the frequencies) as the DOA 6 of the radio signal.

Reference is now made to Figures 5A and 5B. Figure 5A is a
schematic illustration of a graph, generally referenced 280, representing
the different possible DOAs of the radio signal, for each position of the
moving antenna and for each one of three frequencies, f;, f, and f3 in a
frequency alteration sequence, in accordance with another embodiment of
the disclosed technique. In Figure 5A, the horizontal axis 282 represents
the potential DOAs in degrees (i.e., all the direction between -90 to 90
degrees), the vertical axis 284 represents the index the relative positions
between the antennas and the axis 286 represents the different
frequencies of the frequency altering signal. Figure 5B is a schematic
illustration of a graph, generally referenced 290, representing the
histogram produced by the different position of the moving antenna and

for each one of the three frequencies, f;, f, and f; in the frequency
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an antenna position determ nator, coupled with each of said at |east one of
novi ng antenna, said antenna position determ nator determ ning said
measur enent positions of said at | east one noving antenna in said reference
coordi nate system a multi-channel radio receiver, each antenna being
coupled with a respective channel inp_said rrulti-clhan.ne ecei ver, Sﬁid

ta g the

mul t i - chartarafigRi Lequanas efn &igueasB, ithe INptizantal R¥is e irgRreste

measur oot DR s rE 8pRragh inGEV L. 806 284 BRI, tieh e
respect i ve,p8gaprébdhtar fief AurtECbPlodtbifende’d AgPBBEA M FiqirensB, kreween

eBr
recei ved si gnal? produced by the antennas respective of said selected pair

of antennafitectivth of 38 diggretsofi.ef aErSOVﬁI exsbits ntheatlargestompinstdemidfh sai d
mul ti-channel radio receiver and wth each said at | east one antenna
posi ti on dmaarrencasor Altarinativehecvhen ofe aofr thaalpassitde fDRMAD rexeessisi at i ng

ST SRR IFGEH LTGRO s 3 BRI e
one, oV BB e AR 0 T LT SRR AR R 08, e
position %aﬁfiggt %géﬁﬁc’(hbvcﬁré’étidr?%%o%@gf@éé @ ap 3 i3HbtERRRRS hye

phase differen astrenment said directfon of arrival 'determ nator

det er m ni npedDOEspettd ralisadigdl. possi bl e directions of arrival fromwhich
said radio signal was received, said direction of arrival deternninator
sel ecting the nostAgaasdilg to anodeer embsidient\afl thesdisglosgid rahiniaues a

arrival of saig¥ra*di 0, Si %nal .from sai gi espective sets of spossi bl e .

di r ect | on®IBRILY GhaMtens PRSI Lisedcla rasae; AP SIanals GNET & Widgch of
said at | [ t | hant u ' I RO

pl atform W%@Qc\tfe\&qﬂggor [ ngé 8“@?;1?%‘@?%%‘4?% 'ﬁc{ds?gi ﬁb}&%\lﬁar@%\gl gt form
is a is aregpetiive pdriibhufmhe tederdpectial Msdred.i gin dAntedind palratéfegs pbat f orm
is located at a known position in said reference coordi nate system the

di stance dfere tb armenirgy antennaandax istalidnanyt aniesma. s Fenexample, for a

spectral band Af and two pairs of antennas pairs, the first antenna pair
receives the lower portion of Af and the second antenna pair receiver the
upper portion of Af .

As mentioned above, a system for determining the DOA of a
radio signal may be employed when determining the position of a radio
emitter in a reference coordinate system. According to a further
embodiment of the disclosed technique, at least two systems, each similar
to the system described above in conjunction with Figure 2A or in
conjunction with Figure 3, are employed for determining the position of a
radio emitter in a two-dimensional or three-dimension coordinate systems
respectively. The positions of these two systems, in the two-dimensional
coordinate system, are known. Each system determines a respective
DOA of the radio signal and thus. Each DOA defines a line in the two-
dimensional coordinate system passing between the respective station
and the radio emitter. The intersection of these two lines determines the

position of the radio emitter.

-33-



4. The system according to claim3, wherein said antenna position

determ nator determ nes the position of each of said at | east one noving
antenna in said reference coordinate system according to said distance of
said antenna fromsaid axis of rotation and the angul ar position of said

noving antenna relative to said reference directign. 5. The system
according to clai # avillWper appregiptedhiyuIParsensi ?'F'ﬁﬁdo!n dheqaroihaly thdt enna

relative t aid referenced directi is_ d ki ned b j Ti me
O Arri valoleioser dSeiageds i g8 V!Sﬁ%toﬁéf e VL AR
rotating RiGcHpet hdRiRABLDLNIRAAG Hife REMREB! Hé dideliBel 1ebhiiige ig! said
radi o signal and sard conplete rotation interval and nultiplying by 360.
-36- 6. Hefinaydsoeinmetier diavgst whitkifolldw. wherein said direction of arrival
determ nat or determ nes the nunber of occurrences each potential direction
of arrival is a nmenber of one of the sets of possible directions, and
wherein said direction of arrival determ nator determ nes the nost probable
direction according to said nunber of occurrences. 7. The system according
to claim6, wherein said direction of arrival determ nator determ nes the
direction exhibiting the | argest nunber of occurrences as the direction
fromwhich said radi o signal was received.
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8. The system according to claim6, wherein said direction of arrival

det ernni nat or determ nes the nost probable direction of arrival, the thus
the direction of arrival of the radio signal, when the nunber of
occurrences of one of the possible directions exceeds a predeterm ned
threshold. 9. The system according t ng | N 6, wherein direction of arrival
det erm nat or produces a histogran1re§ I ng the nunber of occurrences
each one of the potential direction of arrivals in the histogram has been
determ ned as a possible direction of arrival in one of the determ ned

sets. 10. {The § AFSO RNt tREMkeciBeT & BriiNoF & dadirfistyrfdignal

IR

exhibits alteri ?1%}3 reguenci es, sal% direction of arrival determ nator

det erm nes t hemitieoler bpf aocradio errmittezactelptiventoala diefergnam direatipnssi bl e
direction for each frequency in the frequency alteration sequence, said
direction of &LOMPE$INGet er mi nat or deternmi nes the nost probable direction
for all the frequencies .n said fre ncy, al terati.gn ,sequence as the
direction of arrivAICET QiR ANteRnes RigRart oniof Said RlJEASTIME AiftanRgs: o
claim1l, wherey ' [ t ) fm%aé' ﬁ{éﬂ ved
signal s and p(rfjc?@l?ggdsﬂ%%\ﬁﬁgf%@gagﬁcﬁ{%@gﬁ]%d égt?lpg%ﬁgf&ar ri ngﬁré t
determ nat or. pbgitiche inyat efeaisy dovadinaite | @ystedn aMiereadhibisiagd relatieet i on

of arrival deternninator determ nes said sets of possible directions
accordi ng to Onetian sdthrespeetitoithepgibieriantgnaad thmdistance between each

selected pair of said at least two antennas being greater than half the
wavelength of said radio signal, each said selected pair of said at
least two antennas including at least one of said at least one moving
antenna, each one of said at least two antennas receiving said radio
signal and producing a respective received signal;

an antenna position determinator, coupled with each of said at
least one of moving antenna, said antenna position determinator
determining said measurement positions of said at least one moving
antenna in said reference coordinate system;

a multi-channel radio receiver, each antenna being coupled with
a respective channel in said multi-channel receiver, said
multi-channel radio receiver at least including a respective phase
difference detector for each said selected pair of antennas, for each
measurement position of a respective at least one moving antenna
each respective phase difference detector measuring a phase
difference between received signals produced by the antennas
respective of said selected pair of antennas; and

a direction of arrival determinator, coupled with said
multi-channel radio receiver and with each said at least one antenna
position determinator, said direction of arrival determinator

associating each phase difference measurement respective of said
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and , wherein O represents a set of all possible directions, n"
represents the nunber of tines the wavel ength X, repeats in the

i nst ant aneous di stance d between said at |east two antennas, i is an

i nt eger between zero and rndl, and wherein r represents the round- up
operator. 13. The system ac rdin {o claim |nclud|n east.three

antennas, sai F8F é RAtredn rhé‘ ACPRPEQimerSH 1.=,n Pasiion Hig

t hr ee- di nensi [ S a erence
coor di nat e syt 2REEHVE' &) ﬁhétﬁ%@“éﬁ fiehBR°GL TG bheRbcc
antennas is a diﬁé#é?ﬂ:é‘ﬁi@éﬁtﬁfeﬁﬂéﬁt“@aé%%ﬁnédrkéﬁ ahth Yol JerasteicepaIt
positions, said noving antenna bei ng nechanically coupled wth novi ng
platform 14. offentepatasrarat tor gacly measur@mendspositiod ofi sadtiespectivarati vaI

determ nator determning said direction of arrival .in three-di m(=n3| ons.
The system acdeast ngNeo BONiNG 1 ankpenai A%, reseactiRii Phase dilerenes pa| r

of antennas, said nulti han di o recei.ver |

addi ti onal phégg ﬁ‘ﬂ"ﬁ@?@ﬁ eg'é%&b n %ala(ﬁ”Y%l ;d@(té r%%‘i% ({qﬁéﬁﬁf Béa@e

di fference detrggbéén rcgj)@% SIBEPRFELNENSASE ] fh%frﬁﬂﬁﬁtc‘ﬁ%%ﬁ%d@e

recei ved signal's pro uce e antennas respective of said eac

addi tional selstgi®ldwagi receiveld, said direction of arrival determinator selecting
the most probable direction of arrival as the direction of arrival of said

radio signal from said respective sets of possible directions of arrival.

2. The system according to claim 1, wherein each of said at least one

moving antenna is mechanically coupled with a moving platform.

3. The system according to claim 2, wherein said moving platform is a is
a rotating platform, the axis of rotation of said rotating platform is
located at a known position in said reference coordinate system, the

distance of said antenna from said axis of rotation is known.

4. The system according to claim 3, wherein said antenna position
determinator determines the position of each of said at least one
moving antenna in said reference coordinate system, according to
said distance of said antenna from said axis of rotation and the
angular position of said moving antenna relative to said reference

direction.

5. The system according to claim 4, wherein said angular position of
said moving antenna relative to said referenced directions is
determined by detecting the Time Of Arrival of said radio signal
modulo a complete rotation interval of said rotating platform,
determining a ratio between said Time Of Arrival of said radio signal

and said complete rotation interval and multiplying by 360.
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- 38- wherein, said direction of arrival determ nator determ nes
further a respective sets of possible directions of arrivals from which
said radio signal was received according to the neasured phase difference
associated with each said additional selected pair of antennas. 16. A

met hod for determning the direction of arrival of a radio signal emtted
by a radio emtter, relative to a reference direction conprising the

pr ocedur es.of :Thietsysteémi agcotting rieqakaiay lofwbarainrsaidodiseghian ; of arrival
measuring a pQ@ge differggge bet ween recej ved .signals produced b nt.ennas
fespective of GeleHMINAEE CRICHAINES NG MURRSE OfRFGHITAREES SACKs POSRIIGIovI ng

antenna for e syre pQesiti e CLE Ve a Vi ng
ant enna, sai d%ﬁ‘%‘r‘ﬁ@ g)rit gﬁﬁ}a‘aln&/i%dﬂgﬂféﬁfgﬁ?aaﬁgubgltﬁteytsg#gﬁag@rgé@%t
positions in gijrRkiehaneadcoordi nate system and exhibiting relative notion
with respect to the of her antenna, the distance between each sel ected pair
of said at |east twiterei esaidsdivectigngokaraval lhkedeminfato hedeterraireg ttheof
said radio signal, each antenna receiving said radio signal and producing a
respective redapsieprobaiedirection apgasdinchingalg pedheriqhaccigtentesossi bl e
directions of arrival fromwhich said radio signal was received for each
said selected_pair of antennas and for each said neasurenent position of

sai d respédet i VdeSYStaBt ageRroiRgitlRgClaifeRnavherein said direction of arriva
determinator determines the direction exhibiting the largest number

of occurrences as the direction from which said radio signal was

received.

8. The system according to claim 6, wherein said direction of arrival
determinator determines the most probable direction of arrival, the
thus the direction of arrival of the radio signal, when the number of
occurrences of one of the possible directions exceeds a

predetermined threshold.

9. The system according to claim 6, wherein direction of arrival
determinator produces a histogram representing the number of
occurrences each one of the potential direction of arrivals in the
histogram has been determined as a possible direction of arrival in

one of the determined sets.

10. The system according to claim 1, wherein when said radio signal
exhibits altering frequencies, said direction of arrival determinator
determines the number of occurrences each potential direction is a
possible direction for each frequency in the frequency alteration
sequence, said direction of arrival determinator determines the most
probable direction for all the frequencies in said frequency alteration

sequence as the direction of arrival of said radio signal.
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determ ning the nunber of occurrences each potential direction of arrival
has been determ ned as a possible direction of arrival of the radio signal;
and sel ecting the nost probable DOA as the DOA of the radio signal. 17.
The net hod according to claim 16, wherein a histogramis produced, said

hi st ogram representing the nunber of occurrences each one of the potenti al
DOAs in the histogram has been determ ned as a possible DOA in one of the
det er ni ned Iseflhe sgsteTheacaardog de cdaion rig wbetgini saidereogtiearetigtarnines

direction exhibiting the | argest nunber, of .occurrenc i s. et ' th
direction frofMeuli %Ydof%%ﬂd%:ﬁ signals @@gii W@H.'gé_%gg'fﬂgeﬁégﬁgﬁ 0?% T1°

according to ¢lai : r e [: direction with a nunber of
occurrences, %ﬁﬂﬁ‘%@};g@’ﬁﬁ aihgf‘g‘égféimnﬁ@é threshold is determ ned as the
direction fromwhich the radi o signal was received.

12. The system according to claim 1, wherein said direction of arrival

determinator determines said sets of possible directions according to
@={arcsin(w)[ie Zand 0<i< |—nd-|—1}
2nd

wherein © represents a set of all possible directions, n,

represents the number of times the wavelength A repeats in the
instantaneous distance d between said at least two antennas, i is an

integer between zero and [n, |, and

wherein | | represents the round-up operator.

13. The system according to claim 1 including at least three antennas,
said three antennas defining a three-dimensional space, said
three-dimensional space being associated with a three-dimensional
reference coordinate system, and

wherein at least one of said at least three antennas is a moving
antenna moving through a plurality of measurement positions, said

moving antenna being mechanically coupled with moving platform.

14. The system according to claim 13, said direction of arrival

determinator determining said direction of arrival in three-dimensions.

15. The system according to claim 1, wherein for each additional
selected pair of antennas, said multi-channel radio receiver includes
a respective additional phase difference detector, said respective
additional phase difference detector measures a respective phase
difference between the received signals produced by the antennas

respective of said each additional selected pair, and
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20. The nethod according to claim16, wherein when said radio signal

exhi bits frequency alteration,

t he nunber of occurrences each potenti al

direction is a possible direction is determ ned for each frequency in the
frequency alteration sequence. 21. The nethod according to claim 16,

wh in f h addi t i |. sel ect ed i £ qf t '
respect i ve phase AVH9IEIRrRdSEIaN oharial determiraRh dSTBlnsS U P ne

espective sett SToRBRLIE RS T chranle ReENoRe FE AR foRNhach Tl

ning a
io

si gnal was r?‘?ﬁﬂkﬁdsib‘#\ra?l hQfash Crieiéd b@chtﬂnQEQ_éurtﬁé maasufdd f phasee
associated with each™said additional selected pair of antennas.

16.

difference associated with each said additional selected pair of

antennas.

A method for determining the direction of arrival of a radio signal
emitted by a radio emitter, relative to a reference direction comprising
the procedures of:

determining the frequency of said radio signal;

measuring a phase difference between received signals
produced by antennas respective of each selected pair of antennas
including at least one moving antenna for each measurement
position of a respective at least one moving antenna, said moving
antenna moving through a plurality of measurement positions in a
reference coordinate system and exhibiting relative motion with
respect to the other antenna, the distance between each selected
pair of said at least two antennas being greater than half the
wavelength of said radio signal, each antenna receiving said radio
signal and producing a respective received signal,

determining a respective set of possible directions of arrival from
which said radio signal was received for each said selected pair of
antennas and for each said measurement position of said respective
at least one moving antenna

determining the number of occurrences each potential direction
of arrival has been determined as a possible direction of arrival of the
radio signal; and

selecting the most probable DOA as the DOA of the radio

signal.
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17.

18.

19

20.

21.

The method according to claim 16, wherein a histogram is produced,
said histogram representing the number of occurrences each one of
the potential DOAs in the histogram has been determined as a

possible DOA in one of the determined sets.

The method according to claim 16, wherein the direction exhibiting
the largest number of occurrences is determined as the direction

from which said radio signal was received.

. The method according to claim 16, wherein a possible direction with a

number of occurrences, which exceeds a predetermined threshold is

determined as the direction from which the radio signal was received.

The method according to claim 16, wherein when said radio signal
exhibits frequency alteration, the number of occurrences each
potential direction is a possible direction is determined for each

frequency in the frequency alteration sequence.

The method according to claim 16, wherein for each additional
selected pair of antennas, measuring a respective phase difference
between the received signals produced by the antennas respective of
said each additional selected pair and determining a respective set of
possible directions of arrivals from which said radio signal was
received further according to the measured phase difference

associated with each said additional selected pair of antennas.
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