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;e3e\ YLxp6T@Q> Weiclhting fitted nethod for
d| rection estimation and apparatus enploying
nmethod Field of the invention The present i nmﬂﬁ\m\%\\m\“\mm\
relates to estimation of the direction from
i ncom ng signals have arrived (so-called "directi*oH%f
arrival" (DOA) estimation). In particular, the pres
invention relates to a nethodqand apparatus f “\ﬁ\“\“\mﬁ@m\m\“\m
direction estimation which is based on fittin

sanpl e signal power received froma directional +cooooz*
antenna. The signal used for the estinmation my be UAB

o 2190 leined RS0 inlch 458 BBl gy e

Omhethdd te tested sanples. The fitting technique can

reduce the effects of discrete sanples and noise to

achi eve nore accurate results. For exanple, [1]
pEigic of thednvemtigne 15 measur ement appar at us usi ng

finite probes. In [1], the collected nmeasurenent data

a c n ]
5Bt A Hd "By o nPeAiRgtion from which
amoming e siymalg hkaveor aﬂrwpdnc(sog:allad;t Adicectioni sofnearkivals (DOA)

" pRtmanan eI Rarisuih dReopreBent dRyaTR BSEs i & Methbd and
C?PES%U@W@# dfrbbﬁéﬁ‘%ﬁﬁ%ﬂloheﬁhféhméeﬁasé:d ®n ity of the sample

strates schenati cal t he apﬁar atus whi ch sol ves
t Bighap poklez mecaivedgiaim aed:leeo\tlena aptennai ridst signal used for the

antenng whi c faces" in a given

dieﬁté@la ﬂm%gemgrﬂfaptﬁer§'ﬂn?lﬁe path of signals (e.g.

UWB signals, or any other form of propagating signals)

Wi R ﬂhmdtdfémﬁé’ﬂﬂdrﬁd 25 towards it froma signal
W‘?W‘Q—_V%Tn‘the sensor faces right to the

signal direction, 9~ , the output nagnitude of the

S : d v legi
SRR I ARy BB T, e AR A it st
srsabﬁmés Threefiiting tathniqué-icgn :tecﬂthx)e ﬁieoeﬁecttslef dmmketemﬁnples and
of the sensor output for each

p(s@sseomeagmngw AeaUTRlegSLItS. FF%r e&amabe?.ffﬁ rmssatst #ig shape

?ﬂé%uraménf ?ﬁéara@u@u%ﬁé ‘fﬂt@%r@@eé‘% f, tHe &&%C@é@h@ﬁ‘surement
nat e S1 gha irection of rrival one

CW@MneomarredtedecthnoughSﬂﬁmgL malni @21.3]reBHa¢rupme@ts estimation

?%ﬁé Oaﬁ féhg'peeé ,pe@ tur@u&geanrde 8}5' X&%eéﬁcgﬂqcﬁnggnﬁénce. His
BHS éffe bﬁséﬁi\éﬁrfﬁﬁhg% Ué‘ihgtrﬁﬁtl lecg¥hplésr ection B~ is

n this range. Assume tThat "in t e range ~9L, 9R~ we can
obtain (rece| ve) N sanples at directions 8, through BN

h ' f I
0 4Bk bbb Ror EOA Bt o HBRSAA it
”&%eﬂ%&thhﬁud%ovﬁg) A (b iRstiates) schamatitalty :tlaemdlm:)aratus which
directi ons are not cont| nuous and there. a

ersglvesnthisipeablersi gesignaltieceiysphas @ glé@chod,}a?@mqn%wmch at any
ar ngfasceﬁ ?ry\%r g#v%gg@ecﬁ @Cg—!ﬁ éri?grr\rz% ggl]@{e}ﬁgoglgﬁf P8 1g‘?\fals (e.g.

( él)JWBS sigfalsy o énlyother fdrmmfaprbpbgamrgg sigoals) owhachu Sre g'ansmltted
all the sanples wthin &QL 9R~ to estimate_the ¢ L#_H
i riowagdsiit from asignalslifectian 1. %mwet%%\saééﬂ@eéfﬂg é° the signal

curve. The direction coryrespon to the

bediteasiona, tm@@@ﬁwtd@a%ﬂtﬂdﬂ of t%Pﬁ:%PB%%r %%lﬁga%%e maximum. If
magni t ude, , Wth respect to the direction an

cd ebr@Cﬁb/d”eQ ﬁ@@'%@ aliff Gﬁlﬁgf%mef ué?@t §qﬂ§or|_cg+tpwswgg|de be smaller.

Specifically, Fig.1 (b) shows the amplitude of the sensor output for each of a
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20 described by the Gaussian distribution _ce e, )z
.fs ~e~ =1 g z~2 2~a where z is the variance.
Qoviously, to fit this Gaussian function is a
nonl i near problem To change it to a pol ynom al
fitting problem we can preprocess the received signa
using a logarithmc transform In [4], the natural 25
| ogarithmc transformis enpl gyed. 3 Sumary of the
i nvention The present invention ains to provide a new
and useful nethod for estimation of DOA, as well as
apparatus utilizing the method. 5 The invention is

MUBRI GiRResIPI 1ASAR IRt FoEn 188 1y Blish dfefsersor may

[cheaaﬁd\é%semm?g A9inbiseAnithy spéteast s the estimation
accuracy. This problemis the SNR of the sanple

signals. In a conventional fitting algorithm (see

5\21) ﬁlsﬁlla\a %h&? ié%f 855&@%' éfe rgrg\%jbl %r;?/é :%c\irﬂ}ré@l}]bﬁal direction

Rééﬁ’rhéhm mMeth&d @iseg antdtuaton mcmmm 'td twre therretéivet sensor in
shows the signal anplltuﬂg in dB as a function of

anghege of ehglesb farexanale (% &, whieire dt i isteimineddn Rdyance that
'received signal" shows a typical actual ret%el ved
s thenalgnairdisection: @ Jodn Sigrange.ASsume Taalcn BRRaNge; K. 0] we

central area because the sig stro

 Saboohiam s at $TTRESSPLCUeCtRRS SomiPudids: e signal

ugﬁgpthmogelawmf 9?@'5);% é‘%%phgﬁﬁlsaﬂéq?e pﬂécﬁﬁﬁgggﬂh&cﬁiwe receive
Sitt%‘?iroﬁ?’é@@'rﬁa%ﬁlﬁﬁéﬂ? Howerh | Howevbr! Betaldecthd sarmplefdirections

sanpl e coul d result in nore accurate
esré mat continuous amd herel @remoamﬁ‘éalt roiseDhe &ﬁmplerﬂlrectlon

h t t t h t
L B o TR R T el GE NI BB il n e
t ‘éaQédthésélgrﬁ@trle@éivéf of Pi@ lﬂé)hs rd%blgh@@&olp%rfdrﬂpedlttmg technique
Thi s sanpl e shoul :{gtﬁ? ower contribution to

rmemgsail e |samples:wt’mn ttﬁeeqémaieriha ¢Hreatindrig.1 (b), and

pfté’é’s°?s§8m'@e”m%”eéglﬁe&fﬁ{q”’éufvr@?;“reﬁ?f gf i @apaftia to the peak
flv&(#m&]gegﬁgld'@ or. That is, the estinmate of the DOA is

pertorne ased on a nat hermtl cal function in which
I ogarl thm c power anplitudes fromrespective sanples

AeoElg cloo it b6 Becaives rsiﬁri@qctg@@?tﬁﬁaflgi hBSBEgt to the

4 h h

tﬁgﬁgﬁe%@%ﬁg. 35% b il a8ca) evlﬁ:l% h ﬁgncfon et 4 bo
iR o 2% Siadshaa RS, 5 vel's ' he vl ght

vaI ues may not just be functions ofe-blie respective

signal anplitudes. Ford;e I_e,__t peyw’may be a 5

function of (e.g. propdrtiongR4®) the gain function

of the antenna at the correspondi ng angl e. Conpared
wiwtereher2c g vibet ivarlahcd.i ObvioyisfyprtoDERA thist iGeatsist@am, function is a
enbodi ments of the present invention

.h t.h
f J1ardineAR PERRIeM: d9echangs H 10 g, PRIYRPTIA] THHiRY PEQPIGR, we can pre-
?%E?ssdﬂ{é‘rege%é'd' Q@ﬁhl ﬁ§ﬁ1'g”§t|6%dhtﬁﬁﬁdjfr§ﬁ¥forﬁh¢ﬁ 41, \Qﬁ’e natural
vant ages nma eved the i nvention

arlogartbmic tmmbfwnng employed.ar corrpl exity to the
conventi onal one.
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One specific expression of the invention is a method
of estimation of a 15 direction of arrival of a signa
using a directional antenna, the antenna having an
axi s which can be noved through a range of angles and
having a maxi mum sensitivity to signals received
parallel to said axis, the nmethod including the steps
of: (a) obtaining, for each ofg a plurality of angul ar
positions Bk of the axis 20 of the said antenna, a
respective signal strength sanple value p(9k ) ; (b)
usi ng the sanpl e values p(9k) and/or the value of a

gai n function,of the directional antenna at the
cgﬂﬂﬁgﬂﬁéﬁﬂﬂéﬂgﬁéhgﬂBk to obtain, for each sanple

val ue, a respective weight value wk ; and (c)

obt ai ning indication values indicative of an est
oﬂ'he lpeemntmertmnzean@ftoawwdma AW AN Liﬁ@che’ﬁﬁmoéafPr eStimation

(1045 251061 4 oBaf 0 R BRI, U2 Ue bei ng
vve| ght ed in the nmat hemati caI function by the
respective wei ght val ue. Not e that opti

t Mbeeinvaptior igpmetivated gMethga,lﬁye@tq;g Qbsemna |Qgch¥a’t there is a
PR, P B o83 0 BRogRER T st sionianty

eaffesmt tHen estimatioh uscauracy)gEhist prabberhoisntheh eSMEt obdheassample
expressed above. 5 Furgwer nore,. the

aplgNalg. @S@I%\/e@ﬁoaﬂp quglgﬂﬁghnbe(s%é:[gf) 19” Swl ﬁa{sﬂmes in
g@a?'i @gg(gmﬂll ocghtéd‘ W?sCE hB? oBﬂﬁig\'i'ana Hoisy'®nvironment.

fon wthi I mensi on

E@&}Wb%qﬁ%eﬁ %BQH'\ebrY\aﬂ@d 'Qﬁieaﬁuﬁbf&"t dovestesigadl amplitude

r nore signals and (in the
" irefi8r as caefl.moeeh of angle athe ebsapee cfingisel oukilen the line marked

R N N S e

t haRHThighef SN irs thiéritrd] eined decam ﬁmoagaaltis)strtdmger there. On
respective di stances of the objects which transmtt %g\lR since

ttb@ﬂsﬂ@m@rftsamd)wghtjgldeﬁeﬂ‘@pﬁgn rsamplas vquid haverlgwgr
eglﬁ :eg(ﬂ%:ﬂ %gx)e%ﬂe*"s g Jlff |H’ékc\{/da?taﬁg@a9%s tﬁ@ttﬁgﬁé}' fe?NR of the

1onal’l ara

i lﬁénﬂ%amﬂéstﬁwmogewmelan@ reliablgnitlis.wAi sample W|th a high SNR
transmtted in all directions,

d t |
arfoblith Jesily 'Be”\%%oaci%"?t@céﬁwaﬂ%?l @Ef’ege§h‘|§ﬂgc Iaﬁ)(ggﬂw greater
rgc%n?ﬁt%dt bR gqgltr?é:te&l Ben HBERKIG uéh DQS*\tPéste%CQample with a low

Ve ect st ances to t hése obj ects may be
okSNIRrwduIdsbmgnmref tanciony rantk cayld. leBdi tof b&g@hm@mpanf &@o much

T AR RAPES 5 b SOhE 306l BB BB gfhblion t e

OondafimaMonh reference to the followi ng figures in
V\/rr#cltwn Fig.1l, which is conposed of Fig. 1 (a) and Fig.
1 (b), |IIustrat es the archetypical problem of

r Aeadrngfe et ABSHAC Mool s I S8heral terms that the
an&rfvehfibnal fﬂiuﬁ@ﬁiétﬁﬁ@hs ﬁﬁfmﬁ&d tFemplay & Weightedtfiting lestimator.

noi se-free s power (in and th reaI 25
r ethatvisg tb@\,@&m@atﬁ gigthe;, é| |s+pﬁra‘pg@e son a mathematical

di h
510 Q A Do okl SN ot gt Afpis r
i SwéigheéﬁJbsilreSpéctbfe weight vafusst Ti Thle/makesnmoae; efﬂment use of the

received signal samples.
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6 conpared with a prior art technique, for different
angl e ranges and different sanple step-sizes; Fig. 6
shows the experinmental UWB reflection signals received
by a directional antenna in various directions; and 5
Fig. 7 is a schematic representation of an apparatus
which is an enbodi nent of the invention. Detail ed
Description of the enbodi mentg 10 A DOA technique

whi ch is an enbodi nent of the invention will now be
descri bed. The construction of the enbodi nent is once
nnre that illustrated in Fig. 1 (a) - although as

4R AR PR 4 s B
rﬁ&ﬁhéﬂﬁ% Memeogemcaasé&absv@%e lit @RSy ateswell correlated

cel ved si gnal ig. 2. The signal
1withinighvaloes of SNR cltgraatively, thaewemlate\fai@es)fnaym%ust be

rughi el Dot b iy AR 981 e
Flgrﬁ:ﬁoﬁ'ﬁ Btcportiond %)etﬁégg%m Rutnctien of viesl antemnal atkhe

can be fepresented as 2 fr (e) .fs (e)+ ~(E)
Foonresworgiupgt]anglne first change the non- li near function
to a polynomal by a logarithmc transform Any of a
nunber of transforns can be used within the scope of

t R mpureatwien ,th@@bnﬁ@miomyitttngimrrsm@m'eslgnmom,uembodiments of

adopt” "dB" in the 25 follow ng ex at | on _The act ual
r Seepieasentinygation maynave tae f Pﬁ%wmgéfﬂ’ & gnal in
Fig. 2) dpr , is represented as dpr (e) = Zo log f,

(e) %OM&g%léﬁ)ﬁsﬁéf@éf@p'et a@ the ot her hand t he

Si gnal power “true function" of

Fig. 2), s_,houl d be dp5 ~6~ = ZOlog fs (B~ 2 = 201og 1

(B - eQ@. Higley(estinkatiomacguracy. ~g(e~ ~Bz - 2808 + eo ~+
20log n~

These two advantages may be achieved, using the invention, with an

algorithm having a similar complexity to the conventional one.

One specific expression of the invention is a method of estimation of a
direction of arrival of a signal using a directional antenna, the antenna having
an axis which can be moved through a range of angles and having a
maximum sensitivity to signals received parallel to said axis, the method
including the steps of:

(a) obtaining, for each of a plurality of angular positions 6, of the axis
of the said antenna, a respective signal strength sample value p(6,);

(b) using the sample values p(6,) and/or the value of a gain function of
the directional antenna at the corresponding angle 6, to obtain, for each

sample value, a respective weight value w,; and

(c) obtaining indication values indicative of an estimate of the direction
of arrival from a mathematical function including a respective logarithm value
of each sample value, each said logarithm value being weighted in the
mathematical function by the respective weight value.
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=a6z +bB+c where 10 10 a = - log(e) 6 280 b = + | oge)
Qc = 6g(e~ 90 + 201log ~Q As can be seen, dps is an
exact second-order polynom al formula (i.e. the "true
function” in Fig. 2 is a parabola). However, because
of the additive noise, the received sanples actually
are realised as the "received signal”. W 15 can use
second-order polynomal fittigg to estimte the
unknown paraneters: a,b,c . After that the DOA
estimation would be a sinple function of these
paraneters. One conventional polynomal fitting

"N ARG, SRS g, b shon SHE U S
kpértlbuléflanaﬂﬁir%o%tt|o\‘mi ch the sanpl e k is received (BL

p(9k ) is t he corresponding power in
dB of . the recelved sig

edhe nifvestionumayt ajt grr@tlyel:y %’ﬁT eApressgql {—,}s av\ﬁgpgh@ pf arrival
es%ﬁ"ﬁéﬁed%?ﬁnaﬁs %ﬁ9gd o SQEOWtMtH& as e?(Bre"'s)sede%ve

( S e~ can see,
calculating 9; and dp; in the conventlonal f|tt|n

aFurteegnaie, theirection\vaf aniualsaatﬁnam@rappaeatuadnghgbe part of a
t hes, I es, have differge

posn?on estimation apparatus, A whlcthhe position of the apparatus (e.g.
location within a two-dimensional space) is determined by (a) obtaining the
estimated DOAs of two or more signals and (in the “reference-free” case that
the apparatus does not employ prior knowledge about the absolute locations
or positional relationships of the objects which transmitted the signals towards
the apparatus) the respective distances of the objects which transmitted the
signals towards the apparatus, and (b) performing a triangulation using the
multiple DOAs to obtain an estimated position. Optionally, the apparatus may
include means for generating a signal which is transmitted in all directions,
and the directional antenna may be used to receive reflected signals from
reflective objects, and obtain the DOA of each reflective object. Distances to
these objects may be obtained using reflection delays.

Brief Description of The Figures

Preferred features of the invention will now be described, for the sake of
illustration only, with reference to the following figures in which:

Fig.1, which is composed of Fig. 1(a) and Fig. 1(b), illustrates the
archetypical problem of fitting-based direction estimation, and the relationship
between signal magnitude and direction angle for a directional sensor;

Fig. 2 illustrates the noise-free signal power (in dB) and the real
received power (in dB, signal + noise) versus direction angles;

Figs. 3 to 5 show the simulated MSE versus SNR performance of an
estimation approach which is an embodiment of the present invention, as
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By contrast, the enbodi nent operates as follows. To
make use of these signal sanples nore efficiently, the
enbodi ment adopts different weights in terns of SNR
Since the white noise has constant statistica

strength in all directions, the weighting in terns of
SNR i s approximtely equal to the weighting in terns
of signal strength, which is ginpler in practica
operations. Accordingly, the enbodi nent has the
follow ng steps: 1) Derive a weight for each signa
sanple. The wei ght may be determ ned as

ooniepataselh 2 prisy 2t e, K Siderdy éqgm;}sngsggha%erem

Cgil,,q;.gl@gtg .sizés; ~VKkBk and~; =-~WGij7~Bk). | k-1 1 k-1
3) Estinmate parameters a,b,c fromthe follow ng

equat i Bigs 6 shows therexpeyimentahUWB eeflegtion signals feﬁeB{ed Ry a
~N 4). Th
ogvﬁ?}%ﬁ ?Bﬁ%’ﬁ? hléé{lgrhrlsatafréﬁt\ﬁ?%&grna 2a To vZarl fyet he

per f or Figg)Qeis &f séHegnatio eprésentatidn oftan apparates which is an
second-order_ 15 pol ynom al weighed fitting is

semboginanteftheipentiotnt al |y tested. The sinul ated
results are shown in Fig.3 through Fig.5. The
experinmental signals are shown in Fig.6, and the

p Detsiksl Dgscrigiontcf the entbodiments Tabl el. Fi g. 3 shows

the nean squared error (MSE) versus SNR of the
direction 20 estimation using the enbodi nent as

ggxg@gﬁb@g%g&et\ﬁﬁcﬁﬁé 8h erbodimeht Bﬂthﬁﬂhm%ol\r)s Wil rfow be

ove E here is defined E=E
eBléGCHbed {The @bnsémctlon oatm embadimeentds ppoe mae]that iHgstrated in

ége 213'3223 @?}E%ﬁ@? %cgbgﬁg\} @\Fdoj%rrgﬁﬁn Rﬁﬁ}c]ec%ar\}%lfr%cewer is
md‘iﬁéréﬁt ihdetaif a@ﬁce ﬁ\o?e Ghé. aoﬂwwsgﬁdneedéaiecn@rrfdommwnm the
of the weighted f Ittlﬂlﬁ approach 1n a snal |

due:nmndlmnat opergites, is fhgd shpwo, aslﬁjqcelvm)emgnﬂem FighR The signal

I

eI 1RURERE o el e B inprabBnbE B iBfe 6, FRTbrReEnoWin Fig.
mt(B)g% BSﬁ@t@aShefraw ¢r, drid iskeaifea® ehdlaaam/eomte Gaogsian
is reduced. 10 This 1's reasonabl e because the scan

SHENE(AWEN) £@)CeTherifere the rebsiveésignal faf@ecart e repiBsented
di fference woul d becone small. However, f he "enbodi ment

iqsstill better than the prior art mathod Fi g. 5.
shows the MSE in the scan direction angul ar range:
[50, 130] in 15 direction sanple step-size of 2

degrees. This neans t heﬁ‘@m)p; ?ss(gaq_en(@ﬁ,nser

Following [4], we first change the non-linear function to a polynomial by a
logarithmic transform. Any of a number of transforms can be used within the
scope of the invention, but for easy understanding we just adopt “dB” in the
following explanation. The actual received signal in dB (i.e. the “received

signal in Fig. 2), dp, , is represented as

dp,(6) = 201og f,(9) = 201og[f, (6)+ n(9)]
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15

in the sane range as in Fig.4. W can see the fitting
performance is inproved for both the enbodi nent and
prior art method. However, the factor of inprovenent
for the enbodiment is bigger. 20 Fig. 6 shows
experinmental results using received UMB signal sanples
reflected froma 1.2 neter distance wall. W repeated
the scanning from 10 degrees t7o 170 degrees 30 tines
to obtain the standard deviation (STD). Table 1 shows
t he experinent performance of the enbodi nent conpared
wth 25 the prior art nmethod. In each colum the top
epL Iy i L r 3 i @ldl ' ' i
B e bt RSBl AT 4, 35 o (€] e thidRintod ™t Fig. 2)
tgﬁlgagé%n the enbodi ment. The step size in each case
i S % egrees. W can see the enbodi nent can achi eve
1. 564 degrees accuracy,4mﬁ0)€2®hgfdﬂ)or art 11 one
only 3.3 degrees accuracy, as indicated by the val ues
marked with an asterisk(in1Tabl €9-1,)*
Angl €1017020160301584 O3 Borzosrmlﬂﬁ(@nge(degr ees)
STD no 7
for140. 45025. 16529, 1657. 43873. 3236*5. 7 18%35.827prior
—logﬁs ( l

ar t met hodSTD =___$92_2900+9; +20log
forl.74901. 5646* 1. 56681. 69081. 74932. 18 ®331enbodi m

ent 5 Table 1 In summary, the enbodi nent inproves the
direction estimation accurad/ +&dipared to the prior
art technique. If such a nethod is inproved within a
10 positioning system which estimtes the position of
t hevé Onal receiver using incomng signals fromtwo
(or nore) directions, the positioning accuracy will be
hi gher than in a systemenploying the prior art

met hod. Fig. 7 sho the overall structure of a

posi tioning system phich Q%.quossible 15 enbodi ment
of the invention. I{*ncP Lsy%n antenna 1, an
actuator 2 for novihg the antgnna, and a signa
receiver 3. The sigiiak wlegle)-vef 3 includes a first
processor 5 for perform ng a @ethod as descri bed above
to obtain successiv Iy&§§5%? for t signal s received
fromdifferent diregeForssttfetIPla grﬁﬁ¥ be able to
di sti ngui sh them based of their diffre&dt’ 20
characteristics, such as different frequencies), and a
second processor 7 for controlling the actuator 2

(A cah Hes 888N @p PGS tany exa@ngstdndioraes ipetyriophiakformutd (i.e. the
12 the signals) and the processing unit 5. The second
praoesfaattionureid. 2 i@ Aparsiiodd)ne tHdweviehebécasde of the additive
processing unit 5 to obtain a position estinate. by, . "

t NOiSgy dhare%yecagemﬁ%actya"seafﬂ/@élﬁﬁﬁéﬁ th‘é{m FP&&&Y*’«Y@Q"&“ - We
c 2 nrithél ters:
o 6o, SR EBHeT Doy RNNC G0 Sshrtd e BRKNORD paramete
simgle. Aftesitball ther QA sstimationhwiogld bel § simple,dunction of these
enbodi nent of the invention has been described in
deRagametersr i ous nodifications are possible within the

scope of the invention as will be clear to a skilled

reader. For exanple, the weights nmay be chosen 10

acOne dongentional gofyhenwaltfittrgalgotithm can kenstatest as,

exanple, following a first use of the algorithmto

forman estimate of the DOA, the weights nay be

re-derived using the estimted DOA (for exanple, by

setting to zero all weights in respect of directions

far away fromthe estimated DOA), and the al gorithm
performed again to obtain a better estimate of the

DOA. 15 In another inportant variation, the weight

val ues wk are chosen as a function of (e.g.

proportional to) the gain function of the antenna at

the correspondi ng angle 9k . For exanple, if the gain

is witten as B(Bk - 9M) , where BMis the angle for

which Bis maximal (i.e. B(0) is the maxi mal gain),

M T I T ~~N . ~7 r~I1 \
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25 e.g. as the product of the two. In a further
variation, the weighted fitting can be used in peak
time estimation by fitting in the tinme donain of
sanpl e val ues neasured at respective instants 13 to
a pul se shape. This may, for exanple, allow a

determ nation of the distances to the objects which
transmtted the signals. In asgfurther possible
variation, the antenna may receive signals fromany 5
direction within a three-di nensi onal space, so that
the DOA of a given signal is defined by two angl es,

not one. The techniﬂues proposed, above nmay be extended
str ai ghy.fouleaet @ < DS 4 endi 4piat+ Dip(uh), ciherays, isrthe direction
exanpl e be used fortposition findisng wthin a

t hree-di nensi opal space. 10 References,The dischos .
of theahgle %Wﬁ&hr e?%rﬁl?éski $ 'ier"?@lyleﬂo(aat%@k 5 Rl)' ‘}5(‘93) is the
reference., [1 ]. Onhtsuka; [ ' us and

et hodc?%?s‘{ﬁcg}éﬁg Pﬂﬁ’eé'%ﬁggz%ﬁ%r%f'\%fﬁéﬁéle pr obes. "
US pat etTHEpardndter 63mafién oltpdl is2004. 15 [2].

Bel ser;  Karl A., "Disk driye_ system having hybrid

anal og/ di gital pul se peak |astance/anplitude data
detection channels."” US pa £ t"(gﬁ‘?ga‘z Aug. 1998. [3]
Bel ser; Karl A., "Detectio i € peak instance and
anplitude in a storage driye| " US patent 6529490.
Jan. 1999. [4] Henry E. Lee, “Target Angle Estimation

f whekgarch Radar." US patent 20 6201496. Mar. 2001.
[5] http://mathworl d. wol fram co 14 Cdains 1. A

met hod of estimation of a [d,Y@&dt|on of[&rival of a
signal using a directional ghgenna, th (ﬁ-ﬁn enna havi ng
an axi s which can be noyed tthrough & *jnde| of angl es
and having a maxi num sensif.i.vity|to signals received 5
parallel to said axis, the grﬁ?shg)j i ncl 'Nn the steps
of: (a) obtaining, for each™™f¥a pluralrity of angul ar
positions 9k of the axis of the said antenna, a
respective signal strength sanple value p(Bk); (b)

usi ng the sanple values p(Bk) and/or the value of a
gain function of the directional antenna at the

cor reSpgﬂdlih'égesal[?ﬁét%d%fgﬁ Eft%fi'é 5, =fﬁ each 10 sanple

val ue, respecti ve wer ght” val ue’ wk23

We can see, in calculating 6, and dp, in the conventional fitting, all signal

samples have the same weight, although these samples have different SNR.

By contrast, the embodiment operates as follows. To make use of these
signal samples more efficiently, the embodiment adopts different weights in
terms of SNR. Since the white noise has constant statistical strength in all
directions, the weighting in terms of SNR is approximately equal to the
weighting in terms of signal strength, which is simpler in practical operations.

Accordingly, the embodiment has the following steps:

1) Derive a weight for each signal sample. The weight may be determined as
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(c) obtaining indication values indicative of an
estimate of the direction of arrival froma

mat hemati cal function including a respective |logarithm
val ue of each sanpl e value, each said |ogarithm val ue
bei ng wei ghted in the mathematical function by the
respective weight value. 15 2. A nethod according to
claim1 in which the weight va ues wk are proportiona
to the respective sanple values. 3. A nethod according
toclaim2 in which the weight value wk for each 20
respective sanple value is equal to the sanple val ue

di vided by th f | . A hod
aceording to ol ai m't 7k GEneths Sl dRe il ues arc

proportional to the gain function B(Bk - BM) of the
directional antenna at the 25 correspondi ng angl e 6k
wivese BMib shé Fecewatl power (bsfforeHogarithmiatramaformy. A

met hod according to claim3 or claim4 in which step
(c) includes: 15 r (i) calculating the weighted

aver age angle]Bh' =1 ~wkBk apd weighted | k---1

227 CRRRIAREPLE POV, A g 10D mldptokap(Bk =5 and |
k=1 (ii) obtainfchg said indicf&ion values a,b,c as
given by: a c 5 where .z e, e,' 1 d-p; A=ez2ez i Y,
_ ~p2 BN2 BN I dj 7N said estimated direction being

gi : - HXe i~gat i mating

t ?Xﬁgltlﬁ\\eé\(t:%ﬁ%arg&eg? r’?V%I@rog?t a sﬁ%\ﬁap, qtﬁagloggbar at us
conprising: a directional antenna, the antenna having
an axi s having a maxi num sensitivity to signals
received parallel to said|&@{is; an actuator for noving
t he antenna through a ran of -egr .and 15 a
processor arranged to rec % E(ﬂ?ggﬁtae)gntenna, for
each of a plurality of angéllar positions 9k of the
axis of the said antenna, respective signal strength

Sqifdre val ue p(Bk);

S

N

D)

=
U
'7-
.§~|:
=

4). The output direction estimation is 6, = —_27&

To verify the performance of the direction estimation, the second-order
polynomial weighed fitting is simulated and experimentally tested. The
simulated results are shown in Fig.3 through Fig.5. The experimental signals
are shown in Fig.6, and the processing results are given in Table1.

Fig.3 shows the mean squared error (MSE) versus SNR of the direction

estimation using the embodiment as compared with the prior art fitting method
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sai d processor being arranged to: 16 (a) use the
sanpl e values p(Bk) and/or the value of a gain
function of the directional antenna at the
correspondi ng angle 9k to obtain, for each sanple

val ue, a respective weight value wk ; (b) obtain

i ndi cation values indicative of an estimate of the
direction of 5 arrival from aqgmat hematical function
including a respective |ogarithmvalue of each sanple
val ue, each said |ogarithm val ue being weighted in the
mat hemati cal function by the respective wei ght val ue;
and (c) obtain said estimate of the direction of

arrival fr sal tion val 7. 6,-6,
afpsgriiads ag&i’@r d-ij %%gl hg'd ('? Wﬁpcﬁswgve@ h‘r J he
val ues wk are proportional to the respective s

val ues. 8. An apparatus according to claim7 in

! Rlse iiny inolen 1@BORKS! £40.1 556 ce: SpEian EBraRlapsiER-Sie is 10
k
o? laJf.ill%e 'sa\ﬂélu@gn g?ugﬁ;@ GW'@}%Q‘%@ESQ%P%%WSF % ﬁ rﬁléfﬂod very

imumiinhhitshmsbm ght val ues are proportional to the

gain function B(Bk - 9M) of the directional antenna

at the 20 corresponding angle 9k , where BMis the

ap 8. SAbWEMHHED I\/%Eg)é‘fﬂ%h'lﬁ'ce éptheqﬂvégﬁ@ﬁaflﬂi‘hg approach in a
according to claim claim9 in he processor

i snmlleadgedtlortal(amgha ranges [Hai At The dwgptj@@alts}ammle)step size is

o b e 3 BB YL B8RS Fafien the Pfyitiment and

—Jpntjr wkameod bésmes lsmaller iftRe(ddmpleldifictiongl smige is reduced.
i ndi cation values a, b, ¢ as given by: (Ar A-)-~
AThis| is- reagprakie because the scan sample range concentrates to the

central area, the SNR difference would become small. However, the
embodiment is still better than the prior art method.

Fig.5. shows the MSE in the scan direction angular range: [50, 130] in
direction sample step-size of 2 degrees. This means the samples are denser
in the same range as in Fig.4. We can see the fitting performance is improved
for both the embodiment and prior art method. However, the factor of
improvement for the embodiment is bigger.

Fig. 6 shows experimental results using received UWB signal samples
reflected from a 1.2 meter distance wall. We repeated the scanning from 10
degrees to 170 degrees 30 times to obtain the standard deviation (STD).

Table 1 shows the experiment performance of the embodiment compared with
the prior art method. In each column the top entry is the scanning range, the
middle column is the STD entry for the prior art, and the lower entry is the
STD for the embodiment. The step size in each case is 10 degrees. We can
see the embodiment can achieve 1.564 degrees accuracy, while the prior art
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15%”8‘-'2 tLonDéggorijmlt%&G%v%tlQnal methods. Of course, in practice the

1%{ éj%sébr's%%%{ﬁ? Oé}?y%e%?f@ﬁyl%%/ff%?r}t)soﬂv@vge modulesz g)peratlng ona

y SgiEpByiGal Grocessovs & () - yf, 109% & () - 3uV7 @

109%6& ()-@ 109%& ()-@y 10%& ()- &F109%%& ()- 10J"J"
10J"J" 10J"J"!psé&6"10%"J" & () -

! AtthBUGA SR/ SinkiY@MborimeitioftR&E®/ention has been described in

detail, various modifications are possible within the scope of the invention as
will be clear to a skilled reader. For example, the weights may be chosen
according to a different algorithm. In another example, following a first use of
the algorithm to form an estimate of the DOA, the weights may be re-derived
using the estimated DOA (for example, by setting to zero all weights in
respect of directions far away from the estimated DOA), and the algorithm
performed again to obtain a better estimate of the DOA.

In another important variation, the weight values o, are chosen as a function

of (e.g. proportional to) the gain function of the antenna at the corresponding

angle 6, . For example, if the gain is written as B(6, - 6,,), where 6,,is the
angle for which B is maximal (i.e. B(0)is the maximal gain), then the weights
may be chosen as o, = B(6, - 6,,). Steps (1) to (4) of the embodiment

described above may be performed with these weight values.

In other embodiments the weight values may be formed using both the
corresponding value of the gain function and the corresponding sample value,
e.g. as the product of the two.

In a further variation, the weighted fitting can be used in peak time estimation

by fitting in the time domain of sample values measured at respective instants
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U ()-10% U& ()- 10% U& ()- |10% U& ()- 10E'E" 10E"E"
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Ug—%"—' $10% U&' ()-!$10% U&' ()-!$10% U& ()-! $10%

U& ()-1$10% U& ()-;;;;;:; gWEUVT7! 1 $10% U& () -! $10%

U&. () - ASHrAhdd of ) estibiationUsf @) d;re@tl@i 1 Goivia o) a; signal using a

Ugirggtlér@%&e'tﬁla( /|9'I¢ gmg%rggﬁz%\?ir'\g an. aX|s qh7%an éje_dg)oved through

a range of angles and having a maximum sensitivity to signals received
parallel to said axis, the method including the steps of:

(a) obtaining, for each of a plurality of angular positions 8, of the axis
of the said antenna, a respective signal strength sample value p(6,);

(b) using the sample values p(d,) and/or the value of a gain function of
the directional antenna at the corresponding angle 6, to obtain, for each
sample value, a respective weight value w, ;

(c) obtaining indication values indicative of an estimate of the direction
of arrival from a mathematical function including a respective logarithm value
of each sample value, each said logarithm value being weighted in the
mathematical function by the respective weight value.

2. A method according to claim 1 in which the weight values w, are

proportional to the respective sample values.

3. A method according to claim 2 in which the weight value w, for each

respective sample value is equal to the sample value divided by the sum of

the sample values.

4. A method according to claim 1 in which the weight values are
proportional to the gain function B(g, - 6,,) of the directional antenna at the

corresponding angle 6, , where 8,, is the angle for which B is maximal.

5. A method according to claim 3 or claim 4 in which step (c) includes:
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(i) calculating the weighted average angle 0, =1_ ' w, 6, and weighted
1k k
=1

average sample power in dB dp, = lz w,dp(6, ); and

I k=

(ii) obtaining said indication values a,b,c as given by:

Q>

—(4T 4 4Ty

o) O

where

5701 4]
pe|B BTy |
18,7 8, 1] [Py |
said estimated direction being given by
» b
6, =—.
° 24
6. Apparatus for estimating the direction of arrival of a signal, the

apparatus comprising:

a directional antenna, the antenna having an axis having a maximum
sensitivity to signals received parallel to said axis;

an actuator for moving the antenna through a range of angles; and

a processor arranged to receive from the antenna, for each of a

plurality of angular positions 6, of the axis of the said antenna, a respective

signal strength sample value p(6,);

said processor being arranged to:
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L$ 10%1’@‘%) <___ '%ro\k,%@'% ;ﬁ(&éﬁ&ﬁfgg }fgg .V_?%Ifo(a}o a gain function of

the directional antenna at the corresponding angle 6, to obtain, for each

%%%%%%%%%%%
BSococs

w
o~~~

sample value, a respective weight value w, ;

(b) obtain indication values indicative of an estimate of the direction of
arrival from a mathematical function including a respective logarithm value of
each sample value, each said logarithm value being weighted in the
mathematical function by the respective weight value; and

(c) obtain said estimate of the direction of arrival from said indication

values.

7. An apparatus according to claim 6 in which the weight values w, are

proportional to the respective sample values.

8. An apparatus according to claim 7 in which the weight value w, for

each respective sample value is equal to the sample value divided by the sum
of the sample values.

9. A method according to claim 6 in which the weight values are

proportional to the gain function B(g, - 6,,) of the directional antenna at the

corresponding angle 8, , where 8,, is the angle for which B is maximal.

10.  An apparatus according to claim 8 or claim 9 in which the processor is

arranged to obtain the indication values by:
(i) calculating the weighted average angle 9, = lz w6, and weighted
=

average sample power in dB dp, = l_Zwkdp(B,,); and
Lk
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