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application”in delay and amplitude estimation in pulse based ultra wideband

(UWB) systems, such as positioning systems.

Background of the invention

In positioning systems, a pulse based ultra wideband (UWB) signal may be
used to estimate the distance of the transmitter from the receiver by
estimating signal arrival time at the receiver. Such a signal may also be used
to estimate the direction of arrival (DOA) of a signal at the receiver, by
comparing the signal amplitudes received by two directional antennae which
have been placed in a fixed geometrical relationship to one another. A
conventional method for estimating the signal arrival time is by measuring the
amplitude of the received signal and the time at which it exceeds a threshold
value is taken as the signal arrival time. The maximum amplitude value of the

received signal is taken to be the strength of the signal.

The above convelntional method is satisfactory in a free space condition, that
is one in which there are no reflections. However, in a system where there
are muitiple reflections in the signal path, the reflection signals will overlap
with the direct path signal and this will affect the timing and the amplitude
values determined by the above conventional method. The received signal
will be the sum of the direct-path and multipath signals.
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estimation.

When the dimensions of the signals (that is the number of multipath copies of
the transmitted signal) are known, the WRELAX technique described in the
publication by Jian Li, and Renbiao Wu entitled “An efficient algorithm for time
delay estimation” and published in IEEE Transaction on Signal Processing.
Vol.46. No.8, Aug.1998 performs satisfactorily. However, it becomes very
time consuming when the number of multipaths is large, due to the multi-level
iterations of the WRELAX technique, which makes operation in real-time

difficult and complex.
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(b)  estimating one or more parameters for a first signal element in the
digitized received signal to define the first signal element;

(c) removing the defined first signal element from the digitized received
signal to obtain a modified signal;

(d)  estimating the one or more parameters for a further signal element to
define the further signal element;

(e)  removing the defined further signal element from the modified signal;

) repeating the steps (d) and (e) for a predetermined number of signal
elements;

(@) obtaining a refined signal comprising the digitized received signal
minus the defined further signal elements with the exception of the signal
element having the greatest amplitude of all of the predetermined number of
signal elements;



el ements; (g) obtaining a refined signal conprising
the digitized received signal mnus the defined
further signal elenments with the exception of the
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of the predeterm ned nunber of signal elenents; 4 (h)
re-estimating the one or nore paraneters for the first
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Preferably, the one or more parameters comprise the amplitude of the signal
element, and/or the delay, wherein delay comprises the time from initiation of
a sampling process to the time of occurrence of the maximum amplitude of
the signal element.

In a first preferred embodiment, the steps are performed in a time domain and
in a second preferred embodiment the steps are performed in a frequency
domain. In the embodiment where the steps are performed in the frequency
domain, the method preferably further comprises applying a Fourier transform
process to the received signal after digitizing the signal and prior to
performing steps (b) to (k)In a further preferred embodiment, the steps of
estimating the one or more parameters for a signal element comprise
estimating the amplitude of the signal element; the method further comprising
determining the direction of arrival of the received signal at an antenna

system, the antenna system comprising two or more directional antennae



process to the received signal after digitizing the
signal and prior to performng steps (b) to (k)In a
further preferred enbodi nent, the steps of estinating
the one or nore paraneters for a signal el enent
conprise estimating the anplitude of the signa

el enent; the nethod further Cﬁgprising determ ni ng
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transceiver comprising:

a transmitter;
a receiver; and

monitoring means for monitoring one or more parameters of an
antenna associated with the transmitter to generate a predicted transfer

function for the antenna;

further monitoring means for monitoring one or more parameters of an
antenna associated with the receiver to generate a predicted transfer function

for the antenna associated with the receiver;

the transmitter being arranged to transmit the predicted transfer
function for the antenna associated with the transmitter through a data

communication system to the receiver;



antenna associated with the receiver to generate a
predicted transfer function for the antenna
associated with the receiver; the transmtter being
arranged to transmt the predicted transfer function
for the antenna associated with the transmtter
through a data comunication systemto the receiver
6 the receiver being arranged %o perform the nethod
steps (a) to (k) defined above in the nethod for
estimati ng one or nore paraneters of a signal based
on the received signal and using, in the step of
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signal; (b) a first estimtion stage arranged to

epiccorfify abea cthirDaSHaRRr GRTEcitventioh theiré st povitikd a receiver
element 1n the digitized received signal to define the
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element from the digitized received signal to obtain a modified signal;

(d) a second estimation stage arranged to estimate the one or more

parameters for a further signal element to define the further signal element;

(e) a second subtraction stage arranged to remove the defined further

signal element from the modified signal;

1)) the second estimation stage further being arranged to estimate the one
or more parameters for a predetermined number of further signal elements to
define the further signal elements, and the second subtraction stage being
further arranged to remove the defined further signal elements from the
modified signal;

(@) a refining stage arranged to obtain a refined signal comprising the
digitized received signal minus the defined further signal elements with the



further arranged to renove the defined further signa
el ements fromthe nodified signal; (g) a refining
stage arranged to obtain a refined signal conprising
the digitized received signal m nus the defined
further signal elements with the 7 exception of the
signal el enment having the grea}est anplitude of all of
the predeterm ned nunber of signal elenents; (h) a
first re-estimation stage arranged to re-estimate the
one or nore paraneters for the first signal elenent
to re-define the first signal elenent based on the
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(k) the first, second and third re-estimation stages being arranged to
repeat re-estimation steps for a predetermined number of times to generate a
refined estimate of the one or more parameters for the first signal element.

Preferably, the first and second estimation stages are arranged to estimate
the amplitude of the signal element, and/or the delay, wherein delay
comprises the time from initiation of a sampling process to the time of

occurrence of the maximum amplitude of the signal element.

In a preferred embodiment, one or more of the stages are arranged to operate
in a time domain.

In a further preferred embodiment, wherein one or more of the stages are

arranged to operate in a frequency domain, the receiver further comprising a



inatinme domain. In a further preferred enbodi nent,
wherein one or nore of the stages are arranged to
operate in a frequency donain, the receiver further
conprising a 8 processing stage arranged to apply a
Fourier transform process to the received signal
after digitizing the signal. Preferably, the
estimation stages are arranged®to estinate the
anplitude of the signal elenment(s), the receiver
further conprising neans for determning the
direction of arrival of the received signal at an
aptcmasairgystaga asmgedt éol apply ha t heunierc dansformt Ipeocess to the

ant enna, s, conpr.i Si two or nore directional
aﬁ?c@rﬂY%pes'\é ﬁé?&e 4’118'32'1"93833 trical relationshinp,

the nmeans for determ ning conprising a conparison

smé@rémy,cm@ééﬁnbﬁ@n rs@égéseareearrbﬁgé@ toqéstrsﬁuie&herahpmude of
anpl i tude of the received S|fgna asS determ ned
o

t the signal elenaentia)i de secaieert forther comprising ermaam%r dietermining

S BPeaiT o hilalor i ebElvel Hned ¥y el Sifam, agsociated

bwithnthe réddiver, @heSantBRha Aystdradeorhpfisifg SRRP B AbEeE Mirdctional
in the antenna system According to a fourth aspect of

t REtgANEgerRlaced, it i dnfixedr gepmelicnli delatianshipanibecirpeans for

B oL S5 S8 OB P, Bt

esof itrnmstgnahemtﬂitm bbthd hecdived tignal asadetetminedtbyothe third re-
therecelved S|g that is the tine frominitiation

ofstimatigh stage, i 5cfist Aplennven T aplersiac BYSBm Wby 16 refined
t @gtu‘i‘@{‘é BH é‘%'n'ai Hﬁfg)llﬁfdet Bethe Hc%fve?io gél &4 %@Fé?’h‘nned by the

he system urt er nprising neans etermning a
d thitchrezestireatiere stagetfona second antennany dbe botenmansystem.
the signal received at the receiver to formthe

[ AESREHD 39 3pprh S Y e pieSkFl MR figde is provided a

r eanbysiders sgstam Edhpsisinge adRicver dedcdidinged fHatradfied above,

refined estimate of the delay by the third
r wheseintheiasimalionggdages are arranged to estimate the delay for the first
signal element of the received signal, that is the time from initiation of a
sampling process to the time of occurrence of the maximum amplitude of the
first signal element, the system further comprising means for determining a
distance between a transmitter arranged to transmit the signal received at the
receiver to form the received signal, the means for determining being
arranged to estimate the time of arrival of the received signal using the delay
determined from the refined estimate of the delay by the third re-estimation

stage.

One or more preferred embodiments of the present invention enable more
stable timing and amplitude estimation compared with common conventional
correlation methods as they are robust to multipath distortion and have the
ability to suppress the effects of multipath interference. Furthermore, the
conventional WRELAX NLS technique which is described in, for example, the



One or nore preferred enbodi ments of the present
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suppressing multipath interference by extracting the first arrival pulse signal
from a multipath mixed signal and estimating its amplitude and arrival time,
and is particularly advantageous for both delay and amplitude estimation in

pulse based UWB systems.

Brief description of the drawings

The present invention will now be described by way of example and with

reference to the following drawings in which:

Figure 1 (a) is a graph showing the variation in signal amplitude with time of a
received UWB pulse signal in a free space condition;

Figure 1 (b) is a graph showing the variation in signal amplitude with time of a
received UWB pulse signal in a multipath system and shows the direct pulse
signal and a reflection pulse signal,



Figure 1 (a) is a graph showng the variation in
signal anplitude with tine of a received UAB pul se
signal in a free space condition; Figure 1 (b) is a
graph showing the variation in signal anplitude with
time of a received UMB pul se signal in a nultipath
system and shows the direct p bse signal and a
reflection pulse signal; 10 Figure 1 (c) is a graph
showi ng the sumof the direct path and reflection
pul se signals of Figure 1 (b); Figure 2 is a graph
showi ng the sunmed signal of Figure 1 (c) superinposed
otrigure 1gichsha graph shpwihg the sansotihe diteghphtht amg refteetion pulse

faor the ne | se; Figure 3 (a) is a waveformof a
r 31988 eﬁpﬁwgf(@)now ng the direct signal and
reflected signals in the tinme domain and a sanpling
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system and Figure 4 is a flow chart of the process
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both delay and anplitude estimation to assist in the

det erm nati.on of the distance and djrection of the |
¢ Fighiid (.S B Bavetaem S roave Erignak S Aowing Yo sl signal and
VWetRicEdsighaRk iﬁ?ﬁ@ rée8deriBasmanirhind B ngtf}oé%(s;égﬁénisgstgrr?; and

operating in a free space environne

envi ronment where there are no nultipath signals due

t biguse Ude @ ftave chat @i the prqogps arearling (e erefemedrerabodiment.
received UAB signal in a free space environnent

{ PRELIS] dlbLApfloR SF)orgl Mnibaindof! | ecti on path

woul d be recei ved which conprises the sumof the two
sirgaghdse hasad iLWB gystem] A iBceived UWB slignat eway beramalyzed for

" BEBY leio pBftaamPHbGenesibuc dajessittu The SetarRRARG of the
f 6Rear P& Qir6En oMPEaRHRMIttEPRORPRE receiver. Figure 1 (a) shows
a waveform of a received UWB signal in a system operating in a free space
environment, that is an environment where there are no multipath signals due
to reflections. Figure 1 (b) shows a waveform of a received UWB signal in a
free space environment together with a signal coming via a reflection path.
Figure 1 (c) shows a waveform of the signal which would be received which
comprises the sum of the two signals shown in Figure 1 (b). It will be seen
from a comparison of Figures 1 (a) and 1 (c) that the summed received signal
reaches its peak value later than the free space signal. Moreover, the peak
value is not the same for the two conditions. As a result, it will be seen that
multipath reflections will affect the timing and amplitude estimations of the

received signals.

Figure 2 shows the waveform of a received signal 2 together with a template 4

corresponding to the free space signal. It will be seen that, initially, the two



value is not the sane for the two conditions. As a
result, it will be seen that nmnultipath reflections
will affect the timng and anplitude estinations of
the received signals. Figure 2 shows the waveform of
a received signal 2 together with a tenplate 4
corresponding to the free spacli signal. It wll be
seen that, initially, the two 11 waveforns coincide.
However, the anplitude of the signal is very small at
this point and therefore the signal-to-noise (SNR
wll be owwhich will adversely affect the

r wlavefaririst goindiden yloseavienshie@arsplidfide op the sigaabisdery small at this

B S e B 5 Em RED 1 B i 9 aversey
eatfeBRiHe AsliaBility B9 FHYPLEiMERoR &f HrhpMaHe 4 arrivial itfne of the
desirable to extract the direct gath elenent fromthe

c ignsiveshsignalsfahtained drasb yhis papofdbeisignal.ne mul ti pat h
effects. In a preferred enbodi nent of the invention,

75 S35, 59008 S DRSS SO o

t kerextract ehevdidedtr patht eternembiroad thé ocerhbined waivafoim thereby
t he direct gath elenent. The arrival tinme and the

aRpPPiesaROdseImtipatnsetiaots.t e arefeted pambrdiimeng ef the invention,
gméa'rgsgivéﬂo haE | d))fsgeé@@ﬂefugmgc%?x ggfatﬁyobg&@sg to separate

ect I's suppressed. nmet 'ho cor drng
psevaal pathesipoals ivemith ofayt then e esthowed frenathautébined signal to

S LSS, ] B PSS S tons
S 5 3 B 0 ok RSB 4 W i

seffettiaguppressed. waveform nanely, the pul se
duration, Tp, the period between sanples Ts, and the

| AR SRR S Bl BRI, DO A © o

peignasfiiting appsdacn. f Piguex Br @¢ ishodsta@adeforst 6 BRbSRting circuit for
fromthe received signal _in the tinme domain. Each )
sHABIIR RBRIESRY inVeame TheayayefPrmishowsyatsesmencs of feceived

AbRIseRBEEIHRT With 1€ tifHifd Reiafid B'thd S8MIRG d¥Pthe waveform,

namely, the pulse duration, Tp, the period between samples Ts, and the time

between the start of one pulse and the start of the next pulse Tc.

The sampling circuit is the processing system for extracting the direct pulse
from the received signal in the time domain. Each sample obtained from the
waveform is digitized in an A/D converter 8. The digital output from the A/D
converter 8 is passed to the input of a processing stage 10 where it is
processed to produce a single pulse signal vector S. The single pulse signal
vector S is then processed in a further processing stage 11 to remove
elements from the signal which relate to the multipath signals, to obtain the
direct signal.

The first signal element (first path) will be based on the initial part of the

received signal, however, as seen from Figure 2, in this part of the signal



converter 8 is passed to the input of a processing
stage 10 where it is processed to produce a single
pul se signal vector S. The single pulse signal vector
S is then processed in a further processing stage 11
to renove elenents fromthe signal which relate to
the nmultipath signals, to obtg'n the direct signal
The first signal element (fir path) will be based on
the initial part of the received signal, however, as
seen fromFigure 2, in this part of the signal 12
there is a | ow signal anplitude and therefore a | ow
sitfgtpfal ist @ low signadatamplitubwemﬁ therefaredanigw signad tor noise ratio

eferreﬂ n‘P iments of th(te r set .|nv nt%gn
FAPYYRING %PBﬁa?r A1¥fRE %{Fﬁﬂe' gt Of dje present
' ﬁwéﬂhoﬁ' fh%CéétHnati‘ciH Sﬁélghaﬂelbfhérﬁ%nﬁﬂ%éﬂ“anarc%@awét not directly
i nst ead the whol e | engt t he sign I's considere

wicalsulated dn e low NR arearhuttissteadibevhatailengthpefothessignal is

e Rpied Wit &F 8 SobaloGie EF LorkPved, "B mproves the SNR

r apteRerRice the estimatiohaes tdre dceukdle. | th sanpl ed val ue
of the signal in the observation w ndow, and one

observation w ndow includes M sanples. \Were the pul se
s@ﬁ%éﬁﬁ@'?‘%m%ﬁdfdgﬁa' PRE b@.fgﬁ%ﬁselnted A% observation
wi ndow may be time averaged over several periods.

Thi s averagin _ﬁr ocess ]may i ncrease the si gnah)to

noi se ratio ? ! the received signal is

di scretely sanpled along the tine axis, as shown in

F\WEIHFe? 3is(the . th B8 d%hé‘?ﬂthé‘s{g’i‘él Fn'tﬁEdB%'éWeﬂlo‘ﬁfwM]Sw and
del ay (vvhlchlsth fromthe start of sanpling

°6né *b%séhﬁé’i‘l%h WindbReinklyHesain @é}hgfést 'Wh@r%ah%ghféﬁ Hquence is
the signal occurs) is tine discrete except

i mmct)o,l tte sugmahmy tlhe obzspplatm w‘ﬁm)vsaahvawbagbmef avéraged over
00O PiS 35Erdiging brodeQt SQTRlcRdde

s&Vera perlods iS averagmg process may Acrease the signal to noise ratio

(SNR).

As the received signal is discretely sampled along the time axis, as shown in
Figure 3 (a), the estimation in the time domain of the delay (which is the time
from the start of sampling of the signal to the time at which the peak value of
the signal occurs) is time discrete except that some interpolations may be

applied. The advantage of the time domain approach is its low complexity.

However, the method embodying the present invention may be carried out in
either the time or the frequency domain. Figure 3 (b) shows a waveform 12
and fitting circuit for use in the present invention in which the received
sampled signal is transformed to the frequency domain. In this embodiment,
each sample obtained from the waveform is digitized in an A/D converter 14.
The digital output from the A/D converter 14 is applied to the input of a
processing stage 16 where it is processed to produce a single pulse signal
vector S. The single pulse signal vector S is then passed to a Fourier

transform stage 18 where the signal is transformed to the frequency domain.



However, the nethod enbodyi ng the present invention

may be carried out in either the tine or the

frequency domain. Figure 3 (b) shows a waveform 12

and fitting circuit for use in the present invention

in which the received sanpled signal is transforned

to the frequency domain. In this enbodi nent, each

sanpl e obtained fromthe wavefdrm i s digitized in an

A/ D converter 14. The digital output fromthe AD
converter 14 is applied to the input of a processing

stage 16 where it is processed to produce a single

plha tragsfpmaed sigraldr isShef peosdssgidan muiusthes pooaassingcstage 19 to
S is the assed to,a Fourier . transformstage 18 .
SRS FPrBRaRafroI. e S Haigh: SiatRelo ik, ddviigath signals, to
deeBintheldirebiSignapnsf ormed signal F is then processed

in a further processing stage 19 to renove el enents
fromthe signal which relate to the nmultipath signals,

tle thist famhogmerm rthet delays sgorresponki $0 «endialaustphasee shifting.

d [ Ll

Sef ofithe TSR b fr R B UBaiR ek i op g, 1n
ofiedfravpbncl Rontdie the esteivery sigagpmay tbeeddmied md si gnal

may be denoted by F=[.fof ... fM]"'. (2) ere Fis

the discrete Fourier transformof the time domain

signal S. BotW £h& £in#¥y.dnd frequency domain

procedures are described below. 1In the tinme domain,

(% where A Idjs the tinme donmain tenplate of the

n¥ReEe SF iy hediscretaFaurgrdransionn of thestime glomaie signad S.

transpose of a matrix or vector. The del ay version of

Ag ; t : ; = ' .
AR MR e ntey Hefpaifi gileda ot Bre deSaledieon .
of delay -r, T, is the sanpling duration,

In the time domain,
A=[g,a,a,] (3)

where A is the time domain template of the non-distorted pulse signal, and []'

denotes the transpose of a matrix or vector. The delay version of A may be

denoted by:
A(T) ~ A(nT.t ) = [O' --0 a| a,:- Ayn ]T € RM)<l (4)

where T, is the discrete approximate of delay T, is the sampling duration,

and p is the integer closest to 7 /T .

To obtain a signal from which it is possible to estimate accurate values for the
delay and amplitude of the direct signal, firstly it is necessary to calculate
approximately the delays and amplitudes for signal elements 1 to N, where N
is the number of signal elements. This may be achieved using conventional
methods, such as that explained in the publication by Jian Li, and Renbiao
Wu, entitled “An efficient algorithm for time delay estimation” published in



and n is the integer closest to z/T, . To obtain a
signal fromwhich it is possible to estinate accurate
val ues for the delay and anplitude of the direct
signal, firstly it is necessary to calcul ate

approxi mately the delays and anplitudes for signal
elements 1 to N, where N is tge nunber of signal

el enents. This may be achi eved?usi ng conventi onal

met hods, such as that explained in the publication by
Jian Li, and Renbiao Wi, entitled "An efficient
algorithmfor time _delay estimation" published in 14
|lé?_é ThraRsartiano enofigpial RPCeEsiRg s Yiohdo. Me.8,40ugNe998, which is

' ' ' porated herein by reference.
QHg?é%g%epm%ggltgr%%gﬁél s a pul se wavef or m obt ai ned
in a known environnent before the paraneter

eAt isigmal otlemplatek naichorismay dused bivavefermbobtaifadnimda known
t hrqugh nonitoring the antenna paranmeters. The

i ORI bedorerthe Paraaleiern estinatian; énkeown.es Manbengptained by
BaRISS RuaH ARSI nd 68 At 9 Alon on o
plaarsreitter ardebnarawaveforraymay bpt semtz ¢ol. thelovemetver through data

practical .appljcations, rather than stimating the

CTipuPiGagions  fo BECHYS'si thp dhisoway tha r%ﬁp&e%eam;@ﬁrameter
L . 4 o

pSlaton PG RUTIRE HobhlBaBI S 30840560 than

sesjimatingothelmatameters| & amaylbe possiblegoadeléctdangete rcdughmumbers.

estimation of the delay - and anplitude a of the

r ived_ s e btai ped. The processi.n .
sﬁggéesﬁiﬁﬁé‘&ga%éw d%gda&_ei&?, Process ?gfemOVIng the multipath
reignaistfrom| o regdived elighat to 'obiginos Gt dikéthsighal from which an
process illustrated in Figure 4. In a first stage 20

a

t@rtination, of thedlelapi+ tande ampiitude i ofthe|rgeaived sigaalt may be

ShohRE. 1 Y55 SE5 b0 5 TR R Yo B o 0
Fespettivaly hidy operate in accordance with the process illustrated in Figure
4.

In a first stage 20, the delay r and amplitude 5 of a first signal element S;

(hereinafter referred to as signal element 1) is estimated as follows:

For signal element 1:

7, = argmax A(r)H S

T

CAln)'S )
~(A"A)

where []” denotes the Hermitian transpose of a matrix or vector.

In a second stage 22, the signal element 1 is removed from the received
signal. The received signal minus signal element 1 may be represented by
S _, as follows:



A(-1)"S a, = A"A (5) where []" denotes the Hermtian
transpose of a matrix or vector. In a second stage 22,
the signal elenment 1 is renoved fromthe received
signal. The received signal mnus signal elenment 1 may
be represented by S, as follows: 15 S, =S - a,
A(z,) (6) In a third stage 24, _the delay and anplitude
of a second signal el enent ngeinafter referred to
as signal elenment 2) may be calculated as follows: r2
=zarg max A(r)HS, r A(r2)HS1 a2 = A"A (7) In a
fourth stage 26, the delay and anplitude of the
remai ni ng signal el eme® s=SotfA(r)han signal elBments
1 and 2 may be calculated by: S-12 = S-1 - a2A(r2) (8)

The third signal elenent's paraneters nmay be
cHl @thik gtage 24 ithasdelag aﬂdaagﬁnhﬁad%@f)aa sgcond sigaal element

(He’ﬂamaﬁe}?efe?fed to %s%ngnal%?eméﬁt) 2) may be calculated as follows:

7, =argmax A(z)"S_,

A(Tz )H S, (7)

In a fourth stage 26, the delay and amplitude of the remaining signal elements
other than signal elements 1 and 2 may be calculated by:

S»=8, ‘azA(Tz) (8)
The third signal element’s parameters may be calculated as follows:

7, =argmax A(r)"S _,
i 9
Aw)'S ®
A"A

The above process is repeated to obtain all of the initial delay and amplitude
estimates for the signal elements 1to n -1.

In a fifth stage 28, the initial delay and amplitude estimates for the signal
element N are then calculated.

The amplitude of the signal element (hereinafter referred to as signal element
MAIN) that has the maximum amplitude among signal elements 2 to ', may

be denoted by 4.

wain ’

and the corresponding delay may be denoted by

main



The above process is repeated to obtain all of the
initial delay and anplitude estimates for the signa
elenments 1 to N-1. In a fifth stage 28, the initia
del ay and anplitude estimates for the signal el enent
N are then cal cul ated. The anplitude of the signa
el ement (hereinafter referred o as signal el enent
MAIN) that has the HHX|nun1a i tude anobng signa
elements 2 to N, may be denoted by a,uit, , and the
correspondi ng delay may be denoted by r 16 The signa
el enent 1 and si%nal el ement MAIN are deened to be the
uibemignqiaﬁrlemeot tan;i siggahelemmwttMAIMtanerde@hgethto be the useful
rference. The cl

SPEHE Sru BiTRE R, e dthdy Sianel e mEhRI 38 dikingd 48be the
=interfelengad. THé lcle\anl sgnapmay Be (&% rmiRéd 'i‘r?étsn&h %ﬂagem@ BY

process is to corre iteratively the signal eléenent
and the signal el enent I\/AI N based on s, as foll ows:

1) Sc,-nn, 11, S 11
ge?cal gul gtned del a;:/ gd_ag Aﬁ:ﬁ&i’ 'Ijo?r gl ng(appel enment 1

I =2 j=main

may be determined in seventh and ei ghth stages 32, 34
from T, = arg max A(r)H Sc2 r A(r, )HS c. J[ai =
AWAe(rﬂe’a() ste}) inl theaprocess rsto’:lg@rr&& iterbkively theaigelak etemierit 1 and

the sergg\allee emre%nMAt]ﬁ t?z-gsee%non S, %e }oﬂows

(1 ) S n — Sc - amainA(rmain ) (1 1 )

c,—main

The re-calculated delay and amplitude for signal element 1 may be

determined in seventh and eighth stages 32, 34 from:

7, =argmax A(z)"S

Alr)'s, (12)

(2) In a ninth stage 36, the signal element 1 is removed from the clean
signal:

S, =8, -a,A(r)) (13)

The re-calculated delay and amplitude from signal element MAIN are
determined in a tenth stage 38 from:

arg max A(z)” S._

A )'S.. 9
main W

mam

a



The re-cal cul ated del ay and anplitude from signal
el ement MAIN are determined in a tenth stage 38 from
rmai" = arg max Ar HSC-1 r HAr,,,ain SC _1
lamail, = AVA (14) 17 In an eleventh stage 40, the
signal elenment Main is rermved fromthe clean signal.
(3) In atwlfth stage 42, %Peckis made to
deternmine if the process has eached t he maxi mum
nunber of iterations N If the maxi num nunber of
iterations has not been reached, the process is
repeated fromthe eighth stage 34 until the maxi num
ninraereleventhestage dds tivea signat elarnentEdin Bnemovexl from the clean
maxi an nunber of iterations has been reached, the
" estimation results for signal elenent 1 are z,
a,. In frequency donmain, the process is very simlar

t @)t hain degeifth sthgetM ea check RSMRdE tBfddtE@niheNEthe process has
donmai n, the same basic stages 20 to 44 as those set

omaqm‘d megmeetlmumvenugnb@pm iiteratiens Nhae If thegmaxépum number of

RPPob SPRE a0 HerE Pedtnel Sk TIRGENS 5. 8hedf from gre eightn

stag>e 3141uhfll thé maxamdmXaoniibed ofgéritionshhe Heenlredthed.
e-rI2;r1(M1) ...e-r-(n.-1->)-2n/ (, v/ 1)) = P(T)X E

(16) is the dela erlon of X.. The del

éfra%amaemww fu GRIAPRS | bag Heen feached, the final

estimation results for signal element lare ¢, a,.

In frequency domain, the process is very similar to that described above in
respect of the time domain, the same basic stages 20 to 44 as those set out in
Figure 4 being applicable.

The frequency domain representation of the template A of the non-distorted

pulse signal is given by:
X =[x, xz--'xM]"' (15)
and

X(T)zdiag(e—r-o-zzr/(,w—l) o TIREUM=N) =T (M=) 2 (M~ I))x Xe M
(16)

is the delay version of X. The delay representation in frequency domain is the

phase shifting, and it is continuous.

In the first stage 20, the delay and amplitude for the signal element 1 are
approximately calculated as follows:



phase shifting, and it is continuous. In the first
stage 20, the delay and anplitude for the signa
elenment 1 are approximately calculated as follows: 18
z, = arg max F'P(r)XI F'P(r)X XHX (17) In the
second stage 22, the signal elenment 1 is then renoved
fromthe received signal, thissignal m nus signha

el enent 1 being denoted by F 1° where F_ 1 =F-a, P(r,)X
(18) In the third stage 24, the delay and anplitude of
signal elenment 2 are estimated as follows: r2 = arg
max F-,"P(r)XI a F_, " P(z2)X 2 XHX (19) In the
fourth stage 26, t d 4 i tude of the
remai ni ng si gnal ?bngﬁéﬁaﬁ?hggq?Lan signal g ements
1 and 2 may be cal qul atlgdpgﬁ F-12 =F, - a2 ﬁ(r)z ) X
(20) The third signal = 's paraneters may be

cal cul ated as fol ldws: r¥ =—Xarg max|l F_12"P(r) X r

F-12"P(r3 )X
In the second stage 22, the signal element 1 is then removed from the
received signal, the signal minus signal element 1 being denoted by F_ ,

where
F,=F-aP(z)X (18)

In the third stage 24, the delay and amplitude of signal element 2 are
estimated as follows:

T, =arg max’F_l " P(T)Xl

_EP@)X (19)

%2 XX

In the fourth stage 26, the delay and amplitude of the remaining signal
elements other than signal elements 1 and 2 may be calculated by:

F,, =F, -a,P(z,)X (20)
The third signal element’s parameters may be calculated as follows:

7, = arg maxlF_,ZHP(r)X’

_ F—|2HP(TJ )X @)

XX

a,

The above process is repeated to obtain all of the initial delay and amplitude
estimates for the signal elements 1to N -1.



R3= XHX (21) The above process is repeated to obtain

all of the initial delay and anplitude estimtes for

the signal elements 1 to N-1. 19 In the fifth stage

28, the initial delay and anplitude estinates for the

signal element N are then calculated. As in the case

of the tinme domain process, a Rr is used to denote the

ulu anplitude of the signal el'@ment that has the

maxi mum anpl i tude anong signal elements 2 to N, and r

/11[!'17 denotes the correspondi ng del ay. Signal

el emrent 1 and signal elenment MAIN are considered to be

t lretmfséfthlstpge 128, dlhe initial délgyaand amplittdecestimgtes for the signal
nent.s,, bei col id d to constitute the
Fé’??rétsr‘éﬁﬁeep%ﬁ I@%ﬁjesn gnal may be deternined in

the si xth stage 30 by: NF, = F -1 a, P (r; )Xi=2,

xAgbin (2 )casbeos tanaime | duimaih prodeds sidnalis el s denote the

MAIN are iteratively calculated based”8h F,, as

f ahipinide bf .the'sighal eldnfent BERI Has thd) . Madimbing 2§hplﬁha@ » among

in the seventh and ei ghth stages, the del ay

afionat glements itgnal, ang emnaenof@sdheecwa@&mr@umdemy Signal

r, =arg mx FHP(r)XIl r FH®P (r,,,/,;,, )X [al= X
Helement 1 and signal element MAIN are considered to be the useful parts of

the signal, the other signal elements being considered to constitute the
interference. The clean signal may be determined in the sixth stage 30 by:

i aiP(Ti )X (22)

i=2,i=main

The signal element 1 and signal element MAIN are iteratively calculated

based on F,,as follows:

F n = Fc - amam ( main )X (23)

C,— My

Then, in the seventh and eighth stages, the delay and amplitude for signal

element 1 are re-calculated.

F P(z-lll{l”l )
T XAX

(1) In the ninth stage 36, the signal element 1 is removed from the clean

signal:
F,,=F —aP(r,)X (25)

The delay and amplitude for signal element MAIN are then re-calculated in the
tenth stage 38 as follows:



(24) (1) In the ninth stage 36, the signal elenent 1
is renoved fromthe clean signal: Fc,-1 = Fc - a,
P(r, )X (25) The delay and anplitude for signal
element MAIN are then re-calculated in the tenth
stage 38 as follows: 20 (26) (2) A check is then
perfornmed in the el eventh stagg 40 to determine if the
maxi mum nunber of iterations S been reached. If it
is determ ned that the predeterm ned maxi num nunber
of iterations has not been reached, the process of
the eighth to el eventh stages is repeated until the
maxi mum nunber of i frathg l f&gg reached. The
final estimation results fo Siigna enment 1 are z, ,
al . I'n summary, onejor nogpe preferred emb&@ent s of
the present invention, IQﬁLﬂigJLﬂEEStablllty and
accuracy of DOA estipatlon i XAXUWB positioning
system The positionlng accuracy i s thereby inproved.

ty of, the methods od
T ent Aosiiarkis ther eBrioghPd if Jhe Sivengn Sada D to determine if the
. maxﬁﬁﬁm ﬁ&r‘n%r o Rbidiohs TR Bééﬁ*réé’cﬂ%g‘ G Fthfdgtem'bned that the
enbodi nents of the present invention descri
;edﬁemnmded maxmmxanpUmbeotdfenteratmmr’rcast sohrikame réanhed, the
ste S can tituted.for t

2§05 4K RGeS s1808S it Tergateed Baf e gpaximum

UﬁUﬁ%eP@Hté@thbﬁé h@gtvé‘é'nﬁ’éabﬁed many variations are
possible within the scope of the clains, as will be

clear to the skilled reader, wthout departlng from
t hBedigpestimationrasyits fen gjgnal element 1 are T, a-

In summary, one or more preferred embodiments of the present invention
improve the stability and accuracy of DOA estimation in a UWB positioning
system. The positioning accuracy is thereby improved. The low complexity of
the methods embodying the invention make it suitable for the real-time

implementation.

Various modifications to the embodiments of the present invention described
above may be made. For example, other components and method steps can
be added or substituted for those above. Thus, although the invention has
been described above using particular embodiments, many variations are
possible within the scope of the claims, as will be clear to the skilled reader,

without departing from the scope of the invention.



21 Cainms 1. A nmethod for estimating one or nore
paraneters of a signal in an ultra w de band system
conprising the steps of: (a) digitizing a received
signal to forma digitized signal; (b) estinmating one
or nore paranmeters for a first signal elenent in the
digitized received signal to ﬁfine the first signa

el enent; (c) renoving the defined first signal el enment
fromthe digitized received signal to obtain a

nodi fied signal; (d) estimating the one or nore
paraneters for a further signal elenment to define the
f Glaims signal elenment; (e) renoving the defined
further signal elenment fromthe nDdified signal; (f)

2% Pl 2 Bhuihe % o el e RS PERT R i an

smbaﬁ@%pstem B6mplsingitBé steirdoff eceil ved signal  m nus
the defined further signal el'enents with the exception

of the signal elenent havi n%ht he greatest anplitude
of@)al | digtizing agpeeived signabte R digiizedssignall
eI enments; (h) re-estimating the one or nore paraneters

I?LQ t h%s{n‘n'éﬁﬁgs%aseb r@!r)ll%nﬁal;arﬁ%eré 30|d%f 1ifd¢ i Iféléﬁtent in the

emen ere nal nus t
sidpitided relceivedtsigralitogefihe thy fist egnahebkmetm;de of all
of the predeterm ned nunber of signal elenments; (i)

- [ i . h t f t he... .
Fqest aPbBS, S BR Tl YnA OB e faes recover
okighBPtdPoISERT 8 MBdifst Q,Pﬁ‘gpr of signal elenments 22 to
re-define the signal enment havi ng the greatest

ampl i tude based on the
(d)  estimating the one or more parameters for a further signal element to

define the further signal element;
(e) removing the defined further signal element from the modified signal;

f repeating the steps (d) and (e) for a predetermined number of signal

elements;

(g) obtaining a refined signal comprising the digitized received signal
minus the defined further signal elements with the exception of the signal
element having the greatest amplitude of all of the predetermined number of
signal elements;

(h)  re-estimating the one or more parameters for the first signal element to
re-define the first signal element based on the refined signal minus the signal
element having the greatest amplitude of all of the predetermined number of

signal elements;

(i) re-estimating the one or more parameters for the signal element having
the greatest amplitude of all of the predetermined number of signal elements



refined signal mnus the re-defined first signa
elenment; (j) re-estimating the first signal el enent
using the refined signal mnus the re-defined signa
el ement having the greatest anplitude; (k) repeating
the steps (h) to (j) for a predeterm ned nunber of
times to generate a refined 3§tinate of the one or
nore paraneters for the first<Signal elenment. 2. A
met hod according to claim 1, wherein the steps of
estimating the one or nore paraneters for a signal
el ement, conprises estimating the anplitude of the
signaddefihe itbatsigraldélemenhdadirigathe greatestnamplitugde based on the

conprises the. ti frominitiation of a sanpling

oI signal inus; e resdeBhed st siana elemetoaxt mum

anplitude of the signal elenent. 3. A method according

t g)cl aréne%tim\éﬂﬁ? ehe it Rigriat Rferaéft ARG MerRstinidd signall fhus the
domain. 4. A method according to claim1, wherein the
ste-pefingd sigvat elemantihaving theajeatesy amphtude; t he net hod

further conprising applying a Fourier transform
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mgeherata acrefided estimaté af thel onatrrmore paametespforahe first signal
estimating the one or nore paraneters for a signal

eP -conprise estimating the anplitude of the
signal elenent; the nethod further conprising
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signal at an antenna™ system the antenna system
c orprarei pajam@tersforersignal redemeoh dlomprisesrestimatingcthe amplitude

a fi . ge rical _relatjionship, the.nmethod further .
o SET Somstl: abfeRor Rl wheRIT RGOl S the time
I R indtthtidhaiTal sempkiR) BroteBs to Bie rheff dckbirréRte af fhie Mbaximum
antenna with the signal anplitude of the received

s pgwaitudesof thetsigngal aft.step (k) for the second
antenna. 23 6. A nethod according to claim1, wherein

the st apmetlod abtsMiAg S Efn O Gvherein the steps are performed in a

time domain.

4. A method according to claim 1, wherein the steps are performed in a
frequency domain, the method further comprising applying a Fourier transform
process to the received signal after digitizing the signal and prior to
performing steps (b) to (k). 5. A method according to claim 1, wherein the
steps of estimating the one or more parameters for a signal element comprise
estimating the amplitude of the signal element; the method further comprising
determining the direction of arrival of the received signal at an antenna
system, the antenna system comprising two or more directional antennae
placed in a fixed geometrical relationship, the method further comprising
comparing the signal amplitude of the received signal as determined at step
(k) for a first antenna with the signal amplitude of the received signal as
determined at step (k) for the second antenna.



or nore paraneters for a signal elenment conprise
estimating the delay for the first signal elenent of
the received signal, that is the tine frominitiation
of a sanpling process to the tinme of occurrence of

t he maxi num anplitude of the first signal elenent,
the met hod further conprising geternining a di stance
between a transmtter arrangea to transmt the signa
received at a receiver to formthe received signal on
whi ch steps (a) to (k) are perforned, by estimating
the tinme of arrival of the received signal using the
dél ay Asmethddwacaniding totadgim { kwhergin the st@pscoéiestimating the one
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e receiver, recel ver ange
tﬂe nmet hod steps of claim1l based on the recei ved
signal and using, in the step of estimating the one or

rr?re paameters for ﬁnal el ement, the predicted
t ansf trqmqe&&gn}%plq ant ennae associated wth

the transmitter and the receiver. 24 8. A receiver
arr anggdrdrignfitet; mat e one or nore paraneters of a
signal in an ultra wide band system the receiver
conpri si ng: .

a recCeiver; and
monitoring means for monitoring one or more parameters of an
antenna associated with the transmitter to generate a predicted transfer

function for the antenna;

further monitoring means for monitoring one or more parameters of an
antenna associated with the receiver to generate a predicted transfer function

for the antenna associated with the receiver;

the transmitter being arranged to transmit the predicted transfer
function for the antenna associated with the transmitter through a data
communication system to the receiver;

the receiver being arranged to perform the method steps of claim 1
based on the received signal and using, in the step of estimating the one or
more parameters for a signal element, the predicted transfer functions for the

antennae associated with the transmitter and the receiver.



(a) a digitizer for digitizing a received signal to
forma digitized signal; (b) a first estinmation stage
arranged to estinate one or nore paraneters for a
first signal elenment in the digitized received signal
to define the first signal elenent; (c) a first
subtraction stage arranged to_renove the defined first
signal elenment fromthe digi £fzed received si gnal to
obtain a nodified signal; (d) a second estimtion
stage arranged to estimate the one or nore paraneters
for a further signal elenent to define the further
sBgnal Aeteseiver arfampged toeastinthte dner aicmioos patameters of a signal in

arranged.t o, repove, the defined further signal el enent
7 POHITR i BARH SYStery AaF reogiyer GRNRE%A  eat | mat | on
stage further being arranged to estimte the one or

npde pardigezer for dRyitidnd baeesi0edistfthl RIBRT a digifizéd Sighal;

signal elenments to define the further signal
el ements, and the second subtraction stage being
f (BX hep fipt anipation stagmaranged defestigate @nener margmarameters
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t bignatlelgnerted received signal minus the defined

further signal elenents with the exception of the
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one or nore paraneters for t first signal

to re-define the first signal element based on the
réd)i ne@ seepnd estimationhstagegagangednionestiamatenghehene or more
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stage arranged to re-estinmate the one or nore

pée)anebesecdm subirastignatagd armangedato rembve tbe edéfiredd further
a Ii’ude of all of the redet erm ned nunber of
sg&ﬁ‘é

elemant fiom the modified $ignalhe signal el enent
)] the second estimation stage further being arranged to estimate the one
or more parameters for a predetermined number of further signal elements to
define the further signal elements, and the second subtraction stage being
further arranged to remove the defined further signal elements from the

modified signal;

(9) a refining stage arranged to obtain a refined signal comprising the
digitized received signal minus the defined further signal elements with the
exception of the signal element having the greatest amplitude of all of the
predetermined number of signal elements;

(h) a first re-estimation stage arranged to re-estimate the one or more
parameters for the first signal element to re-define the first signal element
based on the refined signal minus the signal element having the greatest
amplitude of all of the predetermined number of signal elements;



havi ng the greatest anplitude based on the refined
signal mnus the re- defined first signal elenent; (j)
athird re-estimtion stage arranged to re-estinmate
the first signal elenent using the refined signal

m nus the re-defined signal el errent having the
greatest anplitude; (k) the f? second and third
re-estimation stages being ar nged to repeat
re-estimation steps for a predeterm ned nunber of
tinmes to generate a refined estimte of the one or
nore paraneters for the first signal elenent. 9. A

r Gpei varsemoodrrerasgimation sthgearraﬂgedeﬁorret-esiinhatesmemnb or more
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11. A receiver according to claim8, wherein one or

ye oh tHiel sé-egtimation stageangafgéd topes-astmate ahe flrst signal
equency donmain, the receiver further conprisin
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sign recéi ver according to claim8, wherein

the estimation stages are arranged to estimate the
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I,.Si etermnl direction
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system conprising two or nore directional ant ennae
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e receive
the delay, wherein delay comprises the time from initiation of a sampling

process to the time of occurrence of the maximum amplitude of the signal

element.

10. A receiver according to claim 8, wherein one or more of the stages are

arranged to operate in a time domain.

11. A receiver according to claim 8, wherein one or more of the stages are
arranged to operate in a frequency domain, the receiver further comprising a
processing stage arranged to apply a Fourier transform process to the
received signal after digitizing the signal.

12. A receiver according to claim 8, wherein the estimation stages are
arranged to estimate the amplitude of the signal element(s), the receiver
further comprising means for determining the direction of arrival of the
received signal at an antenna system associated with the receiver, the

antenna system comprising two or more directional antennae placed in a fixed



signal as determ ned by the third re-estimtion stage
for a first antenna in the antenna systemwth the
refined estimte of the signal anplitude of the

recei ved signal as determned by the third
re-estimation stage for a second antenna in the
antenna system 13. A transcebger system conprising a
recei ver according to claim8f” wherein the estimation
stages are arranged to estinmate the delay for the
first signal elenent of the received signal, that is
the tinme frominitiation of a sanpling process to the
t geemetriaat celatiensdp othet meanammdmheam'mﬁmg admpoiSingha comparison

nilable Bt (R TRHed SRtiTble AE e oRaL TR TRide o e received
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at the receiver to formthe received signal, the
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13. A transceiver system comprising a receiver according to claim 8,
wherein the estimation stages are arranged to estimate the delay for the first
signal element of the received signal, that is the time from initiation of a
sampling process to the time of occurrence of the maximum amplitude of the
first signal element, the system further comprising means for determining a
distance between a transmitter arranged to transmit the signal received at the
receiver to form the received signal, the means for determining being
arranged to estimate the time of arrival of the received signal using the delay
determined from the refined estimate of the delay by the third re-estimation

stage.



