1 A Method and Apparatus for Measuring D stance

Between a Target and a Receiver in a Ranging System

Field of the Invention The present invention relate

to method of measuring distance between a tar mm,UHMM”’"""M’”"’
a receiver in a ranging system and to an appar

for neasuring distance between a target and a *159150%
recei ver. Background of the | nvéntion The measurenent
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( helistamed betweest @ targdt and agedéier, or the _
time-difference-of-arrival (TDOA) of the incom ng

si @agkgrdundaofithd ¢nivergidavent i onal ranging system the
i ncom ng signal waveformis normally first sanpled in

t hehel iBasigeRidht ReHR Qistdiee l&é‘fwleén %8 '%ha’é‘v&'ag Y9ication in

the true TOA is a continuous val ue,
d| Seldst §uglysa%nﬁadmaysym¢=mscondmﬂomdad)d dsitionirig r@ﬁs&ﬂns robot

TSR, AP Mo EEL e RSk homaoes

suacreagemnﬁeanmhésmstdhcé @b&@ur‘énﬁé}ﬂ% n? by fiztl W?n?asunng the
ﬁﬁl& may be estimated as either ng at a

el 'ghfrr@fowaées@f@mdaﬁfamrphl Ay (ormn another trhedia) such as

m g ol ref or

rangeﬁgg{aq&r% T oﬁﬁ%t??%b Qg ‘&%\fnegr m'vl"ﬂﬁplﬁw tﬁ'@ @WPeO#oﬁ}gﬁﬂ by the

t hepeedpf it waivepropagaticw @habled B distanB&Yo M2 determined. The
accuracy of such a distance measurement is therefore dependent on the

measurement accuracy of the time-of-arrival (hereinafter referred to as TOA)

or the time-difference-of-arrival (TDOA) of the incoming signal.

In a modern conventional ranging system, the incoming signal waveform is
normally first sampled in the time domain before the TOA is measured.
Although the true TOA is a continuous value, the TOA in a discrete system
may only conventionally be estimated based on an integral number of
sampling intervals ts. If the incoming time of a signal falls between two
successive samples, in a simple ranging system the signal may be estimated
as either coming at a first sampling time or a second sampling time, or in the
middle of the two sampling times. Therefore, the final range estimation error is
determined by the size of the sampling step. The ranging accuracy may be
improved by increasing the sampling rate (that is, by shortening the sampling
step). However, this increases the hardware complexity, as well as the cost
and power consumption of the system.
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i mproved by increasing the sanpling rate (that is, by
shortening the sanpling step). However, this

i ncreases the hardware conplexity, as well as the cost
and power consunption of the system 2 The range

bet ween two objects nmay be neasured in many different
ways. Conventionally, determ ning the TOA of .

el ectromagneti c, sound and opti%al waves propagati ng
inair is a comon way to neasure the di stance between
obj ects. As nentioned above, the accuracy of the TOA
nmeasurenent will determ ne the accuracy of the final
r angeT(elirange beiwearatvo ebmcnts niégrbe measpled in Mad) ditferent ways.
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system, a high sampling rate is used which requires an accurate timing
system and very high speed circuit implementation.

To detect accurately the leading edge of a waveform, a method is
proposed in US Patent Number 5,977,958 which suggests the use of a high
speed multibit analogue-to-digital (AD) sampling method. The slope of the
leading edge of a waveform may be obtained from multiple samples of the
incoming waveform and the exact threshold-passing time may be calculated.
The TOA estimation may be obtained in sub-sampling step accuracy.
However, this method requires the speed of the analogue-to-digital converter
to be high enough for several samples to be taken in the signal's leading edge
and, at the same time, the analogue-to-digital converter requires multibit
resolution.

US Patent Number 6,587,187 B2 discloses a way of using multiple clocks
to samplie a waveform and find the leading edge thereof. A coarse clock and



The TOA estimation may be obtained in sub-sanpling
step accuracy. However, this nmethod requires the
speed of the anal ogue-to-digital converter to be high
enough for several sanples to be taken in the signal's
| eadi ng edge and, at the sane tine, the

anal ogue-to-digital converter requires nultibit

resol ution. US Patent Number 6,887,187 B2 discloses a
way of using nultiple clocks to sanple a waveform and
find the | eading edge thereof. A coarse clock and 3 a
fine clock are described. However, the timng system

i n afinescleek imsel descripad. eHowenet, dive tifftiey apstea imethls metisbd is quite
co%§ﬁﬂﬁé nal met hods appear to require conpl ex

ci rcul ‘mpl enentation and the systens to work at a

high ¢l ock rate. This results in high costs and high
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ar r i vaummanyof theriaventiopul se from whi ch the distance
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c| tigtionship petwesrepampliog ipulses ame af teceivedupsise to determine the
time of arrival of the received pulse from which the distance may be

calculated knowing the speed of propagation of the transmitted pulse.

According to a first aspect of the present invention there is provided a method
of measuring distance between a target and a receiver in a ranging system,
the method comprising:

transmitting a first pulse at a first time determined by a sampling
clock in a receiver;

receiving the first pulse;

sampling the received first pulse at a predetermined amplitude
threshold using the sampling clock;

determining the time of arrival of the received first pulse in terms of
a number of periods of the sampling clock after the first pulse was
transmitted,;

transmitting a second pulse at a second time determined by the
sampling clock;



sanpling the received first pulse at a predeterm ned
anplitude threshold using the sanpling clock; .
determning the time of arrival of the received first

pul se in terms of a nunber of periods of the sanpling

clock after the first pulse was transmtted,

transmtting a second pul se at second tine

deternmined by the sanpling clock; 4 receiving the

second pul se; sanpling the received second pulse at a
predeterm ned anplitude threshold using the sanpling

cl ock; determning the tine of arrival of the received
second pul eeMiNgG copd RUlseinber of periods of the
sanmpling clock after the second pul se was _

transni t t eseMping theé rneceivech secoret pglsgt émfpredet@rmine@ldamplitude
of ' .and second ul ses to obtain an average
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at least fifty percent. Preferably, the nethod further
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This method is particularly advantageous as it is simple and may reduce the
range estimation error by at least fifty percent.

Preferably, the method further comprises repeating the steps for a
predetermined number of pulses; wherein the step of determining the
averaged time of arrival comprises determining the averaged time of arrival
for the predetermined number of pulses.

Preferably, the step of transmitting the first pulse comprises transmitting the
first pulse coincident with a sampling clock pulse generated by the sampling
clock, and the step of transmitting the second pulse comprises transmitting
the second pulse at a time corresponding to half a sampling clock period
prior to a predetermined sampling clock pulse.

In a preferred embodiment, the sampling clock has an associated jitter, the
method further comprising controlling the jitter to vary the time of arrival of
one or more pulses as measured by the sampling clock, and wherein the
step of determining the averaged time of arrival comprises averaging the
times of arrival of a predetermined number of pulses.



the second pulse at a tine corresponding to half a
sanpling clock period prior to a predeterm ned
sanmpling clock pulse. In a preferred enbodi nent, the
sanpling clock has an associated jitter, the nethod
further conprising controlling the jitter to vary the
time of arrival of one or nore_pul ses as neasured by
the sanpling cl ock, and wher ei n%t he step of
determining the averaged tine of arrival conprises
averaging the tinmes of arrival of a predeterm ned
nunber of pulses. 5 In this preferred enbodi nent,
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I'st In inproving the neasurene
metaissidt inuimgrevingdhp measuremeht.ng t he det er mi ned
di stance by a scaling factor to allow for anplitude

var Pagferably nthefraethecefurtidr sompAse®¥Ealingihel fdtefmid distance by
provide a corrected di stance neasurenent. |If constant
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Venaiptarite dhd iobiSd CRnediEd aisidrtRS tpeadtil&fient, I Constant
cor amplifier ghintisunsed fwasllapge signalsTaaR ik aictbRiing to thehequation:

determi ned distance, c¢c is a constant representing the
speed of light Vsh is a predeterm ned threshold

voltage, Vref ig a voltage anplitude o he recei ved
pul ses at g pred€fer ni nedwdiemst ala;,;&,—r—r—e&i—s—t he
predet erni ned ditskance, and B is tR&Bgdwidth of the

receiver. According to a second aspect of the
invention there is provided an apparatus for

i ' > t t d el ver, .
?ﬁ:grg% L@ﬁgféuz,9212gﬁ%ﬂﬁé}/\ﬁgﬂegtedaro@sﬁangg measurement, ’ fmeas is the
determined distance, ¢ is a constant representing the speed of light Vs is a
predetermined threshold voltage, V. is a voltage amplitude of the received
pulses at a predetermined distance, r,r is the predetermined distance, and B

is the bandwidth of the receiver.

According to a second aspect of the invention there is provided an apparatus
for measuring distance between a target and a receiver, the apparatus
comprising:

a transmitter for transmitting a first pulse at a first time determined
by a sampling clock;

a receiver for receiving the first pulse; the receiver including the
sampling clock;

a sampling stage for sampling the received first puise at a
predetermined amplitude threshold using the sampling clock;



a transmtter for transmtting a first pulse at a
first time determned by a sanpling clock; a receiver
for receiving the first pulse; the receiver including
the sanpling clock; a sanpling stage for sanpling the
received first pulse at a predeterm ned anplitude
threshol d using the sanpling clock; 6 neans for
determining the tine of arrival®of the received first
pul se in ternms of a nunber of periods of the sanpling
clock after the first pulse was transmtted; the
transmtter being arranged to transmt a second pul se
at a secomgansfer deteemining dhétirrtehef amivpl oﬁﬂweﬂevéﬂ;ed first pulse

pur ELER e ABH i3 o B Srrming ot stanpdrstruise was

reckaMemitiegrcond pul se at a predeterm ned anplitude
threshol d usi ng the sanpling clock; the neans for
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arrival of the received s séein
nundeconst tiperdedermioéd tiyehe samylinggladkpck after the
second pul se was transmtted; the apparatus further

conpri si ngheaaceiver bgingGiringed toreedide thd SesiEpiisae
the average times of arrival of the first and second
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i

arrival; and a stance deterni nali on stage
det RYIge @t ﬁ@rﬁﬁ@t%m%@@pllwevth@shol@usmg @hse samplmg elock;
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®

of arrivaltheynears tpaistemhinmgopeiggtaramgeld fohdetermine the time of
Pre the nmeans for

b on el P he thRfia 66 cantd, Bilsk ja toReS Of Aanwmbes of ipgsiods of the
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transmtter is arranged to transmt t r'st pul se
coi nci denthe apparatus further comprising:

an averaging stage arranged to determine the average times of
arrival of the first and second pulses to obtain an averaged estimated time of
arrival; and

a distance determination stage for determining the distance
between the target and the receiver by multiplying the averaged estimated
time of arrival by the speed of propagation of the transmitted pulses.

Preferably, the means for averaging is arranged to average the time of
arrival of a predetermined number of pulses.

Preferably, the transmitter is arranged to transmit the first pulse coincident
with a sampling clock pulse generated by the sampling clock, and is
arranged to transmit the second pulse at a time corresponding to half a

sampling clock period prior to a predetermined sampling clock pulse.

In a preferred embodiment, the sampling clock has an associated jitter, the
system further comprising control means for controlling the jitter to vary the

time of arrival of one or more pulses as measured by the sampling clock, and



with a sanpling clock pul se generated by the sanpling
clock, and is arranged to transmt the second pul se
at a tinme corresponding to half a sanpling clock
period prior to a predeterm ned sanpling clock pul se.
In a preferred enbodi nent, the sanpling clock has an
associated jitter, the systemfurther conprising
control means for controlling t he jitter to vary the
time of arrival of one or nore pul ses as neasured by
the sanpling clock, and 7 wherein the nmeans for
averaging is arranged to average the tinmes of arrival
of whereiddhemearsiforianesagiof ip @reegedRoaiverade Yhe tines of arrival
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Congé@dtingstd the eyultisdet er m ned threshold voltage,
V,ef is a voltage anplitude of the received pul ses at
a predeterm ned distance, ref is the predetern ned

di stance, and B.is the bandw dth of th$ recei ver. By
using a spgci £i-c“fel ati onghbfe bet ween bes ¢ ransmtting
pul se time and ltih, sanpling tine, 2rSB¥, l-ecting
appropriate clock jitter distribution and using an
average over nultiple nmeasurenents, the range accuracy

of a ranging system_ nmay be |inproved. For a frequency
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distance, r.r is the predetermined distance, and B is the bandwidth of the

receiver.

By using a specific relationship between the transmitting pulse time and the
sampling time, or by selecting appropriate clock jitter distribution and using an
average over multiple measurements, the range accuracy of a ranging system
may be improved.

For a frequency bandwidth limited system, if a fixed threshold is used to
detect the leading edge of the incoming signal, a proper range scaling factor
may be used to correct the range bias for a long range signal.

Preferred embodiments may be used to improve the ranging accuracy of a
simple ranging system. The methods are simple in implementation and thus
may be used to build a system with low cost, low power consumption and
good ranging accuracy.

Brief Description of the Drawings




Preferred enbodi nents may be used to inprove the
rangi ng accuracy of a sinple ranging system The
nmet hods are sinple in inplenentation and thus may be
used to build a systemw th | ow cost, | ow power
consunption and good ranging accuracy. Brief
Description of the Drawi ngs 8 The present invention
wi |l now be described by way of%exanple and with
reference to the acconpanying drawi ngs in which:
Figure 1 is a block diagramof a transmtter and a
recei ver section of a range neasuring systemfor use
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var g el & ¢ iUt 8 hiel Sidhq AR cBVSRR N atRSton in the
t i n@nge melasuring siystem of Figugaine 2(a) using a fixed
sanpling interval ts; Figure 3(a) is a representation

of FRRNEIHD) enehauaRrmneta tecéided idmftaf@r samE@IRREH ie analog
rel ati onshi p between the pulse transmtting tine~ and .
saM@vefim ima@ range sredsying syaiene micoaidingto afprefesred embodiment
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cl speciiamglatiogship neetweest thebpulse rirahsenittingclimekand tsaepling time
arqund ,its, nom is a graph show ng
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Figure 3(b) is a graph showing the distribution of time estimation error using a
system according to an embodiment of the present invention;

Figure 4(a) is a waveform of the received signal after envelope detection
using the natural clock jitter to measure the leading edge of an arriving signal
and using averaging to reduce the time estimation error;

Figure 4(b) is a timing diagram showing the equivalent clock sampling time
distribution due to clock jitter around its nominal time;

Figure 5 is a graph showing the simulated time measurement error against
actual timing for a number of different averaging times, the clock jitter
distribution being assumed to be uniformly distributed in range [-ts/2, ts/2];

Figure 6(a) is a waveform showing the idealized received pulse for short and
long range paths;

Figure 6(b) is a series of practical waveforms due to limited bandwidth of a



actual timng for a nunber of different averaging
times, the clock jitter distribution being assuned to
be uniformy distributed in range [-ts/2, is/2];
Figure 6(a) is a waveform show ng the idealized
received pulse for short and |ong range paths; Figure
6(b) is a series of practi cal veforms due to limted
bandw dth of a 9 receiver systgﬁr and Figure 7 is a

bl ock di agram of a measurenent section of an apparatus
according to a preferred enbodi nent. Detail ed
description of preferred embodinents Figure 1 shows a
bl EREIVRR)SIEMoANd receiver 1 for a general ranging
system An antenna 2 receives an incom ng signal from
a thiguienttisep Blogkadiagrars of af oreasudsdeni saotiemyofi &h eapparatus
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anal ogue- to d| gltal converter st age 8 In the sinplest
case, FigHEe dnaheys e diockydigaram ebaveaceiverntdar @ngenerl ranging
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wavef or m of Fi gure ter sanpling and di
ussagpling -and amelegueste-digital Toeverterpbiage Sstsera digital waveform

den d TOA ma beetrrratedfrom
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exdnreby ahelosk apal Trg é‘sft’rﬂété@!eﬁirh@f?ﬂ a¥AVE df e incoming waveform
may be passed to a range estimation stage 14 to determine the distance of
the transmitter from the receiver.

Figure 2(a) shows an example of a typical envelope waveform of an
incoming signal before sampling. Figure 2(b) shows the waveform of Figure
2(a) after sampling and digitizing using a 1-bit AD converter. The sampling
step is denoted by t;. The TOA may be estimated from this discrete waveform
shown in Figure 2(b). If, for example, the signal arrives between sampling
times 4 and 5, as shown in Figure 2(b), the digital value (1-bit AD output) at
time 4 is ‘0’ and at time 5 is '1’. Therefore, it is only possible to determine that
the TOA is between sampling times 4 and 5, but it is not possible to determine
the exact TOA. One estimation would be to assume that the TOA is 4.5.
However, as the true arrival time may be anywhere between sampling times 4
and 5, there will be a time estimation error associated with such an
estimation.



times 4 and 5, as shown in Figure 2(b), the digital

value (1-bit AD output) at tinme 4is "0 and at tine

5is '"1". Therefore, it is only possible to determ ne

that the TOA is between sanpling tinmes 4 and 5, but

it is not possible to determne the exact TOA. One
estimation woul d be to assune t1laat the TOA is 4.5.

However, as the true arrival tinme may be anywhere

bet ween sanpling times 4 and 5, there will be a tine
estimation error associated with such an estimation.

10 Figure ) _,sho t TOA estimation error. plotted

agai n'g'gufeh %rﬂ’é’"ﬁ%ﬁ"e E gSHMalian wafnsiptied ﬁga{;ﬂsl theyérue TOA
se@st 4 Bitent WEvERIh! hTRA¢ Bum oA Ystimati '
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t sis idnelRe error may be reduteghby testucing thiei sampling Step t,. However,
Ci goui : r.k a. hi r_cl.qck ate an
EhiEI paeh SoRESAubEn AR ghe Biralt NaE e B o3t BeMer clock
pr edteraneitherdystbravdule havd Gigh owet consi@mtion i s shown

in Figure 3(a). In the tinme neasurenent stage 10 of a

pul S%bi@@lﬁﬂ’dfm nMethiter vettion in Fi
shown in Figure, 1,e t he traggpm&rt]?ibﬁ%ﬁ%ﬁge *ta)inngsérg%n In Figure
al B@nat &1 yihe i ljned measuremenhgetageadOr efeat muse! baspd range

ti [ [ -0..5. The_l eading edges of

1 FesButfent s G 3t s Co BB 1 a9 g pue
satimesrayetaltersately aliriddewithta taresicbbif@ndht! fpling time 0 and
Where the | .eadi edge will| fall wll depend on the

t r 8eSRPIIRE fimerng et g, leggingegdaes 9 the Heceivedssignals may fall
ar pétydlerf @i " Rrerit trdrdnfihg 0

o eer aftlem SHEIASEANES I 831t o BnIRRELHed inere tre
t higagdingeedgenwillrialliwill depead ont thesrueadelagye rThevéfore, by measuring

o PRr R o SRV o 306 ellot SR odisRelt 1 BReF IR auRea betier
Tstirpatiens bf &d timet 6CamiVhssf Mel WaGSoWht thJhl%l@trtQ{é €% number

wi t hTOA based on two sanpling tinme Onmeasurenents _
s a@fflumerieal gxamples aregiyan isbelow. The values are all normalized to ts.

Real TOA Measured TOA for | Measured TOA for | Best estimated
sampling time -0.5

45 5 4 4.25

4.2 5 4 4.25

4.6 5 5 475

47 5 5 4.75

By grouping the TOA estimations in two successive periods, as shown in
Figure 3(a), the TOA estimation error may be reduced by half as compared
with Figure 2. Thus, in this preferred embodiment, alternate transmission
pulses may be displaced by half a sampling step ts and this change to the




4.2544.25 4.6554.75 4.7554.75 By grouping the TOA
estimations in two successive periods, as shown in

Figure 3(a), the TOA estimation error may be reduced

by half as conpared wth Figure 2. Thus, in this

preferred enbodi nent, alternate transm ssion pulses

may be di splaced by half a sarrp1l ing step is and this

change to the 11 design and ranée esti mati on mnet hod

may reduce the range error by a half conpared to that

shown in Figure 2. As shown in Figure 3(b), which

shows the variation in neasuring error wwth the true
TONesigheand rangen estimationsmethatlcwy tediuce! the Fange te_rror by a half
fur e nbodinent .of fhe present invention,

i ng@ﬂ?@%@ % :ﬁ'iau{tnsg”g{'"c'<5‘n'tE 19418 €d r ﬁhg‘ﬁﬂé%ﬂgtﬂét%bﬁ”hmh shows
pultise viariatiom it measuting ettt Wlthe"Sue TTOR, thd Snaximum error is
rel ationship may be changed naturally by practica _

cl 6%‘5&"(jtht9é$’.4- Normal |y the pulse transmitting time is

determ ned by counting a clock, and, as thereis
al wayl® axfusthengrefartest embodiment iobdke prieisent iinventioni limstead of

S 54sfiol @ SontroBe; Pubfiohid Biuesh Palst warimiiing fimesaed sampling
. HrY . . 1 S 1 I ..
gl 25 SIS b, SURRES ok, T, SHAP gk
antioFB3lly Hhel pulse Hangmitting timecisodeterminedeby cobiating 9, clock, and,

i . at. th t itring.clock
0l BN L Wb RSB BBt S cause e
hatansmittitgtinets vahenFutthetriéres WeTRErmpHR '6Iocl@ft?él¥‘glsg has its
two clqck jitters. As in the first described preferre '
entfifi %én‘lhjeﬁﬁ K jitersArgi relative\ghangesutce sinelify doelianglysis, the
ti ' i . q .
oo Rl @R ridy BB Rodtitlerif bsaBRd 6489 sampiing clock
cl jitar, thatissrit may e assuimed \thai ?Iel m;lg@?ﬁﬁ@l;rgﬂgﬁ :cgoék\/ﬁés no jitter
i an e

o A8 He BRmaRG ik ither Tes uitirgasvalaou the summed resut
Vayfethar e lobK fitt&RC AsViRdha iERdetbEE FHMFHePEmbodiment above,

det ect i
this jitter will cause the leading edge positions to change in different

measuring periods when measured by the sampling clock. As the clock jitter
is a random variable, measurements over a number of periods may be used
and the results averaged to obtain the TOA.

Figure 4(a) shows a waveform of the received signal after envelope detection
using the natural clock jitter to measure the leading edge of the arriving signal
and using an averaging calculation to reduce the time estimation error.
Assuming the clock jitter is uniformly distributed in the range [-ts/2, t/2], as
shown in Figure (4b), the leading edge measured using this jittered clock will
be varied accordingly. By averaging the measurement results a number of
times, the TOA estimation may be greatly improved. Some numerical
examples are shown in below. If the averaging time is great enough, the TOA

estimation error will reduced to 0 according to the laws of probability.



using the natural clock jitter to measure the |eading
edge of the arriving signal and using an averagi ng
calculation to reduce the tinme estimation error. _
Assuming the clock jitter is uniformy distributed in
the range [-ts/2, is/2], as shown in Figure (4b), the
| eadi ng edge neasured using this jittered clock w |
be varied accordingly. By averatfing the neasurenent
results a nunber of tinmes, the TOA estinmation may be
greatly inproved. Sonme nunerical exanples are shown
in below If the averaging tinme is great enough, the
TOA estimation error will reduced to 0 according to
the | aws of probability. 12 Real Measured TOA
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samples. The TOAl errors. usi ng differept nunbers 0
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siltuation. y be seen that even flor averaging over
100 averaging tinmes, the TOA error is greatly reduced
(from0.5ts to O. O6ts) In practice, however, the

nat urtdowevese in practiee, diistanlbpossible to averags o’mn&silmmed number

of samples. The TOA errors using different numbers of averaging times are
shown in Figure 5 in which the estimated error is plotted against the actual
time of arrival for varying averaging times, for the above-described uniform
jitter distribution situation. It may be seen that even for averaging over 100

averaging times, the TOA error is greatly reduced (from 0.5t to 0.06ts).

In practice, however, the natural clock jitter distribution is mostly Gaussian
instead of being a uniform distribution. Nevertheless, simulations show that,
even in this case, if the equivalent summed clock jitter is distributed with a
variance 0 = t/2, the averaged TOA estimation error may still be greatly
reduced in this preferred embodiment of the present invention.

However, if the jitter variance is, for example, o =10t;, the 100 times
averaging results may not evidently improve, but, in such an instance, if more
averaging times are used, for example 1000 times, the TOA estimation errors
may still have large improvements over conventional systems and methods.

An implicit assumption in the above analysis and simulation is that, during
the averaging time, the relative clock jitter should be varying enough in the



instead of being a uniformdistribution. Neverthel ess,
simul ati ons show that, even in this case, if the

equi val ent summed clock jitter is distributed with a
variance Q = is/2, the averaged TOA estimation error
may still be greatly reduced in this preferred

enbodi nent of the present inventjon. However, if the
jitter variance is, for exanpl e1,3 Q =10ts, the 100
times averaging results may not evidently inprove,
but, in such an instance, if nore averaging tines are
used, for exanple 1000 tinmes, the TOA estinmation

er rassymegagistribiutingheange anafeisi tipe claokejitter shald be ergodic when
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jitter should be varying enough in the assume
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OS girtliftlothe ltAé ﬁ’i’éé%ur V§tq"§? éqmplé%gnﬂ faﬁéecfr more preferred

di stribution 1 nterva avi'ng anple
valen’ﬂmdnnentserofsnbet mvenhonpeanddsby avetaginghesdarge number of
condi tions, there o need for any change to be made

i n EASUrRMERLS @ Yﬁryt {3NEe Aeyacy H&‘Ys?%@éh'ﬁyeﬂ@Ven with a low
| MebAIpERG reee or nore preferred enbodinents of the

i nvention and, by averaging a | arge nunber of

g‘gﬁf gh%éxs%n;{fééfc*g% rén;a bggéd‘ ?@?ﬁn?@%@% a large number

sysf mng&smhsa&mntbl\fﬁa;bbeeﬂbtanae@ img @ﬁstttaﬁe Oclﬁlel tartbé high pulse
t e obtained in a

b Brettiofdreaeney (R n g Ropardenal sysseme: Bery Bighansjogue-o-

( PRfital {ADF@SPC(IPPI‘%Q 9?1@' %%(@l%@ﬁol %st‘r‘ﬁétlé the %’adln% edge of the short

anal“ogue- t o- rate Is re
esimpuise wmfomle@N@LeJethﬁ abbee si&ihbd malspbbassed to reduce the

t he bove may be use
r eag@g’h?sﬁera ga I R 89‘6?'t‘i§[ﬁé9't§ﬂa? S 024 glt‘P afeduce the
Corstfilifepteraier the reegltiontdiehe analogue-to-digital converter as only 1-bit
AD conversion is used in the TOA estimation. Therefore, embodiments of the
present invention may greatly simplify the circuit design.

Another TOA estimating error in a simple ranging system is related to the
target range. In determining the leading edge of a waveform, a single
threshold (1-bit AD conversion) may be used to find the edge crossing time as
shown in Figure 6(a) which shows an ideal case in which the signal has
infinite bandwidth, and therefore the leading edge rise time will be 0,
regardless of the amplitude of the signal pulse. If the threshold is selected to
be low enough, the leading edge will cross the threshold at the same time.
However, any practical system will be band limited, thus the leading edge
cannot rise abruptly. It is known that the rise time is about: t, =0.35/B where B



requi renent for the resolution of the
anal ogue-to-digital converter as only 1-bit AD
conversion is used in the TOA estimation. Therefore,
enbodi nents of the present invention may greatly
sinplify the circuit design. Another TOA estinmating
error in a sinple ranging system)is related to the
target range. In determ ning the |eading edge of a
waveform a single threshold (1-bit AD conversion)
may be used to find the edge crossing tine as shown
ure 6(a) which shows an ideal case in which the
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fromthe target, the anplitud I'ts direct
si fitameasured ranga using fixeddhiashold IS rsar thertrue raaggd;e, may be

r, . Using this relationship and the rise

ti ﬁgﬁrg%ééﬁf%t h rel ationship, a sinple range scaling

may be used to conpensate this near-far target

nmeasurenent error. Assum ng constant anplifier gain

is used for all’#ange si gﬂgle;‘e agd_thatc Vishe neasured

range usi N T xadg t hreshol’d”i’s Tmeéas,; gpe Irue range (1)
rrea, may be estifmted as: rreal = rned ere k = ¢

Vsh

where Vs, is the level of threshold and Vi and rr are the amplitude and
range of the signal for a specific reference range respectively. It may be seen
that the greater the range, the greater the absolute range correction value.
The correction is therefore a constant 1/(1+Ky). In practice, the value of kn,

may also be found by experiment.

This near-far range problem may also be solved in a number of other
ways. One example is the sensitivity-time control (STC) as used in radar
systems in which the gain of the amplifier increases as the time of arrival
increases. Alternatively, the detecting threshold may be decreased as the
range increases. However, these methods will make the circuitry more
complex whereas the method proposed by equation (1) may be implemented



1 +km"" 2.5 B Vref rref (1) where Vsh is the |evel

of threshold and Vref and reef are the anplitude and
range of the signal for a specific reference range
respectively. It may be seen that the greater the
range, the greater the absolute range correction
value. The correction is thereLsore a const ant

1/ (1+KM. In practice, the value& of km may al so be
found by experinent. This near-far range probl em may
al so be solved in a nunber of other ways. One exanple
Is the sensitivity-tinme control (STC) as used in radar
syMesyrgasity.whi ch the gain of the anplifier increases
as the tinme of arrival increases. Alternatively, the
det diguray isha bkickldiagram bethdeneassretheatt stdye 10 @fign apparatus for
I ncreas er, . these nethods
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7 is _a block diagram of asurement stage

app&Patars gveragiogestagen§2aendrai digtanceodetesmimation stage 54 for

f . [ th t o tion. The
ea e hOI0E RS Remsis leree ara%trg% R on
0 ' t 52  and i stance i
det aPmitANsTaHeE S 41 3B SaewainTaLTg t Kanemas adust pulse at a
bet R Hinfe HafcdRinagd) Hl?sérﬁ?ﬁhq‘éfock-ﬁ'?eoftff G0 LAfd the receiver 1
of the system shown 1n Figure transmts~a fi'rst
pul seamanged 1o receive tre fest uisene@heymeasuremeit istage 10 shown in

clo f FLgure 1, and the.receiver 1. 1S, ajranged ]
£ o’ Pl 72ls WA, theiregiver s oMieh sither iochiggs 366 sampiing
<ho 12 G i el oo h ; _

i SRk LA FRgURe SErgiinG] tabe 8 OF SRR Inp IECHNE st puse at o
sanpredejeringd agnpliude threshold using tl‘@cmmptﬂjg closk f2ulaseshown in
at g d%qdeterm ned anplitude threshold using the

san‘pfq ng ¢lock 12, as shown in Figure 1. In

? ge a%igggnﬁtiﬁtgl,q?tpé%,&j %te érrrﬂirqgttlénogtaséteag(? is5 %rrla%gg& rtgn eetgrmine the
time of arrival of the received first pulse in terms of a number of periods of
the sampling clock 12 after the first pulse was transmitted. The transmitter 3
is arranged to transmit a second pulse at a second time determined by the
sampling clock 12 and the receiver 1 is arranged to receive the second
pulse. The sampling stage 8 is arranged to sample the received second
pulse at a predetermined amplitude threshold using the sampling clock 12.
The TOA determination stage 50 is arranged to determine the time of arrival
of the received second pulse in terms of a number of periods of the sampling
clock 12 after the second pulse was transmitted. The averaging stage 52 is
arranged to determine the average times of arrival of the first and second
pulses to obtain an averaged estimated time of arrival, and the distance
determination stage 54 is arranged to determine the distance between the
target and the receiver 1 by multiplying the averaged estimated time of

arrival by the speed of propagation of the transmitted pulses.

In a preferred embodiment, the TOA determination stage 50 is arranged to



time of arrival of the received first pulse in terns
of a nunber of periods of the sanpling clock 12 after
the first pulse was transmtted. The transmitter 3 is
arranged to transmt a second pul se at a second tine
determined by the sanpling clock 12 and the receiver
1 is arranged to receive the second pulse. The
sanpling stage 8 is arrangedtcﬂ%anple the received
second pulse at a predeterm ned anplitude threshold
using the sanpling clock 12. The TOA determ nation
stage 50 is arranged to determne the tinme of arrival
of ﬁY@r&&%@i&ﬁéﬂeéag@UmI pfippredetetraines mimbemofifadsesf
peri ods of the sampling clock 12 after the second
pul dr agesrdangeswith ttbe. préferreal enmoidirgent MOStraRd Il:igufre 3(a) the
0
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e tRPEeviet 5t Bl 5 GeBioS 38 Sianami e fuskpulse soincident with
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preferred enpodi nent i1llustra Igure
t r afignpampling clackr1 3 de evaty itlse dinmenné adrivad fras i mdréepulses as

fir pncident. wwith, a s | ing, clock pulse
geneaPUFE 05 e SaBlind 5ot de” deScrlied s T imgstiment of, for
t o exampk Figlres des)cat pw)_se at a tinme correspondi ng

to half a sanpling clock "period prior to a

r epehgdifibnes @Ry | ls@c f .contr .
IEth age g%lﬂbrr'g’ygpr ef eér’ ;l?)??/&k?g ':ﬁr??%%gecfalﬁx %‘%érbge;)wgf%c{qgg!‘or scaling
as thertisterminedidistance bywhsediingdatioolts allowfor ampiitde variation in

i neyuding. | he ji f th ling cl
12 18" VBFTREcSlarl ot dtohfe oAndnbrademne callpsied distance

as meassrentsh ' : i bed in
themenbodi msrﬁac g]@ftﬁ?%fd@g?(%rfl?l@é?ré%%egﬁﬁ) and

4(b) 1ndurasidig i 8 i 8 ref er.abl ,
ol g Sty Dfi.edﬁ? OGEP grgdg i%tglbﬁﬁﬁ‘r%tg of the Présént?Mvéntion may
reduce the maximum TOA error by around fifty percent. In the preferred
embodiment which uses controllable clock jitter distribution and averaging of
multiple measurements, the TOA error may be significantly reduced and such

a system and method is very simple to implement.

Range measurement errors due to the reduction in signal amplitude with

range in a bandwidth limited system may be corrected by applying a range
scaling factor.

Thus, one or more preferred embodiments of the invention provide a low
complexity, high accuracy means for measuring the distance between a target

and a receiver in a ranging system at low cost and with low power
consumption.



the determ ned di stance by a scaling factor to all ow
for anplitude variation in the received signal over
di stance and provide a corrected di stance neasurenent
according to equation 1 described above. In summary,
one or nore enbodi nents of the present invention may
reduce the maxi mnum TQOA error by, _around fifty percent.
In the preferred enbodi nent whi‘ch uses controll abl e
clock jitter distribution and averaging of nultiple
measurenents, the TOA error may be significantly
reduced and such a systemand nmethod is very sinple

t o ariousrrepdificabiense torthes embodimerts rafrthe guresérnt inbention described

s 3 e :
pasrorariey PathddS Fay Breiile wheseomepaants,erabmeihorsteps can
a Ibengdded onlsubstifudsd Por thbBHESabd/Re dg’hggﬂf’é@wdug?{ e filention has

enmbodi nents_of the invention provi
comgeaxdescribgdgabave wsing pasticidar emboskimentsngnahyg variations are

di » r nd a recejver in a rangi
oy EPEEBE, WALHFE ol e BREnS A BE iR AB hBreIEN reader,
Vawmiithost departingdtonfise seopdef ehadentm s of the
present invention described above may be nade. For
exanpl e, other conponents and nethod steps can be
added or substituted for those above. Thus, although
the invention has been described above using
particul ar enbodi ments, many variations are possible
within the scope of the clains, as will be clear to
the skilled reader, wthout departing fromthe scope
of the invention. 18 Cains: 1. A nethod of measuring
di stance between a target and a receiver in a ranging
system the nmethod conprising: transmtting a first
pulse at a first tine determned by a sanpling clock
in a receiver



receiving the first pulse; sanpling the received first
pul se at a predeterm ned anplitude threshold using
the sanpling clock; determning the time of arrival of
the received first pulse in ternms of a nunber of

peri ods of the sanmpling clock after the first pul se
was transmtted, transnitting‘@%second pul se at a
second time determ ned by the npl i ng cl ock;

recei ving the second pul se; sanpling the received
second pul se at a predeterm ned anplitude threshold
usi ng the sanpling clock; determning the tinme of
arrival of the received second pulse in terms of a
nunber of periods of the sanpling clock after the
sec@i@imsul se was transnitted; determning the average
times of arrival of the first and second pulses to

obt din an Avnethgedofantasiirefdistameedetaebh \warg@hd a receiver in
determi njng the di stance between the target and the

r ec 8 'ABEINGBYSIRM: the Pethpd ¢rMPR&INgged estimted tine
of arrival by the speed of propagation of the
transnmitt ediapemifing axfirsh puiseh atl aafirst tidien detesmihed myla sampling

furgn)%[( iﬁgr%[a.é&iepg repeating the 19 steps for a
n

predeterm dnber of pul ses; wherein the step of
determi nin the averaged tinme of arrival conprises
det er ni ni n%cﬁwp%@@éﬁgauks?ne of arrival for the
predeterm ned nunber of pulses. 3. A nethod according _
to clai m 15aMAIGithe Irseledpfitt pylapsali et Prasfete@nined “amplitude
firg [ ptting the first pul se

. re%@%sﬁfq. f :mg' ia?lﬁnglfrl{gﬁgﬁgk

coi nci dent w Cl ock pul se generated by
the sanpli - n he st.e f,transmtti the.
second pul @%e@h%@ g'gesgm%a(ﬁﬁﬁ 'Y{ﬂi(ﬁgth? ﬁgc‘?,'?é%%k'&sqng'%%'n terms of
at a humber of periods of the sampling clock after the first pulse was
transmitted;
transmitting a second pulse at a second time determined by the
sampling clock;
receiving the second pulise;

sampling the received second pulse at a predetermined amplitude
threshold using the sampling clock;

determining the time of arrival of the received second pulse in terms
of a number of periods of the sampling clock after the second pulse was
transmitted;

determining the average times of arrival of the first and second
pulses to obtain an averaged estimated time of arrival; and

determining the distance between the target and the receiver by
multiplying the averaged estimated time of arrival by the speed of
propagation of the transmitted pulses.

2. A method according to claim 1, further comprising repeating the



corresponding to half a sanpling clock period prior to
a predeterm ned sanpling clock pulse. 4. A nethod
according to claim1, wherein the sanpling clock has
an associated jitter, the nethod further conprising
controlling the jitter to vary the tinme of arrival of
one or nore pul ses as neasured1%y the sanpling cl ock,
and wherein the step of determfing the averaged tine
of arrival conprises averaging the tines of arrival

of a predeterm ned nunber of pulses. 5. A nethod
according to claim1, further conprising scaling the
det étqnsa%a ajqredetecmingd aumbear phpulsas;twhenein thd stepfafrdetermining

i i jon:in.the Y ianal ver )
Ao SR Sh1 By B P, B8 Purrpeo e o
accarriliah fortthe tpredetgrrainedmumised ofpulgans where km = ¢
Vsh 1 + km2.5B Vref rref and where rrea, is the

corgect ed AlirhéhoecadtordiHg @RMim 1, WRSreir? th'Step of transmitting the
determ ned distance, ¢ iS a constant Vsh I1s a

pr e fEst drulsen samMprises Heansmittipigt theefirst/putsei eoincident auith a sampling

L N T

t hesbeoritivi dulseofcdrgrisgseceanaittify e agestrf Usulker at a time
measuring djistance between a target and a  receiver, _
t heCap %{kdb@g d8nPalf s7 RpMRINg, clacknpeiied eprigroto a predetermined

t kst pulse at a first tine determ ned
fag&@gﬁ%? BfbcR (ﬁdléi P

by I ng ock; a receiver for receiving the

firgt pul sg; r VA ] udi ng, the . sanmplin

oA P A moeERERD ) B b 172 TRl lock has an

fi rassquidted jitter athep rreties e furtisrdcarplising dRntidNmghPledjitter to vary

using the anpl ing clock;, neans for determ ni nﬂ the

t i miedime of ajtdyal 9f ongeonTBeta Relges ap sregsured by the sampling clock,
and wherein the step of determining the averaged time of arrival comprises

averaging the times of arrival of a predetermined number of pulses.

5. A method according to claim 1, further comprising scaling the
determined distance by a scaling factor to allow for amplitude variation in the
received signal over distance and provide a corrected distance measurement

according to the equation:

v c/l,
e where k, = h

Froal = ; — " sh
T vk, 2.5BV 1y

and where re.q is the corrected distance measurement, rpness iS the
determined distance, ¢ is a constant Vs, is a predetermined threshold
voltage, Vi is a voltage amplitude of the received pulses at a predetermined
distance, r.r is the predetermined distance, and B is the bandwidth of the
receiver.

6. An apparatus for measuring distance between a target and a

receiver, the apparatus comprising:



in ternms of a nunber of periods of the sanpling clock
after the first pulse was transmtted; the
transmitter being arranged to transmt a second pul se
at a second tinme determ ned by the sanpling clock;

t he receiver being arranged to receive the second

pul se; the sanpling stage beingﬁ)rranged to sanple the
recei ved second pulse at a préteterm ned anplitude
threshol d using the sanpling clock; the neans for
determ ni ng being arranged to deternine the tinme of
arrival of the received second pulse in terns of a
number of @dransaytter farHeansmitiipigi an firsti mdse at adirst ime determined

secg P% %ﬁ'ﬁﬁ@ &ran_smtted the apparatus further

conprising ragl ng stage arranged to determ ne
the average ti i.val of_ the first and second

pul ses to %kf?ﬁ?'ﬁe%lgo {)%}eé‘(j%@ thetfirshputse; ithe receiver including the

arr gymplingefbck; di stance determ nation stage for
determ ni ng the distance between the target and the

receiver y d t

of arr|val by thhrﬁ)épéét(%ge fﬁp%\ég{ﬁﬂg ﬁé er%? % f'rSt pulse at a
t r apradeterauined lasgslitude th%sl&ﬂ@@&ﬁtglﬁemlmgr&oéw claim

6, wherein the means for averaging is arranged to

aver age t aeaingforofietarminied thy timePofesieiar o fh%drecBW@Beﬁrst pulse
F‘etﬁses 21 8. An apparatus according to claim

e 10k arpumben of reriqds of dhe sAgwiling slagkaaftari thetflhﬁ pulse was
f| r§ é{é@ coincident with a sanpling clock pul se
generate by the sanpling cl ock, and is arranged to

t tt t di
LR G, RN LIRS e T 5T B Be i e o
sangddond tirh@eletdringd by thé\aaﬁﬁmﬁg@tdék according to

claim6, wherein the sanpling clock has an associ ated

jitter, tRRe SYSdiRER Belhg BRangHRS réddik NSNS TRALS

for
the sampling stage being arranged to sample the received second

pulse at a predetermined amplitude threshold using the sampling clock;

the means for determining being arranged to determine the time of
arrival of the received second pulse in terms of a number of periods of the
sampling clock after the second pulse was transmitted;

the apparatus further comprising:

an averaging stage arranged to determine the average times of
arrival of the first and second pulses to obtain an averaged estimated time of
arrival; and

a distance determination stage for determining the distance
between the target and the receiver by multiplying the averaged estimated
time of arrival by the speed of propagation of the transmitted pulses.

7. An apparatus according to claim 6, wherein the means for
averaging is arranged to average the time of arrival of a predetermined
number of pulses.



controlling the jitter to vary the tinme of arrival of
one or nore pulses as neasured by the sanpling cl ock,
and wherein the neans for averaging is arranged to
average the tines of arrival of a predeternined nunber
of pulses. 10. An apparatus according to claim®6,
further conprising a scaling tage for scaling the
deternm ned di stance by a scali factor to allow for
anplitude variation in the received signal over

di stance and provide a corrected di stance neasurenent
according to the equation: e Vsh rreal = rneas ;
wheBe km AN appafatys aBBokdieg tor efaimn6, Wikerein ¢hk transmitter is

th t ' asurenent . rneas, i s the .

e P3PS G et ERE FEPRIES TN dSRn < shoin ook uise
pr edeneratedidyy the eamplidg ole¢K, aarRi ithﬁfangédatonPéhélﬂg the second
anplitude of .the received pulses at a predetermned

di sPHiseeat Actime; gofragpanding tterhalh adsampting iockaperiadi grior to a

t he phaninithB Ybnidifig dEIEHIES:

9. An apparatus according to claim 6, wherein the sampling clock has
an associated jitter, the system further comprising control means for
controlling the jitter to vary the time of arrival of one or more pulses as
measured by the sampling clock, and wherein the means for averaging is
arranged to average the times of arrival of a predetermined number of
pulses.

10. An apparatus according to claim 6, further comprising a scaling
stage for scaling the determined distance by a scaling factor to allow for
amplitude variation in the received signal over distance and provide a
corrected distance measurement according to the equation:

—_ rmeas

rrea1_1+k

m

cVy,

; where kK =——0
" 2.SBVrefrref

and where res is the corrected distance measurement, rpe.s is the
determined distance, ¢ is a constant, Vg, is a predetermined threshold
voltage, Vi is a voltage amplitude of the received pulses at a predetermined
distance, rwr is the predetermined distance, and B is the bandwidth of the

receiver.



