1 A Method and Apparatus for Measuring Distance Between a Target and
a Receiver in a Ranging System Field of the Invention The present
invention relates to method of measuring distance between a target and a
receiver in a ranging system, and to an apparatus for measuring distance
between a target and a receiver. Background of the Invention The
measurement of the distance between tivo objects has wide application in
fields such as radar systems, indoor/outdoor positioning systems, robot
systems, collision avoidance, game playing, and smart home/office
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time-of-flight of wave propagation in air (or in another media) such as
electromagnetic, light or sound waves. Multiplying the time-of-flight by the

speed of the wave propagation enables the distance to be 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 @ modern conventional ranging system, the incoming signal waveform is
normally first sampled in the time domain before the TOA is measuread.
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 rangingﬂ accuracy may be
improved by increasing the sampling rate (that is, by shortening the sampling
step). However, this increases the hardware compilexity, as weli as the cost

and power consumption of the system.



step). However, this increases the hardware complexity, as well as the
cost and power consumption of the system. 2 The range between two
objects may be measured in many different ways. Conventionally,
determining the TOA of electromagnetic, sound and optical waves
propagating in air is a common way to measure the distance between
objects. As mentioned above, the accuracy of the TOA measurement will
determine the accuracy of the final range (distance) measurement. For
example, in an RF range measurement system, if the TOA error is fns, the
corresponding range error will be 0.30m. In many systems, to measure
the.range accurately, the arrival time of the leading edge of an incoming
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accordingly.  The publication Time Domain Corporation, “PulsON 210™
Reference Design Training”, September, 2005 discloses an ultra wideband
(UWB) ranging system based on such a method. However, in the described
system, a high sampling rate is used which requires an accurate timing

system and very high speed circuit implementation.

To detect accurately the leading edgé 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 éampfes 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

resoiution.

US Patent Number 6,587,187 B2 discloses a way of using multiple clocks

to sample a waveform and find the leading edge thereof. A coarse clock and



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 sample a waveform and find the leading edge thereof.
A coarse clock and 3 a fine clock are described. However, the timing
system in this method is quite complex. The above-mentioned
conventional methods appear to requirescomplex circuit implementation
and the systems to work at a high clock rate. This results in high costs
and high power consumption. Thus there is a need for a system and
method which is simple to implement and low in cost and power

cofiSgnaiRihasurdwsarped thid dnwerdionia tirsiag t8resihe MRSSRthod is quite
i%%i@g} provides an apparatus and method of measuring distance
between a target and a receiver by controlling the timing of a transmitted

pulseHelafiyg, o qalell -adjust the timing_relatignship .
between sam;?l?rrﬁ ﬁ%@%&gn %q%e@e(?\%z éjul%s%eotosdgfj r%afﬁg?hée?im@ ofomplex
SFRI drRlsreeatndahase ftbm asttmaetdistankeanay bigicaladatedte. This

kggwt@gﬁhﬁgqrpggg@faﬂ@ﬂ@@%mgf %g%wgéed pulse. According to a

first aspect of the present invention there Is prfovided a method of

medsingistanee Hepuaan R fargel,AndA 'eRgVSIiM 8 a%'%% S8 Minle to
the metho? coggprisi,ng: transmitting a first pulse at a first time etermined

BYRIERGRAG Y (RN aTeRBA 8L WeE GOIR- B TREE pulse; sampling the
received first pulse at.a predetermined amplitude threshold using the

mmar : - i i i
sa ; time of arrival of the received first pulse in
t . .
ermys Bﬁoad terms, the present invention provides an apparatus and method
of measuring distance between a target and a receiver by controlling the
timing of a transmitted pulse relative to a sampling clock to adjust the timing
relationship between sampling pulses and a received pulse 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 puise.'

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;

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



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; 4 receiving the second pulse; 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
propagatioito¢itiegriresastteddopises; This method is particularly
advantageous as it is simple and may reduce the range estimation error
by at leastSAyREIache Peskivadl\sahentigthita: fattizep ratepsisemed amplitude
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Preferably, the step of transmitting the first pulse comprises transmitting
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saomdmgiatock, and the step of transmitting the second pulse comprises
transmitting the second pulse at a time corresponding to half a sampling
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SEs 10 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.

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 amival 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.



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. 5 In this preferred
embodiment, clock jitter is used to increase the reduction in the ranging
error by averaging among multiple measurements. Controlling the clock
jitter distribution assists in reducing the error with a limited predetermined
number of averages. Therefore, instead of considering that jitter has a
bad effect on TOA measurement, a specific controllable jitter may assist
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and where r.y is the corrected distance measurement, fpess 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.ris 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 pulse at a

predetermined amplitude threshold using the sampling clock;



sampling clock; a sampling stage for sampling the received first pulse at a
predetermined amplitude threshold using the sampling clock; 6 means for
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; the transmitter being arranged to transmit a second pulse at a
second time determined by the sampling clock; the receiver being
arranged to receive the second pulse; fhe 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 rmine the time of , arrival of the received second pulse in
terms of aﬁ(g%i%e?&gf%eetﬁé%né?% est%ﬁlﬁ’l a&%@?ﬁiépﬁéeé‘@ém rakeulse
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sampling clock pulse.
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.

Preferably, the means for averaging is arranged 1o 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



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 7 wherein the means for averaging is arranged to
average the times of arrival of a predetermined number of pulses.
Preferably, the apparatus further comprises 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. If constant amplifier gain is used for all range signals, this
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embodiments may, be used to improve the rangin gaceuracy of a simple
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and where r.y is the corrected distance measurement, fneas IS the
determined distance, ¢ is a constant V,, is a predetermined threshold
voltage, Vrris a voltage amplitude of the received pulses at a predetermined

distance, rer 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 fimited 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




good ranging accuracy. Brief Description of the Drawings 8 The present
invention will now be described by way of example and with reference to

the accompanying drawings in which: Figure 1 is a block diagram of a
transmitter and a receiver section of a range measuring system for use in

an embodiment of the present invention; Figure 2(a) is a waveform of a
received signal after envelope detectiom in the range measuring system

of Figure 1; Figure 2(b) is a waveform of a received signal after sampling

of the analog waveform in a range measuring system according to a

preferred embodiment of the present invention, where it is assumed that
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Figure 3(a) is a representation of several waveforms showing the effect of a
specific relationship between the puise transmitting time and sampling time

according to an embodiment of the invention:

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 [-t4/2, t/2];

Figure 6(a) is a waveform showing the idealized received pulse for short and

long range paths;

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



long range paths; Figure 6(b) is a series of practical waveforms due to
limited bandwidth of a 9 receiver system; and Figure 7 is a block diagram
of a measurement section of an apparatus according to a preferred
embodiment. Detailed description of preferred embodiments Figure 1
shows a block diagram of a receiver 1 for a general ranging system. An
antenna 2 receives an incoming signal from a transmitter 3 and this is
forwarded to an amplifier stage 4 wherethe signal is amplified. The
amplified signal is passed to an envelope detection stage 6 and the output
of this stage is sampled and converted into digital format in a sampling

apd.an ital converter stage 8. In the simplest case, the
R e

alogue-t converter need only be 1-bit which may be
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Sd}&li{tailt icsoﬂ%ﬁ%sri‘%gc}oodn%egg'n1e bit which may be implemented simply by
comparing the signal amplitude with a fixed threshold. The output from the
sampling and analogue-to-digital converter stage 8 is a digital waveform
which may be further processed in a time measurement stage 10 which is
driven by a clock 12. The estimated time of arrival of the 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 ts. 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 §, 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.



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. 10 Figure 2(c) shows the TOA estimation error plotted
against the true TOA for a given waveform. It will be seen that the
maximum TOA estimation error is is/2. .The error may be reduced by
reducing the sampling step t5. However, this is a high cost solution as the
circuit would need to work at a higher clock rate and the system would
have high power consumption. A first preferred embodiment of the present
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a sampling time -0.5. The leading edges of the received signals may fall
between different sampiing times for different transmitting pulses. Where the
leading edge will fall will depend on the true delay 1. Therefore, by measuring
the times of arrival for two successive pulses, it is possible to make a better
estimation of the time of arrival of the waveform. To illustrate this, a number

of numerical examples are given in below. The values are all normalized to t,.

Real TOA Measured TOA for | Measured TOA for | Best estimated
Camping tme o | Puise allgned with | (02 Based o0 tue
sampling time -0.5
4.5 3] 4 4.25
4.2 5 4 4.25
4.6 5 5 4.75
4.7 5 5 475

By grouping the TOA estimations in two successive pericds, 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 t; and this change to the




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 is and this
change to the 11 design and range estimation method may reduce the
range error by a half compared to that shown in Figure 2. As shown in
Figure 3(b), which shows the variationfif measuring error with the true
TOA, the maximum error is reduced to t5/4. In a further preferred
embodiment of the present invention, instead of using a controlled

relationshi ulse, transmjtting time and sampling time, the

g%fi ﬂsﬁﬁgjﬁé\, e%ﬁi”ﬁgg%a“né‘?&iéﬁ by PYalt 5?‘8|6%Ejﬁ%é\991\%rﬁm5|ﬁy a half
thepRRE drémshattittptmenSiptesrdinediay stamting Higloek 3a80, watsch shows
there,l s, existing jitter f lock, thjs jitter will cause the ,
transﬂ%ﬁiﬁﬁ%ﬁ%ﬁéﬁrtﬁﬁ?ﬁ&%PtﬁlféesaéfnSIiﬁréxv oc(:ﬁgﬁs@?él%uﬁ%lsemr IS
itgdjesd Mstbse clock jitters are relative changes, to simplify the

analysis, the two clock jitters may be added together and assigned to the
samplifg ‘YBE" jinesfaradisehasraerdsefitten tasew fuleentiansmittegd of
cioelg hasortitig abaltanrdd ' ji SJiigr equivalent .
éo@tﬁg summed result o% the t%%ﬂ%%ﬂ?gg%%ﬁ%ﬁt%%%sﬁ#d%%cer%gg sampling

FRferrdlf e FREIRRTHP aBsue, bthishizegedi satisalifieiyadirgtoale clock jitter.
prsitieny tehanee inideran mﬁ?é%i%%%ﬁﬁﬁﬂédvﬁﬂg%mﬁﬂﬁwe : SEQ‘? and,

sampling clock, As the clock jitter is a random variablé, measureme

Bl EHuNBe? BiAySricoSHng Bhaiséer amy tidodsultsiaviitegedilb obtain the
thenS@Adirgotnecd{e) oW a raveler %Qﬁgéﬁﬁﬁmg%%%ﬂa&?%‘i?r lso has its

envelg%e %etecti n %JBIT? the natural clock jitter to méasure the leading
oft [

U85 Dol g ST 718 JSifg in Gieegig e AT ks retabss, the
the tolceletitaationogrios. siasdmiybihe clek iteidsamifermly distibiig ook
fﬁtgr]e tﬁaaqqg, [?’E[Srézéyl%%]’aas%umed that the pulse transmitting clock has no jitter
at all and the sampling clock jitter has a jitter equivalent to the summed result
of the two clock jitters. As in the first described preferred embodiment above,
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 [-t/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.



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. 12 Real Measured TOA P'stribution Assumed Measured
Weighted Delay Due to Clock Jitter TOA Averaged Results Case 1 4.25
25% chances=4, 75% 25% chances=3.5, 4.25 chances=5 75%
chances=4.5 Case 2 4.50 100% chances=5 100% chances=5 4.50 Case
3 4.75 75% chances=5, 25% 75% chances=4.5, , 4.75 chances=6 25%
chances=5.5 Case 4 4. 0 _40% chances=4, 60% 40% chances=3.5, 4,10
chances=5 bR¥Chan&ssteal CASR DI-BB QR CRaGEsa Svea Y030 Wsighied |
chances=4.5D4i8p chaaces+6cRIUechances=5.5idoywever, in practiceaiferaged
is only possible to average over a limited number of samples. The TOResults

sing gifferentygambers, of averaging:tigres ; ahHWﬂ i F Gt 5
ﬁ(lﬁrﬁéici the gg%a_te(qqg,ﬁ@rs&‘g,gf}otted élgainsﬁ/tl e%ﬁyé\l‘mﬁéﬁgrﬁv aﬁgﬁ

1 uniform_jitter distribution

| a?/e é%%%k@tam aaging_ dPEraL R RRRSTRying _4-59

times; *h;e TOA err i Lts_téJ_Q,OBIS),_Iﬂ_pLa.CELCE,_%
Heser, tHetnk ur%li ?ig(%k 'it_%?ﬁ?ﬁ?fb%tion%? (?10%1%(‘6 tRaneRsTifsfeadt o5
being a uniform disirﬁ%ﬁt%re\l.sm evertheless, simula %ﬁsC%ﬁBW?ﬁgt,s even in
thigssade, if thel BquivilEnt suireneesetck jiietds dtibuteahnstva 5, | 4,10
variance a £ is/2, the’B¥efagiedl TOA estimation ef@reagnsel Hegreatly

Case b 4.85 |65%  chances=5, 35% | 65% chances=4.5, | 4 85
chances=8 35% chances=5.5

However, in practice, it is only possible to average over a limited 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 0.06t).

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, ¢ =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



reduced in this preferred embodiment of the present invention. However, if
the jitter variance is, for example, a =10ts, 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 gi\%ove analysis and simulation is
that, during the averaging time, the relative clock jitter should be varying
enough in the 13 assumed distributing range, that is, the clock jitter
should be ergodic when viewed over a short time period. If, during the

ayesaeiiag 'B?@fﬁ%ht‘ih? Clate IHRLISLONRENYAIRT, |th|rswh%smabl re@r&é‘a" Ic when

its_distribution interval, the "averaging results ma ot be eHiciett.
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over short timﬁ‘rﬁerlods Under these con s, there iIs no need for an
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mber of measurements, a very high range accuracy
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asmuw&bas@dd‘mgmgms@e@ b | HEENEPRAN QHARNIE to be made in the
eas ts mg be obtained in a short time due to the high pulse

r%if)%l %JEH TR R SRR tidh&PsVeripraeatveRenfghmore preferred
mh}gﬂ&}mdlgﬁm (A®) maeiiog rateiis f@)ﬂuﬁegrﬁbﬁﬂ'm@t%h&leﬁ@%er of

§of thes ort |m ulse 9>$/baveform However the above method may
useé

o rt ‘ARES PR AR AY- R?cﬁ@ﬁ&f‘b%ﬁw@é’ﬁér‘ﬁﬁ’a a low

10 uce St
tearegliog tiam.requwement for the resolution of the analogue-to-digital
converter as only 1-bit AD conversion is used in the TOA estimation.
Thelefopa @ iyidime stecf dseapld¥éRtbaventicmaiay greaghsimpRlfyehtimber

SFGUthGe M s urements may be obtained in a short time due to the high pulse
repetition frequency (PRF). In conventional systems, a very high analogue-to-
digital (AD) sampling rate is required to estimate the leading edge of the short
impulse waveform. However, the above method may be used to reduce the
sampling rate of the analogue-to-digital converter and to reduce the
requirement for the resolution of the 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 g,
regardless of the amplitude of the signal pulse. If the threshold is selected to
pe low enough, the leading edge will cross the threshold at the same time.
However, any practical system wilt be band limited, thus the leading edge

cannot rise abruptly. Itis known that the rise time is about: t, =0.35/B where B



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
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error.  Assuming constant amplifier gain is used for all range signals and that
the measured range using fixed threshold IS mess, the true range frea May be

estimated as:

-
ool :Ifﬁ]s:_; where k, —Vw )
. 2.5BV, i1

where Vg, is the leve! of threshold and V.. and et @re 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 k..

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



that the greater the range, the greater the absolute range correction value.
The correction is therefore a constant 1/(1+KM). In practice, the value of
km 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 o{grrival 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 15 very easily.
E@yr@a@@a block diagram of the measurement stage 10 of an apparatus
for operating according to one or more preferred embodiments of the

PrRIgeRd Mkealindcl dagreasvremersiageckibnciides a0 Oan apparatus for

determination stage 50, an averaging stage 52 and a distance
i

dBRSFRIEi ST <A g8 4% PR R IRFgRIR @i dne R Bediaents @f Jaeapgsent
thevesidver. The ﬂ@a&nmm@wpétbgfymﬁbwr@ ﬂﬁ@%(uﬁtkfﬁgqﬂaﬁﬁﬁi 8tage
figst pulse at a_first time determine the sampling clock 12 of Figure

an ‘thaenreac\é?\%glf%%%gﬁg §1 t@?gc%vg'ﬁjiaq‘ﬁgt g%f?é%%t'on s?age 54 for
nisdsoreniegtstadsthshdeninchigusegeisanithinethecsiosiver section 1

which further includes the sampling clock 12 and the sampling stage 8 for
sahpliray gmeittechvelitfisss psismattavanaddtégmiaeidtesmplititd estfirespalde at a
' ing. clock as shewn in_Eigure 1.1n opegation, the TOA
o IR e B S R R S rergver
réc@iveadiest purssaiverihs bfst puiber tipenedswkrensanmgling Cloickwn in

124 : PRI lﬁﬁe%%éri@g?@é%ﬂgh-r EVH%%SF[}'&?%? ngluagéalé] %%I é%mpling

trafismit a second pulse at a second time determined by the “sampling

ekl bZapndhidecgamplingssiatn§dancantpivg ttresexemived first pulse at a
predetermined amplitude threshold using the sampling clock 12, as shown in

Figure 1.

In operation, the TOA determination stage 50 is arranged to determine the
time of arrival of the received first puise 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 puise 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



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 averag@j 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

|.by,th t fthet tted
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pulses. In accordance with't e preferre
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apparatus, as shown in Figure 7, w h contr confrolling including

se!leﬁ]nﬁgéﬁhﬁmtt@! efathe §@rﬂh)§99g?é@§t‘at5%/t‘3é( FREEMR %@rgégg%tus as

eor moreﬁ{%ulse? as measured by the sampling clock, as descri

the 8.‘44868 H®f (iR oS daradraliairriiginnsatiention) dhe jitter of
sctbbngwmegsa;my pzet@rabby also hednededfar sEINg dNnore puises as

determlne Cl% scalln factor to allow for amplitude variatio

the TceIv ngtgne ShaPrAREeHbSsHritttedrraiment of, for

mmmmé?zgamnim)gat@demttﬁ}tlon 1 described above. In summary, one
or more embodiments of the present invention may

In addition, a scaling stage 58 may preferably also be inciuded 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 equation 1 described above.

In summary, one or more embodiments of the present invention may
reduce the maximum TOA error by around fifty percent. In the preferred
embodiment which uses controllable ¢lock jitter distribution and averaging of
muitiple 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.



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 embédiments 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

I ower _consumption. 17 Various modifications to the embodiments of
t%ﬁp&mqﬂvmrﬁpaggcmew@m b6 TRadeersnkiamplionarscribed

Cabapeneialp BothinaR10¢ siepaaasleboinddedApaRFHI RTINS steps can

a\gove élrrHer alt Olﬁﬂ thﬁigﬁle{;tlon has been described above using

p Gicdir L ibsH g aratRVEe bodsibrihmah theskysatém has

theanitsabed| beoleautiribesidieddeasiesowithontsdepaiing iesions are
LLP 18 Claims; 1. A method o

th% Seope of the rigvention. MTC% , fo.
meaglring' 08 BERRSRTE SrGRITTy 35 IKEiRS HeR i gy Sjieghieader,
tiaat noethodreotimyiiog: fhenstoiiingf aHi stpeilsp 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 a 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 MCSLLP
the sampling clock; receiving the second pulse; sampling the received
second pulse at a predetermined amplfude threshold using the sampling
clock; determining a time of arrival of the received second pulse in terms
B umber of periods of the sampling clock after the second pulse was

ransmitted; cantrolling a jitter. of the sampling clock such that the jitteris
Hatnbutel) BUANG DR JSEATITIAR et eaRERSan Ap gt B rategever in a
rRiegiegspiiethatheunetfodmtetigriviiain the predetermined interval in

short periods of time so as to vary the time of arrival of one or more

pulses asraneastinegl dyitbicpsdseping titet kinde tietamimoeainbgve smeding clock

lof eiarr'gv%li \9€§rt_he first and second pulses to obtain an averaged estimated
ime Of arrival; and determining the distance between the target and the

receiver by multiplying} aged estimated time of arrival by a speed
of propagaﬁo'n of@'gﬂe trlagr@pr%\lft%d pulses. MCSLLP 19 2. A method

according gl knkrReeRRUPHAIYSERRAMNT &P R3fAliRed amplitude

predetermined number of pulses; wherein the step of determining the
Averhgdd whirddharaIBIRIEHRER determining the averaged time of
arrival for the predetermined number of pulses. 3. A method according to

. . . raing
claim 1, WRESEMRING oot Rlierrivaingfthe s6epind) iskRitissriterms of a
SOMBEFES sYAGARIRG Ihe SanasiabasdeX afiér the first pulse was transmitted:;

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

receiving the second pulse;

sampling the received second pulse at a predetermined amplitude

threshold using the sampling clock;

determining a 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:

controlling a jitter of the sampling clock such that the jitter is
distributed over a predetermined interval and such that the jitter has a
predetermined amount of varation within the predetermined interval in short
periods of time so as to vary the time of arrival of one or more pulses as

measured by the sampling clock;

determining an average time 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 a speed of propagation of

the transmitted pulses.



predetermined number of pulses. 4. 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 MCSLLP
sampling clock in a receiver; receiving the first pulse; sampling the

received first pulse at a predetermine E351mplltude threshold using the
sampling clock; determining a time of arrival of the received first pulse in

terms of a number of periods of the sampling clock after the first pulse

as trangmitte, ransm con at a second time determin
e oI o] SRR AR B S TR o R P e R s teps
fsecar‘ptedﬁermmeﬁedetehenn@fdmm@ﬁudm@weshbw sxmpgdhe@mnplmlg the

clock: determining a.time of arrival he receiv second e |nt rms
S T R s SR A SRR R & Bl for

gl
AOCK 'S
thammedetddetedwinmbanchpelage. tlme of arrival of the first and second
pulses to obtain an averaged estimated time of arrival; determining the

distance hematbacireeogiogid tlairecbiwhdeimdis skepohdetiplyingng the

IhES n b ropagation o
e e A R g B of @
paetses ainge fovmapepiRligels@siation in the received signal over distance

and provide a corrected distance measurement according to the
$quation” 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 a 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;
receiving the second pulse;

sampling the received second pulse at a predetermined amplitude

threshold using the sampling clock;

determining a 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 an average time of arrival of the first and second pulses

to obtain an averaged estimated time of arrival;

determining the distance between the target and the receiver by



rreal - rmeas where k,n - C Vsh 1+ km 2.5BVYefr,.ef and where rreaf is

the corrected distance measurement, rmeas is the determined distance, GCSLLP
is a constant Vsh is a predetermined threshold voltage, Vref is a voltage
amplitude of the received pulses at a Eredetermined distance, rref is the
predetermined distance, and B is the Andwidth of the receiver. 5. An

apparatus for measuring distance between two objects, the apparatus

BN, therRYRIAGRST FSRalerhime of AEHRlRK asReRst ShRropagation of

gelerspaesiey pussszplpglclock; a receiver for receiving the first pulse;
the receiver including the sampling clock; a sampling stage for sampling

the receigedifirgt friselatanpredetgittined apypliudedingsattonstog diew for
samEtlin clock: means fghdeterminin a.time, of arrivglE f the received firs

BTNRL S e AL B I BEF of FRFISEE ot AL aRYSn &ratheHiyde 2
eofsectealsd istarsreitieskh shectransnaittorbgigd @ thengedatiomansmit a

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

receiver being arranged to receive the second pulse; the sampling stage

being arranged tq,sample the 1/(}%%gjgveq(semgond qlijse at a predetermined

amplitud@"‘{ﬁrgspglg using the samplingrclocksi@SLLp 21 the means for
determining being afranged to determine a time of“affival of the received
second pulse in terms of a number of periods of the sampling clock after

the second pulse was transmitted; the apr%aratus further comprising: ,
and where rey 18 the corrected distance measurement, rpeas 1S the determined

distance, ¢ is a constant Vg, is a predetermined threshold voitage, V. is a
voltage amplitude of the received pulses at a predetermined distance, r.ris the

predetermined distance, and B is the bandwidth of the receiver.

5. An apparatus for measuring distance between two objects, 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 puise; the receiver including the
sampling clock;
a sampling stage for sampling the received first pulse at a

predetermined amplitude threshold using the sampling clock;

means for determining a 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:

the transmitter being arranged to transmit a second pulse at a second

time determined by the sampling clock;
the receiver being arranged to receive the second pulse;

the sampling stage being arranged to sample the received second

pulse at a predetermined amplitude threshold using the sampling clock;



a controller to control a jitter of the sampling clock such that the jitter is
distributed over a predetermined interval and such that the jitter hasa  MCSiLLp
predetermined amount of variation within the predetermined interval in

short periods of time so as to vary the time of arrival of one or more

pulses as measured by the sampling%‘!ock; an averaging stage arranged

to determine an average time of arrival of the first and second pulses to

obtain ar v eNERE QInfREIMIRD 81 BRiRGI,2HAREdidRrf@termine a time of
sletpsmitatien slegiedar sederninoadhm dSHRCRPEMaRbE BFASE AWk of the

the receiver by multiplying the averaged estimated time of arrival by a
yBRiNG Bl aEaEA G theAPshRHIREYR 15RESBYReFapparatus according

to claim 5, wherein the ns for averaging is arranged to average the
time of a %%‘f%f%ﬁlé%@g‘ﬁﬁfn%‘awﬂ%@( of pulses. 7. An apparatus

according to_claim 5, wherein the.means for averaging _is arranged, t .
venge bR WIS RERRP I SYRBAINY cIBALEIGF it e jiter
iappistatugéar mesrsaringetistanvéinbdtvirdenvialoamiojest;thihadpibar gitisr has a

SmBHEg: AanRmeL{raRaTie 2 st prise ata sk iiEral in shor
etermined by a sampling doc ; a receiver for receiving the firs p[ﬁse,
pleciodeedletimeltingsthie vanipthey titoekph senmplind stagedonsamaptinges as
recei i etermined amplitude threshold using the
@fr%ﬁr%gw g%ﬁl%hfg@?ﬂ%gaﬂgn%ans for determ?ning a time of arr_ival of the
received fist plsgilty GEB8 ArARYEPES BERSHAAR AihR/SABRIASESF rival
after the first pulsé was
of the first and second pulses to obtain an averaged estimated time of arrival;

and

a distance determination stage for determining the distance between
a target and the receiver by multiplying the averaged estimated time of arrival

by a speed of propagation of the transmitted pulses.

6. An apparatus according to claim 5, wherein the means for averaging

is arranged to average the time of arrival of a predetermined number of pulses.

7. An apparatus according to claim 5, wherein the means for averaging
is arranged to average the times of arrival of a predetermined number of

pulses.

8. An apparatus for measuring distance between two objects, 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 pulse at a

predetermined amplitude threshold using the sampling clock;



transmitted; the transmitter being arranged to transmit a second pulse at a
second time determined by the sampling clock; the receiver being MCSLLP
arranged to receive the second pulse; the sampling stage being arranged

to sample the received second pulse at a predetermined amplitude

threshold using the sampling clock; th&means for determining being

arranged to determine a time of arrival of the received second pulse in

terms of RAARTOEY APETEURIRP tAdinagnah I AG ¥ f dher ereiwdiishpyise in
waRdrapeHipahENCoRRRATaHLS JUHRECORINY NEloaR anerR#iBYPiaGRiIse was

arranged to determine an average time of arrival of the first and second
s dbtain an averaged estimated time of arrival; a distance

determination stage for determining the distance hetween g target and

e recel 5 B3 TAUNAS R DeL B a0 SRS ArAECoran et 4 Second
thpeadetd i blichettiaghiagstidded pulses; and a scaling stage for

scaling the determined distance by a scaling factor to allow for amplitude
variationtiretheceseeiviegisipaabogeddis taresvanith g medde dapcdseg cted
distance measurement according to the equation: meal = rnaeas where

k,,, = C \IBa Isampling stagefbeinarerengadricasirtpdecteecengived second

RN A LEMARE] BT JO RS IS '§ IHACEN DI E CRRRAN.
Q/’gﬁ IS aar;%eggterrﬁl}ﬁe thrggﬁo%}gortgage, Vre %ng VO tagren(glmgitm?e of
the receiygd piges b B@Q%ﬁﬁmﬁegé#?aﬁﬁ%n?%i%h@etermine a time of
predetermined distance, and B is the bandwidth of the receiver.
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 an average time of arrival

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

a distance determination stage for determining the distance between
a target and the receiver by multiplying the averaged estimated time of arrival

by a speed of propagation of the transmitted puises; and

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:

r cV,
Froal = Wi :_’ekas : where k, = —2 B Véh -
t : ref ' ref

and where r.z is the corrected distance measurement, rpess 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, r.sis the

predetermined distance, and B is the bandwidth of the receiver.



