?3;0"7NO\/ 20 006 300002 A MONI TORI NG PROCESS AND SYSTEM
_FIELD OF THE | NVENTI CN 'N@Empresent I nvention relates to a WiNUV izngs
or

process “and syjmmmmﬂl particular to a 5 system and process
noni t oriFng obj vehi cl es. BACKGROUND There are :zamsgp ZQBSI ons
n

where it is_inpo 166*0_noni t or novi ng objects. The nonito
I ncl ude nonitoring the sinple fact that an object has passed by, the

di rection of 1,mml counting the nunber of objects passing by,
determ ning th ”mmmmm”mhese obj ects, _and/or classifying the objects,
perhaps into one ag,pey € of a nunber of categories or types. Traffic
nonitoring is an exanple of such an application, where the passage of
vehicles on a road i s noni 3&8&1}[}5 rhaps in order to count the-nunber of
vehi cles using the road ¥ BROEESS AINDSMSTEM 0 nonitor the
velocities of these vehicles. 15 Traditionally, traffic nonitoring systens
have relied on a pair of conpressible pneunatic tubes laid across a
roadway. \When a wheel of a passing vehicle runs over one of the tubes, a
sensor at tREIROBTHEINVENTIONects the resulting increase in air
pressure, and thus detects the presence of a vehicle. The tine del ay
bet ween det-gct i i . 1n ch tube provides an indication of the
vehi cl e spee b %(Q)?/\Igvlg{r)é,n%toﬂe?ga% | A Bonijeringprogessand gysiemi andhin particela€o a
posi ti on5 ofsystem mﬂrmt‘)ee‘sse'&ﬁeﬁﬁérﬂfg,obﬁ’é};@’s QHch ab Qesicfaet useful for nulti-Iane
hi ghways. Furthernore, they generally provide no further information on
the vehicle. It is desired to provide a system and process that alleviate
one or nore difficulties of the prior art, or at |east provide a useful
alter nativq;Agmﬁg}['ﬂqﬂ systens and processes. 25 SUVWARY OF THE | NVENTI ON
n accordance wth the present invention there is provided a process for
nonitoring a noving object, including the steps of: generating an optical

si gnal nodulhereeateanany sitetibrat where e ihigseht to MoRitiM o928 Bbjects. The monitoring

can include monitoring the simple fact that an object has passed by, the direction of

10 movement, counting the number of objects passing by, determining the speed of these
objects, and/or classifying the objects, perhaps into one or more of a number of categories
or types. Traffic monitoring is an example of such an application, where the passage of
vehicles on a road is monitored, perhaps in order to count the. number of vehicles using the
road over some period of time, and/or to monitor the velocities of these vehicles.

15 Traditionally, traffic monitoring systems have relied on a pair of compressible pneumatic
tubes laid across a roadway. When a wheel of a passing vehicle runs over one of the tubes,

(:) a sensor at the end of the tube detects the resulting increase in air pressure, and thus detects
) the presence of a vehicle. The time delay between detection events in cach tube provides
an indication of the vehicle speed. However, these simple systems do not discriminate the

20 position of the compressed section, and are thus not useful for multi-lane highways.
Furthermore, they generally provide no further information on the vehicle. It is desired to
provide a system and process that alleviate one or more difficulties of the prior art, or at

least provide a useful alternative to existing systems and processes.

25 SUMMARY OF THE INVENTION

In accordance with the present invention there is provided a process for monitoring a

moving object, including the steps of:

generating an optical signal modulated at a modulation frequency;



:21-SEP 2006 -2- transmitting said optical signal across a path of said
novi ng obj ect; detecting changes in a received signal due tcgfﬂo Gge of
said object by nonitoring substantially at said nodul ation eg n&uﬁ and
determ ning at |east one paraneter of said object on the basi2103EPan
changes. 5 The present invention also provides a process for determning a
position of a noving object, including associating a tinme value with at

| east one make or break event for each of at least three signals due to

t he passage of said object between a transmitter and a receiver' of each
of said signals, at |east one of said signals being substantially inclined
wth respect 10 to another of said signals, and determ ning the position of
said object in aditect .S itjal ly transverse to said noving

di rection by corrptgll‘irn:éﬁ%&l?g{g%’dtc?&rﬁésl\é}gédfzggr\éﬁaep%ﬁé’géﬂg MeNIBS PPISAL al so

provi des a procestdctingdeliangss nhng @keil a Vi

object fromtinest arrpeg makg and break gg:b% n‘sﬁf‘fded%r g@ﬁ%ﬁn&a{thgf ﬁ&@i ﬂ@g‘étn(l}y
15 br eaki ng Benoringsubsiantiadly st qaidimedulatiamfeequenthangassage .of at | east two
novi ng obj ects p e i | ocations for .said signals, said

| ocati ons nut ual Ia%ks pacc'a)gglI %Sét o(r?f’g\ﬂaf:f’énetﬂi éé‘PiQPAC%Pnéﬁq ga%?@@i%qhaag@. sai d
at | east Iwo noving objects being nutually spaced substantially transverse
to said novi di rection, said process including: Q selecting at |east two
events for s’lgﬁgdpfle?elnétm‘é‘?"é'ﬁal also peovides & procese farcdetermingng a fositionnef Pahéving'

sai d sel ect gq; ' ; sa type for said  second signal;
i olr each pa?}?{ééég{&glrﬂnq]% ?ﬁsg’%g"r‘]‘bglaé}@f‘é 9&‘)&""3@ q&?{‘gaﬁ.{ PPFemLaE?I’rﬁg break event ﬁéfgeaéh of

said pair; 2blestthicagigiald duesto the pasags of0fai S ob el BE:RberPY G3herllel Sad’) receiver
orrelating ﬁve(ﬁt(vpal s for a selected event "'with event pairs for ARGEher
sel ected evénfaHd isﬁﬁf%lgnﬂirlféﬂ%@ﬁ'_t ong ofysaidgignals being isabstarftially dadimep avith fpect
correl atlec)d_ Q(\/Eil'ﬂbthelg“oflss’aidj Iy %@g}e?esr%r@ﬂ% r.lhc\al %lolél iofnrg saiEiI 0 chttaigpa deiirlegggn

of said pair of correlat eg geveht p
substantially transverse to said moving direction by comparing said time values.

LY

The present invention also provides a process for determining at least one parameter of a
moving object from timestamped make and break events representing the making and

15  breaking of first and second signals due to the passage of at least two moving objects past
two detection locations for said signals, said locations ‘mutually spaced in a moving
direction of said objects, and said at least two moving objects being mutually spaced
substantially transverse to said moving direction, said process including:

Q selecting at least two events for said first si gnal;. |
20 for each selected event:

forming pairs of said selected event with events of the same type for said
second signal;
for each pair, determining a velocity value from the timestamp values of
said pair; - |
25 forming at least one pair of correlated event pairs by correlating event pairs
for a selected event with event pairs for another selected event having a
substantially equal velocity;
for each pair of correlated event pairs, determining a length value from
timestamp values of said pair of correlated event pairs:
30 associating with said object a pair of correlated event pairs whose length value is

less than a pre-determined value; and



:30-dssociating with said object a pair of correlated event pairs whose
_length value is less than a pre-determ ned value;, and 3 %WO 21 SEP
2006 -3 determning at | east one paraneter of said object’ Pr t st anp
val ues of said associated event pairs. The present inventiin ﬁ@)zﬁww des

a process for discrimnating between objects noving 5 in a rﬂ) g
direction and spaced substantially transverse to said noving direction,

i ncludi ng: sending signhals across a path of said noving objects; detecting
changes in state of said signals and reconding events for said changes with
~...- respective tines; and 10 processing said events of said signals to
group events corresponding to a respective noving object on the basis of
said times for kAmEY.ERtS - resent invention also provides a process
for monitoring Zdyrtmw nlggo jI%%P,%"FrPéfqﬁ‘Eﬁt‘?{g" ?aé‘izébmché\‘oahtimlauqyl valuggnefl said
modul at ed aasseeiatadiereat pairs. f r equency, converting said optical 15 signal to
“an electrical signal, digitising said electrical signal, and downconverti ng
said digitised signal to provide data representative of at |east one

par anmet er ' ' . resent invention also provides a systemfor
noni t or irﬁr;g(.qg]e%rrgséiéﬂgmg Eﬁtté%q Iﬂ:& ﬁ%?ﬂa?sh@ Ppcesstop Fiiﬁéﬂnﬂwglgelwwmmgbjamm oivi g
si gnal rodihat eabvang alireotdon aindospah ; ' iver ..20 inclyding an
i nput nodul.e .far .cognverti ng sai gbogfﬁggﬁﬁg{agﬁgrﬁ%%gég 9 éﬁlfjrﬁ“e&!“gsfl'@"rﬁpp, an
anal og-t o- dﬁ"d\“ﬁﬁg' (ADC) converter for digitising said electrical signal,

and a digital Sis&ﬂﬁzlngg %lg,f‘%ggg%g{ %ggﬁ?&fgar denodul ating said digitised

signal and providin SRV QRjeEF: at | east one paranet er

. . d 3 s i. .
Q’f'f sai d obj ect . deGctiigchungeeintstatd vLEHid SignAb §54 cBYdugégxgle?ns; %géiﬁgeg}og\%glvﬁthf or

(epei ving a signal. nodul ated at a nodulation frequ
modul e i ncfU8f 'deé’"éeén§ coupled to an input circuit having at |east one

vari abll® resonagtocedsiididi ack circuitry for matching the
r esonant frequegc; gf&;a%%e@g%ég%?&)gﬁ?@ﬁhgrpﬁp§§‘1"’HS fieraespanding td a egppentie t 0

maxi mi se t A@ving object on the basis of said times for said events.

The present invention also provides a process for monitoring a moving object, including

receiving an optical signal modulated at a modulation frequency, converting said optical

15 signal to an electrical signal, digitising said electrical signal, and downconverting said
o

digitised signal to provide data representative of at least one parameter of said object

The present invention also provides a system for monitoring a moving object, including a
C\ 'receiv:cr for receiving an optical signal modulated at a modulatiqn frequency, said receiver

including an input module for converting said optical signal to an electrical signal, an
analog-to-digital (ADC) converter for digitising said electrical signal, and a digital signal
processor (DSP) for demodulating said digitised signal and providing output data
representative of at least one parameter of said object. '

25  The present invention also provides a receive module for receiving a signal modulated at a

modulation frequency, said receive module including a sensor coupled to an input circuit
having at Igast one variable resonant circuit, and feedback circuitry for matching the
resonant freqqency of said resonant circuit to said modulation frequency to maximise the

input impedance of the input circuit at said modulation frequency.
30



i nput inpedance of the input circuit at said nodul ation frequency. 30 3 0

NOV 2005 21 SEP 2006 -4 The present invention also provid hver
including at | east two receive nodules, said receive nodul gj] Mﬁ;ﬁhs’

mutual Iy spaced in a noving direction of an object, and eacﬁ; rgEgi
nodul € being adapted to receive an optical signal nodul ated 9 Hﬂ@ge
frequency. 5 The present invention also provides a systemfor nonitoring a
novi ng object, including at least two transmitter nodules for transmtting
.respective optical signals, each of said -optical signals being nodul ated
at a unique frequency. 10 The present invention also provides a nonitoring
system for vehicles, including: transmt nodules for transmtting separated
optical signals at respective nodul ation frequencies across a carriageway
for said vehbgles; receige nodul es for detecting optical signals
subst ant i al | heapresesit dnventiah alsb providésepeeeivi el f?oa | ; for.
generati ng q%ggvgnqaﬂgeag.event dat a corrpspongﬁn t:?%% I%gﬁ%ﬁgqgﬁg&e&smd
bl ocki ng of 'S&T'g" SPYHEFS Oipe Anutnalhy spessd i a gnoving elitecties ofaad objeaf) Sarfdokach

det er m ni ng Rteive : the vehi cle on the basis_ of said :
event dat X V\/rﬁlchﬁ?gggﬁé@@%Hsgf%:gfsveggrolpglggosf%aﬁ@@HMﬂ aAuscirequgnend

bl ocki ng.” 20 BRI EF DESCRI PTI ON OF THE DRAW NGS Preferred enbodi nents of the
present inv [ e hereinafter described, by way of exanple only, with
reference tgﬂieh@g%e%ggﬁ'ﬁﬁ{\?}? 0 Broa, %g%%ysmf%imnmwrglgraanmvm abjext, iaoRiding at
di agr am shovessy twvopfra{sfift&d moablk hSRithhe dedRNi:LOrI NG . system 25
Figure 2 i's a sinplified bl ock i 3“3’? ?ﬁ“#l%?“ﬁf‘%fsﬁpsﬁ‘éeuoen%aoﬁlém esch; pf said
noni toring QP§‘§’1‘1€5|13118F¥4l@mgan@dlillatedashumqhéif udtlcgck di agramof a receiver of
(he nonitoring system Figure 4 is a nore detailed block diagramof the
receiver;
10 The present invention also provides a monitoring system for vehicles, inc;luding:
transmit modules for transmitting separated optical signals at réspective modulation

frequencies across a carriageway for said vehicles;
receive modules for detecting optical signals substantially at said fnodufation

frequencies, respectively;

15 means for generating make and break event data comresponding to unblocking ana

blocking of said signals by at least one of said vehicles; and
means for determining at least one parameter for the vehicle on the basis of said

event data, which includes _time values corresponding to said unblocking and blocking,

Q)

20 BRIEF DESCRIPTION OF THE DRAWINGS

Preferred embodiments of the present invention are hereinafter described, by way of
example only, with reference to the accompanying drawings, wherein:

Figure 1 is a schematic diagram showing a preferred configuration of a monitoring
system;

25 Figure 2 is a simplified block diagram of a preferred embodiment of the monitoring

system;
Figure 3 is a simplified block diagram of a receiver of the monitoring system;
Figure 4 is a more detailed block diagram of the receiver; . '

Figure 5 is an equivalent circuit diagram of a front end module of a receiving
30 module of the receiver;

Figure 6 is a flow diagram of a tuning process of the receiver; and



.Figuire 5 is an equivalent circuit diagramof a front end nodule of a

~receiving 30 nodule of the receiver; Figure 6 is a flowdia j:! 2005
tuni ng process of the receiver; and 3 0 NOV 2005 21 SEP 200 - #:iﬂué'e 7
2 1 -dUBie

Is a schematic diagram of the nonitoring systemin use with
roadway. DETAI LED DESCRI PTI ON OF THE PREFERRED EMBODI MENTS 5 A nonitoring
system as shown in Figure 1, includes a transmtter 102 and a receiver
104. The transmtter 102 transmts optical signals 106 and 108 which are
received by the receiver 104. The nonitopsi-ng system executes a nonitoring
process whereby changes in received portions of the signals 106, 108 due
to the passage of an object 110 between the transmtter 102 and the

recei ver 104 al |P(P%¥|r5 byeis %bécﬁﬁﬁmaﬁégiagginpgf ﬂﬁ%%glﬁcgrﬁ& gy?sgeng?l{] iy%pg\fvhgj%éégltillfgc

process anal yses these changes to ermne p

" which may ™#Mayde the sinple fact that the object 110 has passed, a speed .
‘or velocity of the object 110, and other characteristics of the object

110. The nonitoring systemcan be used as a traffic nonitor, in which case
the object 110 is a 15 vehicle such as a notorbike, car or truck. In this

enbodi ment DETAILEDRESCRIPTION OF THERREFERREDEMBODIMENTS" Opposi te
sides of a roadway 112, as shown in Figure 1. ldeally, the transmtter 102

and recej ver e_hidden from.view anpngst trees and scrub, for
exanpl e,ej sg‘ E“ég‘?“@‘iﬂﬁyéteé“’oﬁsi apa ipFigure, ds IngRides p dransmittenil 02 and ageceiver 104.

recei ver 1The tednk@Nttd?0102 tag i ' '@%{ﬁ! b lpgan accurate
measur e of vghi cle vel oci ty.sfgsﬁyg gﬁ% | SZ(.I)GE%@r g‘%z%?% are Igeetved: by theo
iﬁn\g | udes aTeH{VeF ép#-oblss monitaring dygemaixecues a ahoritiingeprabess wREMMSY cl@es in
riotection, gi ' , riph | . ~Circuitry 206 providi ng suppor
(?‘d nctions réch%v&&' ?Es’hﬁ"é’? ?)irﬂ;]/g§§f@53@g’dleq8 tBn‘,i"e RAtsage phan object Hhbetiveen the
dul 208&anstdifier BOXCdnd the Irelehi hwf | ' e Ok L] di od
modul es ansirifier the lrecbi g 102 31bW theobjRe: 1((11(??0 BC'JEQ#@E%W L Qde

(LED) . Ion use, the transmtter 102 is positioned so PRI ¢
modul es 920Brocesscanglyses, shese i changesi 10 detesimine peransdtéms| oft thet dtgedt OddV\vhielp nial2-

Each transifciudasiii; r ' an 880 nminfra-red optical beam
106, 108 g%:c;ugss tﬁ@p@%ﬁ&ﬁ%{)ﬁﬁﬁg} fcqs'baéé’aﬁ?gt?mépere 24 velpcity eEtherapigct 410,y
at a hei ghand ¢ther dhardcesgistics of the object 110. ,

The monitoring system can be used as a traffic monitor, in which case the object 110 is a

15 vehicle such as a motorbike, car or truck. In this embodiment, the transmitter 102 and
receiver 104 are placed on oppos_ite sides of a roadway 112, as shown in Figure 1. Ideally,

the transmitter 102 and receiver 104 are hidden from view, amongst trees and scrub, for

(\ example, so that vehicle drivers will not see the transmitter 102 or receiver 104, allowiné”
- the monitoring system to obtain an accurate measure of vehicle velocity. As shown in
20 Figure 2, the transmitter 102 includes a’‘microprocessor and digital control module 202,

power and protection circuitry 204, peripheral. circuitry 206 providing support functions

such as battery voltage detection, and a pair of transmit modules 208, 210, each including

an infra-red (IR) light-emitting diode (LED). In use, the transmitter 102 is positioned so

that the two transmit modules 208, 210 are positioned in a plane parallel to the roadway

25 112, Each transmit module 208, 210 transmits an ~ 880 nm infra-red optical beam 106,

108 across thc_: roadway 112 and close to the road surface, typically at a height that is less

than the height of typical vehicle axles. Each transmit module 208, 210 includes a lens to

focus the IR beam to produce a slowly diverging beam with a conjcal angle of
approximately 2 degrees, with the axes of the two beam cones being parallel. The finite

30 beam divergence facilitates the alignment of the transmitter 102 and the receiver 104.



.than the height of typical vehicle axles. Each transmt nodul e 208, 210
_includes a lens to focus the IR beamto produce a slowy di3v5rm\¥|g?t[§§am
with a conical angle of approximately 2 degrees, with the axes 0 t wo

beam cones being parallel. The finite 30 beam divergence fac'Hi§ggeig¥pe
alignment of the transmtter 102 and the receiver 104. 3 0 2 SEP
2006 -6 The IR beans 106, 108 are detected by the receiver 104, which

i ncludes a pair of receive nodules 212, 214, also in a plane parallel to
the roadway 112, with first 212 and second6-214. receive nodules for the
two transmtted beans 106, 108. The receiver 104 also 5 includes a digital
signal processor 216, a single board conputer 218, power and protection
circuitry 220, a mcroprocessor nodule 222 with keypad and liquid crystal

di splay, peripheral circuitry 224, and a nobile phone and GPS unit nodul e

226. The fi AhedRdeamsdOhcHSaretdetectada thet feeslverR gae ~ .he
systemto bfnodéﬂ: %qgffﬂir?d So t z:t ﬁ?ﬁher ece?/vread#ﬁ?ﬂ?%ﬂgggdjeg%ﬁlﬁe‘g%\%\eége
| R beams from bot K 6f <t hé'so M hBlane parallel tosthegeadwayn 1 12swith dimt 212 &idysecsnd .
the total sRphakceivreni i ule. 212, 214 can therefore be
consi dergd ,tgacocr?pri. ?g&?&g%giﬁ%&é%ﬁ,ﬁé&eﬁg S flﬁé‘rﬁoihgr%lr?"é'é’ﬁbri@ﬂn@lso
transmi t > nobgludes adigitahsignal precessar216; @smgmea@ara compubie 2@hh§5 L A bt

u - BY ?Sdé[})r%é?n

nodul e.  For I% the.first recei 1\Dlg‘dm) | e 212 receives I'rs

beam 106 fr org@gy 19 ¢ Figropragesser imadkle| 22> 06th keypad fid siquid asgstaledigpla92

fromthe s tal ai&liry 2 ‘ Q_.di st { sh between the
eyt et 28ckics mss phSHIRS RS

direct IR beam and the cross beam eam mt nodul e 208,
210 is nodul ated at a unique frequency, in this case.at 90 kHz and 110

vy at i he dut ecti et : " :
b o 55 5the e AFERHETH Y, lRErT e beor 366 a0H e oty v
modul at 1®n donfigursdcso eat tehéh Qec%ﬂlecfi?{g%ﬁp?m'ﬂq fé'céﬁ’rgé gg@%ﬁ?{;}‘@g{]g?@hgf the

signals fromeach receive nodul e 212, 214 dre  proc
d

separate t HEANSMIRPdHes%h 2A0. A9shayepimBignes 7,ahé toedl i@ recRivER By éach receive.
IS

di rect bea i C nent .corresponding to its crosS beam
al so al Om%sd[ilﬂgb? g’?elﬁv%?atbﬁrf?qr}g%f’é‘joé?ge%ﬂﬁ? SAMPFIFR Vo beamg alilirent tbebmafrom

106, 108 orthe cozesppuding fiafsmit Goduse, ndURSHAMER br 2rdss Balmt he.vehicle
110 obscures gne @f the four }_i nes of sight bet ween ;H%?‘é‘c%%ﬁ%hlﬁ'émmmtfhe
fecei ver 1 ©. ¥or example, the first receive module 212 receives a first direct beam 106 from

15 the first transmit module 208, and a first cross beam 702 from the second transmit module
210. In order to distinguish between the direct IR beam and the cross beam, the beaﬁl from -
each transmit module 208, 210 is modulated at a unique frequency, in this case at 90 kHz
and 110 kHz, respectively. Accordingly, the detection circuitry of each receive module
() 212, 214 is tuned to provide optimal noise performance at the modulation frequency of the

y 20 corresponding direct IR beam, and the signals from each receive module 212, 214 are
processed in order to separate the signal component corresponding to that receive module’s

direct beam from the signal component corresponding to its cross beam. This also allows
the receiver 104 to reject ambient light,

25 A direct beam 106, 108 or cross beam 702, 704 is blocked when a front tyre of the vehicle
110 obscures one of the four lines of sight between a receive module of the recejver 104
and a transmit module of the transmitter 102, and remains blocked until the rear edée of
the tyre moves beyond this line of sight. This blocking and unblocking, or ‘break and
make’, of the beam occurs again as the rear tyre of the vehicle 110 passes betv;/een the

30 transmitter 102 and receiver 104. Thus each time a vehicle 110 passes between the

transmitter 102 and the receiver 104, each axle of the vehicle produces four break-and-



.and ‘a transmit nodule of the transmitter 102, and renmmins bl ocked until the
_rear edge of the tyre noves beyond this |line of sight. Thig @“ﬂ@khﬂ and
unbl ocki ng, or "break and nmke', of the beam occurs again &as t tyre
of the vehicle 110 passes between the 30 transnmitter 102 and9re&EP 2806104
Thus each time a vehicle 110 passes between the transmtter 102 and the
recei ver 104, each axle of the vehicle produces four break-and 3 0 NOV 2005
21 SEP 2006 -7 nmke pairs: two at each receive nodule 212, 214,
corresponding to the direct beam and the7.cross beam for that nodule. As
shown in Figure 3, each receive nodule 212, 214 includes a nulti-I|ayer
dielectric 5 optical filter 301 with a passband centered on 880 nm and a

-3 dB wi dinmlef ( cl ude as..much anpient |ight as
possibl e whil sﬂd’ggﬁvﬁ“?‘vﬁagﬁf‘%’%gﬁgﬁé’%’é%q%‘: SATFrSRendipg tofhe direct; heamcanet the

ener gy fr ¢mssiheammorithatiewdok. t he transnit nodul es 208, 210. Each receive
nodul e 212, 214 also includes a |l ens system 300, a photodi ode 302, a .
front-end nodul e 304, a post anplifier nodule 306, a filter nodule 308, and

an anal 0g AsOshbwifl il iF : 10., The, di gi tal output signal.

fromthe ADCSSIO of e%{:‘ﬁcf?ég‘ﬁ ﬁ&‘%gadé‘%zg% mefides’ aomplti-layer dieleatrie

si gnal Spr optieal diltgrT¥H) wathGa phbsbalReRtfed 66 880Tne Sndthe3 Hﬁkmghaa}fléﬁégki ng
ctively.

of each b d geperates, MAKE and BREAK event data, respe th
event is F‘ %@%&R’%@@%ﬁ’é"%%@ nuch pmbjeat Heht as passidle whilst tbeingwideepeuyle to

modul es 2dmit2aldokhall © s Qi . whet her a direct beam 106,

108 or a crl(n)];s 15 bea%%%lzl?fd?gz%v&agﬁ iﬁiﬁ’\%‘g%eﬁfg‘ﬁ#és Beg‘m%m&gﬂbm@ws@s; he

DSP 216 aPd0pEacl geceivermedule 2122 lecalss trchR2 adbng §Btent 360 Vaeg}ioéc}d}é%e }Qf‘ a
, I ch™

vent dat@.is d to a singl e-bpard computer (SBC) uses
'téh'e event?r S hf %ﬁchg{bgﬁl%\.sﬁg, £ ipost amplidier ’B?fg@%l 3gﬁ&ngligep0élﬂe 308hindll an drsadeg (F OF
mul t i 1Dandigitabetwaiaes (LZ0CHRBD.t iche statistics.. | ddition to
processi ngwai gnal dant%, tﬂe m'ggg%@é@gwgé%%o%&edgébf@@dﬁg@%tr%Fe!We

f r ont - end™098I <1 23344 ds- sent ¢ ar digitalveigmab ghrdcessot ZDSPP 246, TIRSDSHERY i gﬁgﬁes

bel ow. Th 3 . lenput .stream consi sting of |abelled an

ti mest am@gﬁ%gé%‘kﬁﬁg%g&?&fgg brAREANd, gensrateg tanddBBREAK teWentpdats,age
of a vehi espechixtly. Batlweeent ds timestamped and labelled to identify which of the two receive

modules 212, 214 the event originated from, and whether a direct beam 106, 108 or a cross
15 beam 702, 704 was involved. '

The events generated by the DSP 216 are passed to the microprocessor 222 of the receiver

104. The event data is then passed to a single-board computer (SBC) 218, which uses .the

O events to determine the vehicle speed and type, the vehicle lane (for multi-lane roadways),
20  and to generate vehicle statistics. In addition to processing signal data, the microprocessor

222 provides feedback to the front-end module 304 of each receive module 212, 214, .as
described below. | i

The SBC 218 takes an input stream consisting of labelled and timestamped (in
25 microseconds) MAKE and BREAK events due to the passage of a vehicle axle between a

transmit module 208, 210 and a receive module 212, 214, and generates an output data

stream providing vehicle axle spacings, vehicle velocity, vehicle lane, and arrival time of

the first axle. To generate this output data, the SBC 218 first identifies vehicles from the
Input event stream by using MAKE and BREAK events to determine the velocity of the

30 passing axles. This is complicated in the case of multi-lane roads 112, because vehicles in
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accel erat ed ' he detection process. After the axle speciticatl
Cdentified offf bl Hel! of example, it could happen again as a MAKE event match, or as a

15 BREAK event match for a second axle, or a MAKE event match for a second axle. In most

cases, this duplication resolves any ambiguity about which match is correct.

Once the velocity of each axle is determined (twice: once using BREAK events, and again
independently using MAKE events), then similar velocity axles that are spatially close
enough (e, an axle length value determined from the velocity and the timestamps for
events associated with each potential axle is less than a threshold length value) can be
collected together and formed into vehicles. Vehicles are specified according to théir axle
separations and a common velocity, with an allowance made for long vehicles that may
have accelerated during the detection process. After the axle specification, an identified
25  vehicle is further classified according to vehicle classification schemes, such as the USA
FHWA Scheme F, or the Australian AUSTROAD scheme.

It is often desirable to estimate the distance of the vehicle between the transmitter 102 and
the receiver 104. For example, when the system is used with a multi-lane roadway, this
30 information can be used to identify the traffic lane a vehicle is travelling along. To achieve

this, the DSP 216 also identifies events associated with the cross beams 702, 704. The
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each receive .nodule 212, 214 fromthe difference in tinmestanps o
BREAK eveént &15:19 coyrsecRastHile thahthere may dedawer ifofarieyampley anathersvahicle phscures

follow ng fgir ent S ' ot i.ngle axl e, of the vehicle 110
travel | ing g}éobrﬁegiﬁ aﬁl itnlgé?%érg? a nu %‘?“-"PEIVE’WS‘S‘&%‘?C bs gencipte 'Hﬂ?"é‘g gPuped ¢
| anes 706, ¥6R¢ pail: iffor atles emdi vehicleslutie Pdne (oiifieRt o0 @2RHIOR) i B mined
event, tine, T s; , A5 First receive nodul e 212 (cross beam 702) BREAK event,
time (ti + FoGeAndently &or sach receive veodiledle, 214 famobe dieramceOin) tiBREANDS of
vent, ti mepMAKE as9BRELK eveidd Second receive nodul e 214 (direct beam 108)
K event, tinme (T + 4000) s. The cross beam 702 of the first receive
modul e 292 is broken at one quarter of the time 20 interval between when
the direct heam 10?3et of. first recefve npdule 212 is broken and when the

] the fi
direct beant Y0€28¥ ’I\"@ﬂ%@?%ﬁlﬁfert‘ég BWR Tninasidsr the follawingSRunevemsassaciated pithm
704 a single axle of the vehicle 110 travelling along a lane 710 of a multi-lane roadway 112
with three traffic lanes 706, 708, 710:

First receive module 212 (direct beam 106) BREAK event, time 1 ps;
15 First receive module 212 (cross beafn 702) BREAK event, time (t + 1000) ps; . .
Second receive module 214 (cross beam 704) BREAK event, time (= + 3000) ps;
and
Second receive module 214 (direct beam 108) BREAK event, time (t + 4000) ps.
O The cross beam 702 of the first receive module 212 is broken at one quarter of the time
20 interval between when the direct beam 106 of the first receive module 212. is broken and
when the direct beam 108 of the second receive module 214 is broken. The cross beam 704
of the second receive module 214 is broken at three quaﬁers of the time between when the
direct beam 106 of the first receive module 212 is broken and when the direct beam 108 of
the second receive module 214 is broken. By determining a ratio of a cross beam time
25  difference and the parallel beam time difference, the location of the vehicle 1 10. relative to
the transmitter 102 and the receiver 104 can be determined. For example, the ratio of the
(x+1000)-t 1
(1+4000)-1 " 4°
indicates that the vehicle 110 is at a distance from the recei‘ver 104 that is one quarter of

the distance from the receiver 104 to the transmitter 102. The lane position, such as the

first cross beam time difference and the parallel beam time difference,
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With the bandwi dih set i% 1 therefore set to have a bandwidth of 12 kHz, one
centred at 90 kHz, and the other at 110 kHz, in accordance with the modulation frequenc);

of the optical signal transmitted by the corresponding transmit module 208, 210 This
bandwidth is set within the DSP 216 and can therefore be changed to suit the desired

maximum vehicle speed. For example, if the maximum speed is increased to 200 km per
hour, the bandwidth can be increased to 15 kHz, However, even with the bandwidth set to
12 kHz, it is still possible to measure vehicles with speeds in excess of 200 km/hr-

although there is a small penalty in the accuracy of the measurement

O 20

The u e ..
se of modulated carriers is significant for the receiver electronics, since all traffic
“information” is transferred from base-

band to the vicinity of the modulation or carrier
25 frequency,

and this frequency only occupies a small fractional bandwidth, Much better

noi-se performance can be achieved from the receiver electronics when the useful signal
satisfies such criteria. The actual centre frequencies of 90 kHz and 110 kHz are chosen
according to additional criteria: 1) the two frequencies are sufficiently close together to
eliminate the possibility that the harmonics of one modulated signal could be interpreted
30 by the receiver 104 as a legitimate component of the other modulated signal; 2) the carrier

frequencies are sufficiently high that 1/f noise phenomena within the detector electronics



.20 12 kHz, it is still possible to nmeasure vehicles with speeds in excess
.of 200 knmihr, although there is a small penalty in the ac@uf a8y a2l0d he
measurenent. The use of nodul ated carriers is significant for the receiver
el ectronics, since all traffic "information" is transferred{dSkR2gfpband
to the vicinity of the nodulation or carrier 25 frequency, and this
frequency only occupies a small fractional bandw dth. Mich better noise
performance can be achieved fromthe receiver electronics when the useful
signal satisfies such criteria. The actodl -centre frequenci es of 90 kHz
and 110 kHz are chosen according to additional criteria: 1) the two
frequencies are sufficiently close together to elimnate the possibility
that the hahasondeligibls effent omtlie patforinanogrofl the Gront ehé mdduss BB HLS Qrelfaneﬁ‘{lé‘s
) ter)

recei ver 104 eqifi onponent of _t he ot her nodul at ed "si gnal’;

the carri erare?ﬂgég%hwgitéagr}gﬁcg‘eéﬁﬁtftfa@?’éwI@Em Hwput stage channabgate npiseconpling in
wi thin the et ®Redctr Ek&Fdni@nt ; P,2006 -11 has
negligible effect on the p%’r :‘v\gﬁ%lgh%éé\%s %ﬂgpfrfé‘#ﬁngghgg%% Berﬁ%'ﬁ}ané‘}’ $hthe

f requenci esfrequencigpareswfficientlyt high thatdindividiabeycles afsiesdadfier 418 Ehoit iR Wuratioade
channel -gat i coupl ing i the detector electronics, which increases
with f re%uecg)g?ﬁar%gbor g‘ﬁéﬁ%éﬁ‘#b%’ﬁ%gé?ﬁe%?h?W@lenﬁ rasigcmeprsued thereby fmivingisingy
hi gh that itRdi sidetaf & ol Yo i L.n duration,5. conpared
to the nmake-and-break tra fingiugtﬁgn(\)ﬁrr@% tgéeix%g&‘r’réggé%eg&?n CHEER, @t HRproYing
the order dimestamp iespjutianguanded) whe Hrequeises aceiswfficichélyChighOthab Y8 SFAcABRL]
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high that t%@aﬁé}gt i oHacme ém‘(fvvi g mysety; therabyit making npessile, impravedly noise
aki ng posgdbfoemange; oved noi se t performance. 10 The current generated by
t he phot odi ode 302 of each receive nodule 212, 214 is converted to a
voltageugignal by the front-end nodul e 304, using a transi npedance

i fi far Gl h i dule 212, 214 is designed t
oper at e wi (Tecartent bAREAOY wEHAGHE 12 SFeph foodive et 512 B docomerted
cor r esponditag valtage sigaaisty thedForiteaa in{6dul6 304 ARG &?ragﬁfsﬂsr@g%rgg a?&;fq’rgeg ielrehi

accordance w th th]e: [ nver_se-s%uare | aw behavi our” o I'ng
topology. Ea ule 212, 214 is designed to operate with optical power levels

ch receive mo
which vary by a factor of 10,000:1, corresponding to a transmitter-receiver distance

15 variation of 100:1 in accordance with the inverse-square law behaviour of a spreading light

beam. The microprocessor 222 selects the amount of transimpedance gain in each front-

end module 304 in response to optical power level information passed to it by the DSP

216. Moreover, each front-end 304 achieves low-noise performance using a form of
“noise-tuning,” whereby the noise gain of each front-end 304 is reduced by the use of

O 20 resonant inductor-capacitor (LC) pairs whose resonant frequencies are matched to the
frequencies of the respective direct optical signal. This tuning is performed by setting the

capacitances of varactor diodes ? in each front-end module 304 under control of the

microprocessor 222.

25 A block diagram of a front-end module 304, as shown in Figure 4, can be better
understood with reference to a simplified equivalent circuit diagram of a front-end module
304, as shown in Figure 5. Each front-end module 304 contains two resonant L-C pairs
402 and 404. The first L-C pair 404 includes an inductor 502 used to provide a negative
bias voltage to the photodiode 302 at a terminal 503. This inductor 502 has a reactive
30 impedance of some hundreds of k-Ohms at the carrier frequency, but when resonated with

a varactor 504, it produces an overall impedance of several M-ohms for the pair 404,
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15 the photodiode 302 is extremely sensitive to stray charge and noise, and is therefore

_referred to as a “sensitive node” 512, represented by thick lines in Figure 5. Without the
bootstrap loop 508, a much smaller resonant impedance would be present at the sensitive
node 512, causing a dramatic reduction of the fractional bandwidth of the closed loop

_ transimpedance gain on its more sensitive ranges.

Q5
The transimpedance amplifier loop 506 includes a signal amplifier 514 which comprises
three cascaded x10 gain current-mode amplifiers with a bandwidth of approximately
15 MHz. By selectively bypassing individual amplifiers, the signal amplifier 514 provides
a selectable gain of x10, x100, or x1000. The overall gain of the transimpedance loop 506

25 is determined by the gain of the signal amplifier 514 and the total value of the feedback
resistance 516 in the loop 506, which is selected by analog switches 510 and the resonant
impedance present at the sensitive node 512. Although the simplified equivalent circuit of
Figure 5 shows switches 510 and resistors 516 for only the two most sensitive ranges,
additional switches and resistors (not shown) can also be switched into the main loop 506

30 to provide additional sensitivity ranges with increased feedback and therefore decreasing

sensitivity. The signal amplifier 514 has a low input impedance. It is therefore driven by a
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net wor k 52 2hat sheorirall pARseasHA i i 1BE i F 9h il gguency, decaupl i
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528 decoupFagck figausasy istsebie zere and thesuerallgain is aitym This is €stilated l9aRe pRdEeat
shift network 522, which is tuned for a particular front-end module 304 to the appropriate
15 modulation frequenqy for the corresponding receive module, as dictated by the transmit -
frequency of the corresponding optical signal. Thus the phase shift network 522 prevents -
degradation of the stability margin of the transimpedance feedback loop 506 that would

otherwise occur due to the addition of excessive negative conductance at its input.

O 20  The capacitance compensated by the bootstrap _looj) 508 includes the intrinsic photodiode
capacitance 530, the capacitance 532 between the sensitive node 512 and ground in the
photodiode cable, the sum total stray capacitance 534 of the PCB between the sensitive
node 512 and ground, the sum total stray capacitance 535 of the PCB between the sensitive
node 512 and the bootstrap signal, and the capacitance 536 between the range switch node

25  and the supply rail of the range switch which is driven (in the AC sense) from the guard
node 518. The sum total of these capacitances is resonated with an inductor 538 to reduce
the amount of additional noise coupled into the front-end 304 from the bo'otstrap amplifier
524 itself. However, the presence of the resonant circuit 402 including inductor 538
complicates the stability requirements of the front-end 304, so that an incorrect adjustment

30 of the varactor capacitance 540 or the varactor capacitance 504 in either direction can

degrade the stability margin to the point of oscillation. Consequently, range changing and



.frequencies near the unity gain point of the latter. The bootstrap | oop 508
.is configured so that the overall phase shift of the circ8if NV 2008 e. ,
with the main | oop 506 open) at the <carrier frequency is set tqQ zero and
the overall gain is unity. This is facilitated by the phas@ { $&Pf 2§fet wor k
522, which is tuned for a particular front-end nodule 304 to the
appropriate 15 nodul ati on frequency for the correspondi ng recei ve nodul e,
as dictated by the transmt frequency of the corresponding optical signal.
Thus the phase shift network 522 prevents lddegradation of the stability
margi n of the transi npedance feedback | oop 506 that would otherw se occur
due to the addition of excessive negative conductance at its input. 20 The
capaci t ance vemetor mabge s porfdrined hmdesddna) ' t he . nt.ki nsi.c
phot odi ode _capacitance 1?50, the capaci taggglgggg&gé%ﬁ@é%g5?%’?‘8@3198’%
512 and gr odﬁﬁ?"ﬁ“i OGNEERRA 6fi suddninistabilitydn prantice: dlits wWiny caRBaGistd RS Ghe

534 of the LWLV nade .51 nd ground, the sumtotal
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boot strap siigmiasic Jelmdon heise apweiatangieh BRE rbgiRen the range switch node 25

and the supply rail of the range switch which is driven (in the AC sense)
fromthe guard node 518. The sumtotal of these capacitances is resonated

with an i nd$edrihe T tifle’ c mount .of additional noise coupled into
the front-end 3024 fr om%h@g%og e rgpﬁgﬁﬁﬁ"ﬂi R{ogTessing; 105 dess . sensifive crangesh ean

presence of inawasingsomwamt of capacitancé(s ghavdbd gy Mk bosILE o%,s@:}ﬁ SRl icat es

the stabili é hequ%re@}r;ts @f .the front-end 304, so Phat an R PP greasing
just ment 3878 PhiViiehes iy (inclpding taddisionalaswitshes ot showa] as deapibelitpB66)

04 in eithbéingiih @6htaOMWHEN -ade e it rgin to the point of
osci |l l ation, ansequent Iy, p%%g%ﬁ@ﬂea%%&n%ﬁa%%e%mﬁﬁ@e2‘@95‘3“3293 Yrpeopeaied
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as descri bed. o prevent the occurrence of such 1 ns
practi ce. Lg’t"?%b\né)\?(\%oﬁéﬁe%@?fﬁ@"i’w 40%¢to. anablg @ resenaBB tarhel abhidvédatr 8dagidrhe

resistivityfroquenbe HWs/epfuh& dass educe.the intrinsic Johnson
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range and pr8YrEdditigranges, sinse dhmgverall émpatagesof tils LiOGYSRH K3 ARMAL effdct
capaci t ancegy) thediii¥ed qgoﬁ)}gexrf&%mlﬂgg bad bl stz—?t}/iﬁ;[yeé? tﬂg efr(;[n(t)-egg 3|02,C Lvﬁiil 1?r?der these

15 conditions is dominated by the low impedance of the feedback resistor 516: A resonance

at the carrier frequency is no longer sought, as any mistuning will neither affect the
stability nor the open/closed loop performance. |

The bootstrap loop 508 can be effectively disabled by grounding those nodes 518 that

Q 20 serve as guard electrodes. This allows the capacitances and inductances which are
otherwise guarded by the bootstrap system to be effectively placed in parallel with the

photodiode bias or first L-C network 404. In this mode, they contribute directly to the

noise-gain and open-loop gain of the transimpedance feedback loop 506. Consequently, the

front-end module 304 becomes more subject to any thermal and mechanical sensitivities of

25 the normally guarded components, in particular the photodiode 302 and its cable. In

addition, the open-loop gain is reduced, since the resonant impedance of the composite L-

C network thus formed is much smaller than that of the L-C network 404 associated with

the photodiode bias. As described above, this can greatly.reduce the closed .100p fractional
bandwidth on the more sensitive ranges.

30



.nunber of switches 510 (including additional swtches not shown, as
.described above) being in contact with the sensitive nodg §1R0V E2085t ual |y,
t he capacitance to be guarded 10 becones so |arge that an additi onal

i nduct or-varactor pair (not shown) is added in parallel wgth SEf 2888 ond
resonant network 402 to. enable a resonance to be achieved at the carrier
frequency. However, further addition of inductance is unnecessary when
operating in the |east sensitive ranges, since the overall inpedance of
this L-C system has mnimal effect on-tlde cl osed | oop performance and the
stability of the front-end 304, which under these 15 conditions is

dom nated by the | ow i npedance of the feedback resistor 516. A resonance

at the camheability afswirchthé SostStraPAY8Nd 6 MAS h mate fadtaniBntd] PipgdEe MM tHe M&itt her
affect the stabili t¥énor t he open/cl osed | oop performanceé. The bootstrap
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this npde, they contribute directly to the noise- giqal n and %ﬁ)?n'-l oop gdln
of t he 3t r meapwrpmgniriche loopigainofi the rasompednes fepdback pop5A6. Thisoisperforned

of 25t ho AT paRroPRRaSat a2k SRubCHAE we S v PaP IS A e BB o

i ts cabl efreljdencgdapiptdpriate tdtheCgufesptiing Foft-bisd CRAMEEH ir§edis®irkthahé %ﬁ%ﬁlﬂnt
| npedance of the conposite L- C network thus forned is much smaller than

(tih‘at of t A@plifier %b‘b%@ rachovaraciaroxd0ad @4iisgdjusted: taanaimissthe geintsireund the loop
scri bed ' t | .1 oop.fractional
Sandwi dt 305 ¢ Fhe sithe 196 206 Btwacd SGUF S phnl RESAADR ushP i sPftpe and s

The aHi0l i intetppetshé tieduitresgpohsmnt strap on and of f has a nore fundanent al

purpose in the front- end nodul e 304 than that described above. Before use,
each front-end nodule 304 is calibrated to determ ne the voltages that are

applied tqgt > Ao LRV e the L-C
et vor ks 45210340 FigRE 8, BE Brocalt tok Rufthe e dabactis 348" Fod ERREREAE Bhobii
| oop gai ns@Psit he transi npedance feedback | oop 506. This is perfornmed

(i) atstep 602, the bootstrap varactor 540 is set to a nominal value;
15 (ii) at step 604, the bootstrap loop 508 is enabled,
(iii) at step 606, the bias varactor 504 is set for maximal loop gain at the carrier
frequency; at step 608, the varactor bias voltage is saved as Vbias;
(iv) at step 610, the bootstrap loop 508 is disalbed;
| (v) at step 612, the bootstrap varactor 540 is set for maximal loop gain at the
Q 20 modulation frequency; at step 614, the varactor bias voltage is saved as Vboot;
(vi) if, at step 616, the varactor bias voltages Vbias and Vboot have not converged,
then the process loops back to step 604 (ii); otherwise, the varactor bias and boot

voltages are saved as Vbias and Vboot, respectively, at step 618.

25 This process is executed for both front-ends 304 for all but the least sensitivle ranges. Each
front-end 304 includes a detector (a comparator-based upper and lower bound detector
with latch, not shown) which warns the DSP 216, and ultimately the microprocessor 222, if

its signal amplifier 514 has been saturated by a spurious signal, with a consequent loss of
the wanted signal which may still be present. Such an occurrence would adversely affect

30 the normal process for determining when a range change is necessary, which is performed

by the DSP 216. To avoid this phenomenon, if a front-end module 304 saturates, the



.undér mcroprocessor 222 control with the aid of the DSP 216. A test tone
.wWith a frequency appropriate to the corresponding front-end]h§oyel208%
injected into the signal anplifier 514, and each varactor 540, 504 is

adj usted to maximi se the gain around the loop 506. The same D$PSER6E
software used in normal operation is used to neasure and 10 Interpret the
circuit response. As shown in Figure 6, the process for tuning the
varactors 540, 504 includes the following steps: (i) at step 602, the

boot strap varactor 540 is set to a nom Rdlb-value; 15 (ii) at step 604, the
bootstrap loop 508 is enabled; (iii) at step 606, the bias varactor 504 is
set for maximal |oop gain at the carrier frequency; at step 608, the

var act or hinadule @04dg thenses Ve bASan L al step 610, the bootstrap

| oop 508 is dig | oged; (n v)e at ‘3?@%“%5?5“?5%%4 é%&‘i‘fé‘f‘ ¢ Lesaktanse i dhe feedback
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' p 616,

varact or Biads oFfletst | v as Vboot; (vi) if, at ste
var act or Eélasov@leisg gls&%%ﬁéesr%jﬁd Vboot have not converged, then the process
| oops back to step 604 (ii); otherw se, the varactor bias and boot

vol t ag e saved as Vbias and Vboot, respectively, at step 618. 25 This
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ont end 304 and present at the input of the

@C 310 overwhelms the noise contributed by the quantisation process and other non-
linearities of the ADC 310. The switch-mode power supplies in the receiver unit 104 are

15 s?'nchronised to one half of the ADC sampling frequency to ensure that power supply noise
picked up by the front-end modules 304 is aliased to DC or 250 kHz by the sampling
process. Both of these frequency components are numerically eliminated by the
mathematical methods employed by the DSP 216. Additionally, the front-end ciréuiuy is
(\ entirely surrounded by a shield to minimise pick up of 250 kHz signals and harmonics
"Ny 20 together with wide-band noise caused by switching jitter in the switch-mode power supply.’

The inductors in the power supplies are also shielded with shorting straps to reduce their
electromagnetic field emissions.

The digitised signals from both receive modules 212, 214 are fed to a single DSP 216. The
25 DSP 216 performs digital quadrature demodulation to down-convert these signals using
local oscillator signals generated within the DSP 216. The demodulated | and Q outputs for
each channel are low-pass filtered in the DSP 216 by a finite-impulse-response low-pass
filter with a linear-phase response. The filter output is sub-sampled using a decimation
factor of 16, giving a filtered sample rate of 31.25 kHz, or a temporal resolution of 32
30 microseconds. This temporal resolution is sufficient to yield sub-1% accuracy on traffic

Spee ich i i i
peed measurements, which is further improved using numerical interpolation, Separate



.5 The output of the front-end nodul e 304 appears at the term nal 542, and
is sent to a second anplification stage referred to as a dbﬂtNﬁVpQﬂEler
306. Alow pass filter 308 filters the output of the post anplifier 306
before it is sanpled by the ADC 310 at a sanpling rate of 500 $fP.2
reduces aliasing of signal and noise at frequencies exceeding half the
sanpling rate into the frequency band of 0-250 kHz in the digital domain.
The filter 308 10 is an active filter conprising a four stage op-anp with a
| ow frequency, high-pass filter to repgye 1/f noise originating in the
front end 304. The filter 308 has sufficient gain to ensure that the noise
referred fromthe front end 304 and present at the input of the ADC 310
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nndulatlon to down-convert these signals using |ocal oscillator signals
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15 108.

One of the transmit modules 208, 210 in the transmitter 102 is also used to convey system
information from the transmitter 102 to the receiver 104. This information is conveyed by
quadrature modulating the carrier with a data stream consisting of a rapidly alternating,
equal positive and negative quadrature component. The alternation rate of this quadrature
component data is sufficiently high that its presence does not disturb the QAM locking
process described above because its average value is zero on the time scales over which the
phase-frequency locked loop operates. The DSP 216 decodes this data by implementing a
software UART process attached to the filtered-and-subsampled Q output of the
25 appropriate channel.

The transmitter’s microprocessor 202 is also responsible for improving the power
efficiency of the two transmit modules 208, 210 by reducing the voltage supplied to the
transmitter LED drive circuits. Such efficiency improvements are made possible by the

~ 30 use of switch-mode power supply techniques. Both microprocessors 202, 222 of the .

monitoring system are held in standby mode to save power and are only switched to full



. beam for each receive nodul e 212, 214, because the nodul ati on frequency of
.the cross beamfor a given receive nodule corresponds to th$ niNdy 208%n
frequency of the direct beamfor the other receive nodule. However, only

the I outputs are provided for the cross 5 beamsignals. - %ﬁ §§P2
filtered-and-sub-sanpled Q outputs for each channel drive a ®haSe-f qyauency

| ocked | oop which perforns fine adjustnments to the local oscillators in
the receiver 104 which are to be locked to the transmtter nodul ation
frequenci es. This phase-frequency | ocki ngl80 process is not significantly
di sturbed by the nonentary beam breaks caused by traffic. Wen lock is
achi eved (for each channel), the filtered-and-subsanpled | signals provide
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2005 21 SEpgradpg the pgonitoring system, for transferring- vehicle statistics, and for transferring
real-time vehicle information by SMS or pager text for enforcement purposes.
15
The SBC 218 also controls operation of a GPS module of the communications module 226,
permitting remote operators to locate the monitoring system. Web server software on the
SBC 218 permits communication with any computing device with web browser software,
either remote or local, to collect information logged by the receiver 104. The receiver 104
O 20  includes up to 32 MB of data logging memory associated with the microprocessor 222, and
a PC Card interface allows up to 1024 MB of removable memory.

The monitoring system can be powered by C-cells, an external rechargeable battery pack,
and/or a solar panel.

25

Many modifications will be apparent to those skilled in the art without departing from the

scope of the present invention as herein described with reference to the accompanying
drawings.



.power and full-speed operation in response to beam make-break events
Jdentified by the DSP 216 and certain systemevents, including |ow battery
war ni ngs and external comunications. |IrDA and RS232 por% NOV R 2005
transmtter 102 are. controlled by the mcroprocessor 202, permiting
communi cation with an operator and/or external 5 equipnent. TPGSE?B%‘]@%B
executes a Li nuxTM operating system |rDA, and RS232 ports (21 e ei ver
104 are controlled by the SBC 218, perm’_%gi_ng comuni cation with an

operat or and/or external equipnment. A fiber-optic interface can be used to
provi de a permanent connection to the receiver 104 of the nonitoring
system Thesge nmuni cation C-~. channels can be used to collect |ogged

i nt er nal s?@‘t‘bémgg?a and/or logged traffic data. The 10 SBC 218 al so
controls operation of a GSMor GPRS wirel ess transceiver in the

communi cati ons nodul e 226, permtting conmunication via a wirel ess

cel | - phone 1syApeoness for momisoring atdeast ons manihgmbjeety inguding theliems ofan be used
for renotely controlling and upgrading the nonitoring system for )
transferring- vERMEHINESORF; €F | ‘grg gp]tbca?()s}lgqa'lsadgq ?tF‘ﬂgat ?/eéB‘Fc-t’tvFrrE‘WB]ﬁP@Pe

i nf or matsi on b¥reghdncitls; pager text for enforcenment purposes. 15 The SBC 218
al so controls operation of a GPS nodul e of the comuni cati ons nodul e 226,

pernmitting renotiangpigting saidontical sigealeacross apath ofsaidpoyingtobjact;\\eb ser ver

software on. th er m nication wth any conput.i devij ce
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data | oggi ng nenory, assocjated with the m croprocessor 222, and a PC Card

Aterface al | &4 mdulationdrequensies; andenpvabl e nenory. The nonitoring system
an b d Ghitld &7 ) ._and/
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art without departing fromthe scope of the present invention as herein
descri bed \Qn tR ref erence to&he cconpanyi n d({ awi ngs. 30 NOVEMBER 2005 21
SEP 2006 < process as claimed in claim 1, whereii said generating includes generating a

plurality of optical signals modulated at respective modulation frequencies.

15 3. A process as claimed in claim 2, wherein said detecting includes detectiné at least one
of making and breaking of one or more received optical signals due to movement of

said object by monitoring substantially at the plurality of modulation frequencies.

4. A process as claimed in any one of claims 1 to 3, including detecting changes in a

(‘) 20 modulation spectrum of each received signal due to movement of said object.

.

5. A process as claimed in any one of claims 1 to 4, wherein said generating includes
generating first and second optical signals at respective first and second locations
mutually spaced along a moving direction of said object, and said detecting includes

25 detecting first and second optical signals at one or more detecting locations to
determine at least one of blbcking and unblocking of paths between each detecting
location and said first location and between each detecting location and said second

location.



. -19°CLAIMS: 1. A process for nonitoring at | east one noving object,
‘including the steps of: generating one or nore optical signals nodul ated at
respective nodulation 5 frequencies; transmtting said %Ngyb R 2065
across a path of said noving object; detecting at |east one of nmaking and
breaki ng of one or nore received optical signals due to nove pcmuﬁai d
obj ect by nonitoring substantially at one or nore of said nodulation
frequencies; and 10 determining at |eastpgne paraneter of said object on
the basis of said detecting. 2. A process as clainmed in claim1, wherein
said generating includes generating a plurality of optical signals

el a m 20 haraiess &5 Pl BErRRg S HelHRE Ot it o B G Aject 4
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of said object by nonitoring substantially at the plurality of nodulation
frequenci es. said Wogking awdsaid usblacking of saidpathsine of clains 1 to 3, including
detecting changes in a 20 nodul ati on spectrum of each received signal due
to novenent of said object. 5. A process as clained in any one of clains |

to 4, wser gi nAprbcs€ad Claghéd ih Elainh Bg @fcludiy) 8dsaéiatidp b itinsd vaGE withCa N6hsPBhé Cal
signals at respective first and second |locations nutually spaced al ong a

novi ng di r ectmake o bregk evesb ferceach of dhes detecterd signals dye totheunssage of said bjachg

det or mne at PAdet iRl R el B b BPYRa eheied BRI Rpstll e
detecting | odesdctednsignals deing hubsahtidlhe hiclined aith fespevees atahibr 6L URCHEEGed

| ocation and said second |ocation. 30 NOVEMBER 2005 21 SEP 2006 -20 6. A
5Focess as cl %@Wiﬁ and gptarrmnmg ithe Ingaitiey ofe saldnpbiestyin ap dirpetionn syystanginkly

bj ect joh a ldse&td RaftiRstiap d ilﬁ'l@‘aﬁ $1Q: Saj ving direction on
t he basliog of at Ieggéstt?’rbone gﬁﬁgg@%ﬁ%% I g gggmgglln?{ﬂ%ﬁggcki ng of said
pat hs.
8. A process as claimed in claim 5, wherein two of the detected signals correspond to
respective receiving directions for a diverging signal transmitted from one of said first

and second locations.

15
9. A process as claimed in claim 7, including associating respective time values with four
make or break events for respective detected signals comprising first and second
substantially parallel signals substantially transverse to said moving direction and
transmitted from respective first and second transmitters mutually spaced in said
O 20 moving direction and received at respective first and second receivers, and third and

fourth signals respectively transmitted from said first transmitter and received at said
second receiver, and transmitted from said second transmitter and received at said first

receiver.

25 10. A process as claimed in any one of claims 1 to 9, including receiving said optical
signals, converting said optical signals to respective electrical signals, digitising said
electrical signals, and downconverting said digitised signals to provide data
representative of at least one of making and breaking of said optical signals due to said
movement.

30



.5 7. A process as clainmed in claimb5, including associating a tinme val ue
wWith at | east one make or break event for each of the detected signals due
to the passage of said object between a transmtter and ach
of said detected signals, at |east one of the detected s:?) 'ﬁlalvgwﬁR%og
substantially inclined with respect to another of the det echdSEBl MI S,

and determ ning the position of said object in a direction substantially

10 transverse to said noving direction byjconparing said tine values. 8. A
process as clainmed in claim5, wherein two of the detected signals
correspond to respective receiving directions for a diverging signal
transmtted,fromone of, sai I,I St con ocations. .15.9 A process
ns i med RO 3 CafBod i HT 00 BRSER gy dopBeoRite Figial QuBIRRES
four make oraniylRade Bu@ilhtor difect 86WRSInvERionet ect ed signal s conprising first
and second substantially parallel signals substantially transverse to said
noving direction and transmtted fromrespective first and second

ansm 52, A R bhe 3 P CRRY b1 AT R AL e

respect isvel y lhﬂaa@mépggaég@ghm dtirst transmtter and recei ved at sai d
second receiver, and transmtted fromsaid second transmtter and received

at said first receiver. 25 10. A process as clained in any one of clai m; 1
to 9, inclyagli Vv

i gnal st o F AAPIEREAS URtheith 2n 8ok 6PLaicid BREYS: wRBHald RYeaiEhe pRghed:
signals, and 1dduﬂmmevihgrd@eammbﬂtagldhjmd signals to provide data
representative of at |east one of making and breaking of said optical
§"i‘gna| S due to said novenent. 30 30 NOVEMBER 2005 21 SEP 2006 -21 11. A
procesgpas 18!

uadr atey o BT e Gaigied iAoy OhF O RiraEl o £5IEAEKaid JedsPofl Hirhiibier
clained in anycludesaﬁpeedarvniocitytqfsalﬂ,obmerel n said at | east one paraneter

15. A process as claimed in any one of claims 1 to 14, wherein said at least one parameter

includes a dimension of said object.

15
16. A process as claimed in claim 15, wherein said dimension is used to classify said
object.
17. A process as claimed in any one of claims 1 to 16, wherein said at least one parameter
(’\I 20 includes a classification of said object.

18. A process as claimed in claim 17, wherein said object includes a vehicle, and said

classification is into one of a number of vehicle types.

25 19. A system for moniforing at least one moving object, including one or more transmitters
for transmitting optical signals modulated at respective modulation frequencies, and
one or more receivers for receiving said optical signals, each of said one or more
recetvers being adapted to detect one or more of the received optical signals on the
basis of said modulation frequencies, and means for detecting at least one of making

30 and breaking of the one or more detected signals due to movement of said object to

determine at least one parameter of said object.



. 5 includes the passage of said object. 13. A process as clained in any one
.of clainms 1 to 12, wherein said at | east one paraneter includes a noving
direction of said object. 10 14. A process as clainmed in sNOYEMBER 2066 NS
1 to 13, wherein said at | east one paraneter includes a speed or velocity
of said object. 15. A process as clainmed in any one of clain%%i %EPﬁﬂmﬁ
wherein said at | east one paraneter includes a dinension of 1d-o t.
15 16. A process as clained in claim15,23nherein said dinmension is used to
classify said object. 17. A process as clainmed in any one of clains 1 to
16, wherein said at | east one paraneter 20 includes a classification of
said object. 18. A process as clained in claim17, wherein said object

i ncludes a vehicle, and said classification is into one of a nunber of
vehicl e typosA Hteh?. asAchithéd thf €lainiONy, t Whérdia e lspaeh Rifude®Vd Muraliye st .

I ncluding one or nore transmtters for.transnittjn% optical signals”
nodul at ed at W¥RNSPars \fOr niamamittingn respeefiuen optieal signals omedulatedpat nespsstiver s
for receivin ok ' .5l gnal s, each of said one or nore receivers
bei ng adaptegnﬁgh%gﬁﬂ%%ﬁgﬁgé%r nore of the received optical signals on the
basi s ofs said nodul ati on frequencies, and neans for detecting at |east one

of maki ng g?s‘gnd breaki ng of the one or _nore detected signals due to
novenent o i stemy atelajmed ipelaim; 19:0520, whereinothe systeaninciudesm plurality of

object. 30 W@%&&QQ&M%Q&%&QH&CIO% -cyggﬁﬁgjssyst emas clainmed in claim

19, wherein the systeminc s a plurafit transmitters for
transmtting respective optical signals nodul ated at respective nodul ation

f requenci e 21. A systemas clainmed {n claim or. 20, wherein the,
System i ng:?adgssyﬁte’ﬂl & é‘%‘?‘%ﬂ Yt any BE%Pgé’h%mF o‘% We%ﬁi iprlydingripeansfQk detecting
opti caljesi gnadhanges in a modulation spectrum of each detected signal due to said movement.

23. A system as claimed in any one of claims 19 to 22, wherein each of said receivers
includes a sensor and an input circuit for converting one or more received optical
signals to an electrical signal, and an analog-to-digital (ADC) converter for digitising

15 said electrical signal, and the system includes a digital signal processor (DSP) for
demodulating the digitised signal from each of said receivers to provide output data
representative of said at least one of making and breaking of the one or more detected

optical signals.

Q 20 24. A system as claimed in claim 23, wherein said output data includes at least one of I and
Q modulation data.

25. A system as claimed in claim 24, including means to lock respective frequencies of one
or more oscillators to said modulation frequencies on the basis of said modulation data.
25
26. A system as claimed in any one of claims 23 to 25, including at least one switch-mode
power supply synchronised to half of the ADC sampling frequency, anci wherein said
DSP is adapted to reduce digital signal artifacts from said power supply.

30



.22."A systemas clainmed in any one of clains 19 to 21, including neans for
detecting 10 changes in a nodul ation spectrum of each detected signal due
to said novenent. 23. A systemas clainmed in any one of clsi

wherein each of said receivers includes a sensor and an #ﬁg@%%@?ﬁa\r’or
converting one or nore received. optical signals to an el 201 rs'dEFalzwﬁgnal,
and an anal og-to-digital (ADC) converter for digitising 15 said electri cal
signal, and the systemincludes a digitahssignal processor (DSP) for
denodul ating the digitised signal fromeach of said receivers to provide
output data representative of said at |east one of making and breaki ng of
t he one or e detected ptical signals. . 20 24. A systemas claimed in
i m 23, Rk HHEBS GTSER IR 006 RIS 1825, BEGtebgAch dpPul ot ingludes
modul ati on dajigeasfone Garibid G0t EiritfBAd bRcilrd FP Machi '&gm

| ock respective freqeuenci es g? one cl)r’ rmrec oigg:ﬁ?pl aétgl}l?@%é’%gl ggg@%g%?on
frequenci es oof saftbresersng cirtuit &0 a selocted atddolatidatfrequerty taGninfinizg séferred snput
clainmed in any.one of, cl ains i ncl.udi ng at | eas;f one sw tch-node

to 25,

power supply e hPEAUER ?Y?rﬁglga“bf apq, cmjgipmize, Jppyt, ym Crorfity they gelected
wher ei nssai d mg@ﬁaﬁ&l’\ﬁgh?j to reduce digital signal artifacts fromsaid
power supply. 30 30 MBER 2005 21 SEP 2006 -23 27. A system as cl ai ned
in any one of clains 23 to 26, wherein each input circuit includes at

| east one ryable resgnant, ci [,Cui and circui or matching the ., .
resonant f ?gq‘besﬁ gm & clatmed P‘e%‘S‘r%?i’ , 8’5?‘&11 fal# C'SIE iélagépgec Yw%ﬂ%ﬁeg?nﬁqt Sifouit
frequency to ifithides Z farh@tbearidesh indiitér inpatadliel. nexi m ze overall gain, and

m nimze input inpedance at the selected 5 nodulation frequency. 28. A

@S}'stem as claimed in claim27, wherein said at | east one variabl e resonant

Lt . 138l S5 A n A PSR b i i

circuits i ncinchides aminductorcised fortsiasingsaidsensong sai d sensor.

30. A system as claimed in any one of claims 27 to 29, wherein said input circuit includes
an input electrode, at least one guard electrode, and a bootstrap circuit for matching the
15 potential of said at least one guard electrode to the potential of said input electrode.

31. A system as claimed in claim 30, wherein said bootstrap circuit includes an amplifier
and a variable resonant circuit for reducing noise coupled into said input electrode from
said amplifier.

O 20
32. A system as claimed in claim 31, wherein said variable resonant circuit of said

bootstrap circuit includes a varactor and an inductor in parallel.

33. A system as claimed in any one of claims 27 to 32, wherein said bootstrap circuit has
25 substantially unity gain and substantially zero phase shift at said modulation frequency.

34. A system as claimed in any one of claims 30 to 33, wherein said bootstrap circuit can

be selectively disabled by grounding input to said circuit.

30 35. A system as claimed in any one of claims 27 to 34, wherein said input circuit includes

a signal amplifier with variable feedback.



. 30."A systemas clainmed in any one of clains 27 to 29, wherein said input
circuit includes an input electrode, at |east one guard el ectrode, and a
bootstrap circuit for matching the 15 potential of said ard
el ectrode to the potential of said input el ectrode. 31. Aﬁsyib?ggk%%ﬁapglyned
in claim30, wherein said bootstrap circuit includes an anpl fli 206 -
vari abl e resonant circuit for reducing noise coupled into said input

el ectrode from said anplifier. Q 20 32,7f.systemas clainmed in claim 31,
wherein said variable resonant circuit o% said bootstrap circuit includes
a varactor and an inductor in parallel. 33. A systemas clained in any one
of clainms 27 to 32, wherein said bootstrap circuit has 25 substantially
unity gain and substantially zero phase shift at said nodul ati on frequency.
34. A Syst 8g) ASystbil d3RFhimRd 30 1R 50 Wheted SRd F8ridtle RddbiiRSA! Rifa 18ast one
bootstrap circuit can be selectively disabled by grounding input to sai
circuit. 30 3@riaplegpsonant circuitlané marikd undengomdred oba mikmpreeddr ohHthd4eceiver tei n
said input circujt i .udes . a signal.anplifier with variabl e feedback. 30
NOVEMBER 2005m§‘T{a§Ens-‘ang}b§'6°tss-a§ﬂm§%§g°“ﬂ“§yst emas clained in claim35, wherein
sai d vars abl e feedback and said at | east one variable resonant circuit are
vari ed under control of a mcroprocessor of the receiver to maintain
stability &7. Adrecessfnrttuningdhe bias yaetor af gheobies sir¢uit and thie hgotstrap vamgtor of

varactor of t I Cl:L CUi n he tstrap varactor of the bootstrap
circuit of cltgig%gétg?aqéﬁﬁq%aoltfﬁ%l@ﬁg’ °g“3‘§“%¢‘?s{‘)?§° etting the bootstrap
varactor to giye¢tinigthe\bdotitiap vatactor 6@hbmiigl V4lge;poot strap circuit; 10
(tiit)ymaximsing lQop gain of a signal anplifier of said bootstrap circuit
§”t'. said modult Fﬂﬂmgg@qucwhi ng the bias varactor; (iv)disabling
ai d bo@t st r g@\Gi i i @F S h i s ' i I .
anpl i fiqg at a@glﬂ cf& ﬁﬂoﬁﬁgag%n%e%éng@u %lygmb 58 8¢ Sgldoi’ogtgﬁ% Hrelit at said
modulation frequency by tuning the bias varactor;
(iv)disabling said bootstrap circuit;
(v) maximising the loop gain of said signal amplifier at said modulation frequency by
tuning the bootstrap varactor; and
15 (vi)repeating steps (ii) to (v) until the tuning voltages applied to each varactor

converge.

38. A monitoring system having components for executing the steps of any one of claims 1
to 18 and 37.

C} 26

39. A computer readable storage medium, having stored thereon program instructions for

executing the steps of any one of claims 1 to 18 and 37.

40. A system as claimed in any one of claims 19 to 36, wherein said at least one parameter

25 includes the passage of said object.

41. A system as claimed in any one of claims 19 to 36, wherein said at least one parameter

includes a moving direction of said object.

30 42. A system as claimed in any one of claims 19 to 36, wherein said at least one parameter

includes a speed or velocity of said object.



.tuni'ng the bootstrap varactor; and 15 (vi)repeating steps (ii) to (v) until
the tuning voltages applied to each varactor converge. 38. A noni tori ng
syst em havi ng conponents for executing the steps of any ofif Eﬁ:té’éﬁgoas to
18 and 37. C 20 39. A conputer readabl e storage nmedi um haV| ng store

t hereon programinstructions for executing the steps of anch}nSEpf%@Bal s
1 to 18 and 37. 40. A systemas clained in any one of clains 19 to )
wherein said at |east one parameter 25_bgcludes the passage of said
object. 41. A systemas clainmed in any one of clainms 19 to 36, wherein said
at | east one paraneter includes a noving direction of said object. 30 42.
A systemas clainmed in any one of clains 19 to 36, wherein said at |east
one paraneter includes a speed or velocity of said object. 30 NOVEMBER
2005 21 SER32 l1ai ' to
36, wherei ﬁ3s§|(§25tgtn aggéagt@%he a?ﬂé%eptczémgilgéﬁggegﬂg ﬁf@% lggﬁst g#‘@g;g?‘g '
obj ect. 5 44.in¢ludessa dimensionlofisaiddbjent.any one of cl ai m 43, wherein said
dinmension is used to classify said object. 45. A systemas clainmed in any
one of clains 19 to 36, wherein said at | east one paraneter includes a

cl assi f igcayyon s9§te1%ads‘$1£ﬂb§?ﬁ anyléhe St clAmSy% Wakras seﬁ& Ari&3idnis bsed 18 dasify
wherein said object includes a vehicle, and said classification is |nto
one of a nunbs#id ebjestehi cl e types. 47. A conputer programincluding program
instructions for executing the steps of any one 15 of clainms 1 to 18 and
37.

45. A system as claimed in any one of claims 19 to 36, wherein said at least one parameter
(7 includes a classification of said object.
10 _
46. A system as claimed in claim 45, wherein said object includes a vehicle, and said

classification is into one of a number of vehicle types.

47. A computer program including program instructions for executing the steps of any one
15 of claims 1 to 18 and 37.
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