WO 02/ 099440 PCT/ AU02/ 00721 -1 A MONI TORI NG PROCESS AND SYSTEM FI ELD OF
THE | NVENTI ON The present invention relates to a nonitoring process and
system awoonm@asticular to a 5 system and process for momiAweioo1obj ects
such as vehicles. BACKGROUND There are many situations where it is

i nportant to nonitor noving objects. The nonitoring can include nonitoring
the sinple fact that an object has passed by, the direction of 10 novement,
counting the nunber of objects passing b)i determ ning the speed of these
obj ects, and/or classifying the objects, ‘perhaps into one or nore of a
nunber of categories or types. Traffic nonitoring is an exanple of such an
application, where the passage of vehicles on a road is nonitored, perhaps
in order to count the nurdMONTORING BROCESY ANR SYiSIHMover sone peri od
of time, and/or to nonitor the velocities of these vehicles. 15
Traditionally, traffic nonitoring systens have relied on a pair of

conpressi bl e pneumatic tubes laid across a roadway. \Wen a wheel of a
passi ng velFIEL® OFrFHBMNVENZION t he tubes, a sensor at the end of the
tube detects the resulting increase in air pressure, and thus detects the
presence O;l‘ a vehic|e. Theﬁ{ll me del ay, bet ween det ecti on events |nu$§ch t ube
provi des ¢ | PRERCRGIVERIQH relaies ‘;Pe%mﬂngoré%%@wce%%wste% L IR & ens
do not dy 5§¥§téﬂmﬁﬁ&?réc@§‘sf%9m%ﬁ5ﬂ fodb Qs Maﬁag@@ma%.sed section, and are thus
not useful Tor i -1 ane hi ghwa Furthernore, they generally provi de 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 prov alternative to existing systems and processes. 25
SUMVARY GWF#@W In accordance with the present invention there is
provi ded a process for nonitoring a noving object, including the steps of:
gener at i ng Thereepé maay situgioas wieul @ tivdordint & ﬁi@ﬁublaﬁnb@lﬂg fobRatseTIEy oM #dring
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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 each 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;



transmtting said optical signal across a path of said noving object;
detecting changes in a received signal due to novenent of said object by
noni t ori Myoalet4anti al |y at said nodul ati on frequency; an@Caett®e/mdning at

| east one paraneter of said object on the basis of said changes. 5 The
present invention also provides a process for determining a position of a
nmovi ng object, including associating a tine value with at | east one nake
or break event for each of at least thr signals due to the passage of
sai d object between a transmitter and a receiver of each of said signals,
at | east one of said signals being substantially inclined with respect 10
to another of said signals, and determ ning the position of said object in
a direction subsmsmitiiagkaidophes vignelectass 8 ahid afseidimaodng ejeston by conpari ng
said time val ues, , The present .inventi | oy d [0 f ar.

determ ning at Idgggpn%ncgﬁgé?saﬁ%taegecg V%§ 4 a\?i é\%‘ oé)j @éYé?ér:hct)m&f?%%s al?r%elc)iy
make and brgakitoeigRtbstatpllesesdid apdihtgomBkingcanmd 15 breaking of first and
second signals due to the passage of at |east two npving objects past two

det ecti on | ocat i dsHEMiRPg sklieast ong parametes af wid oligeticmribe hativiel j2id d¥agsd in a
novi ng irection of said objects, and said at |east two noving objects
being mutually spaced substantially transverse to said noving direction,
sai d proceskhe pebantdiingentivonl fad pryides d pRstésstfop detemiing ar pasiticth 6f A shoving
signal; 20 for each selected event: forpmng pairs of said sel ected eyvent
wi th event sPBCLRFURRRSIOGHENE Gtimcyaiue gf@e hlghgiogR sakeg :brf‘@%&ﬁerﬁéw_r?ach oF
det erm ni ngﬁt?eagﬂlh%\e' di naY@cﬁdéetoftﬁé)EAsrsX% %‘s%%b?é@b?!@de@ﬁ% tBhnsmi ek dndP&kéceivep
formng at Teast one pair of cortelated event palirs by correlating event
pairs for & eaell efctadisigrantat Mastorevd stidpignals Heong substahiallysiekknsdevittesesprct

pai ro Bhe SPraeRnG o SeUh GIHRapa P SEIHinies HeC PAHOY o B SRIeE e TP
correl ated GuankiPgitFisverQ BSERGhSihPBirdibh b§ Jbshp@Rh €64id AnRAaluedf
correlated event pairs whose |ength value is
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:
selecting at least two events for said first signal;
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



| ess than a pre-determ ned val ue; and WD 02/099440 PCT/ AU02/00721 -3
determ ning at | east one paraneter of said object fromtinestanp val ues of
said asswoitawed4event pairs. The present invention al so pPCOA@RS07A1Process
for discrimnating between objects noving 5 in a noving direction and
spaced substantially transverse to said noving direction, including:
sendi ng signals across a path of said noving objects; detecting changes in
state of said signals and recording 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
tinmes for said events. The present invention also provides a process for
noni tori ng a no¥eisymiol)g et leastragieuptirageter elc&did iohjgch fropptimsatampi ypligs of said
nodul ated at_ a. dulqtion frequency, converting said optical 15 signal to
an el ectri &% ﬁQP}I@Pﬁitising said electrical signal, and downconverting
said digitised signal to provide data representative of at |east one
parameter of said object. The present invention also provides a systemfor
noni t or i ng TReREkseMgnye)teatalsq povises agpracesy Ey cliscasiminging betwedn aljecth moying al
Stonal w3 bl uBREb B4 WaddieQHEARK HaflBECY Rhia ABviaCkikaR, A1
i nput nodule Tor cenver I'ng said optical signa 10 An electrica st gnal’, an
anal og- t o- dhquding: (ADC) converter for digitising said electrical signal,
and a digital signal _prqcessor (DSP) for denodul ating said digitised
signal and proviSeRdiRg Berritcrassapath BAYIREIODEECH at | east one par amet er

of said object. 4 ct%ﬁﬁ%?%ﬁﬂ%taﬁt@éfﬁ%&ﬁ%haﬂ & (PRI S e fts F5GGIARa ggJi?n for

receiving a signa at a no ation frequéncy, said receiv
nodul e i nclrespectyedinssnaat coupl ed to an input circuit having at | east one
variabI?)resonant circuit, and f eqpack circuitry for mat

y éﬁ£r1 t he .
r esonantV f r equeRESFeBTNE A eYRifaad LEA OB SENE GREESPARCISTORIEEERYS, t o
mexi m se t hgovidd\ibct biREIBREEorRhidl thRes fBP4d Slentyi t at sai d modul ation

frequency. 30
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

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
receiver for receiving an optical signal modulated at a modulation frequency, said receiver
20 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 least one variable resonant circuit, and feedback circuitry for matching the
resonant frequency of said resonant circuit to said modulation frequency to maximise the
input impedance of the input circuit at said modulation frequency.

30



WO 02/ 099440 PCT/ AU02/ 00721 -4 The present invention also provides a
receiver including at |least two receive nodules, said receive nodul es

bei ng nmutwalokpspaced in a noving direction of an object, pamthiwaobr21r ecei ve
nodul e being adapted to receive an optical signal nodul ated at a uni que
frequency. 5 The present invention also provides a systemfor nonitoring a
novi ng object, including at least two transmtter nodules for transmtting
respective optical signals, each of said, optical signals being nodul at ed
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 vehicles; receive nodules for detecting optical signals

substanti al | tion, f eNci .respectivel y;.. 15 ns_.ft or
gener at | ng e G fe TR HDulPVides A REFPELS Tl RSt WiEtetend RyBR s

bl ocki ng ofreitiednidgles| tingy matuallpaphcedni ofmsvhg diebiicd ©$;anasljedtpand chell
determ ning at | east one paraneter for the vehicle on the basis of said
event dat aIeGRHiCIROGHe Peiag adaptaddo Fegeiveancapticelsignalimeduietsd ¢ p anigp Hisarensy- and
bl ocki ngs 20 BRI EF DESCRI PTI ON OF THE DRAW NGS Preferred enbodi nents of the
present invention are hereinafter described, by way of exanple only, with
ref erence tlhetphesenicinoerpmnyalsogprovided a gystemifi@rmomitoriniggLmevihgiobjeat, Sudleding iat

di agram show ng a preferred nfiguration of a mpnitoring, syste 5 .
Figure 2.i ge"ét g‘l"ﬂﬁ?ﬁ“ﬁ‘?&@rﬂ? SdTLogg‘ir%Iﬁ%‘Fm& ISRSFEYS OBt ienale fac fozftﬁ}fn‘t%d

The. moni t o0 F e B R e s e bl ack i agram of the
receiver; Figure 5 is an equivalent circuit diagramof a front end nodul e
of ar eﬁ)ei \ijhg %res:e)’r?t ig\?eql'flllog agg p}or{/?derseacrrelgr\lliteorri'ng system for vehicles, including:
transmit modules for transmitting separated optical signals at respective modulation
frequencies across a carriageway for said vehicles; :
receive modules for detecting optical signals substantially at said modulation
frequencies, respectively;
15 means for generating make and break event data corresponding to unblocking and
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.

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
systermn;
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



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

02/ 099440 PCT/ AU02/ 00721 -5 Figure 7 is a schematic diagram of the

noni t ori MyoIymeEme in use with a multi-lane roadway. DETAPCERUDESCRI PTI ON
OF THE PREFERRED EMBCODI 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 nonitoring system executes a nopitoring process whereby changes in
recei ved portions of the signals 106, 10§'due to the passage of an object
110 between the transmitter 102 and the receiver 104 allow the object 110
to be nonitored,, The ponitoring 10 process anal yses these changes to

det er ni ne par anBigars7 & a s¢hemshF diagram of thernenitorg sysied gusetvri & mpbii-daneact
that the oRj.gghy 110 has passed, a speed or velocity of the object 110, and
ot her characteristics of the object 110. The nonitoring system can be used
as a traffic nonitor, in which case the object 110 is a 15 vehicle such as
a notorbi ke, car or truck. In this enbodinent, the transmtter 102 and

receiver 1%3:3{@? (X mﬂwalﬁf@&gﬁgﬁgMﬁW%@&ﬁN@ shown in

Figure 1. transmtter receiver are hidden from
view, anmongst trees and scrub, for exanple, so that vehicle drivers wll
not see>St hd menitpsimgtsysem] 89showry indégwerd, iglydes b Itemimigter f A2 amda rdcoivien §04.

systemto tain an a rate measure of vehicle v ci,tyv. As sho in,20
Figure 2, ?ﬁee%f'lpséﬂgtﬁf tqurtr%]?ltf it %ﬁﬁeﬁgﬁa\{?ﬁqggoaﬁ’udoiégw%aﬁﬁ Eﬁ_cﬁ'iv\é\glbycg]ﬁt rol
nodul e 202receip@WVEl4. AW MBIt g SBtehl Exediites ¥ BOMitorRR! prBb&RE av{fheic‘db&(‘dh'aﬁdgéé 406
provi di ng support functions such as batteré vol tage detection, and a pair

of transmni fecepserpertioppef theisignalsal($, i O duritonge passagepf an pbigcy 11Q) between the

l'ight-em tg] ¥l . , r ' r. 102 . itioned so
that 1 ho t TANPELORE it st b B 4§k SBRREH B e tontdep i gtnEe)
t o t he 100apioayss 2mallses these Bhingan sanidetermighs | arad0&ers2dOtHer s6jsdti 119, amickBthaytr n
infra-red op 108 across the roadway 112 and close to_ the

i.cal beam 106 . [ .
road surf a’d“éf,ud? a}ﬁ smpleyfagtithat the-pbjeqt 149 hes passqdea spesdrpsyelasty wEihgtabiest 110,
typi cal ve .fr{)tﬁer%ht%éteri 'Bfttlﬁea&ﬁé"@ttll@nd‘“ e 208, 210 includes a lens to
IR S

focus the eamto produce a sfowy diverging beamwith a conical angle
of

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 opposite 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, allowing
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 the 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 conical 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.



approximately 2 degrees, with the axes of the two beam cones being
parallel. The finite 30 beam divergence facilitates the alignnment of the
transm t twp 020M4and t he recei ver 104. WO 02/ 099440 PCT/ AURZITO(02007216 The

| R beans 106, 108 are detected by the receiver 104, which includes a pair
of receive nodules 212, 214, also in a plane parallel to the roadway 112,
with first 212 and second 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 gnd protection circuitry 220, a

m croprocessor nodule 222 with keypad and |liquid crystal display,

peripheral circuitry 224, and a nobil e phone and GPS unit nodul e 226. The
finite divergence of the transnmtted IR beans 106 108 alloms t he systen1to

be 10 confi e I ei ves. |

rom bot h POk &any 1808 SBE Berp GE8 pY MBI S0 ek ok Rl K Pl oF 3R
total signaloduks@il2etdpylsedsha p‘lmeepat@llel n@ﬂuel ma&&ay 122,4\Vﬁ1@mir§tm29afndrsecdiﬂ
considered_to conprise twy bea eam_.from the corresponding

transnmit rr%h‘hlr‘é"m%nﬂlo%‘e? e FI@CW%FT%%%d @é%mﬁ flpésmlf”ﬁe BhenggeeivernfQialso
modul e. Fofncﬁqiﬂ%gg %m; Q?nafl'prrééessro?(i%Ve?sdﬂ'@g%E%él?c%éﬁél‘?eg%#?fé?v@erfahﬁ?E(E;[gétfoﬁ(:t

beam 106 fro t ‘transm t no Cros eam 702
from the seicotly t228nsnicropeboéssor 2dddluld B2Drwith Kegpatl ahd ngiis erpedlnaieplay,he

direct IR bea and t he ss .beam..t be rom ea h t nsnlt nodul e 208,
D10 TS o Sirry 2o B AR RApne Aol DRBSMEAS and 110

kHz, respectlvely Accordingly, the detection C|rCU|try of each receive
nmodul e 212, 214 is tuned to provide optimal noise performance at the
modul at i onThe e”qu@ndjyergencbh@f 6 tarsmegebAli begmdi 106; t1 O8Ralliastheasidteaningo be

signal from ei ve ,nodul e 21 LOC d in_order_to

separ at t H& % afo @%8%ﬁ?cebvgrlirltgé?)%%ﬁngﬁ%&e{) eﬁ%ﬁ%ﬁ“\}% fWHHEP@‘ of the

di rect beamhhsniifiobgleS208) 210 CATBWAN Eigzﬁl{eefsﬂfért@lﬂanﬁ ha) rbéeivéarwse%cﬂ@@daveThl S
also allows the receiver 104 to reject anbi ent ﬁ A di'rect beam

106, 108 ofogulgdd 2pdtheangtherefpa bp§on$1d@|z@ao vmalrrnsa tfvwodmamsyaehroa heam freshi cl e
110 obscur ef yween | e of the
110, 9bcur s RS RhabSalH: ARER 80 5L AR URF B 65 U8 AR
bl ocked uninobulehBorr @amphy e Gfst rédeevel Hib&ule VYR Sededyes ndfifsh iedti bRBMOfO6SHrAt -
Thi s blgckln%_and unblocklng or ~break and .
1 he Tirst 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 beam 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
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 receiver 104
and a transmit module of the transmitter 102, and remains blocked until the rear edgé 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 between 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-



make', of the beam occurs again as the rear tyre of the vehicle 110 passes
between the 30 transmtter 102 and receiver 104. Thus each tinme a vehicle
110 passewObenymen the transmtter 102 and the receiver PO0F/AWa06728x| e of
t he vehicl e produces four break-and WO 02/ 099440 PCT/ AU02/ 00721 -7 make
pairs: two at each receive nodule 212, 214, corresponding to the direct
beam and the cross beamfor that nodule. As shown in Figure 3, each
recei ve nodul e 212, 214 includes a nulti,-layer dielectric 5 optical filter
301 with a passband centered on 880 nmdrid a -3 dB width of 100 nm  narrow
enough to exclude as nuch anbient |ight as possible whilst being w de
enough to admt alnost all of the incident energy fromthe IR di odes of

t he transmake ppisitee apemeh regeive medp 21 3 d iy eorraspendingtpahe diract bearp and dhaudes

a lens syg&ggbégggﬁyﬁggﬁéﬁ%ode 302, a front-end nodul e 304, a post

anplifier "nodu er nodul e 308, and an analog to 10 di.gital-
converter (ADC) 310. The digital output signal fromthe ADC 310 of each
receive nodule 212, 214 is sent to a digital signal processor (DSP) 216.

The DSP 296 shawm ity Figaire Bneachelersiye anefiull ehki tift drcludse 1 waliaysiadiskisticat es
MAKE d , i . t, L i d
an t@gﬁ% fﬁ&?@ylgﬂlhﬁha 8§s‘§§~agiﬂc£én‘(e%d’ on%vagﬂ al§ éi%'z(l‘r}‘cg(&fld}?ﬁéb %.e o

| abel | ed 1 denti f c e two recei ve nodul es
or i gi nat edafrowrenoagtdtomxeltiieras anwdhrandtierts dipht 40possiblBwhilstdetrgogiie ehbugdetom

702, 704 s.invol ved. .The events generated .t he P 216 are S to
(he i or ofiiBitalgr Sbot B ol cdeityarom 1ha I AiRees peite faratt SobfE s ce
to a si ngb?o.bﬂﬁélﬁjré‘ceii?@;iﬁ@dulé %blz%ﬁolii&a}x&é‘s éll%fﬁi rs&é?neﬁ?t39(§,?£'b§otbalo§@§§2,rﬂ ne

the vehicl e speed and type, the vehicle lane ( i -1ane roadways), 20
and to gefirontaersl metile| 39452 aostsniptigier modulddi06] adilieomoduleSdS| anyl @i gueddg that a,

the m 2 i .eedback .to the front- | e 304 of
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i nput st r gRAuIOII, D i 1Y s&k tb aluRdite digaaldplobdRset @SMD 161 The ZEPMD 16 REAEAES)
MAKE and BREAK events due to the passage of a vehicle axle between a
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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
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.

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



the first axle. To generate this output data, the SBC 218 first identifies
vehicles fromthe input event stream by usi ng MAKE and BREAK events to
det er m newODhe/09ahocity of the 30 passing axles. This is cecplAwwavedii n t he
case of nmulti-lane roads 112, because vehicles in WD 02/099440

PCT/ AU02/ 00721 -8 one | ane can obscure vehicles in other |anes, with the
result that some MAKE and BREAK events may be mssing. If the
identification of vehicle lane is not inportant, the system can be used in
a node 5 wherein the cross beans 702, 704 are not identified by the DSP
216. In this node, the following process is used to associate events with
vehicles. First, each BREAK event (simlarly each MAKE event) from one
direct beawng &ngwanbstun véhicle intotfer danes,evitlathegesudichateopedidid? B8REARESKent s
fromthe other direct beam Only one of the matches can be correct, and
this is def¥PHi H8Y 8 ¥¥M¥ons. For each possible event match, the
difference 10 between the tinestanp values of the two events is used to

determ ne a _vel oci t_%/ The tinmestanp val ue di fference represents a

vel oci ty, aSthenidenfifseating ofyshipleclane e ngfeiamnortzo® theAptenngan delisehwin 4naods xed
by th t | f
he. mat o’ VaieRdp FACHOR REAE PR 04 A8 nbl FERRER, BY A BSHELo IR IBHERoc e

ot her mat chieifowihg rpreefe'sﬁrﬁb @ised to assubldteha&nanwagardhlo@@ FiMAacle \BREAKé@ht or
as a 15 BREAK. event matc for a second axle, or a MAKE event match for _a

second ax| ésimilgtlyeaeh Mé@seve@% ifcony gpe idEraeti Reamy issmpighed With a&n@?@&ﬂ@%ﬂ%
whi ch mat clys %ﬁ&irn% GHeltd ?ro}é?ig% Ohtle¥ dftct e% % ﬁtl}esoﬂﬁé ﬁ{aﬁ}bﬁﬁ

(twice: once u events, and agal n y usin
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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
20 enough (ie, 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 their 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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also identifies events associated with the cross beans 702, 704. The WO

02/ 099440 PCT/ AU02/ 00721 -9 procedure described above is still used, but
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correspondi ng MAKE (or BREAK) events dueto the inclusion of the cross
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modul e 212MAKErauﬂdeBREAKowentquarter of the tine 20 interval between when
t he di r@ct beam 106 of the first receive nodule 212 is broken and when the
direct beam 108 of the second receive nodule 214 is broken. The cross beam
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ti me between when the direct beam 106 of the first Fecei ve nodul e is
br oken and avdegie axle ofi the yehiglsah01teayeBing 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 7 ps;

15 First receive module 212 (cross beam 702) BREAK event, time (t + 1000) ps;
Second receive module 214 (cross beam 704) BREAK event, time (t + 3000) us;
and
Second receive module 214 (direct beam 108) BREAK event, time (t + 4000) ps.

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 quarters 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 110 relative to

the transmitter 102 and the receiver 104 can be determined. For example, the ratio of the

first cross beam time difference and the parallel beam time difference, ——————(THOOO)—T _L ,
(t+4000)-7 4

indicates that the vehicle 110 is at a distance from the receiver 104 that is one quarter of

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



the second receive nodule 214 is broken. By determning a ratio of a cross
beamtine 25 difference and the parallel beamtine difference, the | ocation
of the veWDokmIMi® relative to the transmitter 102 and tir€eTraameiover 104
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(L+4000)-T 4 indicates that the vehicle 110 is at a distance fromthe
receiver 104 that is one quarter of the,gistance fromthe receiver 104 to
the transmtter 102. The | ane position, such as the WO 02/ 099440

PCT/ AU02/ 00721 -10 first lane 710 shown in Figure 7, can be identified
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excess of 200 ofwehdhrreceive module 212, 214 is therefore set to have a bandwidth of 12 kHz, one

15  centred at 90 kHz, and the other at 110 kHz, in accordance with the modulation frequency
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

20 12kHz, 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.

The use 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
noise 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
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maki ng possi bl e i nproved noi se performance. 10 The current generated by
t he phot odpedern@®®e.of each receive nodule 212, 214 is converted to a
vol taggsignal by the front-end nodule 304, using a transinpedance
anplifi'er circuit topology. Each receive nodule 212, 214 is designed to
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passed to mthidly vatyebPSPfactor of 10,000:1, corresponding to a transmitter-receiver distance
15  wvariation 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
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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control of the mcroprocessor 222. 25 A bl ock diagramof a front-end
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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.

20
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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at the shift network 522, which is tuned for a particular front-end module 304 to the appropriate

15 modulation frequency 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.

20 The capacitance compensated by the bootstrap loop 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 bootstrap 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



carrier frequency is set to zero and the overall gain is unity. This is
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g 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

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 Aloop fractional
bandwidth on the more sensitive ranges.

30



10 becones so | arge that an additional inductor-varactor pair (not shown)
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front-end 304, which under these 15 congifions is dominated by the | ow

i npedance of the feedback resistor 516. "A resonance at the carrier
frequency is no | onger sought, as any mstuning will neither affect the
stability nor the open/closed | oop performance. The bootstrap | oop 508 can
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transi npeddHeve resepmse Ot e pl-Sosetwesks d§2eAP4.y , This adjustraent- is neerfsagd Y304
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- C net
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bandw dt h on the nore sensitive ranges. 30 WO 02/099440 PCT/ AU02/ 0072 -

15 The abb06.t yTheosang P Lhe sbiiotst nsd onnemuh] epratios is used o frocadareeatdal

pur poslﬁ intt hetfront-.tend nodul e 304 than that described above. Before use,
each fPontBEREFt MERHEIIGRONE- calibrated to deternine the voltages that are
applied to the varactors 540, 504 in order to achieve resonance of the L-C
networks 402, 404. This adjustment is performed by 5 nmeasurenment of the

| oop gai nAsfshewa in Fignes Gyibelpiecesstiertiningkthe yapc®o6 40T A4 includse theofotewingunder
n‘icroprocgtg Qr 222 control with the aid of the DSP 216. A test tone with a
frequency appropriate to the correspondi ng front-end channel is injected
into the sidgial at step 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
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 sensiti\)e 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



anplifier 514, and each varactor 540, 504 is adjusted to nmaxi m se the gain
around the |loop 506. The sane DSP 216 software used in normal operation is
used to meagawgsdand 10 interpret the circuit response. APCThawvodm1Fi gure
6, the process for tuning the varactors 540, 504 includes the follow ng
steps: (i) at step 602, the bootstrap varactor 540 is set to a nom nal
value; 15 (ii) at step 604, the bootstrap |loop 508 is enabled; (iii) at
step 606, the bias varactor 504 is set lgr maxi mal | oop gain at the carrier
frequency; at step 608, the varactor bias voltage is saved as Vbias; (ivV)
at step 610, the bootstrap | oop 508 is disalbed; (v) at step 612, the
bootstrap varactor 540 is set for nmaximal |oop gain at the 20 nodul ation
f r equency magules3Qdisghen st frea less sensiiivepage Woradagiagithe waistacain tipderdback vi )
if, at step.6 . r bjas:¥ol es.. Vbj N Ve N
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var act or lghiasofahdsipmdtamplieibt siges are saved as Vbias and Vboot,
respectively, at step 618. 25 This process is executed for both front-ends
304 for all but the |l east sensitive ranges. Each front-end 304 includes a
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ADC 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  synchronised 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 circuitry is
entirely surrounded by a shield to minimise pick up of 250 kHz signals and harmonics,
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 I 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

speed measurements, which is further improved using numerical interpolation. Separate



out put of the post anplifier 306 before it is sanpled by the ADC 310 at a
sanpling rate of 500 kHz. This reduces aliasing of signal and noi se at
frequenciwe oenegredi ng half the sanpling rate into the freguanwyoand 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
renmove 1/f noise originating in the front end 304. The filter 308 has
sufficient gain to ensure that the noi 2 referred fromthe front end 304
and present at the input of the ADC 310" overwhel ns the noise contributed
by the quantisation process and other non- linearities of the ADC 310. The
sw t ch-node power supplies in the receiver unit 104 are 15 synchronised to
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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,
20 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 wuse 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 the other receive nodule. However, only the | outputs are provided
for the cross 5 beamsignals. The filtered-and-sub-sanpled Q outputs for
each charwelo2dedswe a phase-frequency | ocked |oop which pecfrause/oéizne
adjustnments to the local oscillators in the receiver 104 which are to be
| ocked to the transmtter nodul ation frequencies. This phase-frequency

| ocking 10 process is not significantly disturbed by the nonentary beam
breaks caused by traffic. Wen lock is,achieved (for each channel), the
filtered-and-subsanpled | signals provi &g a neasure of the

maki ng- and- br eaki ng of the correspondi ng optical beamby traffic.
Consequently, traffic speed can be calculated fromthe tine difference
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events, war ni-ngs an
real-‘ume 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
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.



comuni cations. IrDA and RS232 ports on the transmtter 102 are controlled
by the mcroprocessor 202, permtting comrunication with an operator
and/ or exwermabo450 equi pnent. The SBC 218 executes a Li nux PRIroyime/aeizng
system |[rDA and RS232 ports on the receiver 104 are controlled by the SBC
218, permtting conmunication with an operator and/or external equipnent.
A fiber-optic interface can be used to provide a pernmanent connection to
the receiver 104 of the nonitoring systg These conmuni cati on channel s
can be used to collect |ogged internal €gten1data and/or logged traffic
data. The 10 SBC 218 al so controls operation of a GSM or GPRS w rel ess
transceiver in the conmunications nodule 226, permitting comunication via
a wirel es€IeAdIMSphone system to renpte operators and/ or equi pment. This
can be used for renmptely controlling and wupgrading the nonitoring system
for transferring vehicle statistics, and for transferring real-time

vehi cl e i nf oApRédeenfod nddliforing a pRGAIg difedt, ihdudiapfily agywift pur poses. 15 The
SBC 218 al so control s operation of a GPS nodul e of the communi cati ons
nodul e 226, p@P%W‘t’W%@“P@W@‘t%@@bWQ’@@F@%tém@é‘éﬁt’é’ntﬁﬁ‘éu%mtorl ng system
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0
3. A process as claimed in claim 1, wherein said changes include changes in a modulation
spectrum of said received signal due to the passage of said object.
15
4. A process as claimed in claim 2, including determining timestamps for making and
breaking events, respectively, corresponding to said making and breaking of the

receive signal.

20 5. A process as claimed in any one of the preceding claims, wherein said generating
includes generating first and second optical signals modulated substantially at said
modulation frequency, and said detecting includes detecting changes in first and

second received signals by monitoring substantially at said modulation frequency.

25 6. A process as claimed in any one of claims 1 to 4, wherein said generating includes
generating a first optical signal modulated at a first modulation frequency, and a
second optical signal modulated at a second modulation frequency, and said detecting
includes detecting a first received signal by monitoring substantially at said first
modulation frequency, and detecting a second received signal by monitoring

30 substantially at said second modulation frequency.



generating an optical signal nodul ated at a nodul ati on frequency; 5
transmtting said optical signal across a path of said noving object;

det ecti ngwohangmeso i n a recei ved signal due to novenent of peaialioobyeect by
nonitoring substantially at said nodul ati on frequency; and determ ning at

| east one paraneter of said object on the basis of said changes. 10 2. A
process as clainmed in claiml, wherein said changes represent maki ng and
breaking the receive signal due to passage of said object. 3. A process as
clainmed in claim1, wherein said change§ i nclude changes in a nodul ation
spectrum of said received signal due to the passage of said object. 15 4. A
process as clainmed in claim2, including determ ning tinmestanps for making
and breaking events, respectively, corresponding to said naking and

br eaki ng ?f A%Pcésg%g'c\‘ll'ﬁmga gﬁ'%haimza Wherbln LRCARE 8t ldaéigl?aq ahd sgi'ayse?&?d of
t he precedi ng cl ains, erein said’generating 1nc Udes enerating rirst
and second ogpttiead sRinghates doweciel adt edsiseotied dsdatiand yntialBakphcedtiad aiovixp
frequency, and said_detecting includes detecting changes 1n first and
second recei $&stien ghsaid oBigCtipni tori ng substantial ly at said nodul ati on
frequency. 25 6. A process as clainmed in any one of clains 1 to 4, wherein
said generating includes generating a first optical signal nodulated at a
first nod@ adiwncdss eglodained iandaim 7swebemeth sgid ifost meilglatidn fedudnay enid adaida
second nodul ati on frequency, and sai d.detectin i ncludes detecting. a,first
ool ved. si HaPDFOHBHED eurTen st SHEPERy tlape tngeer b0 Dt MosRRR S omid
frequency, afd gedREtoNIfRqEREP ¥hn! BE &listRGuSh& Hork YnaiRBhicS! dfMehid 3Rcond
substantially at said second nodul ati on frequency. WO 02/ 099440

PCT/ AU02/ 00 7edulatin frequangly.ocess as clained in claim6, wherein said first

receiva signal and said second received signal are detected at respective
| ocations nmutual ly spaced in a noving direction of said object. 5

9. A process as claimed in claim 6, wherein said first modulation frequency and said
second modulation frequency are sufficiently low that they are not significantly
affected by noise that increases with frequency in an electronic circuit used to receive
said received signals.

15

10. A process as claimed in of claim 6, wherein said first modulation frequency and said
second modulation frequency are sufficiently high that they are not significantly
affected by 1/f noise in an electronic circuit used to receive one of said received
signals.

20

11. A process as claimed in claim 6, wherein said first modulation frequency and said
second modulation frequency are sufficiently high that individual cycles of said
frequencies are short in duration compared to the blocking of the respective optical
signal due to the passage of said object.

25

12. A process as claimed in claim 6, wherein said first modulation frequency and said

second modulation frequency are sufficiently high that the fractional bandwidth is

small to maintain good noise performance.



8. A process as clained in claim7, wherein said first nodul ation frequency
and said second nodul ation frequency are sufficiently close together so

t hat har nwoioe®9ufio said first nodul ati on frequency can be Pdirstiongenzshed
from harnonics of said second nodul ation frequency. 10 9. A process as
claimed in claim6, wherein said first nodul ati on frequency and said

second nodul ation frequency are sufficiently low that they are not
significantly affected by noise that ipﬁigases with frequency in an

el ectronic circuit used to receive said“received signals. 15 10. A process
as claimed in of claim®6, wherein said first nodul ati on frequency and said
second nodul ation frequency are sufficiently high that they are not
significantly affected by 1/f noise in an electronic circuit used to

recei ve ongs0 i Y i 0. inmed in claim
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13. A process as clai in claimg, rein said step of determning

i ncl udes: generé??ﬁ%ﬁ£§ﬂ§§E%ﬁﬁ@ﬂmﬂhkﬁggﬁﬁy6%“%7eak events representing the
meki ng and  br egk &gh 9fledd &ehi:r st and second received signals due to the

passage of said noving object 5 and at |east one other object past two
detection | ocations flommisgpairspfsead seleetad @vérdorith ovemts of the same type for said

10 second signal;
for each pair, determining a velocity value from the timestamp values of
said pair;
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
15 equal velocity;
for each pair of correlated event pairs, determining a length value from timestamp
values of said pair of correlated event pairs;
associating with said moving object at least one pair of correlated event pairs
whose length value is less than a pre-determined value; and
20 determining at least one parameter of said moving object from timestamp values of

said associated event pairs.

14. A process for determining a position of a moving object, including associating a time
value with at least one make or break event for each of at least three signals due to the

25 passage of said object between a transmitter and a receiver of each of said signals, at
least one of said signals being substantially inclined with respect to another of said

signals, and determining the position of said object in a direction substantially

transverse to said moving direction by comparing said time values.



mutual |y spaced in a noving direction of said objects; selecting at |east
one event for said first signal; for each selected event: formng pairs of
sai d sel ewDadiogent wWith events of the sane type for sai dPCIAB®eoond
signal; for each pair, determning a velocity value fromthe tinestanp
values of said pair; formng at |east one pair of correlated event pairs
by correlating event pairs for a selected event with event pairs for

anot her sel ected event having a substan%éally 15 equal velocity; for each
pair of correlated event pairs, determfifng a | ength value fromtinmestanp
val ues of said pair of correlated event pairs; associating with said noving
object at |east one pair of correlated event pairs whose |length value is
less than a pre-determ ned value; and 20 deternmining at |east one paraneter
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paral l el signals substantially transverse to sald noving direction

transm tted recaverr espective first and second transnmitters nutual ly spaced
in sai novi ng direction and received at respective first and second
receivers, and third and

16. A process as claimed in claim 14 or 15, wherein said transmitters and said receivers are

positioned to substantially delineate a rectangle.

17. A process as claimed in claim 14, wherein said comparing includes determining a ratio

15 of differences in time values for the events.

18. A process as claimed in claim 15, wherein said step of determining includes
determining a ratio of a difference in time values for one of the parallel signals and at
least one of said third and fourth signals and the difference in time values for said

20 parallel signals.

19. A process as claimed in claim 17 or 18, wherein said comparing also includes scaling

said ratio by the separation between a transmitter and a corresponding receiver.

25 20. A process for determining at least one parameter of a moving object from timestamped
make and break events representing the making and 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

30 said moving direction, said process including:

selecting at least two events for said first signal;



fourth signals respectively transmtted fromsaid first transmtter and
received at said second receiver, and transmtted fromsaid second
transm t twpo oangb4necei ved at said first receiver. 10 16. ACPrAIDRSG728S
claimed in claim14 or 15, wherein said transmtters and said receivers are
positioned to substantially delineate a rectangle. 17. A process as cl ai ned
in claim14, wherein said conparing includes determning a ratio 15 of
differences in time values for the eventi 18. A process as clainmed in
claim 15, wherein said step of determ ni é'i ncludes determning a ratio of
a difference in time values for one of the parallel signals and at |east
one of said third and fourth signals and the difference in tinme values for
said 20 parall dpbredchnelested e9entA process as claimed in claim17 or 18,

wherein said conpari | so_incl.udes scal.in said rati g by the separation

bet ween a transmi tte;}gﬁlﬁlgﬁaf)a&%rofgg@osﬁ%fﬁs ervg%te\”siél’sye %ogg.‘é/%%er%’g%g%r ¥4

determ ni ng at lseasid sopel;paraneter of a noving object fromtinestanped

make and break events_ representing the making and breaking of first and

second signals due tir exh prissig@mitinge velopsly Yakie frovi thy tippssaen vpluet of wo

detection |ocati IS for said signals, said |ocations nutually spaced in a
f

nmoving direction o %Sai d objects, and said at |east two noving objects

bei ng nutual |y spacedoaning taaidastadneypairrofesielated dvent (ks $Fi ddridbiing @vent pairs
direction, said process including: selecti _ngztg)t | east two events for said
r

first signal; DF GO§AED Beent AVEH/ QgD pairs otheg aeqlecded evemtghaxiagta

formng pairs Ofsuﬁﬁﬁlﬁiaal?legﬁél%l yent with events of the sanme type for said
second signal; for each’palr etermning a velocity value fromthe

ti mestanp val ues of fbr sadhdpgaiof;cofrolatddneyeat phiessietangnipgia lenfthcodue fimtred
event p% rs by Ghes aln%; wi/aqgeseovfesglld a?ri of Sorrelated event pairs;
associating with said object a pair of correlated event pairs whose length
value is less than a pre-determined value; and
determining at least one parameter of said object from timestamp values of
said associated event pairs.
15
21. A process for discriminating between objects moving in a moving direction and spaced
substantially transverse to said moving direction, including:
sending signals across a path of said moving objects;
detecting changes in state of said signals and recording events for said changes with
20  respective times; and

processing said events of said signals to group events corresponding to a respective

moving object on the basis of said times for said events.

22. A process as claimed in claim 21, wherein the process includes determining at least one

25 parameter of a respective moving object on the basis of said times for said events.

23. A process as claimed in claim 21, wherein said at least one parameter includes a

distance value in said transverse direction for said object.

30 24. A process as claimed in claim 21, wherein said object is a vehicle and said distance

value identifies a lane within a multi-lane roadway.



for a selected event wth event pairs for another selected event having a
substantially equal velocity; for each pair of correlated event pairs,

det er m niwg o/obuEmgt h val ue from 10 tinmestanp val ues of sacu/Araeooai
correlated event pairs; associating with said object a pair of correlated
event pairs whose length value is less than a pre-determ ned val ue; and
determ ning at | east one paraneter of said object fromtinestanp val ues of
sai d associated event pairs. 15 21. A pgggess for discrimnating between
objects noving in a noving direction and spaced substantially transverse
to said noving direction, including: sending signals across a path of said
novi ng obj ects; detecting changes in state of said signals and recording
events for said changes with 20 respective tinmes; and processing said

events of .2%‘?’1. %gﬁéetgagg %laﬁx?edglh%ll’ﬂm%le, %h%re(i;ﬁ) *Heee%gﬁggﬁ g %&S}B)Sﬁcl%gé Q"Zechtté Yaid

nmovi ng obj éc asi s of said’times ror sai process as
cl ai med i n ctignais Zihyingheseéspondiag piraeesadi said ustesestimie intiuden getdrnilidag ta one
25 par anet er %f .a respectiyve Povi ng aobject on {he basis of said tiges for
sai d events. V2CIACP1BE gsisaal @) sepRistion (istanernios 1saidysignalsnios agventst havdngst
one par@net eg,dl (!,ﬁgﬁi%;t-ﬁ distance value in said transverse direction for
sai d object. %0 g4. pl)rgizess as clainmed in claim 21, wherein said object

is a vehicle and said distance value identifies a lane within a nulti-Iane
r oadway. 2/ 099440 PCT/ AU02/,.007 -24. 25, A process as . clained in claim
21, wher e?éﬁ- 8h%‘°8‘%§ér?§s°lﬁ‘lﬁleﬁ 1 ep ?ﬁcwhﬂsme%%ﬂog&sﬁﬂ%m?udﬁ e AYRAthg

corr espondi NgpldseRmg AdMAeh JelBEBERSSIBsp.| ncl udes determning a velocity
on the basis of a separation distance for said signals for events having 5

corresponding tinmes. 26. A process as clained in claim2l, wherein said
Procesy NGl R%lrgcdegss ad Ale?i(r:rlleHQn %ié%ﬂ%, wherein said processing includes further determining
said groups of events on the basis of dimensions for said moving objects having the

velocity of said group.

28. A process for monitoring a moving object, including receiving an optical signal
15 modulated at a modulation frequency, converting said optical signal to an electrical
signal, digitising said electrical signal, and downconverting said digitised signal to

provide data representative of at least one parameter of said object.

29. A process as claimed in claim 28, wherein said downconverting is digital quadrature

20 amplitude modulation direct downconversion.

30. A process as claimed in claim 28 or 29, wherein said data represents the making and/or

breaking of said optical signal due to movement of said object.

25 31.A process as claimed in claim 30, wherein the process includes determining

timestamps for said making and/or breaking events.

32. A system for monitoring a moving object, including a receiver for receiving an optical
signal modulated at a modulation frequency, said receiver including an input module
30 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



representing a common velocity in a group. 10 27. A process as clained in
claim 21, wherein said processing includes further determning said groups
of event swon2idm4basi s of di mensions for said noving obj eeC3/Atavioegit he
velocity of said group. 28. A process for nonitoring a noving object,

i ncluding receiving an optical signal 15 nodul ated at a nodul ation
frequency, converting said optical signal to an electrical signal,
digitising said electrical signal, and wnconverting said digitised signal
to provide data representative of at 1®ast one paraneter of said object.
29. A process as clainmed in claim28, wherein said downconverting is
digital quadrature 20 anplitude nodul ation direct downconversion. 30. A
process as dlegiodulating saifl sligitiseg signabgnd wrnviding outputidafa represaptative of gt leag
maki ng and/ gy, i igd optical signal due to novenent of said
object. 25 3TFP%&%?%%2%SBQQ-%ngHEd in claim30, wherein the process

i ncludes determning tinmestanps for said making and/ or breaking events.
32. A systemfor nonitoring a noving object, including a receiver for

recei vi ngoarf* 8t a3 clagned g clapia, ézﬁ@epna@alé ORipYL alp mgudqséaaé K quadeadprg
recei ver inguding an input module 30 for converting said optical signal
to an electrical signal, an anal og-to-digital (ADC) converter for
digitising said electrical signal, and a digital signal processor (DSP) for
WD 02/ 099440, PCT/ AU02/ 00721 -25 denodyl ati ng said. digitised sigpal and
provi di ng>bdt SRR 3{%3? b dia st B mgmegade 1ok BAPRRE Cb AL PSR

obj ect. 33. : b L } : : I ut data

nel udes | and e gL S e DS Dok el 33

i ncluding neans to lock a frequency of at |east one oscillator to said

nodul ati on. frequenc n the basis sai uadrature data. 10.35. A system
as cl |bme i S&ﬁ?n 8%81%8?6%%3}%0@23{0 il .ﬁgzaﬂggew&f‘i@g} i ﬁgit%ﬂ]l]?cﬁﬁqeﬁ&%{ t wo
recei vers mgdédlekymeRaNE spdcBd &1 ARGV IHG dieb®st dfQRiddbj&ai d object. 36. A
systemas clained in any one of clains 32 to 35, MAEFEIH a speed of said

object is
36. A system as claimed in any one of claims 32 to 35, wherein a speed of said object is
determined by a time difference between respective signal making or breaking data of

15 said two receivers.

37. A system as claimed in any one of claims 32 to 36, including at least one switch-mode
power supply synchronised to half of the ADC sampling frequency, and wherein said
DSP is adapted to reduce digital signal artifacts from said power supply.

20
38. A process as claimed in any one of claims 1 to 31, wherein said at least one object
parameter includes the passage of said object.
39. A process as claimed in any one of claims 1 to 31 and 38, wherein said at least one
25 object parameter includes a moving direction of said object.

40. A process as claimed in any one of claims 1 to 31, 38, and 29, wherein said at least one

object parameter includes a speed or velocity of said object.

30 41. A process as claimed in any one of claims 1 to 31 and 38 to 40, wherein said at least

one parameter includes a dimension of said object.



determned by a tinme difference between respective signal naking or
breaking data of 15 said two receivers. 37. A systemas clained in any one
of cl ai rewB2209486, i ncluding at | east one switch-node peegrA®apPPR2Y
synchroni sed to half of the ADC sanpling frequency, and wherein said DSP
is adapted to reduce digital signal artifacts fromsaid power supply. 20
38. A process as clained in any one of clains 1 to 31, wherein said at

| east one object paraneter includes t passage of said object. 39. A
process as clained in any one of clainmsg™1 to 31 and 38, wherein said at

| east one 25 object paraneter includes a noving direction of said object.
40. A process as clainmed in any one of clains 1 to 31, 38, and 29, wherein
said at | east one object paraneter includes a speed or veIocity of said
object. 30,4 cl.ak 1.and .38 to
20, “wher ofh S ol 8F EaidF uf oBUE, PO CaRenSioR Tt of BBl fyd

obj ect. WO @Bﬁﬁ99440 PCT/AU02/00721 -26 42. A process as clained in claim
41, wherein said dinension is used to classify said object. 5 43. A
process as clained in any one of clains 1 to 31 and 38 to 42, wherein said
at | east o i4en t.
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10 45. A receive nodule for receiving a signal nodul ated at a nodul ation
frequency, said receive nodule including a sensor coupled to an input
circuit hayiNgrdesd %aaauﬁéaem Yaith 4! SYHCRIPRAN obfddt GHlikdes?f FeliBRIBAT Kaid
circuitry for natchln resonant frequency of said resonant circuit to
sai d nDduIamkmmﬁﬁmnmuenmqoh@oﬁmnmnbgeﬁwhhcknnmﬁ i npedance of 15 the input
cirCﬁ#Q at said nodul ation frequency. 46. A receive nodule as clainmed in

cl ai 5, wherein said at | east one variabl e resonant

45. 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 least one
variable resonant circuit, and feedback circuitry for matching the resonant frequency of
said resonant circuit to said modulation frequency to maximise the input impedance of

15 the input circuit at said modulation frequency.

46. A receive module as claimed in claim 45, wherein said at least one variable resonant

circuit includes a varactor and an inductor in parallel.

20 47. A receive module as claimed in claims 45 or 46, wherein the impedance of said

variable resonant circuit at said modulation frequency is at least several Mega-ohms.

48. A receive module as claimed in any one of claims 45 to 47, wherein said signal is an
optical signal, and said sensor is an optical sensor.
25
49. A receive module as claimed in claim 48, wherein one of said variable resonant circuits

includes an inductor used for biasing said optical sensor.

50. A receive module as claimed in any one of claims 45 to 49, wherein said input circuit

30 includes an input electrode sensitive to capacitance of said sensor and said input



circuit includes a varactor and an inductor in parallel. 20 47. A receive
nodul e as clainmed in clainms 45 or 46, wherein the inpedance of said

vari abl e wegemngmto ci rcuit at said nodul ati on frequency i sPai/Aw@ase72sever a
Mega- ohns. 48. A receive nodule as clained in any one of clains 45 to 47,
wherein said signal is an optical signal, and said sensor is an opti cal
sensor. 25 49. A receive nodule as clainmed in claim48, wherein one of
said variable resonant circuits incIqu; an inductor used for biasing said
optical sensor. 50. A receive nodule as“clained in any one of clains 45 to
49, wherein said input circuit 30 includes an input electrode sensitive to
capaci tance of said sensor and said input WO 02/099440 PCT/ AU02/00721 -27
circuit, at direpidtatdenst gumeenrd clectrodel énd arhpotsiugp sirswit 4pr whichingtthe pptepdialchi ng
t he potenti .Qf i t [ .8CLr h otential of
sai d i nput 2#3%-F%Fg#%ggku%ﬁ%%§g§§§“%§§ngggg(% éﬁﬁgﬁgfﬁmﬁP 'm 50, wherein
said bootstrap circuit includes an 5 anplifier and a variabl e resonant

circuit for reducing noise coupled into said input electrode fromsaid
anpl i fi er>1-8precaivededule apglmed i claim;X0e Wherein paid hogistrapcaeeit Ancdyde an

vari abke re%&g% : &k% . L kool e I or
and an i nduct r@iltef]@'g&a\rggf#{aaﬁe rleg Fgﬁ%lzgéﬁgﬁ%%ﬁogsea%% al ?r%‘gs%ﬁﬁ E y one
of cl ai s 5@ldctro82 fromtvaidedmplifeird boot strap circuit has substantially unity

gain and substantially zero phase shift at said nodul ation frequency. 15
54. A receive nodule as clainmed in any one of clainms 50 to 53, wherein said

boot st r apsn GA h&dive HEMUIOEs SRERES by Sladn @i1§@lﬁlel%§1 £Yd 951%19 L OQn &R ftidrk! fast

one guard el ectrode. 55. A recelve nodul e as almed 1n any one of clains
45 to 54, wserddiootstrap dir¢uipmtiudes zuvaractor ansl andeductorsngarallebnpl i fier with
variagge f eedback. 20 56. A receive nodule as clained in claimb55, wherein
sai d ri abl e feedback and said at

53. A receive module as claimed in any one of claims 50 to 52, wherein said bootstrap
circuit has substantially unity gain and substantially zero phase shift at said modulation

frequency.

15 54. A receive module as claimed in any one of claims 50 to 53, wherein said bootstrap

circuit can be selectively disabled by grounding said at least one guard electrode.

55. A receive module as claimed in any one of claims 45 to 54, wherein said input circuit
includes a signal amplifier with variable feedback.
20
56. A receive module as claimed in claim 55, wherein said variable feedback and said at
least one variable resonant circuit are varied under control of a microprocessor of said

receiver to maintain stability of said input circuit.

25 57. A receive module as claimed in any one of claims 55 and 56, wherein said signal
amplifier and at least one associated feedback component are components of a

transimpedance amplifier.

58. A process for tuning the bias varactor of the bias circuit and the bootstrap varactor of
30 the bootstrap circuit claimed in any one of claims 50 to 57, including the steps of:

() setting said bootstrap varactor to a nominal value;



| east one variable resonant circuit are varied under control of a

m croprocessor of said receiver to naintain stability of said input
circuit. Wb 03899440 r ecei ve nodul e as claimed in any one of pcirauee/0631and 56,
wherein said signal anplifier and at | east one associ ated feedback
conponent are conponents of a transinpedance anplifier. 58. A process for
tuning the bias varactor of the bias circuit and the bootstrap varactor of
30 the bootstrap circuit clained in any gLne of clainms 50 to 57, including
the steps of (i) setting said bootstrap2 varactor to a noni nal vaI ue; WO
02/099440 PCT/ AU02/00721 -28- (ii) enabling the bootstrap circuit;
(iii)mximsing loop gain of a signal anplifier of said bootstrap circuit
at said nodii enabbing thedgawsHan cisgpi€ uni ng sai d bias varactor; (iv)disabling
sai d bootst X p [

anplifier at %{nﬁ%él ?}? c%alnf [ng%;&n@ﬂp%fﬁ ‘ﬁﬁ#ioggsag%b% gfgg st 1{jc g var%ct or;

and (vi)repeat mbgulsﬂ@rpﬁec(Uenéy bptuning said biks vdigctdyni ng vol t ages applied to
each varact or converg 59. A receiver including at |east two receive

nodul es, sai B’W’é@@%ﬂgéa‘ﬁkmm%f%l’ BESHE nutually spaced in a noving direction
f b |
or an 9 rTJD 33}(\9{ glggmﬁﬁﬁg tﬂeelgsg\églrngggﬂslél rglgs@rﬂégﬂlpgﬂ@tpﬁtes%& @odﬁlﬁﬁ@ﬂ}/ c? BS" ca

si gnal t a uni system
novi ng obj ect, tmn@sanﬂlhmgtsahplvemstoriam transmtter nodules 15 for

transmttin ctive optjcal signal each of sai d |cal nal s bei ng
nmodul at ed gYIS gﬁl"éuﬁ‘e}?sr Endy) “%11? tﬁ\ ¢ HRRe oaltagess 981? abg" @ Bnent s
for executing {difesleps of any one of clainms 1 to 44 and 58 20 62.

Sof t war e havi ng program code for executing the steps of any one of clains 1
to 44 and 58.

10 59. A receiver including at least two receive modules, said receive modules being mutually
spaced in a moving direction of an object, and each receive module being adapted to

receive an optical signal modulated at a unique frequency.
60. A system for monitoring a moving object, including at least two transmitter modules
15 for transmitting respective optical signals, each of said optical signals being modulated

at a unique frequency.

61. A monitoring system having components for executing the steps of any one of claims 1

to 44 and 58.
20
62. Software having program code for executing the steps of any one of claims 1 to 44 and
58.
63. A computer readable storage medium, having stored thereon program code for
25 executing the steps of any one of claims 1 to 44 and 58.
64. A monitoring system for vehicles, including:
transmit modules for transmitting separated optical signals at respective modulation
frequencies across a carriageway for said vehicles;
30 receive modules for detecting optical signals substantially at said modulation

frequencies, respectively;



63. A conputer readable storage nedium having stored thereon program code
for 25 executing the steps of any one of clains 1 to 44 and 58. 64. A

noni t or i mMyoIymeEme f or vehicles, including: transmt nodul @€TfAI02/00721
transmtting separated optical signals at respective nodul ation

frequencies across a carriageway for said vehicles; 30 receive nodul es for
detecting optical signals substantially at said nodul ation frequencies,
respectively; WD 02/099440 PCT/AUOZ/OO?%% -29 nmeans for generating nake
and break event data correspondi ng to ufibl ocki ng and bl ocking of said
signals by at |east one of said vehicles; and neans for determ ning at

| east one paraneter for the vehicle on the basis of said event data, which

i ncl udes tine vagane dorcesnetatipe mika gnd dregki eyenindstaedtaspondiag i velpeldng amgl
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.



