3 0 NOV 2005 -1 A MONI TORI NG PROCESS AND SYSTEM FI ELD OF THE | NVENTI ON The

present invention relates to a nonitoring process and sys@e@nwﬁﬁﬂi
particular to a 5 system and process for nonitoring objett C

vehi cl es. BACKGROUND There are many situations where it is inportant to
noni tor nmovi ng objects. The nonitoring can include nonitoring the sinple
fact that an object has passed by, the direction of 10 novenent, counting

t he -nunber of objects passing by, determining the speed of these objects,
and/ or classifying the objects, perhaps into one or nore of a nunber of
categories or types. Traffic nonitoring t$ an exanple of such an
application, where the passage of vehicles on a road is nonitored, perhaps
in order to count the nunber of vehicles using the road over sone period
of ‘time, and/or to nonitod MOQNIEOBENGIBROGESSh&N® S¥RITEMs. 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 vehicle runs over one of the tubes, a sensor at the end of the

t ube det ectETAROFEFHIE INMYENTAOASe in air pressure, and thus detects the
presence of a vehicle. The tine delay between detection events in each tube
provi des indication.of the vehicle speed. However, these sinple systens
do not dis?%?ﬁFﬁﬁPE“PﬁE“?@rﬂﬁ@Fﬂq6ﬁn@ﬂm@ﬁéIE@W@ﬁ@séedﬂsmmBh®m1panduareohhus

not usefal Sf’ﬁélnm%de@%f%ﬁﬁéﬁ?{é?wfﬁg.@é&gﬁrg%ﬁ%ﬁ gey general ly provide no

further information on the v provi de a system and
process that alleviate one or nore difficulties of the prior art, or at
| east provide a useful alternative to existing systens and processes. 25

SUMVARY OF ., In accordance with the present invention there is
provi ded aB&ﬁégggpmm toring a noving object, including the steps of:.
generating an optical signal nodulated at a nodul ati on frequency; 3 0 NOV

(2) &Qgci 2 tr dhewiaié gy SRR WHeR it & i#PBHaRb AhiRr BV biSAL TN S ring
’ 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;




detecting changes in a received signal due to novenent of said object by
noni toring substantially at said nodul ati on frequency; and geternining at

| east one paranmeter of said object on the basis of said cha dbﬁﬁw5zmﬁh
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 |east three signals due to the passage of
sai d object between a transmtter 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 substantially transverse to said noving direction by conparing
said time val ues. The.ﬁresent i_nvention al so provides a process for

deternining at | éZ88MEHRE prif Sri¢a sigoel sprosseviattyobbiidobvingamiddsnest anped
make and break e I nt | e kin nd 15 breaking of first and
second signal s d\ggﬁggn% ﬁ@aﬁ%@sgﬂggag 5%£é‘feﬁ?§1§§% 3{7\5 RoANEER] &t i pbtect tho
det ecti on | geamitodng sitmtarsialigl asé@@ﬁioﬁulaﬁahﬁeh@&ﬁpi,m mutual |y spaced in a
noving direction of said aobjects, and said at [east two noving objects
bei ng nutual |y sg&%&wﬂl%wﬁ%ﬁpp%\w@mmﬁéw@lgbjecborsﬁiedaasmrs\gddhg@eg,i on,
said progess including: selecting at | east two events for said first
signal; 20 for each selected event: formng pairs of said selected event
wi th eventsTéé présens amentigipaldooproshiesl 2 FREOAK O BARhriniHO ﬁéﬁﬁ%rp%ﬂc 'y movi
det erm ni ngogj vel Oﬁiéjt val ue fromthe tinestanp val ues 6f “said pair; i
forming at 85%%"5 ‘%%Fﬁsoﬁfitl%?ﬁ@}ea‘fﬂé@ wifkat lepsti ans rhykeonrhredkadviengfoe vt of

pairs for atleadietedi a¥8M\W Lrs.for . another sel ected event
having a substanti al Ig§ equal v% Iga‘é?{%;o‘??%rd DI, bERYGEN G S T And @ TeqeivRr
pai rs, det ePhtasheg seidisegrglsh atlebstent b Baidts ety Ybt488aI0) inSBhal AL Leshlct
correl atpd ﬁ]vgﬂéthgai{s;h. 30 aﬁsoci ting wWwth said object a’pair of
correl ated eventgart $4dhage f=eﬁbfﬁeR?HPW@& Hle peyion ndrsail biEctién ar dirdveidn
val ue; and SutRraMMIYQ8%verse to said moving direction by comparing said time values.

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 cach pair of correlated event pairs, determining a length value from
timestamp values of said pair of correlated event pairs;
30 assoclating with said object a pair of correlated event pairs whose length value is

less than a pre-determined value; and




-3 determning at | east one paraneter of said object fromtinestanp val ues
of said associated event pairs. The present invention also provides a
process for discrimnating between objects nmoving 5 in aBr&NGngm&ecti on
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
times for said events. The present invention also provides a process for
nonitoring a noving object, including receiving an optical signal
nodul ated at a r&geul at.i on {lrequency, converting said optical 15 signal to
an el ectrical signaf; 't g 195 ARe senametdr e tsaidcabhjest foymal timansind GREOBY S5l NG
said digi aksethedd G8A pdiR, Provi de data representative of at |east one
- paraneter of said object. The present invention also provides a systemfor
nonitoring a noving object, including a receiver for receiving an opti cal
si gnal nod t. a nodul ati on frequency, said receiver 20 including an
i nput rmdulttlehgﬁpg%e%o[ \V%I}q? Y5 BIyidssta E@PCS§ifgméilScrﬁmjraﬁnglbeMereh%#ecﬁsi hEhe an
anal og- t5o- dit gi trlvifcABGE 16N t Ladigithsing said electrical signal;
and a digital si gnrggl prgcgle\éggrs%%fgégfuggggma%m%ﬁr%éosﬁ“@j TR g iddrection,
si gnal and"ﬁﬁ‘&fbﬁ‘&ii ng output data representative of at |east one paraneter
of said object. inThseﬁfr esent invention also provides a receive nodule for
receiving a si ghal Wodeat &0 path phenid movims dbjesguency, said receive
modul e i ncl udi ndetactiRt$RAeGEQ : ihput, circuit having at |east one
vari abl e resonant circui t{,” aﬁgla?éej%d‘%gﬁg%lf%nﬁji rf’?‘gf%w@revﬁ’é‘tgcf?ﬂi 594 ¢hamees with
resonant fFEREENEYI6E: &4 d resonant circuit to said modul ati on frequency to
maxi m s@ the i j nce . of, the. input circuit at said nodul ation
frequency. 30 3%9‘%@8?@%%8%"?&“5& sald signals to group events corresponding to a respective
moving object on the basis of said times for said events.

The present invention also provides a process for monitoring a moving object including
| feceiving an optical signal modulated at a modulation frequency, converting said optical
15 - . . - - r I . D
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

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 elecirical signal, an
analog-to-digital (ADC) converter for digitising said electrical si gnal, 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 I;ast one variable resonant circuit, and feedback circuitry for matching the
resonant freqpency of said resonant circuit to said modulation frequency to maximise the

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




The present invention also provides a receiver including at |east two
recei ve nodul es, said receive nodules being nutually spaced in a noving
direction of an object, and each receive nodul e being adadisd%ﬁ% #8Bei ve
an optical signal nodul ated at a uni que frequency. The present invention
al so provides a systemfor nonitoring a noving object, including at | east
two transmtter nodules for transmtting respective optical signals, each
of said optical signals being nodulated at a uni que frequency. 10 The
_present invention also provides a nonitoring systemfor vehicles,
including: transmt nodules for transmtting separated optical signals at
respective nodul ation frequencies across a carriageway for said vehicles;
recei ve nodul es for detecting optical signals substantially at said
nodul ati on frequencies, respectively; 15 neans for generating make and

break event Thetpesent fmﬁ@@dhl@@pion&@l&'x‘eEéﬂ/é]QPaH&’l ckrt“% of .said ir gnal s

by at |east one of said vehicles; and means L R RgreSeive Igngaid

par anet er f dFCE e MAhSs| kelng I’ﬂlﬁealb'asp@emmsambvn@g/a%ctdﬁlt af m%&tl ngh udes

time val ues gQg unbl ocki ng and bl ocki ng.
DESCRI PTI ON' OF "Tﬁ%B%ﬂR%\R?ﬁ?éé‘%Eﬁ%ﬁk gr"reéﬁf"ﬁﬁ’baa ??éﬁltgealdm@tu@te@raea emitjuE fiegiériopn

are herei’hafter described, by way of exanple only, with reference to the
acconpanyi ng-.drawi ngs, V\/nerel n: Figure 1 is a schematic diagramshow ng a
preferred confiPSEicat RN alsthpravidss iarsystesyfor ermnaﬁngiagﬁtr@ngobﬁctamchhdlﬁg

bl snl d 3&i@w8t9£1 referred enbodi nrent of the nonitor
system Fi gurg i S asglﬂfr%%p %‘%’I lg? ﬁ‘lﬁ?‘g&gaﬁq%?aa’er%@iabérgn@lfs eheh of sa1d

moni t or i ng @ygeeé mgnals being modulated at a unique frequency.

10 The present invention also provides a monitoring system for vehicles, 1nclud1ng
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,;

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




Figure 4 is a nore detailed block diagramof the receiver; Figure 5 is an
equi valent circuit diagramof a front end nodule of a recei;?agﬁnngﬁmée of
the receiver; Figure 6 is a flow diagram of a tuning proces f*?%
receiver; and 3 0 NOV 2005 -5 Figure 7 is a schematic diagram of the
nonitoring systemin use with a multi-lane roadway. DETAI LED DESCRI PTI ON
OF THE PREFERRED EMBODI MENTS 5 A nonitoring system as shown in Figure 1
includes a transmitter 102 and a receiver 104. The transmtter 102
transmts optical signals 106 and 108 whigh are received by the receiver
104. The nonitoring system executes a nonitoring process whereby changes in
recei ved portions of the signals 106, 108 due to the passage of an object
110 between theg; rgaqg%%%gén%pz and t@? recei.ver 104 al|ow the object 110
to be nonitored. The nofitorrAy 1828Pdbe meniiopsgsystnasia ushavithes niudti-lane
det ermi ne peadsr#Eters of the object 110, which may include the sinple fact
‘that the object 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 atraffic nonitor, in which case the object 110 is a 15 vehicle such as

a_mot or bi kOERAILED DESCRIPTIONOF THIPRIEPRRED EMBEATIERTS 102 and
y 112,

receiver 104 are placed on opposite sides of a roadwa shown in
the transmtter 102 and receiver 104 are hidden from

Figure L. Ideal.l L er, _

vi ew, a#oné‘s’%’%%@@ HHE™s @8 showe 8 Figareahpnelndes trammitteni @ @1ddy ieveiksr Y94, |

not see th&hé tRASHIHE 9o 1 ol Lver 104 |l owing _the nonitoring

systemto obtain an a?gargfg%sg{r%tesagéfdgyglfgn%lgh}Q:qaénél)\é\ﬂogc}vmﬁ e 18¢raved bpi tho

Figure 2, twever aifsnitetmonit@g nekandesecatddi £ HRPHBESRS %%ce@é"g«hngegi tcﬁértgr%Qm r ol
. CITCUI

nodul e 202, ... r_.and protection circuitry 204, peripheral y Bo6
provi di ng fseﬁ%%%?‘ﬁowwf B iEaale h0tnd 0 e & yheypsissagyeoiciat ehedt dn) bandkca (pai r

of transm tranvadidre2208, i gl udi nainfra-red (|F o
l'i ght - ﬁgl tt?ng di ode (%éltl)()%&fﬂﬁ%ﬁgdéh éllt eH%r(gﬁ%crtnﬁtlpé? fbiwril@r‘%oﬁ? POREENIBE

that tHE tR9CEH amakises thostiichen8p RfBmarceppasicid®Bednd @bﬁcph?{f‘ewﬂi%fxg'h%fl
to the roaﬂﬁﬁﬁeﬁﬁséﬁém %gpt%&angnit ngpule 208, 210 transmts’an ~ nm
infra-red optical beam 106 2 98o5eldedas passed acinasd anvelosity dfiipsebjbe Itive
road surf awe,otherphaakilysiads o thebighd (hhat is |ess

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. Idealily,
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
Figure 2, the transmitter 102 includes a microprocessor and digital control module 202,
power and protection circuitfy 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 th¢ 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.




than the height of typical vehicle axles. Each transmt nodul e 208, 210
includes a lens to focus the IR beamto produce a slowy m;ﬁeggg ggggeam
with a conical angle of approximately 2 degrees, with the % f e two
beam cones being parallel. The finite 30 beam di vergence facilitates the
alignment of the transmtter 102 and the receiver 104. 3 0 NOV 2005 -6 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 npdyles for the two transmitted
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

m croprocessor nodule 222 with keypad and |liquid crystal display,
peripheral circuitry 224, and a nobile phone and GPS unit nodule 226. The

finite di velheiRdeahs 106 10sans abited Hﬁhpgé({gﬁ, ﬂga; ‘ﬁ%ﬁhﬁllééﬁﬁ% e% BEﬁR% % %net 0

be 10 confl ﬁlgd igmilhat each receivé no

from both of™fHES £ th £lsirod @ anepealld 0. thesoalihayn 1I2nv\]ﬁhgﬁf5{3272 ahd€edopli @l
signal recepyveddw uI e 21 214 can therefore

consi dered to corrprele@g&tllgse%%e rerstwo Wﬂ%aﬁﬁé%sf%m OBheTborm@wnbﬂfmglso

transmt? nn@QIUQeS adrglta]rmgmum FQBESR 16! her trapsnmit
nmodul e. For ?fgsp@ﬁg the fi rpst rSecel ve %% EQ%@}J O%q%%tgﬁv@ts PEWET ?%f{]Pr&F%E%

beam 106 fr%Fﬁ fii PEFORTOEERSOR Mmarhdiul282208h laygad didr Shuidr 8§ §tap9d?§i§‘laép2
fromthe s effal SRS 2 1 0 to distinguish bétween-t
direct IR E%g%qand t he }E:ros’%ﬂggm Pel@o Qﬂ‘??}&@ﬁﬁlmééi%@l@ dfsmit nodul e 208,
210 is nodul ated at a unique frequency, in this case at 90 kHz and 110

kHz, respe nccor din the detection circuitry of each receive
modul e 21?1&82%%? t‘?gj %ﬂfﬁd\tﬁ%@lw IRebeansi 586, pEISt allomacke @yst&ﬁ% be

modul atin donéguwen Gy irect beam and the
signal s f ror(r)1 egch recﬁgflt\/g&?floﬁagfﬁgﬁgéﬂgﬁb IB‘?ﬂbY?és]s%e@e?lﬁS drage rbotlp of the

separate t Hgnglpgﬁt&(pd%@ﬁ%néfﬂ Ashoesaiding 7t Ghettﬂﬁl si ﬁﬁ%y&v%}%ﬁ%ﬁﬁ%mﬁ% S

di rect bea n onent correspondlng o its
al so all Om’ﬂléd %;Mr%?é? ?11?5%%?% bg é?lé%@er%m emeprisedito. beamsAadiifcecheae 88

106, 108 otheceazspheism #&%mif Ahdhf, gn.a front tyre of the vehicle
110 obscures one of thﬁge four lines (%l Sl g,ﬁq}’é% PR 8o fom therpshen teansmitt he

recei ver 1609nd Ok ¥arapisnihe firstchekeivomddie RIRRGEIVES & fid0dired ML ET BSin
bl ockedsunifd filsPalsGA mETAE 288 and a first cross beam 702 from the second transmit module

210. In order to distingnish between the direct TR beam and the cross beam, the beam from -

each transmit module 208, 210 is modulated at a unique frequency, in this case at 90 ki

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 edge 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
transmitier 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-

30




the tyre noves beyond this line of sight. This bl ocking and unbl ocki ng, or
"break and nmake', of the beam occurs again as the rear tny o& tggﬁyehicle
110 passes between the 30 transmtter 102 and receiver 104. ﬁh gy A tinme
a vehicle 110 passes between the transmitter 102 and the receiver 104,
each axle of the vehicle produces four break-and 3 0 NOV 2005 -7 nake
pairs: two at each receive nodul e 212, 214, corresponding to the direct
beam and the cross beamfor that nodule. As shown in Figure 3, each
receive nodule 212, 214 includes a multi~layer dielectric 5 optical filter
301 with a passband centered on 880 rimand a -3 dB wdth of 100 rim
narrow enough to exclude as nmuch anbient |ight as possible whilst being

W de enougihike®airadiiit all of  t Lncident energy fromthe IR diodes
of the trans m'(?Jta o ?ia e gla%%%el@% %)%ui?a@ﬁ’ bg‘ééiOVSSR?@dmgéO shepdirezd Yeamk and the
i ncl udes ardsehsars fait tha B6@ule.a phot odi ode 302, a front-end nodul e 304, a

post anplifier nodule 306, a filter nodule 308, and an analog to 10 digital
converter (ADC) 310. The digital output signal fromthe ADC 310 of each

receive pmRUHGZILFiALS A ent to a digital signal processor (DSP) 216.
The DSp 216 et FUE 3 SadtRerhR Rt a3 Shcluddane wellarnt Geberiat os

MAKE afd BRESK fdteert0ldwith,a piRBARE bk . oF v | 5 {hnesta and
| abel | ed Iaé) i dent i fy, which of the two recel 52@“%0 ul &s™2 %,Wéﬁ%g?ﬁgoé'%nt
ori gi nat ed 110/ t%@%@@sammhr@n@emdéght 29 BossiflB whilseb&h®$8de &R pRan

702, 704 wasitianmesivador dReLEUENT rated hy the DSP 216 are passed to
the microprocessor 222 of t e&?ee(?:%g?%?e‘| omlrgﬁ.lﬁﬁgdeé\fgﬁbe(Hféltlétnltsm@é% PHssed

to a si ngtHl pBeghdresoivpmatulg SBCP12 k8o wbiuaks e . det.erm ne
the vehic e d e, the vehig“e |aney??%FyﬂﬁPfﬁmrg%@°@@5§ﬁé@@)? 20
h'gnéut%% I%O r] 3@Xp t : i ;
and to generate Venrtre st Best eipéidier meduledias, erfilteo nuriokess, lagdahgﬂglbicﬂ@t a,
the nil@r ofignelesn0érter2ADH Y PN, .eedback to the front-end modul e 304 of
each recelig\é%lnogggl éi:zt_lz@),r 2\94?%5&32%3%?9 %ébﬂ“ﬁ@ﬁfmtﬁf’rﬁ@%w 21 gachaleesivain
i nput str Ednsi 314 ifgseof td alleditabdigandpiobamet avBEh (4 ' econds)
MAKE and tﬁ%iﬁ%%ga% %%? tﬁftg'cﬁ Eassage of a vehicle g&ﬁﬁ@\?\égﬁen&%s
transmt nodul e S D0 529 Remy @ndegnerates IMAKH 4nd BREgKNereat dsta@n
out put daespecStelgaBadghr &xhOisNtnaeH, i.ngs.. vehicle velocity,
vehicl e | ane a&d arrival tSi Hneske SdParp1aBeiRRAS 1d§1§1fy Which of the twe recéive
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, o

The SBC 218 takes an input stream consisting of labelled and timestamped (in
25 microseconds} MAKE and BREAK evenis 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 using MAKE and BREAK BY¢enpgst o
determ ne the velocity of the 30 passing axles. This is conplicated In the
case of nmulti-lane roads 112, because vehicles in 3 0 NOV 2005 -8 one | ane
can obscure vehicles in other lanes, with the result that sone MAKE and
BREAK events may be mssing. If the identification of vehicle |ane is not
i nportant, the systemcan be used in a node 5 wherein the cross beans 702,
704 are not identified by the DSP 216. In.ghis node, the follow ng process
is used to associate events with vehicles. First, each BREAK event
(simlarly each MAKE event) fromone direct beamis nmatched with all the

concei vabl e ong 0{d-aSRYpdd .18 BAK; event;s fromthe other direct beam Only
one of the matches can be v?('[;fr Feéat%/tgglnlam?sh?”gfhit eEFéPEF}Fﬁtﬁ@BeMAK@MRER&
each possi blc¥eriy gray heanishingt he di fference 10 between the tinestanp val ues
of the two events is used to determne a velocity. The tinestanp val ue
difference represents a velocity, as the distance between the beans 106
and 108 is khewnidapgrifdsgVen ysical configyrations of the
transmtter 102 and receiver %f 4%aBPf1 tnﬁgl QG dieSyFiemcan bqaped e mode

vel oci t y *shadietkinithe cross bearns §6HEYeart Qfot i@dhEgTed B e -
coul d happe ol?c%inn as a MAKE event match, or as arE%I15 BR&%EV% nélf‘dcdﬁ’ %}l?r
a second axl e, ‘ore P VERE BVEst (hatseriateopvants aGdndelixles . Fitst, emsit BREAIE Svent

L Supl | cétinlarly @Sh KRB W GO Al oh RO L RS R Somiighe

the velocity of each axle is determ ne
and again FrdependiasBREAKavgnthiickh g eilie )direbhieans IGHL %T MP{h%q{ﬁtXhé%xéagsoe
ue

that are spatialkl se enough (ie, an axle length va et erm ne
fromthe ve oc?%t’y%éﬁ%&t hgeé2 § Aplipys. Fewy earhspessiblscivent chavitt hhe difference

potentidl akéteeers thesitekhap dallidy &SHR! v n he collected
together and formed into vehicles. t}/lghﬁol g{g&g’r"les g%)etleég\)of &%@n}i%@r‘tﬁlﬂ‘ij%ome

their axl e UREHAMAtYaduesdiffeenae copresontsvelbeotity, aswhé isedhcallAVaRGH: RIS f19E

| ong vehi cl g§ §fat have-accel erat ed, during the detection process.
After the axle sptéstzlﬁ{?%{‘ggﬁng ,lxegnbi‘f glfnf’]il)f%“@g 0251918"éﬁt1@¢8e0f thef wranshveitter 102 and

cl assifi ed wegverdlOvy ffotheahiteh & &lrasei this Al UCORS el S nusA
FHWA Schene tﬁé or the Austral i an AUSTROAD scﬁ)glﬁ%iﬁp%gg]ﬁd also oceur eiseWhere for
other matches. For example, it could happen again as a MAKE event maich, 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

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 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  wvehicle 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 aiso identifies events associated with the cross beams 702, 704. The




It is often desirable to-estimate the distance of the vehicle between the
transmitter 102 and the receiver 104. For exanple, when X Bel@ysillénis used
with a multi-lane roadway, this 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 beans 702, 704. The 3 O
NOV 2005 -9 procedure described above is still used, but now each physica
beam break (or make) occurrence ideally has four correspondi ng MAKE (or
BREAK) events due to the inclusion of the&.cross beans 702, 704. Events are
pai red as descri bed above, and correl ated based on common vel ocities. Each
vehicle axle is associated with up to four BREAK+MAKE pairs. 5 It is,

of
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recei ve nodgdeat ks ( S5 7 ng ... 41 (T +,3000 :,and
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The cross b@dependenttyf farheachi restive eweinlke 2 il 4e 242 ties diffepdiep iattimaarasabEer
of the time ’685%%£E?i%$%betmeen when the direct beam 106 of the firs
receive modurs K&M&nd  when the direct beam 108 of the second
recei veloodul e 214 is broken. The cross beam 704 of the second receive

modul e 214 is broken at three quarters of the tine between when the direct
beam 106 of Fér&amples pithgeterense tdighe 2 r2niiderthokelowing fuheneiithessdineatwigeam

108 of the,s: | Ve.r 214..i s broken. determning a ratio of
3 cross beam §1,?g%ggdé 6F 8le x?ehqag l1”15 travé‘ihng along a Eine B%O of a multi-lang roadway 112
with three traffic lanes 706, 708, 710:

First receive module 212 (direct beam 106) BREAK event, time © Ms;

15 First receive module 212 (cross beam 702) BREAK event, time (t + 1000) us; . .
Second receive module 214 (cross beam 704) BREAK event, time (T + 3000) ps;
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 guarter 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 qual;ters 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

(x+1000)-7 1

(z+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

first cross beam time difference and the parallel beam time difference,




25 difference and the parallel beamtinme difference, the |ocation of the
vehicle 110 relative to the transmtter 102 and the recei¥1r §84§H@n be
determ ned. For exanple, the ratio of the first cross bea tN I'Tference
and the parallel beamtine difference, (T+1000)-T | (c+4000)-T4

i ndicates that the vehicle 110 is at a distance fromthe receiver 104 that
is one quarter of the distance fromthe receiver 104 to the transmtter
102. The | ane position, such as the 3 0 NOV 2005 -10 first lane 710 shown
in Figure 7, can be identified fromthis iffformation if the |ocations of
the transmtter 102 and receiver 104 relative to the roadway 112 are known.
The nodul ation of the transmtted IR beans 106, 108, 702, 704 is
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of the optical 101 frequency

signal transmitted by the corresponding transmit module 208. 210 This
b - . - » ’ -
andwidth is set within the DSP 216 and can therefore be changed to suit the desired

imum vehicle speed. For example, if the maximum speed is increased to 200 km per

€r, even with the bandwidth set to

o . speeds in excess of 200 km/hr,
although there is a smal] penalty in the accuracy of the measurement.

hour, the bandwidth can be ncreased to 15 kHz, Howey

20 12 kHz, it is still possible to measure vehicles with

The use of iers is signi
modulated carriers is significant for the receiver electronics, since all traffic

information” is transferred from base-band to the vicinity of the modu
25  frequency,

O lation or carrier
and this frequency only occuples a small fractional bandwidth. Much better

noise performance i i
p can be achieved from the recejver 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
Fimi _ .
eliminate the possibility that the harmonics of one modulated signal could be interpreted
30 b 1 iti
| y the receiver 104 as a legitimate component of the other modulated signal; 2) the carrier

fre . : . :
quencies are sufficiently high that 1/f noise phenomena within the detector electronics




25 frequency, and this frequency only occupies a snmall fractional

bandwi dt h. Much better noi se performance can be achieved fgqp$erzmﬁceiver
el ectroni cs 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 elimnate the possibility that the harnonics of one nodul ated signal
could be interpreted 30 by the receiver 104 as a legitimte conponent of

t he other nodul ated signal; 2) the carrietl-frequencies are sufficiently
high that 1/f noise phenonena within the detector electronics 3 0 NOV 2005
-11 has negligible effect on the performance of the fi-ont end nodul e 304,
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ansi ainine
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each front +gadvod@de aichil I nei e ysing a,form of. —
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opt el st gaart R S9CEAile’ BT 10Dt nEasponing g imesmiter secciver 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

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 varaclor 504, it produces an overall impedance of several M-ohms for the pair 404,




capaci tances of varactor diodes ? in each front-end nodul e SO%gﬁ?dgg
control of the mcroprocessor 222. 25 A bl ock di agram of 3hd ié#h
nodul e 304, as shown in Figure 4, can be better understood with reference
to a sinplified equivalent circuit diagramof a front-end nodule 304, as
shown in Figure 5. Each front-end nodul e 304 contains two resonant L-C
pairs 402 and 404. The first L-C pair 404 includes an inductor 502 used to
provi de a negative bias voltage to the photodi ode 302 at a term nal 5083.
This i nductor 502 has a reactive 30 inpedehce of some hundreds of k-Chnns
at the carrier frequency, but when resonated with a varactor 504, it
produces an overall inpedance of several Mohns for the pair 404, 3 0 NOV
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t he noi se gain characteristics of each front-end 304. These capacitances

i nclude the 10 capacitances associated with each photodi.ode 302 and
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charge and noise, and is therefore referred to as a "sénsitive n 3235@%5
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512, causi ng s Ganaest PERIRF P YR erPHET Vel bEsalrdeh Tfowhe Breted
| oop transhppedacse agai arg) pédElyTBheciSeNSahd Vauj@NI8s thd%hal and mechanical .
disturbances. The portion 512 of the front-end circuit carrying the small input current from
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.

The transimpedance amplifier loop 506 includes a signal amplifier 514 which comprises
three cascaded x10 gain cwrent-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




The transi npedance anplifier |oop 506 includes a signal anplifier 514 which
conprises three cascaded x10 gain current-node anplifi e} g WfYhz@sbandw dth
of approximately 15 MHz. By sel ectively bypassing individual anplifiers,
the signal anplifier 514 provides a selectable gain of x10, x100, or
x1000. The overall gain of the transinpedance |oop 506 25 is determ ned by
the gain of the signal anplifier 514 and the total value of the feedback
resi stance 516 in the | oop 506, which is selected by anal og switches 510
and the resonant inpedance present at t-H@-sensitive node 512. Although the
simplified equivalent circuit of Figure 5 shows switches 510 and resistors
516 for only the two nost sensitive ranges, additional sw tches and
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frequency efrietfeequoncyeis pettdizag apltthe abersll @malis udifk STH;RS i f.t network
prevents. dearadation of the stability marg ﬁ;@ lthseﬂ??gﬁg‘?ﬁ%tehc? &e°
522 s ndb’%’ g 2% Fif h bili 7
f eedback | 388 506"t Hat- \XB’& ds UBeAdeng Batigdaufrodmdtoodite 30ddb theoappafpriate
excessiye ﬂ@@lﬂhﬂwﬁﬁ@@m'd? 8 ffe &JtrréSIvéncfiﬂEO Hoeive 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 bdotstrap 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




20 The capacitance conpensated by the bootstrap | oop 508 includes the
intrinsic photodi ode capacitance 530, the capacitance 53% Beﬁﬁ?eﬂm&he
sensitive node 512 and ground in the photodi ode cable, the"s total stray
capaci tance 534 of the PCB between the sensitive node 512 and ground, the
sumtotal 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) fromthe guard node 518. The sum-tfilgtal of these capacitances is
resonated with an inductor 538 to reduce the anount of additional noise
coupled into the front-end 304 fromthe bootstrap anplifier 524 itself.
However, theapcesans® BipatfentesR Lreuit 402 i ncl udi i nduct or 538
conpl i cates the stabi itpy rec}u‘?r e@nﬁg%{"é‘&&élf&ﬁh%ﬂ“ffBHP-caﬁal %gg,asﬁsqugﬂ bglow,
incorrect adf BsvAENthe wcwegdaeoﬁljarcaqmtbbiﬁgpﬁﬁpﬁa@ﬂéé 249 @[rf_tc%ﬁ Maragtar the
capaci tance-r‘éﬂétoh.{l ff{[[;ugcﬁrSO irection can  degrade the stability margint

the point of 0SCI P A : ?lsf%‘gﬂféﬁp?9?31¥1aﬁ@@fdh%nigimg)raMMd&g@ aNDedQR5the 14
varact or tumitrigsi¢ Sohpedd AGiEREsUNIRA vAaNL t he m croprocessor 222, as
descri bed below, to prevent the occurrgfrPuk:eeSPSLafm%‘uch instability in
practice” Litz wire can be used in the inductors 538 and 502 to reduce the
resistivitysphsid ' ctor w ndi.ngs and reduce the intrinsic Johnson

noi se associ ate \%l.okl (?I!geuc 05} SPYLIY dén2a; anyl grpgragsing tonleshecmmibte SAMEtt hve
range and phogmressiamguhiOof @$ecieR0sid bVLddd , i ncreasi ng anount of
capaci tance i sbeg}uafr ded by the boppét%ap_ _gy@t feﬁﬁqb&@gst% S¥sfeR SRSINGCICRUPD er
of swi t ches™SEEFT(SineYlisliphg | Aditiclidimmbddivibia hedichey nshewwn a8 H8SGHd bate)

above) beipgnt & .t h the sensitive node 512. Eventually, the
capaci t ance tgé be %}g%@&gﬂ% %Eélgﬁwgsno S gIlgrr Heentyaily. e aepticitammeato be guarded

i nduct ofOvabsomes sphige thanin SOOWEa] i ' el i th .second
r esonant netﬁargk 402 to enable a raeél?rgg%g_g%agﬂ%ﬂgﬁggh%ﬁe%&%fs ?%ﬁdéﬁ)?ﬁa@@

frequency. et COTUEARANt gaark A2 d6 enatdels resoaendeSto RIS SATY t}Y}éﬂ&QI-i?r

operating ifediescy.! €@ it r.anges,, since the overall inpedance o
this L-C systcglm Ras matr?ivférlg?‘ﬁjé]#éfré@‘fhno{}%?frfﬁlém@ll%’édmlll%és%ér‘/‘flt@nmnmeingrildtltdle

stabi | ity ofaxkensitiverrangndsiaed thewvieed) 1h48knde io15 jtions.is
domi nated by fhe i o0 Jipir?rrpedg)nce of the feedbackhﬁﬁgg#stcf)%géf%.haﬁnpfé’?@ﬁéﬁég

at the carrierofi%s OyPTOTRBNGORethe stabifiy of e frowt-erids 8 QM ivitgcViuhlernBidner

af fect the 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 clectrodes. This allows the capacitances and inductances which are
otherwise guarded by the bootstrap system to be effectively placed in paratlel 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

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

the normally guarded components, in particular the photodiode 302 and its ecable. 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 greatlyrreduce the closed ‘loop fractional
bandwidth on the more sensitive ranges. |
30




stability nor the open/closed | oop performance. The bootstrap | oop 508 can
be effectively disabled by groundi ng those nodes 518 that é?g Qagmg as
guard el ectrodes. This allows the capacitances and induct% C 9 h are
ot herwi se guarded by the bootstrap systemto be effectively placed in
parallel with the photodiode bias or first L-C network 404. In this node,
they contribute directly to the noise-gain and open-|oop gain of the

t ransi npedance feedback | oop 506. Consequently, the front-end nodule 304
beconmes nore subject to any thermal andjsechani cal sensitivities of 25 the
normal |y guarded conponents, in particular the photodi ode 302 and its
cable. In addition, the open-loop gain is reduced, since the resonant

i nped i i ; hus. f i h_snal | h
| os dar e TRE pbily OTRRR S doto fp Bl My AL bR R S o g b2

descri bederaboeeplet B4 timanthgr éathibed gsiiee BbRrehosadch IRMth@Ghd B304 is
bandw dt h ?’B? thg rrare sensitive ranges. 30 3 0 NOV 2005 - 15 The ability to
switch t hEAYPEYES {9 dpeBrina il wiltazpmthay arpornplied tel threvarattoysut4o §84 iim ordea to

front- engmduls trame tih L ven .Before use, each front-end
modul e 304 15 Ca %r at e?lﬂ‘tsoL g/{eflgt(r%‘%?lﬁge%g’eggﬁl teglblésadg)‘ﬁgline i Bylmsd B% t he
var act r sma@irer5@ of thedbde paih of tleahingitepddana@nRedinc iodp06. - 1Gio &l prprkse 402,

404. This adjustnment is perfornmed by 5 neasurenent of the | oop gain of the

. Y, : .

t ransi npetfAITe NCERIRSEEIOT | wopcuw] with dhe sidyof ithe RSP 2dhdeA ISt tor BEBsEOr
222 contr | j f 16. tegt M1 freguenc
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"the gain ﬁﬁ)u t he Iﬁg@ 9E606. The sane DSP 216 software used in norma

operation’1% SHY Mehsttte sefhare 1gsed ipepgsmel opretien rig ised e gpersyee and
shown 10N nkedpfcptife cidciR rddpQsess for tuning the varactors 540, 504 includes
the following steps: (i) at step 602, the bootstrap varactor 540 is set to
a nom nal value; 15 (ii) at step 604, the bootstrap | oop 508 is enabl ed;

,E ihiai Z:aﬁ i %&% EHO\%Q %1 Fligﬂree éa,itﬁespr\c/)gésg%rotﬂmg'%llthj: %ar%gttorsf gf{o, %ﬁ( iirggallllldels C’gfcl)g feql%iwr;nga t-
steps:
(1) atstep 602, the bootstrap varactor 540 is set to 2 nominal value;
15 (i) at step 604, the bootstrap loop 508 is enabled:
(iif) 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 sensitiv-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 ultimatély 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




frequency; at step 608, the varactor bias voltage is saved as Vbias; (iv)
at step 610, the bootstrap | oop 508 is disal bed; (v) at ste@Eglﬁ% Lﬁ@

boot strap varactor 540 is set for maxinmal |oop gain at the % ?ion
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 | oops back to step 604 (ii); otherw se, the
varactor bias and boot voltages are saved as Vbias and Vboot,
respectively, at step 618. 25 This procesg.is executed for both front-ends
304 for all but the |least sensitive ranges. Each front-end 304 includes a
detector (a conparator-based upper and | ower bound detector wth |atch,
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when a ra%?%%ﬁé@nﬁgwgﬁéé‘ﬁy, which is performed by the DSP 216. To
avoid this phenonenon, if a front-end nodul e 304 saturates, the 3 0 Nov
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514. 5 The out pat  bbBhEFFShio- ane pesidarpliBe4 (ep paabs, Bissther BeEMRal (242,

post

and i s seputpio oftheafkRn hEhcatlon Sta referred to as a
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500 kHz. ThiSp; | iasi ng of signal and noiseée
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ori gi nat i H§"AY§ Vh@oise oniginstivg 304he Troet fenlit Ry, 30,8 ﬁl?‘%ﬁ%f}g&scsi g@t ’?tai i
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i nput of a:i[’;g)%oliA G sVEFTRE e Fentsendc30d mnbytrednbyit e irfphargs gat i on
process Hepveromelnhs Meafdidel 310. The switch-node power
supplies jin ti?le r égi ver unit 10%%1§r em%%éoggtﬂ"ﬂﬂ‘i‘%&]?tpéo@ﬁ%aﬁ@wrchemfnmﬂqe
ADC sanpl 11§ 1'Fe cﬁ»D@G?'1@n§@ﬁ®Wlt¢htmp@y\p@wé%bMemltﬁg 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- Y

end modules 304 is aliased to DC or 250 kHz by the sampling
'Both of these frequency components are numerically eliminated by the
mathematical methods employed by the DSP 216, Additionall

process.

' ¥, the front-end circuitry is
entirely surrounded by a shield to minimise pick up of 250 kiz signals

and harmoni
20 together with wide- nics,

band noise caused by switching jitter in the switch-mode power supply

The inductors in the power supplies are also shielded with shorting
electromagnetic field emissions.

straps to reduce their

The digitised signals from both receive modules 212, 214 are fed to a single DSP 216. The
D L] . .

SP 216 performs digital quadrature demodulation to down-convert these signals using

3 » b

local oscillator signals generated within the DSP 216. The demodulated I

each channel are low-pass filtered in the DSP 216 by a finite-impulse
filter with a linear-phase response. The fi
factor of 16, giving a fi

and Q outputs for
-response low-pass
lter output is sub-sampled using a decimation
‘ Itered 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 mea ich i i 1
D Surements, which is further improved using numerical interpolation. Separate




pi cked up by the front-end nodules 304 is aliased to DC or 250 kHz by the
sanpling process. Both of these frequency conponents are guiretiicadiily
elimnated by the mathematical nethods enpl oyed by the DSP 216.
Additionally, the front-end circuitry is entirely surrounded by a shield
to mnimse pick up of 250 kHz signals and harnonics, 20 together with

w de- band noi se caused by switching jitter in the switch-node power supply.
The inductors in the power supplies are also shielded with shorting straps
to reduce their electromagnetic field epissions. The digitised signals
fromboth receive nodul es 212, 214 are fed to a single DSP 216. The 25 DSP
216 perforns digital quadrature denDduIation to down-convert these signals
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16, givi n@eaé1 far| & gived Teenipt modaleecontes@hde Fo Itllrd*zmordmaaoh erqeQemly d&t&@dﬁebﬁn of
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performed for signals corresponding to the direct beam and the cross beam
for each receive nodule 212, 214, because the nodul ati on frequency of the
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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,
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 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




15 108. One of the transmt nodul es 208, 210 in the transmtter 102 is al so
used to convey system information fromthe transmtter 1023t%;qﬁng§peiver
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with a data streamconsisting of a rapidly. alternating, 20 equal positive
and negative quadrature conponent. The alternation rate of this quadrature
conponent data is sufficiently high that its presence does not disturb the
QAM | ocking process described above because its average value is zero on
the tine scales over which the phase-freggquency |ocked |oop operates. The
DSP 216 decodes this data by inplenenting a software UART process attached
to the filtered-and-subsanpled Q output of the 25 appropriate channel. The
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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 menmory.,

The monitoring system can be powered by C-cells, an external rechargeable battery pack,

and/or a solar panel.

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.




real -time vehicle informati on by SM5 or pager text for enforcenent
purposes. 15 The SBC 218 al so controls operation of a GPS nodul e of the
comuni cations nodul e 226, permtting renote operators AN

nonitoring system Wb server software on the SBC 218 pggrr#lts BeR ¥os
comuni cation with any conputing device with web browser software, either
renote or local, to collect information |ogged by the receiver 104. The
receiver 104 20 includes up to 32 MB of_@ata | ogging nenory associated with
the m croprocessor 222, and a PC Card interface allows up to 1024 MB of
removabl e nmenory. The nonitoring systemcan be powered by C-cells, an

ext er nal rﬁwabl e battery pack, and/or a solar panel. 25 Many

nodi fi cati | be apparent to those skilled in the art without
departing fromthe scope of the present invention as herein described with
reference to the acconpanying draw ngs. 30 NOVEMBER 2005 -19 CLAIMS: 1. A
process f ot rbpiocesifaymanitorigsat lessoneovevine objpecincluding thelstaps ethe st eps of
generating one r e tical signals nmodul ate respective no tion
5 frequenci es; (grnésnaslrl%igt &l?engors 4G o&%lc%lalmggiglﬁngllogugéafiog IESPSEY 5?0%2“%%811
movi ng 6bj ect fregleheies;i ng at | east one of making and breaking of one or nore
received optical signals due to novenent of said object by nonitoring
substanti al | y atrawwuttigg spdroptisal signalshcrass a pathicd said meepiesebied; and 10
determ ning at o, r £ .sai j.ect t he I i:
detecting. 2. Ahgﬁ@gs%{qgg&c@gie nfg%la?l%gc%&?br# %lﬁ O(g?&éllen&sgll%gé 5%%@%%3’ ?lﬁgal

i ncl udes genesighalnduato mbusatnttof saifl ahpdct dalmmitgriag sutmtahub Ay edomst orreseadt i ve
modul at i on fre%genﬁi es. {ji'g 3. A _parélgcess as claimed in claim2, wherein said
detecting incf platior fiegFngiesia®dst one of making and breaking of one or

nore rqgei ved Oﬂétbﬁﬁhin?iag Rakiond ParanR AR S8 '35%69{ on BRibdsi® B §64 dl¥ctigni toring

substantially at the plurality of nodul ation Trequencies.

2. A process as claimed in claim 1, wherein 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 detecting 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 bfocking and unblocking of paths between each detecting
location and said first location and between each detecting location and said second

location.




4. A process as clainmed in any one 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 clainmed in any i to
4, wherein said generating includes generating first angggﬁg%ﬂ@é€53585|
signals at respective first and second |ocations nutually spaced al ong a
novi ng direction of said object, and said detecting includes 25 detecting
first and second optical signals at one fr nore detecting |locations to
determ ne at | east one of bl ocking and unbl ocki ng of paths between each
detecting location and said first |ocation and between each detecting

| ocati on and sai d second | ocation. 30 NOVEMBER 2005 -20 6. A process as
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transmtted from one said first and second |ocations. 15 9. A process
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noving direction and transmtted fromrespective fi rst and second
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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
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

recetver.

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.
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second receiver, and transmtted fromsaid second transmtter and received
at said first receiver. 25 10. A process as clained in any one of clains 1
to 9, including receiving said optical signals, convertihggoiEmBeERb63!
signals to respective electrical signals, d|g|t|S|ng said electrica
signals, and downconverting said digitised signals to provide data
representative of at |east one of making and breaking of said optical
signals due to said noverment. 30 30 NQWEMBER 2005 -21 11. A process as
clainmed in claim210, wherein said dowconverting is digital quadrature

anpl i tude nDduIation direct downconversion. 12. A process as clainmed in any
one of cl aj wher.ei n sai ara i,nc s_the
passage of i bat ardsfiets oMBFa TR fo Sna SR GRS -RARERTH S e Bpal sty [
12, wherein saiglindle h&RSdticanBrePedavRbRversibACl udes a noving directi on of
said object. 10 14. A process as clainmed in any one of clains 1 to 13,
wherein said at |east one paraneter includes a speed or velocity of said
object. 15 S aone, of clalns 1 rein said
ot | oast ol bEIEREEE Mg f AREoLS o RS G Dy SR g et put DR
processsas Chﬂﬂmﬁﬁth&pﬁ&@k@f&ﬁdoﬂhﬁtEln said dinension is used to classify
said object. 17. A process as clained in any one of clains 1 to 16,
wherein said at | east one paraneter 20 includes a classification of said
obj ect. i i I ] i des
a vehicl e andstoglgﬁsa%cc?ags ?I} g@g?%é‘noﬂéﬁb{nﬂ%% o1 e o f‘ég{‘%ﬁu&‘ glregéc%if()ﬁggﬁflagﬁgéf
types. 25 19Jnﬂu&¥$ﬂﬂ@hﬁ@duﬂﬂhhkﬁ5&d@bﬂtt|eaSt one novi ng object, including
one or nore transmtters for transmtting optical signals nodul ated at
respective nodul ati on frequencies, and one or nore receivers for receiving

sai d opbi cpd. ShaRalsSs BAMRA H afPbith HNGaits 1"R' B, wherein said at least one parameter

includes a speed or velocity of said object.

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
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 monitoring 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
receivers 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.




receivers being adapted to detect one or nore of the received optical
signals on the basis of said nodul ation frequencies, and neans for
detecting at |east one of making 30 and breaking of the

detected signals due to novenent of said object to dete?@ﬁﬁgk% §§£95one
paranmeter of said object. 30 NOVEMBER 2005 -22 20. A systemas clained in
claim19, wherein the systemincludes a plurality of transmtters for
transmtting respective optical signals odul ated at respective nodulation
frequencies. 5 21. A systemas clainmed in claim19 or 20, wherein the
systemincludes a plurality of receivers for receiving the transmtted
optical signals. 22. A systemas clainmed in any one of clains 19 to 21,

i ncluding nmeans for detecting 10 changes in a nodul ation spectrum of each
detect ed sp@nglsysid b9 GRufbdTRY UBAL 1923vhefois VBE CHsish %@lhdi@dahﬁluﬁlﬁgy e of
claims 19 to 22, wherein each of said receivers i'ncludes a sensor dnd an

i nput ci rcui trahgmitison\er ttrangmating orespastize r el exigrapyt insedulated gratespeativan

el ectrical skﬁgﬁlt.aqd an anal og-to-digital (ADC) converter for digitising
15 sai d el ectTI AL G4 % nd the system includes a digital signal
processgr (DSP) for denodulating the digitised signal fromeach of said
receivers to provide output data representative of said at |east one of
nmeki ng and2breakstery asfcldimedoneclam ABros Hetvésrain the gystemlingidasad plurdgy 2f. A

system as cl '%gqé' j K . [.ei id . ut data includes at | east
one of | and% n{)%f&fgc?ignﬁﬂ%tﬁ?g S%%‘ﬁ“i"é@%??%%ﬁ% " clained in claim?24,

i ncluding neans to | ock respective frequencies of one or nore oscillators
to said nodul ation frequencLes on the_ basis of said npdul ation data. 25 26.

A syst em a&d} &VTem asrclaimpddneanysong af faimss 19 do 24, inchedingmegnsfor defedtingne
itch d : i . j
renoeatode chaEs ik RRH AU GRER N calPaditied Sl B ERaATRAIE.

artifacts fromsaid power supply. 30

i

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.

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, and wherein said
DSP is adapted to reduce digital signal artifacts from said power supply.
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30 NOVEMBER 2005 -23 27. A systemas clained in any one of clains 23 to 26,
wherein each input circuit includes at |east one variable resonant
circuit, and circuitry for matching the resonant frequengyNdvEﬁéégzoms
resonant circuit to a selected nodul ation frequency to mnimze referred

i nput noise, maximze overall gain, and mnimze input inpedance at the
selected 5 nodulation frequency. 28. A systemas clainmed in claim27,
wherein said at | east one variable resongnt circuit includes a varactor
and an inductor in parallel. 10 29. A systemas clained in claim?27 or 28,
wherein one of said variable resonant circuits includes an inductor used
for biasing said sensor, 30. A syst as clained in any one of clains 27 to
29, wher ei §7-sf*aﬁ¥ﬁtqnhaﬁflaev v ichg of gleams & 19 %m(heé%@efrhd&ew chieujt dnglydesne
guard el ectr : > - Al .16 i of
said at Ieas?@gﬁgagﬁgégggﬁgé%%%%é%%gﬁﬁ e‘%@?gﬁﬁ?gphggnialg%%g%%%%%hg%# ode.
31. A syst emdisaidl rasomeut ¢ircud tai anseBRiedwheddatiors feqlcbootstuimmiz refoniet input
includes an anplifier. .and a variable resonant circuit Eor reduci ng, noi.se
coupl ed i nt o KFd TREZ e ¥Eo@aM r 8K RIS PHT | EPedTEe 35 Be VISP as
clai medsi n cliabdiladibn WAQERYN said variabl e resonant circuit of said
bootstrap circuit includes a varactor and an inductor in parallel. 33. A
systemas clained in any one of clains 27 to 32, wherein said bootstrap

circuit ha 5 subst ant.i al,l. nit i n_.and. stantiall.y.,zero ase shift
ot sai d momtAcT SRR SRR K Sy SO B e Nt S B B
30 to 33, Vmﬁﬁﬁhdbs&a}adad&ﬁ%hataﬁaﬁwid%@mbﬁramn be sel ectively disabled by
grounding input to said circuit. 30 35. A systemas clained in any one of
claims 27 to 34, wherein said input circuit includes a signal anplifier
with vagpi abye : 5 . 3 ' I:
claim gg , \legr)fe}‘rL fg?gﬁéﬂg}%& la\llxgi%l ?ﬁﬁ EME gz&%%gkwgﬁrgngg?edéfa cf%%é%b?%ﬁeg)ﬂ\?g??%g e
resonant cir dn¢ltidesraa induckerdisethfbe biasmgtsaidl seadora m cropr ocessor of the
receiver to

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.
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.




maintain stability of said input circuit. 5 37. A process for tuning the

bi as varactor of the bias circuit and the bootstrap varactor of the
bootstrap circuit of claim 36, including the steps of: (] i

bootstrap varactor to a nom nal value; (ii) enabling thg6 H@%%&%s
circuit; 10 (iii)maximsing |loop gain of a signal amplifier of said
bootstrap circuit at said nodul ation frequency by tuning the bias
varactor; (iv)disabling said bootstrap Cj rcuit; (v) maximsing the |oop
gain of said signal amplifier at said rmé‘ul ation frequency by tuning the
bootstrap varactor; and 15 (vi)repeating steps (ii) to (v) until the tuning
vol tages applied to each varactor converge. 38. A nonitoring system having
conponents for executing the steps of any one of clains 1 to 18 and 37. 20
39. A conp r lLe: i hayj stor .

nst ruct 1 o 1 SRR B LRk TS e B O R R L B,
40. A syst emvasfalslk adsorghticitcain yreoreicd unddraionBolldr 4 wic3eprovdearreif thes@ce vartto

| east one parameter 25 incluydes the passage of said object. 41. A system
as clai med i MmAMIGRDIYY of paif ARPvE 61reWl. 36, wherein said at | east one

paramet gr includes a noving direction of said object. 30 42. A system as
claimed in any one of clains 19 to 36, wherein said at | east one paraneter
i ncl udes a3Bpeeprbeess foelhwodng thedfiasedractabpfetht biBQiNOVEMBER Re08rap2Bratir ok

ar amot or 1 RS PRRUTR R ACP B 8F. BERATBICRE o 4a. A syetemas ol ai mod.
in any one ofg)CiiifB thd bo¥liRiSiatadail @ MRSl Vet s used to classify said
obj ect. (ii) enabling the bootstrap circuit;
10 (iii)maximising loop gain of a signal amplifier of said bootstrap circuit 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.
20
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.




45. A systemas clained in any one of clains 19 to 36, wherein said at

| east one paraneter includes a classification of said object. 10 46. A
systemas clained in claim45, wherein said object inclus Lol and
said classification is into one of a nunber of vehicle @E%siﬁﬁgﬁﬁﬁﬁns
conput er program including programinstructions for executing the steps of
any one 15 of clainms 1 to 18 and 37.
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43. A system as claimed in any one of claims 19 to 36, wherein said at least one parameter

includes a dimension of said object.

5 44. A system as claimed in any one of claim 43, wherein said dimension is used to classify

said object.

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




