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12 BACKGROUND OF THE INVENTION
13 1. Field of the Invention
14 The present invention generally relates to the measurement of

15 inductance, and more particularly to inductive vehicle detectors.

16

17 2. Description of the Related Art

18 Inductive wire-loop vehicle detectors of the prior art are typically

19 based on the Colpitts oscillator using a wire-loop sensor. A simple wire-loop
20 has two terminals that are typically connected to the rest of the detector

21 circuit through a pair of lead wires. The lead wires connected to the primary
22 coil of a transformer serving as a common-mode choke typically having 40dB
23 common-mode noise attenuation. The secondary coil of the transformer is
24  connected to a capacitor effectively forming an inductance-capacitance-

25 resistance (LCR) circuit with the wire-loop.

26 In the typical Colpitts oscillator-based detector, one leg of the LCR

27  circuit is connected to a positive direct current (DC) power supply terminal.
28  Because of this arrangement, the common-mode noise appearing at the

20  secondary coil of the transformer is converted to differential noise as the

30 common-mode current flowing through the leg of the secondary coil tied to

31 the positive power-supply terminal is drained away. Consequently, the

32 common-mode current flowing through the other leg of the secondary coil

33 charges the capacitor of the LCR circuit. These current flows create a

34 differential noise voltage, which is added to the existing differential noise on

35 the circuit. The largest component of common-mode noise is typically
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20 BRIEF SUMMARY OF THE INVENTION

21 It is desirable to isolate signal from noise in an inductive vehicle

22 detector. Inductance is typically measured indirectly as a function of the

23 resonant frequency of an LCR circuit in which the oscillation frequency is

24  approximately inversely proportional to the square root of the product of

25 inductance and capacitance. In practice, significant errors in the

26 measurement of this oscillation frequency are typical.

27 In the absence of noise errors, the measured inductance of a wire-loop
28 is independent of the polarity of the excitation current used to make the LCR
29  circuit oscillate. However, when random and non-random differential noise
30 is induced into the circuit, typically through the wire-loop, lead-wire, and

a1 transformer, the resulting inductance measurement errors strongly depend
32  on the polarity of the excitation current. By employing an oscillator circuit
33 having two balanced capacitors and by controlling the polarity of the

34  excitation current, the effects of common-mode and differential noise can be

35  greatly reduced with minimal effect on the inductance measured at the wire-
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29 circuit oscillate. However, when random and non-random differenti al
noise 30 is induced into the circuit, typically through the wre-| oop,

| ead-wi rayoansh43d transforner, the resulting inductance nPEBUSEN®BI1 errors
strongly depend 32 on the polarity of the excitation current. By enpl oying
an oscillat 0 circuit 33 having two bal anced capacitors and by controlling
t he pol ar'i t y°8F StHe®34 excitation current, the effects of common-node and
di fferenta al noise can be 35 greatly reduced with nininmal effect on the
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a bl ock & agheem@én paR1 gtk Wik tRE draWingS iASAiLhAt or circuit of the
present invention, 9 Figure 2 illustrates a block di a&m?m of an alternate

embodi meft of t he'igure ésléwhraﬁeéra kloek diagram efenqembeaimentadthe on; 11
Figure 34 s é‘gcﬁfé%&fr@ﬁb&lt%ﬁ% Eﬁs@ﬁ ngf?;n 8fillator circuit enbodi ed in 12
I ed SC

Figure 1; 13 Figure 4 1s emati ¢ di agram of the oscillator
circuit ¢14 enbocﬁlédmﬂlﬂ-‘*il@tmaf@sia blogk diagram ofzan slternpte phitwditapricsleilitcat i on
of one oytp I t of the present invention using
t he ci rct6| tLH ﬁ.I_at&h&rQ@ﬁ ﬁﬁ%:%et?reéggﬁ)e%ggg graphic representation of the
ot her out1put of tlﬁgurqa ipacichemiagic diagram of tfe odedllgioe sirnnitiemimdi¢din usi ng
t he circ % ure 3; 19 Figure 5c is a graphic representation of the
out put o Flg a 20 overlain with the output of Figure 5b; 21 Figure 5d
is a graphic reprlﬁgam a4tis arsmmpliﬁbté spémmetit diadgraouoipie astillaler cif@rit
differential arat he circuit of Figure 3; 23 Figure 6 is a

gr aphi c {epre&‘ﬁ‘g@ 1%?7‘3% ductive signature data 24 obtained using the
oscill atgr circuiRigafe bhes argesphmb repreashtaiton of one output of the oscillator

16 circuit of the present invention using the circuit of Figure 3;

17 Figure 5b is a graphic representation of the other output of the

18 oscillator circuit of the present invention using the circuit of Figure 3;

19 Figure 5c is a graphic representation of the output of Figure 5a

20 overlain with the output of Figure 5b;

21 Figure 5d is a graphic representation of the pulse-train output of the
22 differential comparator of the circuit of Figure 3;

23 Figure 6 is a graphic representation of inductive signature data

24  obtained using the oscillator circuit of the present invention;

25 Figure 7 is a graphic representation of an array of inductive loop

26 sensors disposed in a speed-trap configuration; and

27 Figure 8 is a graphic representation of inductive signature data

28  obtained using a prior art oscillator circuit.

29

30 DETAILED DESCRIPTION OF THE INVENTION

31 An oscillator circuit for use in an inductive vehicle detector is shown
82  generally at 10 in the Figures. Inductance is typically measured indirectly
a3 as a function of the frequency of an LCR oscillator in which the oscillation
34 frequency is approximately inversely proportional to the square root of the
35  product of inductance and capacitance. In practice, significant errors in the
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25 Figure 7 is a graphic representation of an array of inductive |oop 26
sensors disposed in a speed-trap configuration; and 27 Figure 8 is a
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19 approximately 40dB of common-mode noise attenuation. An excitation

20 circuit 108 interruptably connects a voltage supply 110 to the secondary

21 coil of the common-mode choke 102. In the illustrated embodiment, the

22 oscillating output of the oscillator circuit 10 is passed to a measuring device
23 112 that samples the frequency of the oscillation at any given time. The

24 frequency of the oscillation in turn relates to the inductance of the wire-loop
25 100. The measuring device 112 includes a differential comparator 106

26 whose output switches whenever the differential output of the oscillator

27  circuit 10 changes polarity. The measuring device 112 also includes a

28  counter 114 that counts the pulses generated by a high-speed, fixed-

29 frequency clock 116 gated by the differential comparator 106. These

30 measurements are then processed by a processing device 118 to extract

31 useful information from the data.

32 The excitation circuit 108 is typically implemented using a plurality of
33 switches. These switches are gated by precisely timed digital signals that are
3¢ generated by a timing source 120. In one embodiment, the timing source

35 120 is implemented using a binary counter that counts the high-speed clock
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19 inductive sensor. This baseline sampling need only occur once, but can be

._1

20 repeated to monitor the oscillator circuit 10 for baseline drift, which, for

21 example, can be caused by temperature variations. Thereafter, the decay

22 sinusoids are sampled to determine the change in the inductance of the

23  wire-loop 100 due to the presence of a vehicle or other metal object. Again,
24 the measurements are processed by a processing device 118 to extract

25  useful information from the data.

26 Figure 3 is a schematic diagram of the oscillator circuit 10 embodied
27 in Figure 1. The oscillator circuit 10 is an inductance-capacitance-

28  resistance (LCR) oscillator having two legs. In the illustrated embodiment,
29  each leg including a resistance Ri, Rz in series with a capacitor C;, Ca.

30  Those skilled in the art will recognize that Ri, Rz can represent the inherent
31 resistance of the circuit or discrete resistors selected to balance the circuit.
32  The RC circuit 104 is coupled to a wire-loop sensor 100 used as a sensor.
33 In the illustrated embodiment, the wire-loop sensor 100 includes an

3¢ inherent inductance Ly and a resistance Ry connected via the common-mode
35 choke 102. Again, those skilled in the art will recognize that Ry and Ly,
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17 devel op a baseline, the decaying sinusoids are sanpled at nmultiple
points 18 which allows a determ nation of the base resistance and

i nduct anceoof/si4be 19 i nductive sensor. This basel i ne sanpCT/mgormas only
occur once, but can be 20 repeated to nonitor the oscillator circuit 10

for baseline drift, which, for 21 exanpl can pe caused t enperature
vari ati ons. qrglé:raﬁelgfr FB’IZC,SBPRQ“%MCH%E&C%&C i ?Pg%%?ﬁp?ig%et%rnggqoé’r i ne

t he ﬁhalngze i amd Emti didwell:aa%mpoﬁemﬂsearaﬁdd\dtylﬁch%@nsé&oFdﬂ@let',otﬁobé sRilkgEence of
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resi stance (iPEH O PreseRt VsRHAR- tiash legef theosqiltator 1046 coppactediiadi nent |
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sensor 100 uSed as a sensor. 33 In the ilTustrated enbodi nent, the

wi re-| oop sdhiousefobte rrititietheeir@yt phihe presentiayentior es la Cadigcensr esi st ance
RL connegt ed,bhibihgocommon-node 35 choke 102. Again, those skilled in the
art will recognize tﬂat RL and LL 5 WD 01/50436 PCT/USOL/ 00331 1 typically
represent! the i nfiBretwo capaditons €, Sagreesitdhaicomnudn-niademmeise pasged 2 and

t hat disgret ' E .t.ho Lihed 3
nthe aft WETORS g R Batif ot akeia kol? Bline SHRHRES B RGREA P
connect et t mdibe dR®curs in tonverdisial edcillatdrfuineitdemedtfonindudivet he scope
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ool o oA Rlortdtsciitatt it 90%a, S0P 1155 sBhimag- Mol Vittagt g 0
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19 recognize that while the common terminal 306 of the two capacitors Ci, C2

20 is depicted as connected to a biasing voltage Vus at one-half of the power

21 supply voltage in Figure 3, the common terminal 306 can be fixed at a

22  different voltage potential, if desired. By using a biasing voltage Vus, it is

23  possible to use a single positive supply voltage supply without the need for a
24 negative voltage supply and, further, prevents the voltage between the

25 capacitors Ci, Cz from floating.

26 The excitation circuit 108 includes two pairs of switches 302a, 302b
27 arranged in a bipolar charging arrangement with one switch 81, Ss of each
28  switch pair 302 connected to a voltage supply Vs and the other switch Sz, Sa
29 connected to ground. The switch pairs 302 are arranged in a totem-pole

30 configuration. In one embodiment, the switches $:-84 are implemented

31 using power metal-oxide semiconductor field effect transistors (MOSFETSs);
32  however, those skilled in the art will recognize that other switches may be

33  used without departing from the scope and spirit of the present invention.

34 The voltage supply Vs is a direct current (DC) power supply producing a

35  positive voltage and, typically, the supply voltage to each switch pair 302 is
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13 noise, as occurs in conventional oscillator circuits used for inductive
14 sensors. In the illustrated enbodi ment, the combn-node noi se fromthe
15 comowoods4ehoke 102 appears as a conmon-node vol t agePar/Uséign0ia
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current power supply produci ng oslIt typically
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switches 3 ure are opene o all ow
t he Caduteusof efthes csMitchtpmr 302t v lssdpsddasimnilicamloyslySeeq ﬁmbthtSheand Sa

gr ound- c%nnecg(t)%% groun2§ ﬁ&sd%?%ﬁdare cl osed to quench the Caduceus

osci | | at Or €' 6 voltage supply connected switches Si,
S3 are ci7osed to Whend:het(tmi@dscoemﬂato? 10y ¢thaaped, the voltagbenphsi ti ve
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19 practically all of the accumulated noise voltage from the previous cycle is
20 eliminated. When the Caduceus oscillator 10 is decoupled from the power
21 supply and begins to oscillate, any common-mode or differential noise
22 currents present in the circuit, integrated over observed time, produce an
23  accumulating noise voltage on the capacitors. Accordingly, it is desirable to
24  sample the Caduceus oscillator outputs 304 soon after the power supply is
25  decoupled so that less accumulated noise will be present [i.e., the
26 accumulated noise increases while the sinusoid decays].
27 Figure 4 illustrates a simplified schematic diagram of the Caduceus
28  oscillator 400 shown in Figure 3. The equation describing the Caduceus

29  oscillator 400 in the time domain is

5 2L RY 2L
30 vc(t)=[vl(0+)+v2(0+)] e X 4| —==—| co§,|]— (ZL) t—tan™ _—L—-T u(t)
1

31 (1)



9 switch S2, S4 fromthe other switch pair 302 are nonentarily closed to 1o
charge the Caduceus oscillator 10 to a given polarity depending on the 11
desired aveeusise; of current flow through the excitation BCT@RI00308. For
ease 12 of discussion, the set of switches represented by switches S, and
S4 and the 13 set ofC i tches represented by switches S2 and Ss w il be
referred 1t o vilserehe, 4 2 5t I58ie @ndhit ¥evesy edderdifhped, RBRREféréAtiMl It 1S
undesirabl e for bothcswcbches 15 of either switch pair 302 to be cl osed

Si rrultaneous {)é{h Si_and,S2 16, cl osed or both S3 and S4 cl osed. 17
Waen t he 2Cadt f@ﬁ%‘%@@i q o‘fonifbarian %B%EEWIE‘ el #5It age on the 18

capacitors G, Cis |n|t|aI|zed very cIoEe ,;o ;[he pj r supply voltage and

19 practiscal l'y-all of the agey t g 2/ Qh t he previous cle
is 20 elimnated. Wen the gaduc’:@u);d%g?l | at or | 4&d;s||decoupl ed fromtﬁ)e/

power 21 supply and begins to oscillate, ‘any common-node or differenti al
noi se 22 4cur r ent ST Bxperts to the Hifecemttalicomparaieyraaxt diiusivated @osphicelly tn e,

d t t t r di ly, it
< dost r Jo1 &gl ol rER o2 feh 385es e 5 SEBET IR s "ot e
t he powers sqmshtyva and Abgaldveotepiminhls of tlinad:ﬂee&suaammpdratcﬂd Rgiusebov | | be
pr esent |

t ed i | h
Recavel . 7oy Tgtfes7herfGul bt i BRokerni uRAIEE st & Gt afel o
gguceus 8 g%mﬁm1ﬁ?ﬁ?ﬁay§%gd&ba¥\hy In!tibtﬁemt!adfrﬂy Blosiﬁ_ gethectuaa S@ﬂ?’gﬂﬁﬁﬁdk{e@ ng the
uceus 0SCl at or I N I me 0 I N_LS . V.e =
S o e e gBbigled A0 v g s dhas o 00 mflisdeprdeand e, 5 - ) Los
-12LR ) 1031 dpplosite YOIAHY 29 3G0iRETdddI) rBO36H bEhAndntahey BloSBgtne + C . | f

the circuit s very underdanped, the |fferent| al i vol tage | nput to
the conpdr atSseord sehal swiiphes: ¥ S&§s depicted at t=0.0 mﬂhseconds and t=0.6

12 milliseconds in Figures ba-5c.

13 When a differential comparator 106 is used, the frequency of the

14 Caduceus oscillator 10 is measured by timing the comparator output pulse-
15  train, as illustrated in Figure 5d. One method of timing the pulse-train is

16 counting a high-speed clock 116 with a counter 114 gated by the pulse-

17 train, as illustrated in Figure 1. The counter 114 can be gated on the leading
18 edge, the trailing edge, or both the leading and trailing edges of the

19 comparator output pulse-train. In one embodiment the counter 114 is gated
20 on both edges. In the illustrated embodiment, two or more gated counts are
21 added together to produce a summed count having reduced quantization

22 error relative to any single gated count. However, it should be noted that, for
23 a pulse-train having a given number of zero-crossings per cycle, only the

24  second half of the counts captured by the counter 114 are summed because
25 discontinuities arise in the inductive signatures when more than the last

26  half of the captured counts are double integrated.

27 Bipolar charging is useful for active isolation of the Caduceus

28 oscillator frequency measurements from ambient noise 606 and crosstalk

20  errors 608, as in Figure 6, which illustrates inductive signature data

30 obtained using an array of wire-loop sensors and the Caduceus oscillator of
31 the present invention. Because induced currents are a significant cause of

32 most ambient noise 606 and crosstalk errors 608, these errors have a



Lt 3V (t)_ [V (O+)+V2(0O+) e 2LCos LC ]]Ju(t) (2) | s 4 The inputs to the
differential conparator are Mustxated graphically in 5 Figures 5a-5c.

Fi gures 3oanth430 represent the respective inputs to the BCpoSotiosa and
negative termnals of the di fferential conparator. Figure 5¢c 7 illustrates

the input of..Figure 5a overlain wt e in of Fl ure 5b

si nusoi ddl %'3%5? e dTBY REFRAT y*}ifeé?lgé'\tfﬁlj W?é 9r§tw %‘fetg\ﬁl t ches
9 Si, S4sis rﬂaﬂﬂj d:ffﬁnhl’aérrbfs)to?sdemlwlﬂseomm dher hafd 9the frédusergrdshand the
10 opp03|te oI y sl %léid P c%y roduced by nonentarily closing the
11 second s ngSI s PRlASi¥t ed at t=0.0 nilliseconds, and

t=0.6 12 mlli S@Qﬁﬁi’é&tlﬂblsﬁl 606 &5 abtavede isokited\iRin m@lbééxnéwtﬁe@lheﬁ@ﬁpar at or
106 is used, the fr quenc% of the 14 duceus oscill a Jél 0 |s sured by

timng the (RO4h measurement hyralteraating gur e 5d.

One net hgd QdkcfthibRFolth gowl §ﬁcéés§iv@ ffe%;}ﬂeﬁcf M%h?&n@nf‘bﬁhes’sli’ﬁ d clock 116
with a counter 114 gate gﬂ} e pul se train, as il Iustratedln Figure 1.

The count’er altEInating dee gueitatiohpeladty. ©EENTR gluettg lewdecquancyambienh goisége, or
both thegl
0 € ol e Bedifle ﬁérgké a?%%a%gghsﬁéenja?te?ﬁgﬁﬁ% e%%u?éﬁl% gycles. edges.

pul se- traln I n one enb unter 114 i 20 on
In the ilol uslmsafrequ@momt ngisw 606 1$mff@ctg@bemm19y addingemyayaed

t oget her t 22
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23 a pulse- tmmmahadyn@mﬁgquammaMantmlspasmlmm@sdrtgssma@m any onl y
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because I'sC i AUl ar| e 1rnductive si are efi nore
t han tha3|asﬁh€ﬁ hal f of the captured counts are double |ntegrated 27

Bi pol ar charg| ng f.or, active isol at.i uceu

osci | | atBr freque 8?5"??31&?8 WPE WSﬁféﬂ%reéﬂﬁuﬁﬁYeggcéﬁgﬁﬁrW% ?stal k 29
elr3 rors 3@8 s@&smm ihidgice® atonrtaradom leltos tintt e fretpienicy vresssuyament of dat a 30
obt ai ned usin ar,r | 00 nsors d t he duceuys osmllator of
31 the pfes "e“rﬂqr’c\;?yctl%m%éifs’é E?J‘ﬁ‘g %pgw ﬁfgﬁ} # cause

gf 32 mpst tarthaeait arfbic et rﬁﬁ@e.acﬂosstﬂﬁ%h&irk agé tanhsellRdSy mﬁsﬁtmgl’thés have a

18 relative polarity of the excitation circuits of inductively coupled detectors. By
19 adding any two or more adjacent samples obtained from inductively coupled
20 wire-loop sensors having oppositely polarized excitation circuits, crosstalk is
21 substantially cancelled and by subtracting any two or more adjacent

22  samples together the effect of the crosstalk error is quantified. Those skilled
23  in the art will recognize that other mathematical functions for combining

24  successive samples derived using different phase-permutations of the

25  excitation circuit 108 are within the scope of the present invention.

26 The bipolar excitation circuit 108 produces two polarity, or phase,

27 permutations for the wire-loop sensor. For an array having any number, n,
28 of inductively coupled wire-loop sensors, each having a bipolar excitation

29  circuit, it is possible to actively isolate the frequency measurement error due
30  to any crosstalk path within the array. By way of example, consider an

31 array of two inductively coupled wire-loops, as shown in Figure 7. Figure 7
32 illustrates the wire-loop sensor array having two 2-meter wire-loops A, B

33 separated by a distance of approximately 2-meters and a vehicle C. If wire-
34 loop A and wire-loop B are simultaneously excited and allowed to oscillate

35 with any arbitrary set of polarities (e.g., loop A, negative polarity and loop B,

9



WO 01/ 50436 PCT/US01/00331 1 distinct polarity. This is especially true for
differential errors, which are the 2 nost difficult errors to deal wth.
On the otwenvhmased, the frequency of the 3 oscillation is panepemmesit of its
polarity. 4 Anmbient noise 606 is actively isolated fromthe oscillator

of “the 6 Tex IEART B ROUSTY A it S SFPe Ceduar VR sres el o B8, b1 ec. ' By
7 al ternati Mgedquencenédsatrenenig! 1)) fB), diertorcoshitalk 6n kiasvirddirgiveycy anbi ent

noi se 8 606 beco argely equal and opposite on alternating neasurenent
cycles. ¢ Ldﬁﬂﬁ@%ﬁgﬁhby anbi ent noi se 606 is effectively cancel ed by adding

any two 410 adj acréferrami€ineReFis@te/6,R0k& dfZ6ar itiiteive \BsrRafdy GOTAL S
together. 11 Alterpnat \II%(%&% | ow- f r&‘%fg_nc anbi ent _noise is guant i fied by
subt r act i°ng ’ ? PVEERHICOR Bﬁ%@}%wnmﬂ&@ Pagsing quek g
neasur ement Syirk 960y a6hsor birf AEB. Tk fFa8nt flvEnfOR JRBV¥PSS0IANA BE HHRY-©

I nductively coupled wre-loop 15 sensors induces a non-randomerror into

the frequencPnApEsTeEaRERty Braseresey eersduede @pestalk iorithe degctiielom er ror
has a polgaridoipid GildUoBps bg‘lﬁrg er defedtfrl Hiathe ¥xcATRLSE g»thaQQé %%cqﬁ%ﬁl al k

errors are cancelled by alternating the 18 relative l'arit

excitati dn dPeR §fFasorch, Biaibe jayrsyyort suetessivd saatmles-sin Bie inductiveli ng any two
or nore adj ' r ' cli i re-| oop
sensor s favi peauE BRI F b h Hithyc Th Akl SEHPh& mo il °°D,
subst ant ital |errersrageldctisielyrisolpiedsih exciting hge amsaytampsaecessive cudpsvdtit a22

sanpl es } oget. sst.a | ™ IfLed. Those
SaPL o5 hOSSEle e B R AR BRSSEk Lo Bl b AR oS
conbi ni ng 24osp ®; exgatiec pakapity andeavire-dubpulj negativefpmiarity; pheslpopdd,mut at i ons
of the 25 excjtatio i reuit. 108 are. within the scqpe of the Jpresent
Cnvent i off, akerhge pRpafiy: ekl kiRl ool gEviE R St ATy, or
phase, 2i6 pavithincan afyf withidifferihg poladities 388 thdnon-dandomayeignictg any
nunber, n, 28 of i ndI%ct | vel coudpl eq | I e hgog sensgr S, .each having a
bi pol & BxcIASRRERTE arrar die toCrpestpliand Fee B enAgs) GeTum s ehe
frequency nmeasuneereed raafitd telif od@nbhDplase pérdastatiol. PRidcetitidlitfadeRe array.
By way of exeilg@l e onsi der 31 ,arrga_oépty\o i.ndyctive cou&lﬂﬁg
wi re- | oofs, G FSPIESREr eﬁsf“ﬁ}aé inquctiys 91%4‘%&‘% &\ tRé e- 1 oop
Sensor afyr ayerfdsi 6B hvbe BedikhBtoumted fO@R6udh aBtive isolation by averaging

20 each pair of traces 602a, 602b; 604a, 604b. The trace pairs 602a, 602b;

21 604a, 604b represent the raw inductive signature data recorded by the wire-

22 loop sensor circuits as each of the possible excitation circuit phase

23  permutations were sequenced through on successive samples and

24  exemplifies crosstalk quantification through active isolation. The sinusoid

25 lines overlying the trace pairs represent the ambient noise 606. Those

26  skilled in the art will recognize that crosstalk may be substantially canceled

27 or quantified by active isolation in an array having any number of

28 inductively coupled wire-loops through the use of suitably chosen phase-

29 permutation sequences similar to that described for a two-loop array.

30 The vertical scale for these signatures represents frequency. In the

31 absence of a vehicle, these two wire-loop sensor circuits have significantly

a2 different oscillation frequencies. As the test vehicle passes over the loops,

33 the frequencies converge indicating that the crosstalk errors 608 are

3¢ partially a function of the relative frequencies of the two oscillations.

35 Contrast the inductive signature data obtained using the present

10



33 separated by a distance of approximately 2-neters and a vehicle C I|f
wre- 34 |loop A and wire-loop B are sinmultaneously excited and allowed to
oscill atawvo8b50a8¢ h any arbitrary set of polarities (e.g., PCDOROIAO3FIEgaAti ve
polarity and I oop B, 9 WD 01/50436 PCT/USOL/ 00331 1 negative polarity,

t here woul d on & m erd 0 the 2 uency

neasurenént§g$?%% “?@E@l b%éé%%@é?%h¥“8%&¥ﬁéLgHH&E?JWEF?“&LC pl ed

path. 4 Ref ecrsrctmgommcm &3 ghiswen fn Faguaets. oln fieupriomaiCtiie@abilipas vaps 602a,
t he autonnblle C passin ver the 6

5 602b, 604 reco d fro
wire-1oop %ﬁ’s‘? %‘f“l"ya nﬁrbé’ P T REeTRETL é@’P%é“F?“’iV Dk es the

non- 7 r a;ndcunm@ew@nﬁmameamm REroes betwedi i duRtivElgToupldd ToBps bbe
i nductively 8 coupég?gy*re Ioo§§8 y proper selection of the excitation

phases of5 edHY ROE PBHlaterf9at L sipglepalprtysis obfaingds JurHaes e sanpl es.
| n the i RducdanySlidrfe O #hé peiof atPeibaMS lifitel 35 Be ?ow‘éf‘ﬁn@ qth%ﬂéﬁm
frequency neasurement 11 errors are actively isolated by exci

array on7suéﬁE%%FW@ﬂﬁygﬂg%ammﬁﬁhﬁPQWFQH&GQWQ#ﬁﬂ%k%ﬂkHOdﬁ%@ﬁ?ﬁ@ﬁ tations,
€.g., W rge-Ihngpe éoz%?réée\fﬁs Py aﬂetmcluwees% §tdr@9@r &mgﬁﬂéaﬂ Wﬁhp@iea“ ty
and wire-1oop A‘.Qéga ive polarity; wre-| 4 negative polarity
Provi di n@ i n@ued2iac990.coupl ed wire-1 oop sensors A B 15 within an array

W th difhering PORRRLIHR rAch: bAS HGH BRAAMA HEGURREY 1t W SEASUT eTen

errors due to crosstal t he non-ran quency errors are

i nvert ed11r elwnderstaod thiag itoisingit iatengdhd de lipait tloe disclosurd Huitoratherdt is r aces 18
602c, c r; al k 19
errors 6 8 ﬁ%@%ﬁﬁggﬁ<§@§5§§§%§B§§§m?ﬁ%%%5hﬁéﬂﬁﬁgﬁﬁﬁﬁéﬁéf.on %?ﬁgggﬁéglng

20 each fai rspifit andcsesps 0Pte mem;lo:@asaieﬁﬁedm thhepperdesl gJaims 602a, 602b;
21 604a, 604b represent the raw i nductive signature data recorded by the

W re- 22 | oop sensor circuits as each of the possible excitation circuit
phase 23 pernutations were sequenced through on successive sanples and 24
exenplifies crosstal k quantification through active isolation. The sinusoid
25 lines overlying the trace pairs represent the anbient noi se 606. Those
26 skilled in the art will recognize that crosstal k nmay be substantially
canceled 27 or quantified by active isolation in an array havi ng any
nunber of 28 inductively coupled wire-1loops through the use of suitably
chosen phase-
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29 pernutation sequences simlar to that described for a two-1oop array. 30
The vertical scale for these signhatures represents frequency. In the 31
absence ofoal/sabé cl e, these two wire-loop sensor circuitsPORVE01/00331
significantly 32 different oscillation frequencies. As the test vehicle
passes over the |oops, 33 the frequenci esr@?&w ge indicating that the
crosstalk errors 608 are 34 partially a fu of the relative
frequenci es of t Héating thasidebatbheahthe Abrefoctiticisdd nkenticsluge cha@msi gnat ur e
data obtai ned using the present 10 WD 01/50436 PCT/USOL/ 00331 1 invention
with the inductive signature data obtained with a prior art LCR 2
oscillatar circuil.,, asAsbseitlator difogitr fer iselim anhiedpeiios s@xidor, &4i@ i nabi ity
to vary 3 the (% arity. of the oscillations between neasurenent cycles
renoves the ¥C g‘% ‘E‘§°‘¥‘BC8HPH h"é\gge crosstal k errors between inductively
coupl ed lsoops as aﬁrsirdapaem@r set of raw data 900 at a single polarity is
obt ai ned. Further, the rate of the prior art circuit is limted
to the pdwer |iné F‘F‘é’&?ﬁle r{gr ]Jhgle al ReroNRRication yath sRId fBSer | i ne
frequency; campa@itof;e elimnated. 8 Tr ace 902 represents the true inductive
signature for conparison with the }P? 900. 10 Whil e one enbodi nment
has been ®hown a Wirss'lopp S@lethtovﬁth éaldl shicapreitsand said second not
i nt ended ;t 0 dapAkfiot:he disclosure, but rather it is 12 intended to cover all
nodi fications and alternate methods falling within the 13 spirit and scope
of the iMvention 3¥ClRge WP t he appended clains. 11 WO 01/ 50436
POTI USOLI00351 it A UBied bl Bitth L GEPEABRGNI ORRAigvent | on,
we claim 1 1. An oscillator circuit for use In an i ctive sensor, said
2 osci | | #t orseepRd grpacitorpioi eonmget said voitage supplidiotsaid ﬂnsteca@e@@manépacu t or
in electyic W apacitor; 6 a wire-loop
coupl ed {o Zéac% sal df?ﬂ?g}(ﬂ't%}gg%:tﬁbb ?iysag}cg second 7 capaC| tor;

12 wherein either of said first capacitor and said second capacitor is

13 charged to a preselected voltage by said excitation circuit and the other of
14  said first capacitor and said second capacitor is discharged when said

15 excitation circuit is connected and each of said first capacitor and said

16 second capacitor is discharged when said excitation circuit is disconnected

17 to produce a pair of decaying oscillations having a caduceus-shaped output.

1 2. The oscillator circuit of Claim 1 wherein said excitation circuit
2 1is a plurality of switches.

1 3. The oscillator circuit of Claim 2 wherein said oscillator circuit
2 includes a ground such that when a first of said plurality of switches is

3 closed, one of said first capacitor and said second capacitor is connected to
4  said voltage source and when said a second of said plurality of switches is
5 closed, the other of said first capacitor and said second capacitor is

6 connected to a ground.

1 4. The oscillator circuit of Claim 1 further comprising a
2 transformer having a first coil and a second coil, said first coil electrically
3 connected to said wire loop and said second coil in electrical communication

4  with said first capacitor and said second capacitor whereby said wire loop is

12



8 a voltage supply; s an excitation circuit connectable with said first
capacitor and said 10 second capacitor to connect said voltage supply to
said firswooapmeé tor and 11 said second capacitor at a sepCrRTS@dopal arity;
and 12 wherein either of said first capacitor and said second capacitor is
13 chargdt el ec volta idexcitation circuit and.the

ot her of % d §IC§V$§ Pﬂ%ﬁcﬁchr&eﬁﬁa’ E‘&%&@&E‘g %53’& 3P LARACHRE  ged
when said 15 excitation circuit is connected and each of said f| r st
capacitor and said 16 paci t i.Ss._di schar when sai d .excitation
circuit i's di scon%ect e‘%g%%%?g% %C&héc)%’rétlsﬁé{l?nolpdgggg@??@s B89 at i ons

havi ng azcadm:ﬂlastelshmmdcompmmng 1 2. The oscillator circuit of daiml
wherein said excitati circuit 2 is a plurality of switches. 1 3. The
oscillatdr circuit W8 "€ Bim 2 wherein said oscillator circuit 2 includes a
ground such that aheastantéicapacitarsiibtivork abupled @b said waleddop,ssaldcl osed,
one of said fir aci tor and, said secqond itor is connected to 4
sai d vol ttagd st 3‘?"'&‘? g"rﬂ?‘%’i‘@ﬁ € aghwork ing Sf?éifa‘"ﬁl‘:a?%@mrﬁ of switches is
5 cl osed,s t he ot Fhe{roleéges@upbgﬁ asd capam tor and said second capacitor is 6

connected to a ground. ﬁ . .The oscillator circuit of Claim]1l further
conprisirng a 2 t refhEXGiF HEGHh goBnestakle to spfd sestaneeseaprcitagiee, said

first coid eh@fbik @@bbﬁn&t%ﬁ@?ﬁ&ﬁn&&cﬁﬁé&téﬂd&%ét&@ﬂc & 6aiddjottagecond coi l
in electrical conmunication said first capacitor and sard second
capaci t or® \Am%%/agawlwe?%mlaﬁﬁmu s 12 WD 01/50436 PCT/ US01/ 00331 5

I nductivgly COUP'@Heﬂeﬁq@%ﬁ@eQistéx%edc c?t bnE@BRRyd:R is Pdrsd & second

capaC| tor. 1 5. Anoscillator circuit use I n an 1 nductive sensor, sai d
2 oscil I‘at orpreseleciied vobiage byisaid exgitation ¢lecuibwiblen45aai excitatiomeiscwiifici t ance

net work goup) %ehfedsawsmdrx%siswce-gﬂaa%%]atc% ggt‘g%%gg@aggﬁggéﬁ SR A4 wor K

including at Teast two capacitors an excitation
ci rcuit sonrexctitatibe cirguitdisdliseginectadcte- praguce agadeof @&aagingedcilatiamnnect

said res|,st 3685 aRAGHEANS ShABLdBLip® Sai d vol tage

(@)

1 6. The oscillator circuit of Claim b wherein said excitation circuit

2  is a plurality of switches.

1 7. The oscillator circuit of Claim 6 wherein said oscillator circuit

2 includes a ground such that when a first of said plurality of switches is

3 closed, one of said at least two capacitors is connected to said voltage source
4 through said resistance-capacitance network and when said a second of said
5 plurality of switches is closed, the other of said at least two capacitors is

6 connected to said ground through said resistance-capacitance network.

1 8. The oscillator circuit of Claim 5 further comprising a

2 transformer having a first coil and a second coil, said first coil in electrical

3 communication with said wire-loop and said second coil in electrical

4 communication with said resistance-capacitance network whereby said

5 transformer inductively couples said wire loop to said resistance-capacitance
6 network.

1 9. A method for actively isolating noise in an inductive vehicle

13



9 source at a selected polarity; 10 wherein said resistance-capacitance
network is charged to a 11 preselected voltage by said excitation circuit
when sai avexvsmadi on circuit is 12 connected and said  PCT/US01/00331

resi stance-capaci tance network is di scharged when said 13 excitation

circuit is di nnected t roduce .a _pair, of decaying oscillations 14
havi ng a %a ueiéﬁgy’sﬁgéﬁetglﬁapq?ppﬂs%g &’f‘?]%teggé)'l |l ator circuit of daimb5
wherei n sai d exci(apbeleoting aquolarity?ofl ssveligdewosired jo pfodiwlet=CPelarizdd 7. The

oscillator circuit of Claim®6 wherein said oscillator circuit 2 includes a
ground sdch ¥ t&‘ge\ﬂlfgﬂuta first of said plurality of switches is 3 closed,

one of said at | ¢ppextigcaRatichpasitdrsudingRart ﬁélaﬁee@%lgdadgeodﬁt@% source 4
t hrough sai d resi stance-capacitance network and when said a second of said
5 plural ifty of swvfk a%glai’%m&ao%“éﬂ?d%a‘é‘iﬂér of said at |east two

capacitors is 6 qappREd®ss sdsBse cﬁ%&i‘ﬂw anldr 4@ Besdtdlcapacitor from said
resi st ance-capaci tance net worKk. 1 8. The oscillator circuit of Cdaimb5

further o t8ga§oUree: t r ansf ormer having a first coil and a second coil,

said first coil i@ gb&nhfihg3hid fret QIPHAIGTHH PLEildebod bdpidifdz; | 0op and said

second coil in electrical conmuni catiron wth said resistance-capacitance
net wor k her eby dJ8i sneasuringst veltade ofreagl of vald/fins gppesitaramnl sridseconp t o
sai d resj;stancgefigRaci tance 6 network. 1 9. A nethod for actively

i solating noiSe in’ an inductive vehicle 13 WD 01/50436 PCT/USO1/ 00331 2
det ect ori2 sai d mdghpuodusing iasi avgpubeigonkbslatedl toR Yeljagealiffetentigl hepyodear i ty
of a volfag e I . put; 5 (b)

exciti ngFSa ]?sla?&;pf %acﬁ?%cﬁéfgﬁlgig%ega@%lg%dp%ﬁg??Zzégﬁgé}% ?‘goéée%%%’ut put; 6 (c)

di schar giang a sedbhtermzipatinger meZsymnant alyalei wigers said firist sapacifpaaioltage and

id d i f id | ce: 9 il ati id
First” cafacith S veart EbaSY veliskR e g HbaRy sluelnd SEps g g o
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17 said step of terminating a measurement cycle.

1 10. The method of Claim 11 wherein said step of producing an
2 output signal includes the step of generating a pulse when said voltage
3  differential alternates polarity.

1 11. The method of Claim 11 further comprising the step of
2  canceling noise by summing any two of said output signal produced in a

3 successive pair of said measurement cycles.

1 12. The method of Claim 11 further comprising the step of
2 quantifying noise by subtracting any two of said signal produced in a

3 successive pair of said measurement cycles.

1 13. An oscillator circuit for use in an inductive sensor, said

2  oscillator circuit comprising:

3 means for measuring changes in an inductive field;

4 means for storing a charge;

5 means for exciting said means for storing the charge;

6 means for interruptably connecting said means for charging to said

14



12 (g) producing an output signal related to a voltage differential between
13 said first capacitor voltage and said second capacitor voltage; 14 (h)

t er m nat iwg@ oas¥B@suUr enent cycl e when said first capacitorPeDUS@g®33115 and
sai d second capacitor voltage are substantially equal and stable; and 16
(i) repeatin al d _steps selecting a polarity of the voltage source to
17 said gt eﬂgS?si“?gqrrﬁtﬂﬁPg%eﬁﬁﬁﬁésw enent cycle. 1 10. The nethod of Claim
11 whereisn sai d memsnform’ltﬁgnaﬁil‘ig aqiblaﬁtygchﬁs?m nﬁdagl@i’:fbr Fmﬁﬁgeéidﬂﬁiaﬁé ep of
generating u] se en said voltage 3 differential alternates polarity. 1
11. The ﬁetﬁBgs%Fnﬁfg?%ﬁ@ﬁgﬁiwther conprising the step of 2 canceling noise
by sunmifng any twae@fis f&idls itg Si@madarr fofWeRthd thedchatgguccessi ve pair
of said neasurenent cygles. 1 12, The nethod of Caim 11l ?urther conpri sing
the step'lof 2 ngﬁ?’i’%/ g‘?rrfﬁe%iré%g Byolast ¢rinl of paidpnegns 4oy $fosingnal
producediai N the chasggCcessi ve pair of said nmeasurenent cycles. 1 13. An
oscillator circuit for use in an inductive sensor, said_ 2 oscillator
circuit Gonprisi fgeans frpredusingamewtnui signwd sglased tp saidiveliage i ve field; 4
means foy, stgfbRetR1.id 9e; 5 neans for exciting said neans for storing the
charge; 6 neans for interruptably connecting said neans for charging to
sai d 1415\WO 01/ 50ne8neor/ determiodasa frepueney of $aid csxtput signahe charge; 8
nmeans for alternating a polarity of said nmeans for exciting said nmeans 9
for storing the charge; 10 neans for discharging said neans for storing the
charge; 11 nmeans for neasuring a voltage differential of said means for
storing 12 the charge; 13 neans for producing an output signal related to
said voltage 14 differential; and 15 nmeans for determ ning a frequency of
sai d output signal. 15
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