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Concat enat ed Magneto-Optic Field Sensors Background of the
| nventi on 5 1 Field of the Invention

The present iWOMP6h generally relates to Faraday effect, PCTET96/d4572
current-sensors, and nore particularly to an i nproved sensor which uses a
plurality of field sensors (separate sensing fibers) connected in
seri es. 2. Description-tef the Prior Art 10

Optical fibers which are sensitive to magnetic fields are known in the

art, and are increasingly being used as optical current transducers (OCT's)

for, e.g., el ectric powef dibiehdtbd £ IR d Adses a

singl e-node fiber formed into a col sur roundr ng € el ectrical
conductor. The polarization of any light traversing the fiber coi |
shifts, in responﬁe!to tEeF%hinqa.'nn any current flow ng through the
conductor, as a L € i ghet o-opti c Faraday effect, also
referred to as sFaraday rot af iFigld @f theliRvention Kundt effect. The Faraday

effect is the manner in which the polarization of a beam of l'inearly
pol ari zed |ight rotates wheth® H‘esﬁ%g'é“:‘,‘"?%i;%@ﬂyﬁﬂitﬁ%p Eapaday, effest, fberiaptie of
an appl i edcrR@netdssrsf 4nd/nthre cihl F T 2 AYA :

bi refringence. Far adageédssrs' i lgﬁ e??ﬁng?#n’tctgeﬁngﬁ?ﬁgaﬁﬁn?dg%nce iesna ‘%’%'e‘"" of

i ndi ces of ref r acfitldsensprs|(separatefgnsingfiters) corngrcigd inseriep0  pol ari zed |i ght
passi ng through matter par Wgnet ic field. Further

di scussion of field-sensitiV provided in U S. Patent No.

5, 051, 577 10 assigned tOpMahﬁtawplicMne!su@itbmdo iviagndtia fields aredinésen in the
(3M -assi gnee of tarr{,e an%ra?es i%cr:]rteasingly being,I ur;\ég Q.r} épq{al' current transducers (OCT's) for, e.g.,

electric power utilities. A typical OCT uses a single-mode fiber formed into a coil
surrounding the electrical conductor. The polarization of any light traversing the fiber
coil shifts, in response to the change in any current flowing through the conductor, as a

15 result of the magneto-optic Faraday effect, also referred to as Faraday rotation or the
Kundt effect. The Faraday effect is the manner in which the polarization of a beam of
linearly polarized light rotates when it passes through matter in the direction of an
applied magnetic field, and is the result of Faraday birefringence. Faraday
birefringence is the difference in the indices of refraction of left and right circularly

20 polarized light passing through matter parallel to an applied magnetic field. Further
discussion of field-sensitive optical fibers is provided in U.S. Patent No. 5,051,577
assigned to Minnesota Mining and Manufacturing Co. (3M--assignee of the present
invention).

Many prior art references recognize that the response of OCT’s may

25 vary considerably due to temperature variations, unacceptably so for highly precise
OCT’s which may be used in environments having widely varying temperature ranges,
such as -40° to +80° C. The prior art recognizes that temperature effects on a sensing
coil relate to three different phenomena: (i) changés in the birefringence in the sensing
fiber, (ii) changes in birefringence due to stresses induced by the materiais

30 encapsulating the sensing fiber, and (iii) éhanges in the Verdet constant of the fiber

core material. Many techniques have been devised to minimize the influence of



. Many prior art references recognize that the response of OCT's may 25
-\{ary:‘.’con5| derably due to tenperature variations, unacceptably so for highly
precise OCT's which may be used in environnents having w dely
varying tenperature ranges,. such as -40[err] to +80[err] C. The
prior art reageg9fiees that tenperature effects on a sensi ngecrusssnas®oi |
relate to three different phenonena: (i) changes in the birefringence in

the sensing fiber, (ii) changes in birefringence due to stresses
i nduced by the materials 30 encapsulatrﬁg the sensing fiber, and (iii)

changes in the Verdet constant .of t f.i . '

t echni ques have ‘FRBTRYERFEB8FS gg?ﬁ“ﬁ%%ptglk"eqﬁeﬁ% ﬁolfgﬁ'g’gx{sng %&M@b%gy
97/ 19361 empirical data, i.e., use a thermometer to determine the temperature during actual
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tenperat ure charmesuremeatsAndalloR ppst-Rroserinesirstrpucs g adiyrtihe. auipy ’%%f’gdiBEI?' put

based on ERRidré Edthpifiaed variatidn of h&echnigliels ARBBSANn US. Patert None t he
tenperature during actua measurenents, and al | ow post-prqQcessi ng

el ectronics to aSifl&86Q Ehadeysim regwites nefi iy agditional electronigpracessing bt 45 d
variation of this t;g&%g#ﬁ(%ﬁ?l?ﬁg)g%&go%%meé:fﬁe“s,%vhi&?ﬁeﬁ%llm“weﬁhe costrad, 860.

That system requfeﬂg I'tiona ectroni c” processing, but also
{ﬁqw res a](cjdl t i ofhelunivpi\hotleccdmplinited methpd, irootving thiwselof g benar slittgr andcr ease
e cost o t

he, uni.t,. Another conplic hod,. 3RV | t he use
of a beam spl it t B°°EHiY8 of the ‘%%@8@%39%?“? %‘gq"f %L'{;)bc?ﬁé'}?;a? %’t\cé)lr‘\ﬂg%rrponent s,
i s described in §38290Rt S& alddCEuropean Patent3gipliCibn NBe6S 11400A Kifferpre apprbathe nt
Application No. 657,740. A different .appyroagh . .10. ig 0 m'nirp'ze t he
t enper at ure d@peM@r@@"ﬁF%W%%dm‘gE‘gﬁﬁﬁd@'ﬂ%ﬂ% ‘f“hé“%‘é'ﬁs Aif sensing
fiber during 'tSﬁHPﬂuﬁkﬂgﬁz%ﬁPut;iéiGJe. &h BYbySpinAi R bR ahd thew annealthglitian

annealing it in a col orm as taught U. S, Patent No. 5,463, 312.
Speci al mat eri al so# formt astaughn by RES. Patent N°-fﬁv"t§ér31§1a§l>%ﬂ'§6‘afféalﬁ§‘€dh$ B i ze

fluctuations due g%%re&n%eaigmg@ %e%{gifﬂ% MRS R Yue 10 the chanlgﬁl§ Vilir et Comsit,i N

"Tenper at ure Dep e 0 et Constant in Severa
as disclosed in “Temperature Dependence of the Verdet Constant in Several

15 Diamagnetic Glasses”, Journal of Applied Optics, Vol. 30, No. 10, pp. 1176-1178
(April 1, 1991). |
Temperature sensitivity may also be caused by bend-induced
birefringence This may occur, for example, where a single sensing fiber is arranged in
two or more straight sections to be placed about the current-carrying conductor, with
20 loops of the fiber formed at the ends of the straight sections. The sensing head
described in “Geometrical Separation Between the Birefringence Components in
Faraday-Rotation Fiber-Optic Current Sensors,” Optics Letters, Vol. 16, No. 9, pp-
687-689 (May 1, 1991), minimizes this effect by selecting appropriate geometric
parameters of the loops (radius and number of turns) so that the bend-induced
25 birefringence is a multiple of 2:t. In the depicted sensing head, the single sensing fiber
has been formed into four straight sections generally forming a square about the
conductor. While this construction does reduce bend-induced birefringence, it still
suffers from a common disadvantage of OCT’s, that of installing the sensor on an
“endless” cable, i.e., an existing cable that cannot be threaded through the sensor.
30 Sensor coils, as well as square-shaped sensors, may be constructed to allow placement

on an endless cable by providing a sufficient spacing between the coil loops or the



+ 15. Diamagnetic d asses", Journal of Applied Optics, Vol. 30, No. 10, pp.
1176-1178 (April 1, 1991). Tenper at ure
sehsi.itivity may al so be caused by bend-induced birefringence This
may occur for exanple, where a single sensing fiber is arranged in

two or nore HOAVYRE sections to be placed about the curreMCTARPFIASTY

conductor, with 20 | oops of the fiber fornmed at the ends of the
straight sections. The sensing head escribed in "CGeonetri cal
Separ ati on Between the Birefringence Conponénts in Far aday- Rot ati on

Fiber-Optic Curre OloSare sSidinl L 3 : -can affe
687-689 (May 1, 18@?)%?%?% gr;ilﬁ%ezes #ﬁl g8 ?lg{:z?cr y sné %%ﬁ%%‘%g?%grcﬂt em:t
geonetric itpaicaney.ch svonfd, therefdre desleginablel tadevismal firersobtin cugdentisensas) so

that the bend-induced. 25,  birefringence | | tiple of I In the
depi cted sensing HEHE imprgved ?Wegngg'ﬁg‘feﬂ C"F?'g‘ét?w% cah frore eﬁsa‘l%'%kgg{r?h?do?”rred
into four strai ghpn @@éing@asle IR WILRI BeMurtiiee BdvagtageoBSifithe Sendbr@otldbB eabricated
-conductor. While this constructjon does reduce bend-induced birefringence,

it still s witheytspecial matenials cpasiel PPHcal samPantnisyer specialy pragessed Bhersof
installing the sensor on an "endl ess" cable, i.e., an existing
cabl e that cannot be threaded through the sensor. 30 Sensor coils, as

wel | as squar e- sh@pewhareofehe lnvenion be constructed to al |l ow pl acenent

logogg gpd't bos cable bszrggyi{g%@‘gseﬁt oo broWhesSAAFIIDLRE URER sbliGr Felbrhiy

PCT/ US96/ 14579 comprising a light source, at least two Faraday effect sensing elements each havifig an
sides of the square sensing fiber, but this.igcreases the siz f the
sensor and can(‘]‘bf fiRRut and an ‘g“l"ft't @“Q&Eqﬁf’ﬁ‘t%}‘?‘g the ?’gwﬁ?‘ﬂ“ e Ry Pga, grﬁ'em“’ of

desirable to devisge ﬁnﬁih%ﬂém&% infeatsfoF E0UPliMRARSEUtput of the firshWiinDeléndnt vhél
t enper at ur e- dependence, but which can nore easily be installed on

exi sting cabl e. | tinpmb@f theisecond pensiag eﬁﬂ?’&ﬁ“&@@%_ﬂ“ﬁ%ﬁé’%‘éﬁs@? cquplingdht,e
fabricated 5 w W%g‘r‘g%&oﬁb sefiShg Elefb to BRIFlI detRid: CH thEpRRABENE S, OF

specially processe ) . )
embodiment, the first and second sensing elements are separate sections of single mode

15 sensing fibers, individually maintained in a generally straight orientation, and the
various coupling means comprise polarizing fibers which are fusion spliced to the ends
of the sensing fibers. The device may include more than two sensing elements, with
additional polarizing fibers connecting the elements in series.

Where the sensing elements are generally straight fiber sections, they

20 may be arranged to form a regular polygon, e.g., an equilateral triangle for a three-
element sensor. The sensing fiber sections may be mounted to a rigid substrate and
held under tension. Using straight sensing fibers removes the need to anneal the fibers
during production, which might otherwise be necessary to reduce birefringence effects.
The locations of the splices between the sensing fibers and the polarizing fibers may

25 further be advantageously arranged such that the sensing fibers form a substantially
closed path which may be placed about the current-carrying conductor.

The linearity of the sensor response may be improved by selecting an
appropriate value of the bias angle of each sensing element. This value, defined by the
relative angle between slow axes of two polarizing fibers connected to a given sensing

30 fiber, is optimally equal to arctan[1/¥(2n-1)] where n is the number of seasing

elements. The present invention may also be adapted for use as a differential current



+ Summary of the Invention The present invention
provi des a Faraday effect current sensor generally conprising a

|l i'ght source, at |east two Faraday effect sensing el enents each having an
10 input and an output, nmeans for coupling the Iight source to the input
of a first WeIHH361 the sensing el enents, neans for pePaede1dshet he
output of the first sensing elenent to the I nput of the second
sensing el ement, an optical detector, and ngans for coupling the

out put of the second sensing elenent to the optical detector. In the

preferred  senSifaidielPdath senbiflg élbrhdrt istodseA DT £ Schafb FicREgAIBRRHY the 21 ©
separate sections of single node 15 sensing fibers, individually

mai ntai ned in a ¢eRetyIobe placedshgut different soaductoss at4n¥-braneh or on the samgr i ous
coupling nmeans c ﬁ&ﬁ?atBQfe?ﬂE:l:ﬂ%ug.i bers which are fusion spliced to the
ends of the sensing fn ers. The device may include nore than two
sensing elenents, with additional polarizing fibers connecting the
el enents in sesri D Where the sensing el enents are
generally straig ; 20 may be arranged to forma
regul ar polygon, e.g., an Hgtnveticarwili bést badgdestdodibyaefeltn@&to the accompanying
el enent sensor. The, sensing fiber sections nmay be nounted to a rigid
substrate and rawings, Wherein'ynder tension. Using straight sensing fibers
removes the need to a“”ea|l=i§1h€l§s'ah‘éb§lanviewoftheMeh&nﬁr%@%tdr&@m whi ch
m ght otherw se be necessary to reduce birefringence effects. T
| ocations of t heinygatjopasingepnseteratedficldsensorsig fi bers and the pol ari zi ng

fi bers may 25 furtherg: v, I C nsi ng
fibers form amsubst anti al ll;;Bﬁ-eﬁ‘?s %%Q@M%gtrﬂswmﬁ%ﬁ%@"%ﬁpggg’g out

t he current - carr present invention] compared to conventional current sensors; The |inearity of

t he sensor response may be..i oved, by sel ecting. an. . appropriate
val ue of the bias angle o%‘%‘%@h’%’eﬁ??‘ﬁﬁ" m?&hTH'i@“\%{?llfé‘,"e'&tgﬁpﬁgd by the
relative angl e batsréing ®lthy\pRieatin@éntibiv@ngol ari zing fibers connected to a

gi ven sensing 30 fiber, is optimally, equal to-arctankl/[err] (2n-1)]
where n is the nunber of sERYEds 2 8raph depicting the faspouse of ke differsatial chgtetnt | on
may al so be adaptgglof oFigie€sas a differential current

iption of the Drawings

he

Description of the Preferred Embodiment

With reference now to the figures, and in particular with reference to
Figure 1, there is depicted the one embodiment of a fiber-optic current sensor 10 of the
20 present invention. Current sensor 10 is generally comprised of three concatenated field
sensors 12, 14 and 16, positioned adjacent a current-carrying conductor 18, and
several adjoining fibers 20, 22, 24 and 26. Each field sensor is essentially a separate
piece of Faraday-sensing fiber, thus first field sensor 12 includes a first sensing fiber
28, second field sensor 14 includes a second sensing fiber 30, and third field sensor 16
25  includes a third sensing fiber 32. Fiber 20 is the input fiber which carries the
conditioned light signal from light source 34 (e.g., a light-emitting diode, laser diode,
or superluminescent diode) to first sensing fiber 28. Fiber 22 interconnects first
sensing fiber 12 with second sensing fiber 14, while fiber 24 interconnects second
sensing fiber 12 with third sensing fiber 14. Fiber 26 is the output fiber which carries
30 the field-modified light signal to detector 36 (¢.g., a photodiode).
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sensor wherein each sensing elenment is housed in a separate package

all owi ng the el ements to be placed about different conductors at a
Y-branch or &OMWiddane conductor at different |ocaticonsgends?9 5
Brief Description of the Draw ngs The invention wl|
best be understood by reference to the acconganying dr awi ngs,

wher ei n: Figure 1 is a top plan view of the current
sensor of the present The térff*@0hdabunatedT RfereQRGmBheE Rovii¢harhe fielg 8&drs ;
10 Figure 2 is a graph depicting the response of the

current sensor of”FI‘i@"“eCted'"“"ﬁsrégéhf'%Weﬁﬁ%’ﬁemmé?fé'@ﬁ'@ﬁeﬁﬁﬁwmﬂ onal

Current Sensors. comemplates such serial connection bF &1y rﬁmﬁeﬂ ot fidldSeRBIR Thg: idthik N9 Of
the differential current sensor according to the present ‘invention;

and must be at least 2 figldr sensprs andthege must abbobie 6t leany ondepticaldpansmaissianf

the differenti J ent cription of
the Preferred % ITb l%%\ I{ltel’com‘i]ém?getﬂ§ ggld (u.nsg\ls,gw\e?e évtuﬁerc%r}ng lnﬁ ng%fuénv\}str%é t he
figures, and in psensiticeicathe Farhdnyreffeer endse thotwo ﬁeld sensdrs guirbe cannetiad ﬁeeet19
deplcted the one enbodi nent of a_fi ti,C rent sensor, 10, of 20
present inventi on‘°38§ ='¢s%fﬁ§Effef1*§Y f“sle% Ve?,s(?ﬁpf‘"%ﬁd oythe ﬂ"’rpépéed
concatenated fi el geq u:lateral) maﬁ.gmsps}ﬁpelafmbk mdmiléé ser&eﬁ.la}e g dhadiramiedt a
current-carryi ng conductor several adjoining fibers 20, 22,

24 and 26. Each fp@mﬂssemme#@tbw@ﬁw%a fegular polygan.o Al of the fibers age preferably
Far aday- sensi N { aghed by tiSachi Rsinislcthg® BARAEN died GhYAEP a5 (th of ENSI N0

fiber secon senso I nclides a second sensing fiber
30, and third flemcmmtnphmﬁg) The 3plice mnmtmeﬁxnaertplnefcuablsémtedgoﬁsbefomse

Fber 20 1o e Uil LBl ST 1 mor e e R
magneuc ﬁeld In other words, the location 38 of the splice between input fiber 20 and
first sensing fiber 28 is adjacent, or overlapping, the splice between output fiber 26 and

15 third sensing fiber 32. Similarly, the location 40 of the splice between first sensing
fiber 28 and connecting fiber 22 overlaps the splice between connecting fiber 22 and
second sensing fiber 30, and the location 42 of the splice between second sensing fiber
- 30 and connecting fiber 24 overlaps the splice between connecting fiber 24 and third
sensing fiber 32. The splice points would also preferably overlap in variations with
20 more than three field sensors. In this manner, the concatenated field sensors
approximate a perfect current sensor, with any error in measurement being small
enough to ignore for many applications.
The fibers may be supported by any suitable means. In the preferred
embodiment, the input and output fibers 20 and 26, as well as connecting fibers 22 and
25 24, are secured by adhering them to mounting blocks 44 using an adhesive. Blocks 44
in turn rest on quartz bars 46, and may also be secured thereon by gluing.
In the embodiment depicted in Figure i, each of the sensing fibers (field-
sensors) is a generally straight fiber section, i.e., there might be slight deviations from a
perfect line but the fibers are not intended to be curved at all. This avoids the adverse
30 effects of bend-induced birefringence, and also obviates the need for annealing the

sensing fibers. Straight sections can also be more casily held stiff (by placing them



. or superlum nescent diode) to first sensing fiber 28. Fiber 22

I nterconnects first sensing fiber 12 with second sensing fiber 14,
while fiber 24 interconnects second sensing fiber 12 with third
sensing fiber 14. Fiber 26 is the output fiber which carries 30 the
field-nodifiadoiesei signal to detector 36 (e.g., a phot odperfeses14579 WO
97/ 19361
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The term "concatenated” refers to the mannef in which the field sensors

are connected in eries. . In.this reqgard .ent Pl esent

i nventi on Bﬁ?ﬁﬁﬁﬂ)ﬂqﬁé‘%ﬁhﬂ “%iﬁtg &egﬁ%ngf 35"3;%)'/‘ t% Cof field

sensors. That i SyeJeftféigss, the sensmﬁ%érsb&uldhltérﬁﬂﬁﬁy%eEm@éditoma@l’osdﬁnd t here

nust al so be at | east one opti cal tran di ungl nt erc nnecti ng
P

5 ne
the field sensor@?'%@?‘éatcﬂélelam‘ﬁr‘%‘fﬂ'? }g' LA thay pre prera sitive

to the Faraday exfefiﬁé‘etbheﬁfn encaerbdte two field sensors can be connected
directly t oget here are preferably at |east three field

senso;i ar L anged in the oﬁppﬂmﬂgmz separate schqmqfasr@uulﬁyequoaﬂg@twdsme
nore than three sensors.ar.e ed
i n the shape of k) ‘F@ﬁﬁf‘é’rs‘ﬁg yegorr1r his%% ?‘stﬁ?ﬁ?rﬁﬁ?n %%?%bnlg 1 pﬁgs?g%fﬁgﬂ%g

?t t aﬁ hed by neangs @im;fdaamllgxaspidve r¢lgivead bimangtheo&hmg ummﬂmmg alldving the
such as mechani cal spl.icin Th r.e further
preferably | ocat &ns¥doRe Ph&e‘? %fgg’“s““ ﬁ*ﬂ?féﬁéé@"g %F“‘“%ﬁ‘ﬁ%ﬁtrh"
?QndUCt or 18, tOpfRisfonTaIfiIehidld SHdae n‘a?@ls&ﬂéd’ré&@iblﬂiﬁrature depend@agd$iide Che
ield. I'n other words, the locatiaon 38 the splice between_ inpput fiber 20

and fi 105t appasernt apgle phHeotatiog (the majn cuseAf tew(srsmsmmg'tg@ﬁ&vgw fce
bet ween out put fifgp.d f-l ce”ﬂ' ollow i mishwe(-:i. 613l 8T9hd iehfifg a&nen% maiuag me, t he

| ocation 40 of the sp tween first senS| ng
connecting fi ber s@Bovinberkathsmorestablel tp@mmwmenlkonmbﬁ‘tqfﬁgldfse@eﬁ 'Wéﬂﬁd

second sensing fiber 30, and at f nd
sensing fiber 30 a%éf dté%ﬁm" SL" § %2“‘8 blé Qggénifbaé E‘e éé\g?ﬂ\éﬁﬁé’
bet ween connect i Rgall bfx@é sﬁﬂm@réﬂ:nfehisl’add the bias angle is equal to arctan[lN("n-l)] where n

15 is the number of sensing elements, the response of the sensor to current is more linear

than conventional magneto-optic current sensors (*'bias angle” refers to the
polarization angle between the fibers at either end of a sensing fiber, i.e., the relative
angle between the slow axes of the polarizing fibers; “magneto-optic rotation” refers to
the polarization angle change induced by the target current). This value of the angleis
20 derived by maximizing the linearity of the modulation transfer function. Thus, for the
case of n=3 (Figure 1), the optimum angle between polarizers is arctan(1/N5)=24.1°.
The sensitivity of the sensor in this case is 1/¥(2n-1) and the sensor loss approaches
1/Ve as n becomes large; here, sensitivity is relative to a standard, single-loop fiber
optic current sensor. As shown in Figure 2, the response of the sensor is more linear
25 than with a single-loop fiber optic current sensor, over an extended range of current;
line A represents the actual current, line B represents the response from a conventional
sensor, and line C represents the response of current sensor 10, where n=3. Testing
has also shown that the temperature response of the sensor of Figure 1 is essentiaily
limited only by the temperature dependence of the Verdet constant of the fiber
30 material, i.e., nearly perfect theoretical performance; this is the first instance of such

performance in 2 single-detector, non-annealed current sensor. Verdet temperature



'sensing’ fiber 32. The splice points would also preferably overlap in
variations with 20 nore than three field sensors. In this manner, the
concatenated field sensors approxi mate a perfect current sensor,
with any error in nmeasurenent being snall enough to ignore for nmany
appl i cat i ons. W0 97/19361 The fibers may be supporossendsys any
suitable neans. In the preferred enbodi nent, the input and out put
fibers 20 and 26, as well as connecting fibers 22 and 25 24, are
secured by adhering themto nmounting bl ocks 44 using an adhesive. Bl ocks 44
in turn rest on qdependenigmmay fsthechectompensatedsy astaching-the Sbers atcpredstermipedy| ui ng.

I n the enbodi nent i Ly E . NS4 sbers (field
sensors) is a gengéri’gﬁd%gags?%&gaﬁ#&gﬁﬁg#’%2@?&0@"“@@9?@ ﬂ%’?%’é%gght be slight
devi ations from a Tieer seasot relsponse ayt vanhi€ thieicosduston issonlptatedidtaleled t o

be curved at all. This avoids {he _adyerse 30 .effects of, bend-induced
bi refri ngence, an&e'ﬁf's‘i‘f%i‘s&.f & fordgue b ﬂi‘%‘?‘“‘&h?féﬁ? F‘WQ“F%E‘“’“S?“ g.““e"ﬂ’y
sensing fibers.g Sﬁﬁ@deﬂ!ﬁggﬁﬁ&%‘bﬁﬂ&y%ﬁaﬁnﬁﬁth@‘ﬁn&ﬁffof@ﬁ’éﬂe&%n&% Reghfible’ (DY
pl aci ng t hem WO 97/19361 . . _
PCT/ US96/ 14579  providedyhay the dewiptianf the gendustor ipcatinsy from Rester it nermere than 10%
sensitive 10 Chang@eldielailifed by'fi polygon, «8 Eafihp B e SondufiSr SEMAIPLY 4 D S
could alternatively be curved to” nore é?oser approximate a circle

about the conduct antitalitask.i Theseffects bE¢xtemat magnretic fielids gn the senadrastiould similarly beeduce
birefringence effect

, 5 .. L di [
of sensing fi bers,"eéﬁﬁ%'f grgv@ggélg&be(;?wé??ﬂhe %‘dsefrﬁ\ébgﬁlnlq%ﬁ%g ?Fezat‘ﬁf eﬁ?'tf:‘iogz.

Thi s constructiien sengensiks flexibility to current sensor 10 since its
conponents may nove relative to pne, anot during.ipstallation, e.qg.,
al l owi ng the sensor t ohewre F&%B’Besé’g.g&?“ Hﬁdé‘gﬁhé{‘]ﬁ PESCPEAYARERR I e ap) e

W thout cutting thRa#aRklffom INSpecialty Opitics \HibeksGh wWakt MaVeh,| (UnBediitt! EaSPorRRe S
may al so decrease tenperature dependence since the
fibers 20, 22, 24 and 26 are preferably polarizing (PZ) fibers availabie under part
number FS-PZ-1611/200S A (operating wavelength 850 nm). The sensing fibers 28,
15 30 and 32 are preferably spun, single mode fibers available under part number FS-SM-
4611 (operating wavelength 780 nm). Blocks 44 are preferably quartz plates formed
from microscope slides and cut into 1/8" x 1/2" x 1 mm pieces. Alumino-silicate
substrate 46 was procured from AC Technologies of Yonkers, New York, under part
number ACMA-1100. A suitable glue used to adhere the fibers is the UV cufcd cpoxy
20 NOA #72 from Norland Products of New Brunswick, New Jersey. A suitable glue for
adhering blocks 44 to bar 46 is available from Electronic Materials of Danbury, CT,
under part number XP1060-930-45-1A_ A laser diode optical package for light source
22 was obtained from Point Source Ltd. of Winchester, England, under part number
LDS-P2-3-K-780-0.5-TE. The alternative super-luminescent diode contained in a
25 Point Source Ltd. package was manufactured by EG&G Optoelectronics of Vaudreuil,
Canada. The preferred detector 34 is the Si photo-detector model number 260 from
Graseby Optronics of Orlando, Florida.
Other types of magneto-optic sensing mediums may be used in place of
single mode fibers, such as bulk glass, YIG (yttrium-iron-garnet crystal), etc. Other

30 types of polarizers may also be used, including bulk optic polarizers such as



10 apparent angle of rotation (the main cause of tenperature sensitivity
I n tthese types of sensors) should follow the rns. average of all of
the sensing el ements, making the sensor inherently nore stable to
tenperature as the nunber of field sensors increases.

By desi gni ngyg $yessensor so that the magneto-optic rotati opcirasigiiassane

in all of the sensing elenents and the bias angle is equal to arctan|
|/[err](2n- 1)], where n 15 is the nunber of sensing elenents, the
response of the sensor to current is more | thear than conventi onal

ol ar 1 2at 1o angLerBERRIzle PRSI Herie pF iRandr POLARCOR fovaiahls
i.e., the rel ati §6m Corning mglad&aﬁwmﬁﬁe«gl ow axes of the polarizing
fibers; "magneto-optic rotation” refers he pol ari zation angl e

change induced by the tar ggteQPHFW&HFP“‘%‘H’I‘%‘W@H’%E‘W“Wabﬁ@lcépplt#dto20

derived by maxi ”h:ﬁb&ﬂu&l*&ﬁrrédt'}a%t Ta¥ sﬁwaI :RQ-‘;%HP@'S“ Etﬁ‘é?«fmital' @hhe nidg”??t i on.
Thus, for the case of n=3 gure , the optinmum angl e bet ween
pol ari zers is sar gcmra@lykpmpms]ea)ofahsllt[semcp 52, a first field Sénsorsi#naa input ﬂil;ersﬁwﬂdbh

TTerrle as n bopunektr Spuliond ilh eofifon bG8 2t bt B0 58 Ao o

singl e-1 00op fi begecond field sem3pt $8; accumeeﬁﬁg fitsen $0 whichSntzfvonsects Rirbt bl Sensor sahe
response of the senso

nor e e than with a single-logop fiber
optic current seH%‘Brs“WgFlda?ﬁ”@kf‘%ﬁo‘&éeq%ﬁﬁ}é“ﬂmSH‘rPPE'ﬁ?“ 64 which carrjgs the A
represents the aghihofid IR sighel REded G IRRL o s ESMRP Sk EON o
convent i onal sensor, and line C represents the response o current

sensor 10, whi® e integzated wbrs@al processing ¢leatromics.o Diffesential ¢usment $easarS@prsasures e

gaponce Of {10 SRS Bt /oSSRy iy b THbIcRRY O

t he tenperature depen cons ant 0

material, i.e., mbemth yawinanputthheéﬁ etd ow oyrputilinesesiael 7(1 hhshd positioas SHowmt

i nstance of such or mange in a,s,| ugl e- dete non- an&eal ed
1$ ne

current sensor. VeFigute érrggr‘éﬁﬁ'ts@’ placed g9 7’P?§5§’8f’ it output li
PCT/ US96/ 14579  second field sensor 58 is placed about a portion of input line 66. The serial connection

15 between field sensors 54 and 58 results in an output which is proportional to the
~ difference between the two currents flowing between the two sensors.

The differential current sensor of the present invention can also be
placed on a single conductor, at different locations, to monitor continuity of current.
Also, for long distances between sensors, it would be preferable to use standard single-

20 mode fiber to connect the two. In this case the sensor would require a depolarizer
somewhere between the two sensing fibers. The sensors must be calibrated and have
their sensitivities well-characterized to allow proper differential measurement. Most
applications for this architecture would probably be looking for relatively large
differences in the currents (e.g., a short located somewhere between the two sensors

25 on the same line).

Field sensors 54 and 58 may be conventional sensing coils, or sensors
like sensor 10 which actually include multiple sensing fibers concatenated in a single
package. The remaining components are stmilar to those described above. Unlike
prior art differential sensors, differential current sensor 50 uses only 2 single light

30 source and a single detector. This configuration simplifies use, increases reliability and

decreases cost, compared to prior art differential sensors, and alleviates concemns



- dependence may further be conpensated by attaching the fibers at
predeterm ned, favored bias angles as taught in U S. Patent

Applj cation No. 08/539, 059. The sensor response may
vary if the conductor is not |ocated at the center of the sensor
(i.e., for FWQAT@936! the center of the equilateral triangl BCVB¥HDy 5
the sensing fibers), but any deviation in the linearity of the response is
negli gi bl e provi ded that the deviati¥n of the conductor |ocation
fromcenter is no nore than 10% of the circle, |nscr|b£ &/ t he
pol ygon, so centagmdgl&ﬁeﬂvmﬂ@@rwﬁt,et@mm ers that coyld potentially alteg.tig ¢ ; ¢ g

task. The effectsg il whve. e @ IRSERE how @ldrential
simlarly be 1%7#%{‘ &af 3 ﬁ/?g ﬁﬂgﬁhat t ggsource of the fields is

far fromthe senedrtent eénadm S0copieratdsh The umacngeofsm firgti pogtion of the conductor with

avai ol 1 rom ShedsBersi gt Slpela oSl SREMbINE blERS o e

of the sf | basing 2ftmeRi2, Thébecond séiﬁmg.blemﬂtt,eba!eﬂhh)mmémﬂlpnnmg of th&)
fibers avail able under par t nunber FS-PZ-46 kl}‘ZOOSA oper ti, na
wavel ength 850 nepnduvips, will yaqdify this light waven second fime. g FUFR LD y

spun, single nodg, g},ﬁ’lﬂﬂigﬁﬁé{%&ﬁ&h 'Qigé‘:{ncﬂ Radrent HOW Q{rofgngansors) the endt611

(operatl ng wavel en are preferably quartz plates
f or med f wesuitwitt bogeso wdﬁcawfmdnsbmavr nlféhelwa'entxmﬁhetwwmmf

pi eces. Alumno-gjli &?g&oﬁ\%ﬁ'ﬂ the nm ﬁ&{xgn ﬁh&’ﬁﬁmw&%& zg@m

Technol ogi es of 00 A
sui table gl uewseﬁhxifestaﬂhermntiemdutmms the w cured epoxy 20 NOA

#72 from Norl and Products of r UNSW C New, Jer s b ue for
adhering bl ocks 44 to bar ﬁéhP %d“f"%f‘é'f’%hzf’ M%??E%CE?OJMO
Danbury, CT, embodhmlﬂ%r tﬁwwmﬁrncméﬁﬁﬁ'bgfa%sﬁﬁma llﬁutingsal’se dVarims
opti cal package for source 1? a?tl ned m"Pm nt . Sour ce

Ltd. of W nchest eFOd'@@QP&?ﬂf‘h%&éﬁ”%&Fdeﬁ%é? we emative embodiments Of the

LDS- Pz- 3- K- 780- 0. Mo LRSS sineANME G/ DporfeRece@thel ned in
a 25 Poi nt Soﬁr%;gottﬁﬁb@é&ﬁr vvasorﬁ}anuf acturled b oG&Cea t oel ectronics

of Vaudreuil, 15 descnptﬁamﬁdu invEhitonp rlbis dherefere genteraniased that snch mpdifications can

POt o det et or g A S5 R oy gt o GRS Bk FRL Rl ol b

Fl ori da. pes magnet o- opti C sensi ng
nmedi ums may be us@dhd dppehdediaiths. single node fibers, such as bulk
glass, YIG (ytriumiron-garnet crystal), etc. Oher 30 types of

polarlzers may al so be used, including bulk optic polarizers such as
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V\D 97/ iL ' :
Egll\;l/ [PJEE @Mﬂﬂ"!’wum m’Sum tomo Electric of Japan) or POLARCOR (a;/2;| abl e

from Corning dass, of Comng, New York). The concept
of concat enaveeufssal d sensors may al so be applied to a pCTUSOéA4ERY enti al
current sensor, as shown in Figure 3. Differential current sensor Is
general ly conprlsed of a light source 52, a first field sensor 54, an input
fi ber 56 which carries the conditiof®d Iight signal fromlight
source 52 to fi rw d sensor 54, a second field sensor 58, a
connecting fiber I'ch interconnects first field sensor wth

second field sensor 58, a (eAdediey fob gensifigleladtrilibittent fidvaRg tHEdughal coldvcde! | €S
t he fiel d}&rﬁ)dlfled l.Li.ght signal to detector ‘hﬂ%et ec%r 62&?{,!

typically connectRAese 5PmprisiAg) | ntegrated with si gnal processi ng

el ectronics. Differential gygkiQBlrcse€nsor 50 nmeasures current by
placing the two field sensorS along different |ocations of a conductor Y-
branch having &n input Ii ne figs Fapadayt effsctoensingt elenientimviag aningput/shd ahm:ut]i&t;

positions shown ggig kst field sensor.h4 is ed about
a portion of first out put P he t§r \it plmg said I ts’@ﬂ'iﬁﬁg" B“t&g?@gl 8 is
pl aced about a peersingrelenient;nput | i ne 66 The serial connection 15

between field sensors 54 and 58 n an output which_is proportional
to the di fference Béf‘iﬂ@‘ék H % m%m%m&tw@mw&t,tm

sensors. second me&H3 foh éoﬁﬁir&%?d%htpﬁ%ﬂ‘sﬁﬁtﬁrﬁ%gg (eitme a t

present invention can al so_ be pl aced on a single

di fferent | oca?i &4 inpupofissid segond sensingglemept.of current . Al so, f or
| ong di stances between sengpg ncal&et&%{-l doe preferable to use standard
si ngl e- 20 node fi ber to connect e two. In this case the sensor
woul d require a depol ari zethird means for cguping\/aad eutpetiofisaid sécbad sensing elemen go

fi bers. The sens | i brated and have their
sensitivities weq'%’% ‘ﬁgr ac?tgflgged to allow proper differential neasurenent.

Mbst . appl i cat i ons 2f The device ofIClulih | @¢Heteire Woul d probably be | ooki ng
| ocat od someviiEr o bet veen S SR Shment inclidssa i selos Gorr v st nd
Fiel d sensors 54 saishd®Rds8id Best emiiheRb] Kl cobfledto\@iddight sburcdd! sensors
said second coupling means includes a polarizing fiber having first and
second ends, said first end thereof being spliced to said second end of said first sensing
fiber; and
20 said second sensing element includes a second sensing fiber having first
and second ends, said first end of said second sensing fiber being spliced to said second
end of said polarizing fiber, and said second end of said second sensing fiber being
coupled to said detector. |
3. The device of Claim 1 further comprising:
25 one or more additional Faraday effect sensing _elerﬁems; and
means for coupling said additional sensing elements in series between
said first and second sensing elements, wherein each of said first, second ahd additional
sensing elements include generally straight fiber sections arranged to form a regular
polygon.
30 4. The device of Claim | wherein said first sensing element is secured to

a first package adapted to surround a first portion of a conductor, and said second



i ke sensar. 10 whi ch actual |y incl ude nultlple sensing fibers concatenated
|n a si ng,ﬂﬂwu]"lm““ﬂicmfge The remai ni ng conponents are simlar to those
descri be prior art differential sensors,
differential currefit Sensor 50 uses only a single light 30 source and a
singl e detect WOITBI6E configuration sinplifies use, increas®TUSIIATPI ity
and decreases cost, conpared to prior art differential sensors,
and al |l evi ates concerns WO 97/ 19361 ..

PCT/ US96/ 14579 regardi ng perturbations to the connecting fibers
that could plot eﬂt | Senkitg eleshent lstsh?redl tlo a seqoal psdkﬁgaddmﬁ fosufroQiid & berond portion
propagating |ight e. ure i | 1ustrates how di ent current
sensor 50 operat es®'t ¥ﬁ‘é°'1 H&B‘ié‘é‘l"l%tnﬁd"?‘ﬁ%’"ﬂ ﬁ?ﬁé‘“&ﬁﬂ’&ﬂ'ctor

Wi th the first sensing ¢hesiie oPGHﬁ@ﬁﬁﬁ«h@Mnfphﬁﬂéhﬂ@as@Bném:ﬁdnﬂht
wave exiting the first 5 sensing el enent. The second sensing el enent,

| ocated on the secBaradayeffestsensipg element, for a tote ofi i mumber Ofﬁ#ﬂsmsmeﬂv g s
l'ight wave a secon
magni t ude but oppog?‘{itéor@nm%%p?odﬁﬂ%% dd{ggﬁarler@ #P +t%r ougﬁs?)%‘f'ﬁm said

sensors) the end ﬁrstandseaanldtsemnbleleb\enm,enlmramdlflcat|on of the light wave.

If the currents in the two port % co ductor  differ he net
modi fi cation of the IightwaV/AHe f gé“’r?&ﬁ’“gé? spasing efqmentsincleded o as
a non-zero out put Singigaber; Although the invention has
been described with reference to specific nbodi nents, this
description is not nmeant to %3eh piaid firsteigcond, @'ﬂﬂﬁ@ﬁ@“ééﬁ%@smﬁﬁmdﬂ

nodi fi cations of tla(?)o ﬁé rrbodl nent, as well as alternative
enbodi nents of t?] |nvent|on wi |l become apparent to persons
skilled in the art upon refeﬁgmmn:ofsdi:bsenmﬁbedd'@cabps'a:mhed:fﬁned\bytherelaﬁve

IbgV(rargEjleo\r/]\n t hou!tsdtegaélgl ng ?%%’?’% &ﬁ% t% rfsﬁ?&éh sen | nvention
as defined lapprokicnatefeynalad miaa[ lWi(Zn-l)].
6. The device of Claim 1 further comprising one or more additional
15 Faraday effect sensing elements, and additional means for coupling said additional
sensing elements in series between said first and second sensing elements, wherein:
each of said first, second, third and additional coupling means includes
a polarizing fiber;
each of said first, second and additional sensing elements include a
20 sensing fiber attached to at least one of said polarizing fibers at different splice
locations; and
said splice locations are arranged such that said sensing fibers form a
substantially closed path which may be placed about the conductor. -
7. The device of Claim 2 wherein said first and second sensing fibers are
25 both generally straight fiber sections.
8. The device of Claim 2 wherein said first and second sensing fibers are
both non-annealed.
9. The device of Claim 2 wherein said sensing fibers are spliced to said
polarizing fiber by means of fusion splicing. -

30 10. The device of Claim 3 wherein:
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“ecr BN x v A e dewt

sensi ng" eltectritalscwrent flow ng through a conductor, t he device
conpri si ng: a light source; 5 a
first Faradaywediesgs sensing el ement having an input and apcoukepisre

first means for coupling said light source to said input of said first
sensi ng el enent; a second Faraday effect sensing

el ement having an input and an out put; -12- second neans

L oo soni o i o d A, S0 e Sof o v st
and a polarizing fibde)i rd means for coupling said output of said
second sensing el enent to _said optical detector. . .

2. The device of Oaim| wheckpfisaid fibergections is attached to at leastserief s4id polariaingsi ng
el enent incl udes | £,St: i béaiohs: ing first and second
ends, said first ﬂé‘h%%ﬁ%?%%ﬁh‘é&r{g COEﬁﬂ ed to said |light source;

sai d second codpling neans saitsplidelocatiqns lacer drmngeyt suclvthat said/ fibeg sectionstforanal
second ends, said first . .end thereof .heing spliced ta said second end of
said first sensin¥ stantially C?‘?SF‘EB?‘E“%‘%‘W adef 2ot thenductsy sai d second

sensing el ement includes a $pamedesiedsf Olint B Mvhereliitnére drd thiet land only three fibed
second ends, said first end of said second sensing fiber being spliced to

sai d second m‘@?ﬁda’éﬁ said polarizing fiber, and said second end of
said second sensing fiber bgjid\three fiber sections are arranged to form an equilateral triangle.
10 12. The device of Claim 10 wherein:

there are n number of Faraday effect sensing elements each having one
of said fiber sections; and |

a given one of said fiber sections has a bias angle defined by the relative
angle between slow axes of adjacent polarizing fibers, said bias angle being

15 approximately equal to arctan[1/N(2n-1)].



-coupl e ' . 3. The device of daim1l
furthe ﬂ!lwm& g‘!ﬁﬂlﬂES one or nore additional Faraday
ef fect , and means for coupling

said additional sensing elenents in series between said first and
second sensi ngvebrmastt s, wherein each of said first, second ROTASIEHST onal
sensing elenents include generally straight fiber sections arranged to form
a regul ar pol ygon. 30 4. The device of daiml
wherein said first sensing elenent is secur ed*to a first package

adapted to surround a first ot . '
adapted to 30 aieTbr FarQ SHE! Rising teind rGHA0 Betds,
PCT/ US96/ 14579 comprisingsensi ng el enent is secured to a second package

adapted to surround a second, portion he conductor, such that the
devi ce may be used as a di ffaé? ttq"&fx:ﬁrﬁ?alyéﬁfgbghéﬂ’?‘?“’ SachhaVing a generally

5. The device of Clsgiightledtioh bhsehsifgfitier, said 3¢hsing ﬁb@&ﬁtioﬁ!&ix?dﬂ’hﬁg'eﬁmfoma
Faraday effect sensing elenent, for a total of n nunber of sensing
el ements, and 5 %€ pelygasagdipans for coupling said additional sensing

el ement s in series between Sikdls for connectidy!siid el 3ehsdiS GRiRHes> GRFLferEhE RS
of [ [ and additi onal

wher ei n: each of said first, second

sensing el ement s i nadluding aplurality of polarizingifibersrespeqtively interposed between said sensing
each of said first,se third and additional coupling neans includes
10 a pol arizing fi &3?'5%82%5 a given one of said
sensing fibers has a bias anpd.Theefticieadf Claim t hfurtherl comprising: angl e
between sl ow axes of adjacent _golarizing fibers, said bias angle being
approxi mately ed®al to arct aﬁPBTP@*’Fﬂ-(Zn- 1)]. |

first means for coupling said light source to a first one of said sensing
fiber sections; '
an optical detector; and
second means for coupling a last one of said sensing fiber sections to
15  said optical detector.
15. The article of Claim 13 wherein:
there are a total of n number of field sensors; and
a given one of said sensing fiber sections has a bias angle defined by the
relative angle between siow axes of adjacent polarizing fibers, said bias angle being
20 approximately equal to arctan{1/4(2n-1)).
16. The anticle of Claim 13 wherein:
each of said sensing fiber sections is attached to at least one of said
polarizing fibers at different splice locations; and
said splice locations are arranged such that said sensing fiber sections
25 form a substantially closed path which may be placed about a conductor.
17. The article of Claim 13 wherein each of said sensing fiber sections is

" mounted to a rigid substrate and held under tension.



6. Th ' gm | further conprising one or nore additional 15
Far ajiﬁm m‘gﬁl“ H m‘g el enents, and additional neans for coupling said
* L M

addi s Sensing elements in series between said first and second
sensing el enents, wherein: each of said first,
second, thirggoafesseldi tional coupling neans includes PCT/Os084576 1 Zi NQ
fiber; - each of said first, second and additi onal
sensing elenments include a 20 sensing fiber attached to at | east one
of said polarizing fibers at different splite | ocations; and

said splice |locations are ranged such that said sensing fibers forma
substantial ly closed path %&%B‘eﬁvmg‘é‘“{ﬁ‘g%gﬁ”ﬁﬁﬂﬂ‘?sﬁ%e conduct or .

7. The device of Caim2 whigieséuréi d first and second sensing fibers are
25 both generally straight fiber, sectiaqgns. . . : 8. The
device of O aim2 wherein %ﬁﬁsﬂpﬂ‘?‘é’ﬁﬁ.&ﬁgdgé%‘ﬁﬂﬂh%’@ﬁ@r\@# ppbansoutpug, said

bot h non-anneal eirst field sensor being secured to a first packhge ATdPLEHY shRotHd A fhirdd J&:&Fa r
wherein said sensing fibers are spliced to said pol ari zi ng " Ber

- by nmeans of fusion splicinfifst means fy coupling said light source to1@id injns offsaid Giest fiéld

C aim3 wherein: gnene WD 97/ 19361

PCT/ US96/ 14579 ’ : -12-

each of said first, seconda sdchid Faradag effediitld sermbr kavitig) dnifhub A En dusdtUSARS

a polarizing fiber; d . e%ch of said fiber sections is
attached to at | &50Pd Brid sgnsochying sseired 104 $epnd package adapiadto surreyndracsesond
splice | ocati onsicomdudtor; 5 said splice locations are

arranged such_that said fiber dsecti ns fqorma . ' :
10 secon or couﬁmg said output of said first field sensor to said

input of said second field sensor;

an optical detector; and

third means for coupling said output of said second field sensor to said
optical detector, such that a light signal traveling from said light source first passes

15 through said first field sensor and then passes through said second field sensor before
reaching said detector.

19. The differential current sensor of Claim 18 wherein said first,
second and third coupling means comprise first, second and third polarizing fibers,
respectively.

20 20. The differential current sensor of Claim 18 wherein said second
coupling means comprises a fusion splice directly connecting said output of said first

field sensor to said input of said second field sensor.



substantially closed path which nay be placed about the conductor.
11. The device of Caim3 wherein there.are three and only three fi ber

sections; and said three fiber sections are arranged
to forman equilateral triangle 10 12. The device of
Cl ai m 10 wher avan97/19361 there are n nunber PETAUS/14878Y

ef fect sensing el enents each having one 1/2 of said fiber sections; and
a given one of said fiber sections has a 6|as angl e defined by the relative
angl e between sl ow axes of adjacent polarizing fibers, said bias angle

bei ng 15 approxi mately equal z# d/[err](2n-1)]. WO

97/ 19361

PCT/ US96/ 14579

13. An article for Faraday ef
conpri si ng: \
sensors, each having a generally

-13-
hangi ng magnet®c fi el ds,
hree Faradayeffect field

s ai ght secti of sensing fiber,
'7@7t0 forma 5 regul ar pol ygon;

;;y' 449 said field sensors in

and mege
series, said connecting neans
fibers, respectively interp?fed‘u
sections.

conpri si ng: 10

luding4g plurality of polarizing
sai d nsi ng
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an optical detector, and second neans for coupling a

| ast one of said sensing fiber sections to 15 said optical detector.
15. The article of C aim 13 wherein: there are a
total of n nunber of field sensors; and a given one

of said sensiwoditdsr sections has a bias angl e defined by PEEUSI6N14579

rel ati ve angl e between sl ow axes of adjacent polarizing fibers, said bias
angl e bei ng 20 approxi mately equal tozggctan [I/[err](2n-1)].
16. The article of C aim 13 wherein: ' each of said

- sensing fiber sections is attached to at | east one of said

‘polarizing fibers at different splice |ocations; and

said splice |ocati ohg—aregrranggd suchy Tharsaid sensing fiber sections
25 forma substantifllly cljosed gath whi ch y be placed about a conductor.
17. The article ofpgfaim 13 wherain eadh q ai-d-sensing fiber sections is

mounted to a rigid spbstraje andlhel d ynd¢grt/ tlensi on. WO 97/ 19361
PCT/ US96/ 14579 - - 14-
- 18. A differential 0.8 grremtSENSON COMPTiZZ] a |light

sour ce; C a flirst
| nput and an outpuﬁ4’sajd- flirst
package adapted to s@rround a fi st
means for coupling s@id |ight soyrc

effect field sensor having an
lensor being secured to a first
duct or}, 5 first
saidlinput of said first field

sensor; 02 S moFeracdgy effect field sensor having
an i nput and an outpet, sai{d
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. seccmeHleI d sensor bei ng secured to a second package adapted t o gaiLsend a

33cond conduct or, 10 second nmeans for corgd
sdi d. out put of said fi rst field sensor to said i nput of said seco d
field sensor, an optical detector; and

third neans for ling said output of said second f|eI d se A
optical detect cPCTﬁch t hat WaRUDNJF{LECTL: PERTY SH@ANIZAHON 1 om sai M&#¥ght sour ce
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second angefr3yes2coupl i ng neans corrpAls; first, second and third polari
fiberq, respectively. 20 (&) Toternational Pub ispionPate: ffégr%tl?gépgosg")

current sensor of Claim 18 wherein said couplin
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(54) Title: CONCATENATED MAGNETO-OPTIC FIELD SENSO?S
{57) Abstract

A Faraday effect current sensor
uses a plurality of concatenated field sen-
sors, with a single light source and a sin-
gle detector. At least two Faraday ef-
fect sensing elements (single mode sens-
ing fibers) are used, preferably at least
three, the sensing elements being inter-
connected by fusion spliced, polarizing
fibers. The sensing fibers may be oriented
generally straight, and arranged to form
a regular polygon, e.g., an equilateral tri-
angle for a threc-element sensor. ‘The lo-
cations of the splices between the sensing
fibers and the polarizing fibers may fur-
ther be advantageously arranged such that
the sensing fibers form a substantially
closed path which may be placed about
the cumrent-carrying conductor. The lin-
earity of the sensor response may be im-
proved by selecting an appropnate value
of the bias angle of each sensing ele-
ment, optimally equal to arctan[1/(2n-
1)] where n is the number of sensing el-
ements. The present invention may also
be adapted for use as a differential cur-
rent sensor wherein each sensing element
is housed in a separate package allowing
the elements to be placed about different
conductors at a Y-branch, or about a sin-
gle conductor at different locations.




