Office de la Proprieté Canadian CA 2359251 C 2008/04/29

Intellectuelle Intellectual Property

du Canada Office (11)(21) 2 359 251
Un organisme An agency of

d'Industrie Canada Industry Canada (12) BREVET CANADIEN

CANADIAN PATENT
13) C

(86) Date de déepé6t PCT/PCT Filing Date: 1999/12/09 (51) Cl.Int./Int.Cl. GO7B 71/76 (2006.01)
(87) Date publication PCT/PCT Publication Date: 2000/08/03 | (72) Inventeurs/Inventors: )
(45) Date de délivrance/lssue Date: 2008/04/29 Bgﬂé ggEESAglEG DE;
(85) Entree phase nationale/National Entry: 2001/07/04 FRINS, ERNA, UY:
(86) N° demande PCT/PCT Application No.: EP 1999/009845 SCHMITZER, HEIDRUN, DE
(87) N° publication PCT/PCT Publication No.: 2000/045124 (73) Proprietaire/Owner:

o i DEUTSCHE TELEKOM AG, DE
(30) Priorité/Priority: 1999/01/29 (DE199 03 447 .8) |
(74) Agent: FETHERSTONHAUGH & CO.

(54) Titre : DETECTEUR ET PROCEDE POUR DETECTER DES VARIATIONS DE DISTANCE
(54) Title: SENSOR AND METHOD FOR DETECTING CHANGES IN DISTANCE

3 P L “«—

\ \ :
il AN '
"--', Y00000000000000C |-

(57) Abregé/Abstract:

The present invention is directed to a sensor for detecting changes in the distance between a first and a second location, having at
least one substantially helically coiled optical fiber, which Is able to be mechanically connected to at least one of the locations, and
having a light transmitter and a detecting device for optical signals, the detecting device being able to generate an output signal,
which is dependent upon the polarization state of the optical signal transmitted via the optical fiber. The present invention Is also
directed to a method for detecting the changes In distance between a first and a second location, having the following features: at
least one of the locations Is mechanically coupled to a substantially helically coiled optical fiber; an optical signal having a known
polarization state is launched into the optical fiber; following transmission over the connecting line, this is detected in such a way
that information is obtained with respect to its polarization state; from this information, the change in distance Is determined.
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Abstract

The present invention is directcd to a sensor for detecting
changes in the distance between A first and a second location,
having at |east one substantially helically coiled oplical
fiber, which is able to be mechanically connccted to at least
one of the locationo, and having a light transmitter and a
detecting device for optical signals, the detecting device
being able Lo yeusralte an output signal, which io dependent
upon the polorization ptate of the optical gignal frransmiffed
via the optrical tiber. 'l'he present invention 1s also directed
to a method [or delLeclLing the changes in distance between a
first and a occond location, having the fnllowing teatures: at
least one ot the 1ncartions is mechanically coupled to a
substantially helically coiled optical fiber; an optical
signal having a known polarization state is lTaunched into the
optical fiber; following rranamission over the connecting
line, this is detected in sucli a way that information io
obtained with respect to ites polaorization state; Ifrom this
information, tha change in distance is determined.
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2/9/2001 PCT/EP99/09845 DESCPAMD

Translation of German revised pages 1, 2, 2a

SENSOR AND METHOD FOR DETECTING CHANGES IN DISTANCE

Field of the Invention

The present invention relates to a sensor, as well as to a
method for detecting changes in the distance between a first

s R - e \‘* pr—L

and a second location, on the basis of optics.

Background of the Invention

Many methods are known for measuring changes in the distance
between movable objects. For example, one knows of sensors,
such as strain gauges, which are based on electri‘cal methods.
Changes 1in electric capacitance, as well as in magnetic flux
are utilized when working with small changes in length. The
advantage of optical methods to determine linear variations is
that there is no need for an electrically conductive
connection between the points whose change in distance is to
be measured. Customary are interferometers for small and
average distances of about 1 um to 1 m, moiré systems, as well
as transit-time measurements of light pulses. Interferometer
systems may be very precise, but they have the drawback of
being mechanically extremely sensitive. Also, their operation
entalls substantial outlay for adjustments. For that reason,
they must be set up as substantially vibrationless systems, so
that they are not simple to use, especially for detecting
changes in the distance moving objects. Moiré systems are
likewlise precise, but, in a measuring range bevond a few
centimeters, they can only be implemented at a considerable
expense; transit-time measurements of optical pulses and/or
measurements of frequency shifts produced by the Doppler

effect are only accurate for large distances and require

NYO1 386679 v 1 Revised pages
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costly measuring electronics.

From the publication, “Berry’s phase analysis of polarization
rotation in helicoidal fibers” that appeared in June 1998 in
Applied Optics, vol. 37, no. 18, by F. Wassmann and A.
Ankiewicz, a method is known for calculating the rotation of
the polarization of light, which propagates through a
helically wound opticai fiber. The rotation of the
polarization can be utilized for implementing an optical fiber

sensor which can be used to determine the size [extent] of a

displacement.

From the publication “Two-dimensional HiBi fiber-optic coil
strain sensor” that appeared in July 1997 in Acta Photonica

Sinica, vol. 26, no. 7, pp. 618-622, XP 000884999, by Y. Libo

and A. Farhad, it is known, with the aid of a wound optical
fiber, to measure mechanical strains, the influence of the
mechanical strain on the polarization state of the light being

utilized, which propagates through the optical fiber.

From U.S. Patent 5,201,015, a sensor is known for measuring
mechanical strains with the aid of an optical fiber. The
optical fiber has concentric windings. When a mechanical
tensile stress is exerted on the sensor, the windings are
elastically stretched, causing the peripheral path of the
windings and, thus, also the optical path length of the light
to increase [lengthen] in the optical fiber. The increase in
the optical path length is utilized as a measure of the

externally acting mechanical strain.

From U.S5. Patent 4,389,090, a device is known for producing

specific polarization states of light in an optical fiber. At
least one region of the optical fiber is formed as a winding
Oor coil. The polarization state of the light can be adjusted

and changed by varying the spatial orientation of the winding

or coils, as well as by twisting the optical fiber.

NYO1 386679 v 1 2 Revised pages
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Object of the Invention

The object of the present invention is, therefore, to provide
a sensor for detecting changes in distance, which is
technically simple and inexpensive to implement, does not

require any special mechanical stability, and which can be

the distance between a first and a second location, having at
least one substantially helically coiled optical fiber, which
1s able to be mechanically connected to at least pne of the
locations, and having a light transmitter and a detector for
optical signals. In this context, the detecting device is able
tO generate an output signal, which is dependent upon the
polarization state of the optical signal transmitted via the
optical fiber. In addition, a reference optical fiber path is
provided, which simulates the optical fiber and over which a
second optical signal is transmitted, the optical signals

transmitted over both paths being detected in a shared or in

- Separate detecting devices so as to enable differences in the

polarization state to be determined.

Procedurally, the objective is achieved by a method for

detecting distance variations between a first and a second

location, where:

a) at least one of the locations is mechanically coupled to a

substantially helically coiled optical fiber;

b) one optical signal having a known polarization state is

coupled into the optical fiber;

c) the optical signal transmitted over the connecting line is

recorded in such a way that information pertaining to its

NY01 386679 v 1 3 Revised pages
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polarization state 1s acquired;

d) the change in distance 1s determined from the

information on the polarization state of the transmitted

signal ;

5 ~e) the polarization state of the optical signal
following the transmission 1s compared to that prior to the

transmission and/or to a reference polarization state.

In accordance with one aspect of this invention,
there igs provided a sensor for detecting a change in a
10 distance between a first location and a second location,
comprising: at least one substantially helically coiled
optical fiber for being mechanically connected to at least

—

one of the first and second locations; a light transmitter;

a detecting device for detecting optical signals and for

15 generating an output signal dependent upon a polarization
state of a first optical signal transmitted via the at least
one substantially helically coiled optical fiber; and a
reference optical fiber path for simulating the at least one
substantially helically coiled optical fiber and over which

20 a second optical signal i1s transmittable; wherein the first
and second optical signals are detectable in one of (i) the
detectling device and (11) the detecting device and another
detecting device, for determining any difference in

e

polarization states of the first and second optical signals.

25 In accordance with another aspect of this
invention, there 1s provided a method for detecting a change

in a distance between a first location and a second

location, the method comprising the steps of: mechanically
coupling at least one of the first and second locations to a
30 substantially helically coiled optical fiber; coupling an

optical signal having a known polarization state into the
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substantially helically coiled optical fiber; recording the

optical signal transmitted over a connecting line for

acquiring information pertaining to a polarization state of

the optical signal; determining the change in the distance

'

from the i1nformation pertaining to the polarization state of
the optical signal; and comparing the polarization state of
the optical signal transmitted with at least one of another
polarization state of the optical signal before its

transmission and a reference polarization state.

rn

The present invention 1s based on the principle o:
the polarization of light changing in helically wound
optical fibers i1in response to a change in the helical
parameters. The polarization of the light at the output of
a simple, helically coiled, optical fiber line is sensitive
to movement, 1n particular to accordion-like movements of
the fiber. Thilis dependency of the polarization on the form

of the three-dimensional curve of the fiber can be used

directly to measure the form, e.g. the length of the
accordion of the fiber windings. Thus, the distance between
any two locations can be determined by connecting them using

a movable, helically wound, elastic optical fiber line.

The main reason for the form dependency of the
polarization state at the output end of an optical fiber is
the considerable dependency of the fiber’s optical activity

upon the exact form of its helical windings. In the first

approximation, this effect 1s achromatic and does not result

1n any polarization mode dispersion. It is caused by one of
the so-called optical Berry phases, the spin redirection
phase. This Berry phase or geometric phase is a phase
effect produced by the structure of the fiber’s space curve
and not by a difference 1in the optical path length, as is

the case with the normal dynamic phase of 1light.
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Nevertheless, geometric phases lead to the same 1nterference

P

effects of the light as do normal dynamic phases.

The size of the spin redirection phase 1n a

helically wound fiber is equivalent to the solid angle Q

that the k vector (k corresponds to the propagation constant

3 in the technical literature) wraps around on the sphere of
the light propagation orientations in the counter-clockwise

direction when the light in the fiber is directed through a

helical winding.

For that reason, it 1s important that light be

coupled with a defined polarization state into the coiled
optical fiber and that the transmitted optical signal Dbe
detected in a manner such that inferences can be drawn with
respect to its polarization state or individual polarization
components after propagating through the optical fibers.

From the change in the parameters of the optical signal

prior to and following the transmission, or from a

comparison to a reference from a calibration measurement or

a concurrent reference measurement, 1nferences can be drawn

with respect to the form or the change in the form of the

wound optical fiber and, thus, also with respect to changes

in the distance between locations connected thereto.

For example, polarized light can be coupled into

the fiber, and its polarization state or the strength of a
specific polarization component can be measured, once 1t has
propagated through the optical fiber, using a polarimeter or
a detector having a series-connected analyzer. From
knowledge of the polarizations or of individual polarization
components prior to and subsequent to the transmilssion,
conclusions can be drawn with respect to the change 1in

polarization caused by the form and, thus, with respect to

the deformation of the coils.
4
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F

If the transmission signal 18 compared to a

reference, then precise knowledge of the polarization state

prior to the transmission 1s not absolutely necessary. It

F

fices 1f a defined initial basic situation is always at

F
p—

SU

hand. The reference 1s constituted, for example, of a

P

series of measured values which were acquired during a

calibration measurement using the optical fibers and which
specify the output signal at specific distances between the
first and second location. Alternatively, a reference
signal can also be produced during the measurement in that a
reference path, which preferably simulates the wound optical
fiber, likewise receives a defined optical signal, and the
two transmission signals are compared to one another. For

this, they are either analyzed separately

4cC
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and both intensities ware compared to one another. The actual

tranamission gignal can algo bo brought into interference,

however, with the reference Fransmission gignal and
pubocquently be detected i1 a shared detecrtor.

The benefits provided hy the present invention of climinating
the need for specular surfaces Or for a mperial mechanical

stability of the gystem, are virtually wiiversally applicable.

lhe launching the optical signal into the fiber should, in
facl, be mechanically Stable, but it can be get up geparatcly

from thc aystem to be measured. In addition, without entai!ling
Rubhstantial technical outlay, the sensor can

individual, inexpensive compNnent s .

be augsembled from

Rrief description of the drawing, whose figures show:

Flqure 1 a sensor according to the present invention having a
helical oplLlcal fiber;

Figure 2 a detail of a helical optical fiber;

Flyure 3 a sensor according to the pregsent invention for

measuring chanyes ln Lhe length of a Celescope arm.

ways for bXecuting the Present Invention

The lower part of Figure 1A shows a Heusor according to the
presenf. invention having a helical optical fibecr 1. llere, the

opLical fiber has a fixed winding directdon. enerally, in tha

case of an arbitxarily Leul [Llber, it suffices when one
winding direction praedominatco.

In addition, the oplical [iber has a cladding which holds the

fiber in its helically bent form and ie capable of elastically
Following movements, in particular those along the

longitudinal axis of tlie coll. For this, the coils, as such,

exanple iu aun elastic cylinder or the like.

The sensor also includes a light source 3, which is praeferxably

NY01 374880 v 1 S
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4 laser. Linearly polarized light emanating from light source
3 io launched into fiber coil 1. I Lhe cage that the light
fource doee not emit fully polarized light, a polarizer P is
poslitioned at the fiber input end to produce the defined
polarization stale. AL Lhe output end of the fibexr coil. the
polarization state of the txansmitted optical signal is
measured N8/ing a polarimeter 2. Alternativaely, one can uoc a
siuwple delector having a series-connected analyzer to measura
the intencity of a dcfined polarization component .

Figure 1B sclicualicdlly depicts a polarization ellipse to
repregant the polarization otatc of the light once it has
propagated through the ftransmission ronute. X and y denote the
vibration directions of Lhe eleclrlc [ield vector. In the most
general case, the ficld vector deacribes an ellipse having the
main axes a and h, which is rotated by the angle ¢ in relation

CO the axes x and v.

The present invantion utilises that the oricntation angle ¢ of
the polarization ellipse at the output. end ot tha fiher path
is proportional to the so-called gevwmebrle pliase introduced in
the coil between the right hand and left hand circular
component. o the injacted, Tlinearly pnlarized light. Sinca the
geometric phase changes with the coil shape, the orientation
anglc ¢ io a mecasurc of the coil shape. In this manner, the
distance d bhetween two points Al and A2 can he measured on the
coll and, thus, also the distance and/or the change in the
distance between two locationp xigidly connccted by points Al
ANad A2.

In the special caees deporibed in tho following and clucidated
on thea bharis of Figure 2, the geometric spin rediraction phase
aid, Lhus, Lhe coll form can be determined qulte simply. Each

complcte winding of the optical fiber on a cylinder Z of
radius r, having pitah St, for which tha 1ead angle R is the

same al Lhe beyinuing A aud end E of Lhe winding, produces a
rotation ¢ of tho injcoted, lincarly polarizcd light. The

NYO01 974909 v 1 e
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angle of rotation ¢ is given by

a5
(1) ¢= {[l --cos@(@)]d(b

5 in this context, ¢ 18 the azimuth angle nf cylinder Z; see
Figure 2, Fur Lhe case of a uniformly wound spiral, & is a
conpstant, and onc obtaing:

(2) rp(@ = const.) = 2x(1- cos) and cos® =§L£

10
Thue, if one couplec A lincarly peolarizcd light at angle «
into the helix, then at the and K, 1t har A polarigzation
tolaled by Lhe anygle ¢ thus a+¢. The operational s8ign of angle
of rotation ¢ depends on the helicity of the coil. I is the

15 length of the fiber helix. At this point, in rasponse to a
change in pitch St of the helix, the helix angle 8 and, thus,

thc polarization dircction at fiber cnd - changc. If onc
ingtalls a linear analyzer at end R and then permits the Light

Lo slrlke a delector, Lhen Lhils reglsters arn lrilengily I
(3) I=Icos[y - (aep)]

when v is the orientation angle of the analyzer, and L, is the
intensity of the linearly polarized light emerging firom the

25 fiber. The acoumption here is that loespless conditione prevail
and fhat the light in the tiher ideally remains linearly

polarized.

For all other cages, I likewise depends an halix angla @ and,

30 thus, on the distance between points AE, alcthouuh in
complicated fachion. The correlation is prefaerably determined

through calibration or by measuring the parameters of equation
(1), a8 well the various loggegs. At the detector, one obtains

NYQ1 374080 v 1 7
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a signal which is dependentL upoll digldrnice St to be measured
AnAd can he brought into a suitable meacuring range by
parameters r, v and o.

be used as a distance indicator. It is likewise possible to

use maay windings, as in Figure 1, as well as non-whole
numbcro of windings. In the case of an luleyral nuuber of
Furns N between A and E and given the same hclix angles at A
and E, 1t 1s possible to calculate the Angle of rotation ¢ in
accordance with eqguation (1), ilL bLeiuy necessary to extend che
upper integration limit to 2nN. Civen a number of tuxrns N that
is not whole and non-unitorm windings, A calihration is more

advantegeous than the calculation, whicli can 1o longer be
parformed in accordance with the esimplo ogquation (1).

To fabricate a uniform coil Fforw lilaving coaslanl helix angles,
spindles are mounted at points A and E at the beginning and
end of the winding about which the fiher can rotratae treely
with respect to angle ©. These spiudles are disposed
perpendicularly to the cylindexr axio of the winding. The fiber
18 moimted nn An elastic carrier, which has a pivot at A and E
enabling it to rotate about the spindles. Since, in thig case,
the uniform helix adjusts itself automatically as a geodelLic
curve batween points A and E on the cylinder, equation (3) can

be applied for all pitches St of the helix, for whose
formalion Llie LoLal lenylli of Lhe Llber sulllces.

Generally, an optical fiber does not retain the (1Anpar)
polarizalion; i.ec., wheu 1L enciges Lrowm Lhe Liber, Lhe llghi
18 no longer polarized as it originally was upon its antxy

into the fiber. 1his effect is produced, on the one hand, by

deviations in the fiber core from circular symmetry and, on
the othexr hand, hy birefringence induced hy the bending of the

Liber. In so-called weakly birefringent fibers, which also
feature a low polarization modo dioperoion, an oricntation

dAraRtribution nf the aaymmetrry of the fiher rore is achieved in

NYO01 374980 v 1 o)
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All spatial direcrions, for example through rapid rotation of
Lhe prelform when drawing the fibers. Therefore, fibers of this
kind are especially suited for manufacturing a
langth-maeasuring sensor sensor in accordance with tha praéent

invention.

To avoid stregs-induced birefringence in the bent fiber, the
bending radius of the fiber should not be too small. An

estimation of the birefringence in bent fibcrs is given by L.
Jeunhomme, Singla-Modae Fibar Optics, N.Y. 1983, p. 60. It is=

ideal when the wound fiber helix has a phase lag of less than
A/10, A being the operating wavelength. On the other hand,
even higher sgstrain bilrefringence values do not substantially

interfere with the measuring principle, since, even in the
case of elliptically polarized light at the cutput end of the
fiber, the helix deformation causes changes in the orientation
andgle ¢, which can be takean ag A meAasure orf the change in

length. Large bending radii of Lhe [lbers caun ba achieved both
by increasing the helix radius, as well as by cnlarging the

helical pitch.

A calibration of the sensor also includcs changceo in intensity
in the detector at the fiber end, resulting from bending ot
the tiber in response to a change in the discance AE. A leuyll
neasurement obtained by comparing the inotantaneouely measurad
values to values determined im A cAalibration measurement 1s
advantageous for the practical applicatlon ol Llie sensor,
since it makes it possiblc to climinate any influances on the
polarization state of the light that are not caused by the

change 1n the length of the wound optical fiber.

Figure 3 illustratco one practical specific embodiment of the

preaent invention. An elastic fiber carrier D, for example &
steel, biouze ur plastic wire, is provided with two mounting

oupporte HA, HE, which can ba fitted on spindiea att A and E

enahling rtham to freely rotate., In the descrlbed example, the
spindles al puiuls A, E are connected to two tubco of a

NYO1 374989 v 1 9
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telescope arm, whose change in length needs o he measured. Tn

the described example, a helical optical [(lber having one
single winding is used, which is cmbedded in fibex caxxicx D.

Disposed upstream from holder HA is a liglL source LQ, wliicls
can ale@o bc mechanically connected to holdex HA to assurae

stable coupling conditions. Light source T7Q, which preferably

produces linearly polarized light, is, for example, a
light-emitting diode or a semiconductor lascr. The light io
coupled via a lens L1 into the optical fiber, whosa input end
is positioned at holder HA. 'lhe fiber is secured On or in
elastic [iber carrler D. Iun Llhe case that the light scurce
emits unpolarizcd light, lincar polarizer PA wmust also be
installed betwaeaen the light gource And the start of The fliber.

At the end E of thc winding ioc holder HE, to which a lens L2
and the fixed or rotatable linear analyzer PK 18 secured. The

lens images light from the [iber ovnlo deleclur DE. Light
source LQ and detector DE arc conncctced via ocapily movable
alactrir conductora tno corresponding network and recoxding

devices N and R, respecllvely. To avoid interference effects,
the light source, detector, and glaco fiber axe cbascured in

light -proof manner from the ontside world.

Industrial Applicability

The prarent invention can be advantageously used in industrial
applications Lo precisely detect changes in length and

distance in a multiplicity of oysoteme, such as in robot arms.

NYO'! 374989 v 1 10
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?LAIMS:

1. A sensor for detecting a change in a distance

between a first location and a second location, comprising:

at least one substantially helically coiled

5 optical fiber for being mechanically connected to at least

one of the first and second locations;

a light transmitter;

a detecting device for detecting optical signals

and for generating an output signal dependent upon a

g

10 polarization state of a first optical signal transmitted via

the at least one substantially helically coiled optical

fiber; and

a reference optical fiber path for simulating the
at least one substantially helically coiled optical fiber

15 and over which a second optical signal 1s transmittable;

wherein the first and second optical signals are

detectable in one of (i) the detecting device and (11) the

detecting device and another detecting device, for

determining any difference in polarization states of the

20 first and second optical signals.

2 . The sensor of claim 1, wherein the detecting
device i1s one of a polarimeter and a detector having a

series-connected analyzer.

3. The sensor of claim 1, wherein the at least one

25 substantially helically coiled optical fiber is flexible 1in

a helix direction and is for following changes in the

distance between the first location and the second location.

4 . The sensor of claim 1, wherein the at least one

substantially helically coiled optical fiber i1s joined to an
11
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elastic carrier material, which permits a change in form 1n

response to mechanical loading of the at least one
substantially helically coiled optical fiber, and which

retains the at least one substantially helically coiled

optical fiber in an initial curved form 1in response to no

mechanical loading.

5. The sensor of claim 1, wherein the at least one
substantially helically coiled optical fiber i1s wound around

an at least one elongated carrier element.

6. The sensor of c¢laim 1, wherein the at least one

substantially helically coiled optical fiber 1s secured to a

carrier element so that the at least one substantially
helically coiled optical fiber is movable i1n a wound form

but remains stabilized on the carrier element.

7. The sensor of claim 1, wherelin one winding
direction predominates in the at least one substantially

helically coiled optical fiber.

8. The sensor of claim 1, wherein at least one of the

following is satisfied: the light source produces linearly

polarized light; and a linear polarizer 1s gituated at least

P

one of on and at an input end of the at least one

substantially helically coiled optical fiber.

O. A method for detecting a change 1n a distance

between a first location and a second location, the method

comprising the steps otf:

mechanically coupling at least one of the first
and second locations to a substantially helically coiled

optical fiber;

12
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coupling an optical signal having a known
polarization state into the substantially helically coiled

optical fiber;

recording the optical signal transmitted over a
connecting line for acquiring information pertaining to a

polarization state of the optical signal;

determining the change in the distance from the
information pertaining to the polarization state of the

optical signal; and

comparing the polarization state of the optical

signal transmitted with at least one of another polarization

state of the optical signal before its transmission and a

reference polarization state.

10. The method of claim 9, wherein the step of

determining the change in distance includes comparing a
detected signal and at least one individual parameter of the
detected signal with a value determined in a calibration

measurement corresponding to a specific distance.

11. The method of claim 9, wherein the step of
determining the change in the distance is performed using a
detected signal, at least one individual parameter of the
detected signal and a form of a three-dimensional curve of

the substantially helically coiled optical fiber.

12. The method of claim 9, wherein the reference
polarization state is a polarization state of the optical
signal determined following propagation of the optical
signal through a communication link in a mechanical idle

state.

13. The method of claim 9, wherein the optical signal

and a reference signal are detected.
13
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14 . The method of claim 9, further comprising the

steps of:

launching a linearly polarized light into the

substantially helically coiled optical fiber; and

5 detecting a light having a defined linear
polarization.
15. The sensor of claim 5, wherein the at least one

elongated carrier element 1s at least one of a cylinder and

flexible.

10 16. The sensor of claim 1, wherein the at least one
substantially helically coiled optical fiber has only one

winding direction.

FETHERSTONHAUGH & CO.
OTTAWA, CANADA

PATENT AGENTS
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