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Abstract: The strain sensitivity of a two-mode birefringent sideéhd@iber is measured
in the spectral domain. In a simple experimental setup ctsmmgra broadband source, a
polarizer, a two-mode birefringent side-hole fiber undetadielongations, an analyzer and
a compact spectrometer, the spectral interferograms soé/esl. These are characterized by
the equalization wavelength at which spectral interfeedniages have the highest visibility
(the largest period) due to the zero group optical path idiffee between the fundamental,
the LPy; mode and the higher-order, thé,;; mode. The spectral interferograms with the
equalization wavelength are processed to retrieve theepdeaa function of the wavelength.
From the retrieved phase functions corresponding to diffeelongations of a two-mode
birefringent side-hole fiber under test, the spectral stsnsitivity is obtained. Using
this approach, the intermodal spectral strain sensitiws measured for botk and

y polarizations. Moreover, the spectral polarimetric séngr to strain was measured
for the fundamental mode when a birefringent delay line wssduin tandem with the
fiber. Its spectral dependence was also compared with thatnelol from a shift of the
spectral interferograms not including the equalizationel@ngth, and good agreement was
confirmed.
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1. Introduction

A large number of fiber-optic sensor configurations utiligimterference between two spatial or
polarization modes are available. Elliptical-core duadm fibers that support two stable spatial modes,
i.e., the fundamental.Py; mode and the first orddrP;; mode, have been successfully applied to the
interferometric sensing of a variety of variables such esrstnd temperaturd 2]. The interferometric
systems are available even when the group optical pathreliite (OPD) between two modes is larger
than the source coherence length. In this case a tandem watitm of two fiber interferometers,
receiving one and a two-mode fiber interferometer, can be [84]. The phase change to be measured
is contained in a variation of the far-field modal interfezeipattern at the sensing fiber end. The other
configurations are working in the spectral domain and the@lthange to be measured is inscribed in
the spectral interference fringes detected by a specteng6]. Some of these configurations have
been primarily used for measuring the intermodal dispersicelliptical-core [f] or bow-tie [8] optical
fibers and the dispersion of birefringence in ellipticatecoptical fibers 9].

Recently, new types of optical fibers, namely microstruedusptical fibers, have emerged as active
and passive elements in fiber-optic polarimetric and isterhetric sensorslp-12]. Most recently,
optical fiber sensors based on intermodal interference dmtveore and cladding modes have been
proposed and tested for sensing various physical quan{iti®&-16]. Such interferometric sensors
have several advantages over other sensing configuratiarisding small size, high sensitivity and
resolution, fast response time, and low cost. Differentfigomations to obtain all-fiber intermodal
interference in microstructured fibers are reported irrditere. One of them is to splice a short
piece of the microstructured fiber between two pieces of #mesfiber 13] or standard single mode
fiber [14]. The other possibility is to make a tapered zoh§ [ collapse the holes of the microstructured
optical fiber at two different placed4,16] or to splice two pieces of microstructured optical fibers
with a small offset 16]. In the last approach, different higher order modes canxoéesl by tuning
the lateral offset of the spliced fibers. Most recently, a paat in-line fiber interferometric sensor
fabricated in a boron doped two-mode highly birefringentmostructured fiber has been presented,|
which allows for simultaneous measurements of strain amgégature by interrogation of the visibility
and the displacement of spectral interference fringes.

In this contribution, the strain sensitivity of a two-modeelfiringent side-hole fiber is measured
in the spectral domain. A simple experimental setup, cosimgia broadband source, a polarizer, a
two-mode birefringent side-hole fiber under varied eloiges, an analyzer and a compact spectrometer,
was used to resolve spectral interferograms. These aracatbared by a specific wavelength, the
equalization wavelength, at which spectral interferenoegés have the highest visibility (the largest
period) due to the zero group optical path difference (OP&yvben the fundamental, theé’;; mode
and the higher-order, tHeP,; mode. The spectral interferograms with the equalizatioveleangth were



Sensors 2012 12 12072

processed to retrieve the phase as a function of the wawblerfgom the retrieved phase functions
corresponding to different elongations of a two-mode bimgent side-hole fiber under test, the spectral
strain sensitivity was obtained. To our knowledge, thi$esfirst time the approach is used. Thus, the
intermodal spectral strain sensitivity was measured fordwthogonal { andy) polarizations. Moreover,
the spectral polarimetric sensitivity to strain was meaduior the fundamental mode when a birefringent
delay line was used in tandem with the fiber. The measuredtigpavas also compared with that
obtained from a shift of the spectral interferograms noliding the equalization wavelength (a suitable
birefringent delay line was used), and good agreement wa#ced.

2. Experimental Method

2.1. The Spectral Intensity: A Two-Mode Optical Fiber

Consider a two-mode optical fiber of lengthcharacterized by the wavelength-dependent OPD
betweenz-polarized modeg\{,(z; A). The spectral intensity resolved at the output of the twaleno
optical fiber by a spectrometer i$§]

I#(zA) = IgA) {1 + VA V(25 A) cos [(2m/ M) ATy (25 )], 1)

where7(\) is the reference (unmodulated) spectral intensity(\) is an aperture visibility term and
V?®(z; A) is the visibility term given by

V(2 A) = exp{—(7*/2)[AT5 (2 A) AAr/ N}, (2)

where A\g is the width of the spectrometer response function Afjfl z; \) is the intermodal group
OPD between the modes. The period of the spectral modulation) for the z-polarized modes is
given by
/\2

AHENT ©
The equalization wavelengtkj is resolved in the recorded spectrum for which the periodfisite, or
equivalently the relatiol\$; (z; A7) = 0 is fulfilled.

Similarly, consider a two-mode optical fiber characterizgd the wavelength-dependent OPD
betweeny-polarized modeg\Y,(z; \). The spectral intensity resolved at the output of the twaleno
optical fiber by a spectrometer is:

AT(N) =

I9(2:0) = PO ) {1+ VEAVY(2 A) cos [(2/A) Al (2 M)} - (@)
The period of the spectral modulatidri(\) for they-polarized modes is given by
)\2
S A — 5
ESIEDE ©

whereA$(z; \) is the intermodal group OPD between the modes. The equalizatvelength\) is
resolved in the recorded spectrum for which the relatigf(z; \§) = 0 is fulfilled.

A (X)
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2.2. The Spectral Intensity: Birefringence of the Fundamental Mode

Consider a linearly polarized optical field, propagatinghie positivez direction along the axis of a
lossless optical fiber (see Figure 1), in which only the fundatal mode in bothr andy polarizations
is excited. If the wavelength-dependent phase effectafeqctive) indices of the fundamental mode are
denoted as,(\) andn,()), we can define the phase modal birefringence

B(A) = n,(A) — n, (V). (6)

Furthermore, using the relation for the group effectivéréetive) index

N =n(\) — AdZ&A) - —AZW, (7)
we can express the group modal birefringe6ge)
G = N(3) - Ny () = - BRI ®)

The spectral intensity at the output of the configuratiomshim Figure 1 with a polarizer and an analyzer
oriented45° with respect to the fiber eigenaxes@ [

I(z:0) = Io(A) {1 + V(2 \) cos [(2n/\)B(\)]} 9)
wherely()) is the reference spectral intensity and the visibility téfiqz; \) is given by
V(z;\) = exp{—(72/2)[G(\)zA\r /)?]*}. (10)

The period of the spectral modulatidr)) is given by
)\2
AN = ——. (11)
W= Tems]

If the resolving power of the spectrometer is insufficientgsolve spectral interference fringes, the fiber
in tandem with a birefringent crystal of the phasg \) and group’.(\) birefringences can be usesl [
The spectral intensity at the output of the tandem configuweghown in Figure 1 with a polarizer and
an analyzer oriente¢b® with respect to the fiber eigenaxes &: [

I(zA) = Lo(A\) {1+ V(2 A) cos {2/ M) [Be(A)d — B(M)z]}} (12)
where the visibility termi/(z; \) is given by
V() = exp{—(r*/2) {[Ge(\)d — Gz A /X2 ). (13)
The period of the spectral modulatidri\) is given by

— )\2
1 GeNd =GOz |

A(N) (14)

The equalization wavelength, is resolved in the recorded spectrum for which the relation
Ge(No)d = G(Xo)z is fulfilled.
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Figure 1. Experimental setup with a fiber under test (FUT) to measueestnsitivity to
strain with the remaining components: a white-light soui&.S), microscope objectives
1-3 (MO1, MO2, MO3), a polarizer (P), a fiber under test (FUAr),analyzer (A), a delay
line (DL), a spectrometer slit (S).

MO1 MO2 Strain MO3

—

WLS

Spectrometer

o L—"]

FUT A DLS
3. Experimental Configuration

The experimental setup we used to measure the spectraligéiesito strain is shown in Figure 1.
It consists of a white-light source: a supercontinuum seydKT Photonics), the first microscope
objective MO1 (10x /0.30), polarizer P (LPVIS050, Thorlabs), the second nscope objective
MO2 (10 x /0.30), fiber under test FUT, the third microscope objecit@3 (10 x /0.30), analyzer
A (LPVISO050, Thorlabs), delay line DL, a spectrometer (U8B@, Ocean Optics) with 2am wide
slit S and a personal computer. To record the spectral ityefi& z; \) or I¥(z; A), the polarizer and
analyzer are oriente@t or 90° with respect to the major fiber eigenaxis. Similarly, to meciine spectral
intensity 7(z; A), the polarizer and analyzer are orient&it with respect to the fiber eigenaxes and
the birefringent delay line (see Figure 1) made of quartz stigable thickness with the optical axis
oriented(° with respect to the major fiber eigenaxis is used. Even if mamyponents employed in
the experimental setup are bulky and good alignment is sacgshe stability of the measurements is
satisfactory.

The spectral resolution of the fiber-optic spectrometer WEBW is in our case given by the slit width.
Spectrometer sensitivity is at given light conditions effiéel by the spectrometer integration time: it
can easily be varied under software control and we adjustiedde 100 ms. The fiber under test is a
birefringent side-hole fiber with additional microstruetinear the core region composed of six small
holes of diameter of about 0/, which prevent the guided mode to leak out from the core. filies
was drawn at the Department of Optical Fibers Technologyyéssity of Marie Curie-Sklodowska
in Lublin, Poland. As it is shown in Figure 2, the fiber core tediptical shape of dimensions
6.5 um x 2.8 um, while the cladding diameter is 129m. The longer axis of the core ellipse
is perpendicular to the symmetry axis connecting the cerérthe large holes. The initial GgO
concentration in the rod used for preform fabrication wasnti¥%, which corresponds to the refractive
index contrast of 0.017 at a 633 nm. However, due to mateoal find GeQ diffusion during the fiber
drawing process, it is expected that final GaOncentration in the doped region of the fiber core is much
lower. As the glass bridges between the large holes and thedd@gion of the core are very narrow
(about 0.4-0.5um) it results in the cutoff of the fundamental mode at about 8.
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Figure 2. Structure of the fiber under test: general view of the fibessigection &),
enlarged image of the central region with green line showorg boundaryk).
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4. Experimental Results and Discussion

4.1. Measurement of the Spectral Intermodal Sensitivity to Strain

Using the experimental setup shown in Figure 1, we measimedpectral intermodal sensitivities
Ki,.(A\) and Ki,.(\) for z andy polarizations of the modes of the investigated fiber to straihe
parameters are defined by the following relations

_ 1d[A¢f (V)]

Kf(k()\) - L d6 ’ (15)

e 1 (Al (V)]
Y _ = 10¢
KIOE()\) - L d6 )

and Equation X5) represents an increase in the phase shift between the twlesmoz polarization
induced by the unit change of strairacting on unit fiber length. To determine the spectral intetat
sensitivity K7,.(\) for = polarization of the modes of the investigated fiber to strawe recorded
a sequence of spectral interferograms for increasingnstravith a step small enough to assure
unambiguity in retrieving the strain-induced phase chang\¢7,.(\)]. To measure the parameter,
the fiber of lengthl. = 0.895 m was attached with epoxy glue to two translation stages mgjated up
to 800um (stretched up to 894strain). The measurements were repeated several timeascifeasing
and decreasing strain with no hysteresis observed.

Figure 3(a) shows two examples of the recorded spectramaatdorz polarization of the modes and
corresponding to two elongations.; = 100 um andAL,; = 300 um of the fiber when the overall
length of the fiber, including the leading part with length= 0.565 m, the sensing part with length
L = 0.895 m and the outer part with length = 0.835 m, wasz = 2.295 m. It is clearly seen from
the figure that the intermodal interference shows up as tketigd modulation with the wavelength-
dependent period and the equalization wavelengtk= 565.89 nm. The spectral interference fringes

(16)
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for the two elongations are with the same equalization vemgth but with different phases. Using the
procedure presented in a previous papé},[we retrieved from the two spectral interferograms thesgha
functions A¢7,.(\) that are shown in Figure 4(a). These phase functions arelevayte dependent
with a minimum at the equalization wavelengtf. From the two phase functions we retrieved the
strain-induced phase changgA¢7,. (\)] and the spectral intermodal strain sensitivi€yj, (\) defined
by Equation 15). Figure 5(a) shows by the blue curve the absolute valu&Rf(\) as a function
of wavelength. Figure 5(a) also shows by the red line the @pmate linear dependence obtained
from eight phase differences retrieved from eight recorsigectral interferograms. It is clearly seen
from the figure that the absolute value of the spectral inbefah strain sensitivity{, (\) decreases
with a wavelength (in a range of 530 to 600 nm) from a value @frdd m—!- me~! to a value of
1.7radm! me L

Figure 3. Two examples of the recorded spectra corresponding to twagations
AL; = 100 gm (blue) andAL, = 300 um (red) of the fiber:z-polarized modesad),
y-polarized modedh).
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Similarly, Figure 3(b) shows two examples of the recordegta obtained foy polarization of the
modes and corresponding to two elongatidns, = 100 pum andAL, = 300 um of the fiber. It is
clearly seen from the figure that the intermodal interfeeesitows up as the spectral modulation with
the wavelength-dependent period and the equalizationlemgth \j = 551.51 nm, which is shifted
to the shorter wavelengths in comparison with that#egvolarized modes. The spectral interference
fringes for the two elongations are with the same equabmaivavelength but with different phases.
We retrieved from the two spectral interferograms the ptiasetions that are shown in Figure 4(b).
Figure 5(b) then shows by the blue curve the absolute valtieeatpectral intermodal strain sensitivity
K7, (\) as a function of wavelength. From the phase functions retdiérom all the recorded spectral
interferograms the spectral intermodal sensitiviti€$, (\) were obtained. Figure 5(b) shows by the
red line the approximate linear dependence obtained frgimt e2trieved phase differences. It is clearly
seen from the figure that the absolute value of the specteahiodal strain sensitiviti{,,. (\) decreases
with a wavelength and that it is approximately three timénkigand with a greater slope than the spectral
intermodal strain sensitivitk{;, ().
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It is clear from the experimental results that an implemtgwoiaof a new sensor configuration is
possible. In the experimental setup shown in Figure 1 thetsgdentensity can be measured for different
elongations and from the corresponding recorded spedatrplthses can be retrieved. As an example,
the retrieved phase can be with the elongation sensit\sii@ilar to those shown in Figure 4(a,b).

Figure 4. Retrieved phases from the recorded spectra shown in Figanel Sorresponding

to two elongationg\; = 100 pm (blue) andA L, = 300 um (red) of the fiberz-polarized
modes &), y-polarized moded).

1001

@
=]
T

801

o
[=]
T

60

w
=]
T

401

Retrieved Phase (rad)
5
Retrieved Phase (rad)

N
o
T

201

[N
[S)
T

ok

o
™ F
o

540 550 560 570 580 590 600 510 520 530 540 550 560 570 580 590
Wavelength (nm) Wavelength (nm)
(a) (b)

Figure 5. The spectral intermodal sensitivity to strairpolarized modesd), y-polarized

modes ). The red lines are the approximate linear dependencesnettérom eight
measurements.
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4.2. Measurement of Spectral Polarimetric Sensitivity to Strain

Using the experimental setup shown in Figure 1 and includelgy line DL, we measured the spectral

polarimetric sensitivity{. () of the fundamental mode of the investigated fiber to straire farameter
is defined by the following relation

(17)
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and represents an increase in the phase shift between tip@larzations of the fundamental mode,,
between the polarization modes, induced by the unit chahgiaone acting on unit fiber lengthl[]].

Figure 6(a) shows two examples of the recorded spectranautdor a suitable chosen delay line and
corresponding to two elongations.; = 100 pm andAL, = 300 um of the fiber when the overall
length of the fiber, including also the sensing part with tang = 0.895 m, wasz = 2.295 m. Itis
clearly seen from the figure that the interference of podditn modes in the tandem with the delay
line shows up as the spectral modulation with the waveledgffendent period and the equalization
wavelength\, = 581.61 nm. The spectral interference fringes for the two elongesti@re with the same
equalization wavelength but with different phases. Weeedd from the two spectral interferograms
the phase functions that are shown in Figure 7(a). Theseeghastions are wavelength dependent with
a minimum at the equalization wavelength From the phase functions retrieved from eight recorded
spectral interferograms the spectral polarimetric semityito strain K. () for the fundamental mode was
obtained. Figure 8(a) shows by the blue curve the absollte v K. ()\) as a function of wavelength.
Figure 8(a) also shows by the red line the approximate qtiadtapendence obtained for eight phase
differences retrieved from eight recorded spectral ieteigrams. It is clearly seen from the figure that
the absolute value of the spectral polarimetric sensjtiaitstrainx’.(\) decreases with a wavelength (in
a range of 500 to 700 nm) from a value of 21.8-nad!- me~! to a value of 16.0 radn~!- me~!. This
sensitivity is approximately three times of that for a hirggent holey fiber10] .

Figure 6. Two examples of the recorded spectra corresponding to tarmyationsAL; =
100 um (blue) andA L, = 300 um (red) of the fiber: first delaya, second delayh).
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We also measured the spectral polarimetric sensitivityreorsK . () for the fundamental mode with
a different delay line when no equalization waveleniglis resolvable in the recorded spectrum. In this
case the spectral fringes of slightly wavelength-depengerod are resolved in the recorded spectrum
and the spectral polarimetric sensitivity to stré&p(\) is determined from the change of spectral phase
with the elongation of the fiber. As an example, Figure 6(loyehtwo examples of the recorded spectra
corresponding to two elongatiods’Z; = 100 pum andA L, = 300 um of the fiber. It is clearly seen
from the figure that the interference of polarization modethe tandem with the delay line shows up
as the spectral modulation with the wavelength-dependeg and with no equalization wavelength.
The spectral interference fringes for the two elongatiagesath different phases which were retrieved
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from the two spectral interferograms using a proceduredandhe application of a windowed Fourier
transform ROl. The corresponding phase functions are shown in Figurg. 7fgure 8(b) shows
by the blue curve the absolute value of the spectral poldrimeensitivity to straink.(\) for the
fundamental mode as a function of wavelength together viighapproximate quadratic dependence
(red line) obtained for eight phase differences retriewednfeight recorded spectral interferograms.
This approach gives the spectral polarimetric sensitbaitstrain K. (\) with errors (artefacts) smaller in

comparison with those obtained by the first approach.

Figure 7. Retrieved phases from the recorded spectra shown in Figainel @orresponding
to two elongationsAL; = 100 pm (blue) andAL, = 300 um (red) of the fiber: first

delay @), second delayh).
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5. Conclusions

In this paper, the results of spectral-domain measurenddritse strain sensitivity of a two-mode
birefringent side-hole fiber have been presented. A simypermental setup comprising a broadband
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source, a polarizer, a two-mode birefringent side-hole filmeler varied elongations, an analyzer and a
compact has been used to resolve spectral interferograheseTare characterized by the equalization
wavelength at which spectral interference fringes havehilgbest visibility due to the zero group
OPD between the fundamental, th&’,; mode and the higher-order, thd’>;; mode. The spectral
interferograms with the equalization wavelength were pssed by a new methodq] to retrieve the
phase as a function of the wavelength. From the retrievedehanctions corresponding to different
elongations of the fiber under test, the spectral strainitbgtyswas obtained. Using this approach, the
intermodal spectral strain sensitivity was measured fordvwthogonal ¢ andy) polarizations.

Moreover, the spectral polarimetric sensitivity to stnags measured for the fundamental mode when
the polarizer and analyzer were orientgd with respect to the fiber eigenaxes and a birefringent delay
line was used in tandem with the fiber. The measured spe@padience was also compared with that
obtained from a shift of the spectral interferograms noliding the equalization wavelength (a suitable
birefringent delay line was used), and good agreement w#geeed. The results obtained are important
from point of view of implementation of new sensor configioas employing specialty optical fibers
such as microstructured side-hole ones.
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