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An Inline Core-Cladding Intermodal Interferometer
Using a Photonic Crystal Fiber

Wojtek J. Bock, Fellow, IEEE, Tinko A. Eftimov, Predrag Mikulic, and Jiahua Chen

Abstract—We propose a simple all-fiber structure based on in-
termodal interference between a core and a cladding mode of an
endlessly single-mode photonic crystal fiber (PCF) section sand-
wiched between a lead-in and lead-out SMF-28 fiber. We have mea-
sured the intermodal dispersion and the polarization-dependent
loss (PDL) of the structure. The sensitivities to strain, pressure, and
temperature and external refractive index are studied. The inter-
ferometer is compared to an interferometer based on LPgy; -LPg2>
SMF-28 fiber and to a PCF-based tapered LPG.

Index Terms—Fiber-optic strain and pressure sensors, inter-
modal interference, Mach-Zender interferometers, polariza-
tion-dependent loss (PDL), photonic crystal fibers.

1. INTRODUCTION

ECENTLY, several works have appeared on the develop-

ment of a novel type of sensor using intermodal inter-
ference between forward-propagating core and cladding modes
along a microstructured optical fiber (MOF) [1], [2] or along a
photonic crystal fiber (PCF) [3], [4].

Unlike conventional intermodal sensors in standard optical
fibers [5] or in PCFs [6], core-cladding mode interference sen-
sors not only exhibit sensitivity to strain, temperature, and pres-
sure, but very much like long-period gratings (LPGs) [7] are also
sensitive to bending, to torsion, and most importantly to am-
bient refractive index changes. One of the first applications of
this new type of sensor was for hydrogen concentration sensing
[1] in combination with thin palladium layers deposited on a
collapsed MOF fiber section. Strain sensing has also been in-
vestigated [2], [3]. Three different fabrication techniques have
been suggested and tested. One is to collapse a section of the
MOF and form a tapered region [1] which becomes a glass-air
waveguide supporting interfering higher order modes [8]. The
second is to splice an MOF sensing section between two other
MOF pieces [2] or to just collapse the holes at two different
positions [3]. In the spliced regions, the holes of the MOF col-
lapse and the structure becomes a glass-air waveguide, in which
higher order modes are excited and propagated along the sensing
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Fig. 1. Schematic representation of the core-cladding intermodal interferom-
eter based on the mode-field mismatch method. The abrupt tapers are formed at
the splices between two dissimilar fibers such as the standard SMF-28 and the
endlessly single-mode PCF.

section. A third method [3] is to use lateral offset splicing be-
tween the lead-in/ lead-out and the sensing fibers. Depending
on the offset, different higher order modes can be excited, and
finally a PCF sandwiched between standard single-mode fibers
[4] has been proposed as a more cost-effective approach for a
temperature insensitive strain sensor.

In this paper, we employ the latter method for the construction
of an inline core-cladding intermodal interferometer based on
the use of abrupt tapers formed at the splices between lead-in
and lead-out standard SMF-28 fibers and an endlessly single-
mode PCF fiber sandwiched in between them. These fibers are
characterized by different core and mode field diameters which
creates the abrupt tapers.

We have tested the sensor for sensitivity to strain, pressure,
and temperature as well as external refractive index and have
compared its sensitivity with standard core-mode LPy;-LPgs in-
termodal interferometers on the one hand, and with PCF-based
LPGs on the other.

A detailed theoretical analysis of the intermodal interference
is presented which allows us to measure the intermodal disper-
sion as well.

II. BASIC IDEA OF THE METHOD

We consider the all-fiber structure proposed in [4] and shown
in Fig. 1. A piece of endlessly single-mode PCF (ESM-12-01) is
spliced between a lead-in and a lead-out SMF-28 fiber. The PCF
fiber section is stripped of the polymer coating, so that the outer
refractive index is that of air. In such a structure, higher order
cladding modes of the PCF fiber, which would otherwise be ra-
diated through the polymer cladding, are now guided, the sur-
rounding medium (air) acting as a low-refractive index cladding.

Looking at the data in Table I, we notice that the diameter
of the fundamental LPy; mode in the SMF-28 fiber is wsmr =
9.2 pm, whereas in the PCF, wpcr = 6.4 pm. We thus ob-
tain an abrupt change of the waveguide properties which means
that at the splice we have an abrupt taper. Also, as shown in
[2], the fundamental mode field coming out of the SMF will
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TABLE 1
PARAMETERS OF THE SMF-28 FIBER AND THE ESM-12-01-PCF
Parameter [um] SMF-28 ESM-12-01-PCF
Mode field diameter 9.2+04 6.4+0.2
Core diameter 8.2 12.0+ 0.1
Cladding diameter 125 + 1 125 £ 1
Holey region diameter N.A. 574 £ 1

broaden due to diffraction in the region of collapsed holes. For
this reason, the LPy; mode distribution of the SMF-28 fiber
cannot adapt smoothly to the LPy; mode distribution of the
PCF fiber and couples part of its power to higher order cladding
modes of the PCF fiber. Normally, if the PCF fiber is polymer-
coated, these modes will be highly lossy. If the PCF section is
stripped, however, these cladding modes are better guided and
their fields overlap with the field of the fundamental LPy; core
mode. We then will observe interference between a core mode
and a cladding mode. At the second splice, we have another
abrupt taper and the SMF-28 lead-out fiber does not support the
higher order cladding mode. Whatever cladding modes are ex-
cited get quickly attenuated, so the second SMF-28 fiber section
acts as a spatial filter for the intermodal interference pattern. We
thus have an all-fiber core-cladding intermodal interferometer in
an in-line Mach-Zehnder arrangement.

There are two important features of the present LPg;-LPg,, in-
terferometer that differentiate it from core-core intermodal in-
terferometers. The first is that it shows very low temperature
sensitivity since the PCF fiber is made of a single material. The
second is that, since one of the interfering modes is a cladding
higher order mode, its effective refractive index, and conse-
quently its propagation constant, will be very sensitive to the
refractive index of the surrounding medium.

III. THEORY

A. Interference Equation

We assume that two modes propagate at the beginning of the
PCF fiber section: the fundamental LPy; and an LP, higher
order cladding mode with propagation constants of [y; and
Bop, respectively, and mode field distributions of fo1(r) and
fop(r), where r is the radial coordinate in the cross-section.
These modes interfere and the resultant light intensity at a
position 7 across the fiber section will be:

I(r,z) =1Io [n01Fo1(r)+ nopFop(r) +2mpFip(r) cos (62)]
(D
, wWhere 701, 70, are the relative parts of each mode 7, =
(no170p) /2. Also, in (1) Foi(r) = f3;(r), Fop(r) = f3,(r),
Fi,y(r) = fo1(r) fop(r), where fo1(r) and fo,(r) are the radial
distributions of the electric field of the LPy; and LPy, modes
and

08 = Bo1 — Pop 2

is their propagation constant difference.
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The relative modal parts 791 and 70, depend on the splicing
conditions and the mismatch of the modal fields, and on the
surrounding refractive index (SRI). The intensity selected by a
lead-out fiber at the end of the PCF fiber will be

I(z) = /A |E(r, 0, 2).E.(r,0)?dA 3)

where E(r, ¢, z) is the resultant field of the interfering modes
and E,(r, o) is the mode field of the lead-out fiber.
The visibility V' of the fringes defined as

V= Imax - Imin _ 27]11)I11)

= 4)
Imax + Imin 7701-[01 + 770])-[0])

where I,,,.x, Imin are maximum and minimum intensities at the
lead-out fiber output, Io1, lop, and Iy, are intensities related to
the fundamental mode, the cladding mode and the interference
term as detected by the lead-out fiber, These can be calculated
using (9) from [5] on the basis of the spatial Stokes parameters,
the field distribution of the interfering modes and of the lead-in
and lead-out fiber mode.

If we want to account for the dispersion, we expand 6/ into
a series as

60 = 606y + (5T1p (w — (.U()) (®)]

where 671, = d(6f) /dw is the intermodal dispersion and 63,

is the propagation constant difference at a central frequency wy.
o — _ — L(peff _ effy _
Taking into account that 63 = Bo1 — Bop = k(ngy” —ng,’) =

kAn.yy, the intermodal dispersion ¢71, can be written as

d(s (An%, . +wAnR/)
b1y = Elf ) I ©)

where An’ = dAn? i /dw. Through substitution of (5) into the
cosine function of the interferometric term in (1) we obtain

cos (63z) = cos [6Bpz + 0T1,(w — wp)z] .

For a given position z (fiber length L) 6 3oz — 6T1pwo = const,
so only the second term will contribute to the change of the
phase as the wavelength varies. The periodicity condition
requires that é7,wz = 2mm. This can be transformed into
§T1p2mez /A = 2mm from which we have dm /d\ = 671pcz /A
or also §71,czAN/A3 = Am. For dm = Am = 1

A5

(cA)arz) )

(57'1]) =

where A\, corresponds to a 27 phase shift, i.e., the shift of one
spectral minimum to the position of the neighboring one. On the
other hand, substitution of (6) into (5) with 65y = An?; ;wo/c
after some manipulations we obtain that

[—Angws + (And; ¢ + wowAn')]z

C

00z =
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Applying the periodicity condition as above, we find

dm _ An'2mcz
X 2
We then substitute dm/dA with Am/AM and for Am = 1 we

have An’ = \}/(2mczA)z2, ) which substituted into (6) reveals
that

Ang + N -
571y = ( f7 "~ (A )). ®)

C

‘We then find that

/\2
Angff = 0TypC — m. )
As shown in [9], during fusion the holes of the PCF acquire
some ellipticity that gives rise to a parasitic birefringence
causing polarization-dependent loss. This means that, as
with PCF-based LPGs, X-and Y-polarizations will be wave-
length-shifted and the PDL is found as

I
PDL =10log| 7"/ (10)

T
Yy

B. Sensitivities

We let & = ¢z be the total phase difference accumulated
along the intermodal interferometer.

When an external perturbation is imposed upon the sensing
section, the phase difference changes by an amount of d®. For
a core-cladding intermodal interferometer, the physical quanti-
ties that can lead to phase changes are: temperature 7, strain ¢,
pressure p, and refractive index n of the surrounding medium.
For symmetrical deformation effects, within a first approxima-
tion, the resultant phase change can be written as [11]

d® = ApdT + Acde + Apdp + Apdn (11)
or also as
2T 2T 2T 2T
dd = —dT + —d —d —d 12
P T T (12)

where A¢ (6 = T,p,e,n) are the sensitivities and T are the
quantities of each measurand that introduce a 27 phase change.
The smaller the T¢, the greater the sensitivities A¢. For a given
length of sensing section L,

Te.Ls = C(\) (13)
where C' is wavelength dependent constant which for highly
birefringent fibers is proportional to A [12]. The quantities T¢
are the periods of the cosine interferometric response for a given
measurand ¢ = T, p, e, n. As the lengths of the sensors can be
different, the sensitivities have to be normalized to unit length
(1 m for example). Also, with spectral detection, the intermodal
sensor has to be compared to LPG- or FBG-based sensors. To
do this we note that

A\ Aoy
¢ Tg

(14)
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Fig. 2. Photograph of the spliced area showing the collapsed region at the end
of the PCF fiber.
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Fig. 3. Schematic representation of the sensor.

and hence

B d¢ B 2 d¢
Te = Adoy - o and Ag = (A)\%) (d)\) . (15

Insertion into (13) yields for a given A

d§
el Aor <d)\> s = const (16)
It follows then that
Ay
AP = 202 17
27 Ls ( )

where Ay, is some cladding mode-order-dependent constant.

If interference occurs between the fundamental core mode
and more than one cladding mode, several spectral periodici-
ties will be superimposed and the structure will exhibit a more
complicated response.

IV. EXPERIMENT

A. Fabrication and Characterization

We fabricated several samples of all-fiber SMF-PCF-SMF
structures, establishing lengths of the PCF section from L =
5 mm to L = 53 mm. The sample having the PCF section
with L = 44 mm was subjected to various tests. A photo-
graphic image of the SMF-PCF joint is shown in Fig. 2, while
the schematic drawing of the sensor is presented in Fig. 3.

The spectral response of the intermodal sensor shown in
Fig. 4(a) was taken using an ASE broadband source and an
Ando AQ6315A OSA. Using (7) and the wavelength periods
from Fig. 4 we can easily calculate the wavelength dependence
of the intermodal dispersion and corresponding effective re-
fractive index differences. The plot of the former is presented
in Fig. 4(b). The average values for the intermodal dispersion
and the effective refractive index and are 67y, ~ 9.85 ns/km
and An’g ~ 0,975 x 1073,

Looking at Fig. 4(a) we notice that the amplitude of the re-
sponse is not constant. Small fluctuations in the periodicity are
also noticeable.

There are two major reasons for this observation.
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Fig. 4. (a) Spectral response of the obtained intermodal sensor. (b) Spectral
dependence of the intermodal dispersion.
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Fig. 5. Spectral responses of the X - and Y -polarized outputs and the PDL of
the intermodal interferometer.

The first is the unwanted excitation of more than one higher
order cladding mode which modulates the sine response inter-
ferometer. The problem can be overcome with more careful fil-
tering of parasitic modes.

The second is the existence of a polarization-dependence of
the intermodal interference. This polarization sensitivity arises
in the collapsed regions at the splices where the holes of the PCF
fiber become elliptic in shape with random orientation, which, in
turn causes random parasitic birefringence and PDL. Using an
analyzer before the photodetector, we measured the responses
for the X- and Y -polarized outputs and calculated the corre-
sponding total losses and the PDL whose spectral dependence
is shown in Fig. 5.

The PDL dependence is similar to that of cascaded LPGs
forming a Mach—Zehnder type of interferometer such as the one
studied here. Because the higher order cladding mode is lossy
at the second splice and the parasitic birefringence is relatively
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Fig. 7. Response to hydrostatic pressure.

high, the PDL reaches levels as high as 10 dB which is more
than typical PDL for either cascaded LPGs or LPGs based on
the SMF-28.

B. Measurement of Sensitivities to Strain, Hydrostatic
Pressure, and External Refractive Index

We measured the sensitivities to strain, hydrostatic pressure,
temperature, and external refractive index changes using dif-
ferent samples.

Fig. 3 shows the dimensions of the sensor arrangement for
strain sensing. Because of the epoxy area covering the splices,
the active sensing length is reduced to L, = 33.5 mm.

We measured the wavelength shifts of the last minimum from
Fig. 4(a) caused by elongation and the results are plotted in
Fig. 6. As with LPGs, the sensitivity to strain has a negative co-
efficient, which means that the interference pattern moves left
to lower wavelengths. For the sensing length of L, = 33.5 mm
the sensitivity was found to be dA/dl = —60.801 nm/mm.

The sensitivity to pressure was measured after we installed
another sensor with length Ly = 40 mm in a high-pressure
chamber. The wavelength shifts versus pressure are shown in
Fig. 7 and the sensitivity was found to be d\/dp = 16.9 pm/bar.
Measurement of temperature response yielded a sensitivity of
d\/dT < 3 pm/K.

Since the higher order mode is a cladding mode of a glass-air
waveguide, any change of the outer refractive index caused by
immersion in a liquid will change the propagation constant of
the higher order mode and consequently cause a shift in the in-
terference fringes. Given that the sensors have to be inserted
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Fig. 8. Spectral responses to immersion in water for two different sensing
lengths.

TABLE II
COMPARISON OF RESPONSES BETWEEN THE PRESENT LPgy:-LPg,
PCF-BASED INTERFEROMETER AND A PREVIOUS LPg;-LPg»
SMF-BASED INTERMODAL INTERFEROMETER

Parameter Tex Ly product | LPy-LPg, PCIF- | LPy-LPy;
based SMF-based
Temperature Tr XLy (Kxm) 305.87 7.75
Strain T, (ue) 9850.8 1058
Pressure T XLy (bar x m) 329 190
Refractive T,XLg (r.i.u.Xx m) 5.94.10° —
index (Ly =33 mm) (@=133t0138)
8.91.10
(n=138 10 1.44)

in a liquid for pressure measurements, the sensitivity to refrac-
tive index for the transition air—water has been evaluated. Fig. 8
shows a comparison of the spectral responses in air (n = 1)
and in water (n = 1.3352) for an interferometer whose length
is L = 45 mm.

The two responses in water correspond to the sensing lengths
(the parts immersed in water) of Ly = 10 mm and L, =
33 mm. For the 33-mm sensing length, the wavelength shift was
A = 5 nm per refractive index change of én = 1.3352 — 1 =
0.3352 r.u.i. (refractive index units). Since the 27 spectral period
is Ady; = 18.2 nm, then using (14) we find that 7,, = 1.22r.i.u.
and the corresponding sensitivity is A, = 5.14 rad/r.i.u. From
(15), the T,,z L product is obtained as 4.03 x 1073 riu. X m.

In the refractive index range from 1.33 to 1.38, 7,, =
0.18 ri.u. (A,, = 34.88 rad/ri.u.) and in the range from 1.38 to
1.44, T, = 0.027 ri.u. (A, = 230 rad/r.i.u.) as summarized in
Table II. Thus, as with LPGs, sensitivity dramatically increases
as the external refractive index approaches that of the cladding.

Fig. 9 below shows the wavelength shifts caused by a change
in the SRI for two different sensing lengths. The slopes of each
section are the sensitivities given in Table II.

Because the confinement and loss of the higher order cladding
mode depends on the ambient refractive index, its relative part
will change as the SRI changes. This will affect the visibility V'
of the fringes given by (4). The dependence of V' versus SRI is
shown in Fig. 10.

It is clearly seen that as the SRI increases the visibility does
not drop monotonically, but shows a periodic change before
dropping considerably at refractive index values close to those
of the cladding. It is worth comparing the present sensor with
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Fig. 9. Wavelength shifts of the intermodal sensor caused by SRI changes for
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Fig. 10. Visibility versus SRI changes for L, = 33.5 mm.

TABLE III
COMPARISON OF RESPONSES BETWEEN THE PRESENT LP;-LPy, PCF-BASED
INTERFEROMETER AND PCF -BASED TAPERED LPGS

Parameter d Wdy LPy-LPy, PCF Tapered
PCFE-based LPG
Temperature dwdT (pm/K) <3 0.3
(Ly=45 mm) (L; =40 mm)
Strain d \dl (pm/ug) -2.04 -4.29
(L;=33.5 mm) (Ls =40 mm)
Pressure d Ndp (pm/bar) 16.9 11.2
(L, =40 mm) (L; =40 mm)
Refractive dNdn (nm/r.i.u) 99.37 -
index (s =33 mm) (n=133 10 1.38)
700
(n=138 10 1.46)

conventional SMF-28-based LPg;-LPy2 intermodal sensors as
well as with PCF-based LPGs.

Table II compares the present PCF-based core-cladding mode
interference sensor and an earlier SMF-28-based core—core
mode interference sensor. The sensitivity is expressed in terms
of the T¢. L, product which is a constant quantity. We see that
this PCF intermodal sensor is about 40 times less sensitive
to temperature (which is important for temperature compen-
sation), 9.3 times less sensitive to strain, and about 5.8 times
more sensitive to pressure.

Table III compares the same PCF-based core-cladding mode
interference sensor and a PCF-based tapered LPG reported in
[8]. The TLPG’s sensing length is Ly, = 40 mm, while the
lengths of the PCF core-cladding intermodal sensor vary be-
tween 33 and 45 mm as indicated in parentheses.

This PCF-based TLPG pressure sensor [9] functions in re-
flective configuration, so that light passes twice along the same
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LPG. The TLPG length being 20 mm, the effective sensing
length then becomes Ls = 40 mm with a reported sensitivity to
pressure dA/dp = 11.2 pm/bar. For the same sensing length,
the LPgy1-LPy,, intermodal PCF-based sensor shows a sensitivity
of d\/dp = 16.9 pm/bar which is an increase by 50% at a
temperature sensitivity of less than 3 pm/K. Sensitivity to strain
is negative and about 2.1 times smaller than that of the PCF
TLPG sensor. Compared to LPGs, sensitivity to refractive index
changes is lower but covers a wider range. Thus with the inter-
modal interferometer we obtain practically constant sensitivity
of 700 nm/r.i.u. for n = 1.38 to 1.46, versus almost 10 times as
much for the range from n = 1.44 to 1.445 [7].

The two comparisons show that the type of sensor discussed
here is best suited for temperature-insensitive pressure, strain,
and refractive index sensing. One disadvantage is the higher
splice losses which is common for this type of sensors. Progress
is underway to seriously minimize them.

On the positive side, the major advantage over the LPGs is
that the sensitivity can be increased by increasing the sensing
length. In this case, maxima will be closer to one another and
wavelength shifts can be measured with greater accuracy.

As noted above, a departure from the ideal cosine response
was observed on several occasions and two possible causes were
outlined: polarization dependence and the presence of more than
one cladding mode suggesting that at least two independent
responses are superimposed. To test the latter assumption we
note that the constant A, in (17) is mode-order dependent. We
then measure the averaged periods A\, for n = 15 samples
with L, ranging from 5 to 152 mm and calculate the value of
A/\gers = Ay, which will be independent of L if there is in-
terference with only one higher order cladding mode.

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 27, NO. 17, SEPTEMBER 1, 2009

The results are presented in Fig. 11 from which we note that 8
of 15 points lie on a line with Ag,, = 917.6 nm.mm which means
that for those samples there is an interference between the core
mode and only one cladding mode. The rest of the points show
a deviation from this value, which we regard as due to the exis-
tence of more than one cladding mode. Fig. 11(a) shows a plot of
AMX27 versus L, and a curve fitting for Ag, = 917.6 nm.mm.
Fig. 11(a) and (b) reveal the fact that only about 50% of the
splices produced a repeatable excitation of the higher order in-
terfering mode. Hence, improvement in fabrication technology,
though simple in itself, is of key importance for the proper func-
tioning of the core-cladding intermodal interferometer.

V. CONCLUSION

We have fabricated and tested a simple and cost-effective
core-cladding mode interferometer based on an endlessly
single-mode PCF fiber spliced between a lead-in and a lead-out
standard SMF-28 fiber. The interferometer is sensitive to pres-
sure, strain and ambient refractive index changes as well as
bending. It shows a sensitivity to pressure five times higher than
that of a core—core intermodal sensor based on SMF-28 fiber
and 50% higher than that of a tapered PCF-based LPG. As the
sensing fiber is a photonic crystal one, temperature sensitivity is
very low. The PDL of the sensor was found to be about 10 dB,
which is higher than for SMF-28-based LPGs, and is due to
the higher parasitic birefringence at the splices. This type of
sensor features the typical advantages of PCF-based LPGs. Its
sensitivity can be augmented by increasing the sensor length.
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