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We present a compact in-line fiber interferometric sensor fabricated in a boron doped two-mode highly
birefringent microstructured fiber using a CO2 laser. The intermodal interference arises at the fiber out-
put due to coupling between the fundamental and the first order modes occurring at two fiber tapers
distant by a few millimeters. The visibility of intermodal interference fringes is modulated by a polari-
metric differential signal and varies in response to measurand changes. The proposed interferometer was
tested for measurements of the strain and temperature, respectively, in the range of 20–700 °C and
0–17mstrain. The sensitivity coefficients corresponding to fringe displacement and contrast variations
are equal respectively for strain −2:51nm=mstrain and −0:02561=mstrain and for temperature
16:7pm=°C and 5:74 × 10−5 1=°C. This allows for simultaneous measurements of the two parameters
by interrogation of the visibility and the displacement of interference fringes. © 2011 Optical Society
of America
OCIS codes: 060.2370, 060.4005, 120.3180.

1. Introduction

Microstructured optical fibers (MOFs) have been
widely studied in recent years owing to their poten-
tial for obtaining novel transmission and nonlinear
and sensing characteristics. A possible range of
sensing applications of MOFs covers various types
of devices for measurements of different physical
parameters [1–4] and specific chemical compounds
in gases and liquids, employing evanescent field
techniques [4–6] and direct overlap of the guided
mode with the analyte filling the hollow core in
photonic bandgap fibers [7]. It has also been demon-
strated that MOFs can be used as active and passive

elements in fiber-optic polarimetric and interfero-
metric sensors [8,9].

Optical fiber sensors based on intermodal interfer-
ence between core and cladding modes have been
proposed in recent years and tested for various appli-
cations [10–15]. Such interferometric sensors have
several advantages over other sensing concepts, in-
cluding small size, high sensitivity and resolution,
fast response time, and low cost. Different solutions
to obtain all-fiber intermodal interference in micro-
structured fibers are reported in published litera-
ture. One of them is to splice a short piece of the
microstructured fiber between two pieces of the same
fiber [10] or standard single mode fiber [11–13]. The
other possibility is to make a tapered zone [14], col-
lapse the holes of the MOF at two different places
[13,15] or to splice two pieces of MOFs with a small
offset [15]. In the last approach, different higher
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order modes can be excited by tuning the lateral
offset of the spliced fibers.

In this Paper, we demonstrate an in-line fiber in-
termodal interferometer fabricated in a boron doped
highly birefringent microstructured fiber. The boron
doped region located in the middle of the core de-
creases the effective index of the fundamental mode
and facilitates coupling between the fundamental
and the first order mode. The coupling regions have
the form of tapers fabricated using CO2 lasers and
are distant by a few millimeters. Light from a broad-
band source is coupled into the fundamental LP01
mode of the microstructured fiber. At the fiber out-
put, the light confined mostly in the fundamental
mode is delivered to the optical spectrum analyzer
by leading-out fiber. As a result, the spectral inten-
sity at the sensor output is modulated only by inter-
modal interference produced by a short piece of fiber
between the two coupling points. Moreover, as the fi-
ber is highly birefringent, each pair of polarization
modes produces its own intermodal fringes, which re-
sults in the contrast modulation of the overall inter-
ference signal observed at the fiber output. On the
other hand, it provides an additional degree of free-
dom in interrogating the interference signal and
makes it possible to measure simultaneously two
physical parameters acting on the interferometer.

The typical limitations of the MOFs based inter-
ferometric sensors are related to the efficiency in op-
tical power launching, difficulties in controlling light
polarization, the need for unavailable MOFs based
passive devices, and/or incompatibility with stan-
dard fibers. The proposed sensor deals with almost
all of these impairments, except the difficulty in po-
larization control, which was overcome thanks to
high fiber birefringence giving rise to contrast mod-
ulation of the intermodal interference fringes when
the sensor is powered with depolarized light. To the
best of our knowledge, this is the first intermodal
highly birefringent MOFs based interferometric sen-
sor reported in literature. In comparison with the fi-
ber Bragg grating sensors, it shows two times greater
sensitivity to strain and temperature. Moreover, the
proposed sensor allows for simultaneous measure-
ments of the two parameters by interrogation of
the visibility and the displacement of interference
fringes.

2. Sensor Fabrication and Operation Principle

For fabrication of the intermodal interferometer, we
have used a boron doped birefringent microstruc-
tured fiber shown in Fig. 1, which was drawn at the
Department of Optical Fibers Technology, University
of Marie Curie-Sklodowska in Lublin, Poland. The bi-
refringence in this fiber is induced by two large holes
located symmetrically with respect to the core. Its
geometrical parameters averaged for the first two
layers of holes surrounding the core are as follows:
pitch distance 3:6 μm, diameter of cladding holes
1:63 μm, diameter of large holes 4:14 μm, external
diameter of the fiber 100 μm, size of the boron doped

inclusion 0:46 × 0:79 μm, and boron concentration in
the inclusion 13mol%. It is worth mentioning that
fibers of similar construction with properly opti-
mized geometry can be used as a wideband fiber-
optic polarizer [16].

To better understand the behavior of the proposed
sensor, we modeled propagation characteristics of
the boron doped fiber using a fully vectorial mode sol-
ver based on the hybrid edge-nodal finite-element
method (FEM) with a perfectly matched layer [17].
As it can be seen in Fig. 1, the cross section of the
investigated fiber is not uniform due to technological
imperfections. The edges of the holes in the cladding
and the doped inclusion were automatically detected
by post processing of the scanning electron micro-
scope (SEM) image, which included modification of
the histogram followed by thresholding and binariza-
tion. Using this tool, we could generate the mesh for
FEM calculations, which reflected the actual shape
and location of each hole with an accuracy of about
30nm. A precise copying of the fiber geometry is a
key requirement for accurate modeling of its prop-
agation characteristics. Using such an approach,
we calculated the spectral dependence of effective
indices for the fundamental and the first order polar-
ization modes, phase and group modal birefringence
and the confinement losses for each mode. Numerical

Fig. 1. (Color online) SEM image of the birefringent MOF with
boron doped inclusion in the center of the core (darker spot) used
for fabrication of the intermodal interferometer.
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calculations presented in Fig. 2 clearly prove that the
boron doped inclusion diminishes the effective index
of the fundamental mode, while the first order mode
remains unaffected. This can be intuitively under-
stood on the grounds of the perturbation theory [18],
which predicts that the change in the effective index
squared for a specific mode can be expressed as the
following overlap integral:

δn2
eff ¼

Z
δn2jΨj2dA; ð1Þ

where jΨj2 represents the normalized intensity dis-
tribution in the considered mode and δn2 stands for
the change in the material refractive index squared
introduced by the inclusion. As it is shown in Fig. 2,
the overlap integral between the first order mode
and the inclusion is close to zero, while for the funda-
mental mode it takes the highest value. This ex-
plains the difference in the impact of the inclusion
on the fundamental and the first order mode. More-
over, lower effective index of the fundamental mode
causes it to spread deeper into the microstructured
cladding in the tapered regions, which facilitates
its coupling to the LP11 mode.

The operation principle of the proposed interfe-
rometer is schematically illustrated in Fig. 3(a),
while in Fig. 3(b) we show two tapered regions
formed by exposing the fiber to a CO2 laser beam

and simultaneously stretching it when the glass be-
comes soft. The first taper causes the coupling of the
LP01 to the LP11 mode, and the two modes copropa-
gate beginning from this point. At the second taper
the two modes are recombined producing the inter-
ference signal. The LP11 mode is partially filtered
out at the splice between the boron doped two-mode
microstructured fiber and the endlessly single modes
leading-out fiber (not shown in Fig. 3). As a result, at
the sensor output we observed only the interference
signal carried in the fundamental mode. Such an in-
line fiber Mach–Zehnder interferometer is very com-
pact and easy to fabricate. The splices have been
made using a fusion arc splicer. Special care was ta-
ken to minimize the collapse of the microstructured
regions. A typical loss of about 3dB was achieved at
each splice.

For a depolarized broad band input beam, at the
fiber output we observe superposition of two interfer-
ence signals produced by two pairs of the orthogon-
ally polarized modes. Assuming that the coupling
strength is the same for both polarizations, one ob-
tains the following expressions for the interference
signal produced by the modes LP01

x and LP11
x

IxðλÞ ¼ I0

�
1þ γ cos 2πðn

x
01 − nx

11ÞL
λ

�
ð2Þ

and respectively by the modes LP01
y and LP11

y

Fig. 2. (Color online) Field distribution calculated for the fundamental (a) and the first order mode (b) at λ ¼ 1:55 μm. Spectral depen-
dence of the effective indices in the fiber with boron doped inclusion for the fundamental and the first order modes and the effective index
change introduced by the inclusion (c).
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IyðλÞ ¼ I0

�
1þ γ cos2πðn

y
01 − ny

11ÞL
λ

�
; ð3Þ

where γ is the fringe contrast. In the output spectro-
gram, we observe the superposition of the two inter-
ference signals, which can be represented by the
following formula:

IðλÞ ¼ 2I0

�
1þ γ cos

�πðnx
01 þ ny

01 − nx
11 − ny

11ÞL
λ

�

cos
�πðnx

01 − ny
01 − nx

11 þ ny
11ÞL

λ

��
: ð4Þ

The above equation can be represented as:

IðλÞ ¼ 2I0

�
1þ γ cos

�
2πðna

01 − na
11ÞL

λ

�

cos
�πðΔn01 −Δn11ÞL

λ

��
ð5Þ

where n01
a and n11

a stands respectively for the effec-
tive refractive index of the fundamental and the first
order mode averaged with respect to polarization:

na
01 ¼ nx

01 þ ny
01

2
; na

11 ¼ nx
11 þ ny

11

2
ð6Þ

and Δn01 and Δn11 stands for the phase modal bire-
fringence in the fundamental and the first order
mode

Δn01 ¼ nx
01 − ny

01; Δn11 ¼ nx
11 − ny

11: ð7Þ

The first cosine term in Eq. (5) represents the in-
termodal interference fringes averaged with respect
to polarization, while the second term constitutes the
slowly varying envelope determined by the birefrin-
gence difference in the fundamental and the first
order mode. The corresponding terms are indicated
by black and red lines in Fig. 4, which shows the out-
put interferogram produced by the 11:7mm long
interferometer.

To confirm that the coupling indeed occurs be-
tween the fundamental and the first order mode,
we have compared the calculated and measured

difference in the group refractive indices for these
modes averaged with respect to polarization
Na

01 −Na
11. It is well known [19] that the difference

Na
01 −Na

11 can be determined from spectral interfer-
ence fringes shown in Fig. 4:

Na
01 −Na

11 ¼ λ2
ΔλL ; ð8Þ

where L ¼ 11:7mm is the interferometer length and
Δλ is the separation of successive interference
fringes. The measured and calculated values ofNa

01 −

Na
11 presented in Fig. 5 show very good agreement.

We compared also the difference in group modal bi-
refringence between the fundamental and the first
order mode (ΔN01 −ΔN11) calculated and estimated
from the spectrogram shown in Fig. 4. For experi-
mental evaluation of the birefringence difference,
we used the following relation:

ΔN01 −ΔN11 ¼ λ2
2ΔλL ; ð9Þ

where Δλ indicates the separation of successive con-
trast extremes (maxima or minima). The numerical
values of the group birefringence were obtained from
FEM analysis. The positions of minima and maxima
of the interference pattern envelope were approxi-
mated by a red curve shown in Fig. 4 with precision

Fig. 3. (Color online) Schematic configuration of the proposed intermodal interferometric sensor (a) and the microscope image of the
microstructured fiber with the interferometer formed by two tapered regions (b).

Fig. 4. (Color online) The interference spectrum at the output of
an in-fiber Mach–Zehnder intermodal interferometer fabricated in
the microstructured fiber.
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of about 15nm. In Fig. 6 we present the calculated
values of the birefringence difference (ΔN01 −ΔN11)
and compare them with the experimental values es-
timated from the spectrogramwith precision of about
25%. Good agreement between the simulation

results and measured values of (ΔN01 −ΔN11) pro-
vides additional argument that the observed fringes
result from the interference between the LP01 and
LP11 modes.

3. Experimental Results and Discussion

The experimental setup for measurement of different
physical parameters using the proposed interferom-
eter is presented in Fig. 7. As a light source we used
an amplified spontaneous emission source with a
central wavelength at 1570nm. The transmission
spectrum at the output of the interferometer was re-
gistered by an optical spectrum analyzer with reso-
lution of 0:05nm.

As it is shown in Fig. 8, the interference fringes
with the modulation depth increasing against the
wavelength were observed in the spectral range of
1520–1620nm. Variation of both the modulation
depth and the fringe displacement were observed
in response to changes in temperature and strain ap-
plied to the interferometer.

According to Eq. (5), the shift of interference
fringes is related to the variation of the effective re-
fractive indices of the fundamental and the first or-
der mode n01

a and n11
a and the interferometer length

L. The shift of the interference fringe Δλ induced by
the measurand change ΔX can be quantitatively re-
presented by the following relation:

∂

∂λ

�ðna
01 − na

11ÞL
λ

�
Δλþ ∂

∂X

�ðna
01 − na

11ÞL
λ

�
ΔX ¼ 0:

ð10Þ
After performing rather straightforward calcula-

tions, one can express the sensitivity of the proposed
sensors in the following way:

1
λ
Δλ
ΔX

¼ na
01 − na

11

Na
01 −Na

11

�
1
L
∂L
∂X

þ 1
na
01 − na

11

∂ðna
01 − na

11Þ
∂X

�

ð11Þ

ormore conveniently with relation to the phase inter-
modal sensitivity of the fiber:

Δλ
ΔX

¼ λ2KX

2πðNa
01 −Na

11Þ
; ð12Þ

where

KX ¼ 1
L
dðφa

01 − φa
11Þ

dX
ð13Þ

Fig. 5. (Color online) Calculated (solid line) and measured (dots)
difference in group effective indices of the LP01 and LP11 modes
averaged with respect to polarization.

Fig. 6. (Color online) Calculated group modal birefringence
of the LP01 (solid line) and LP11 (dashed line) modes in the
investigated fiber with boron doped inclusion (a) and comparison
of the calculated (solid line) and measured (dots) birefringence
difference (b).

ASE OSA

temperature, strain

Fig. 7. Experimental setup for strain and temperature
measurements.
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and φa
01 and φa

11 are the phase shifts averaged with
respect to polarization induced by the unit change in
the measurand in the fiber of the unit length. On the
other hand, to avoid ambiguity, the measurand-
induced displacement of the interference fringe must
be lower than the separation of successive fringes de-
fined by Eq. (8). This leads to a simple relation be-
tween the maximum length of the sensor and its
operation range

LmaxΔXmax <
2π
KX

: ð14Þ

For the sake of simplicity we considered that the
interferometer length is comprised between the nar-
rowest points in the tapered regions. As the taper’s
length (about 150 μm) is relatively small compared
to the interferometer length (10–20mm), we disre-
garded the effect of the transition regions on varia-
tions of KX and assumed that the fiber sensitivity
is constant over the entire sensor length.

In strain measurements, the interferometer was
elongated up to 1:7mstrain, while for temperature
tests it was placed in an electrical oven, whose tem-
perature was increased from 20 °C to 700 °C. The pre-
cision of temperature control in the oven was about

5 °C. In spite of a wide temperature range, we did not
observe any changes in the sensor characteristics
after several temperature cycles. A possible impact
of the boron diffusion on the sensor performance is
minimized by the fact that the boron doped inclusion
is located in the center of the core. Therefore, a
change in the boron concentration profile has little
influence on the overlap coefficient with the funda-
mental and the first order modes, which according
to the perturbation approach represent the impact
of the diffusion process on the effective indices of both
modes. It is however possible that in more demand-
ing applications the boron diffusion may limit the
maximum temperature range of the proposed sensor.

As it is shown in Fig. 8, the interference fringes
move toward shorter wavelengths and their visibility
decreases in response to the applied strain. The dis-
placement of the third fringe with the intensity mini-
mum located at 1583nm, is linear in the investigated
range of strain 0–1:7mstrain with no trace of
hysteresis. The sensitivity coefficient for strain is
−2:51nm=mstrain, see Fig. 9(a). Moreover, the visibi-
lity of the third fringe [Fig. 9(b)] linearly de-
creases against the applied strain with a rate of
−0:0256 1=mstrain. The root mean square deviation
of the experimental data from a linear trend is equal

Fig. 8. (Color online) Transmission characteristic registered in
the full spectral range for selected values of applied strain (a)
and variation of the modulation depth and displacement of the
third fringe in response to applied strain (b).

Fig. 9. Displacement of the third interference fringe against
applied strain (a) and change in its visibility (b).
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respectively to 35pm for the fringe displacement and
1:4 × 10−3 for the visibility change.

In Fig. 10(a), we present the measured linear
dependence of the third fringe displacement induced
by temperature change. The resulting sensitivity to
temperature has a positive sign and equals
16:7pm=°C. The visibility of the third fringe linearly
increases against temperature, which results in a
sensitivity coefficient equal to 5:74 × 10−5 1=°C. In
this case the root mean square deviation of the ex-
perimental data from a linear trend is 76pm for
the fringe displacement and 1:7 × 10−3 for visibility
variation. As the sensitivity coefficients for strain
and temperature have opposite signs and are differ-
ent in absolute values, the sensitivity matrix for
these two parameters is well conditioned, thus pro-
viding a possibility of simultaneous measurements
of strain and temperature by interrogating the posi-
tion and the visibility of a selected fringe.

In terms of interferometric sensitivity, the perfor-
mance of the proposed sensor is similar to other in-
termodal MOFs based sensors reported in literature
[15,20,21] For example, the sensitivity to strain
reported for nonbirefringent MOFs ranges from
2:28pm=μstrain [15] to 5:3pm=μstrain [20], while
the sensitivity to temperature is 12pm=°C [20] and
3–5pm=°C [21]. These numbers do not differ signifi-
cantly from the interferometric sensitivity of the pro-

posed sensors, which is equal to −2:51pm=μstrain
and 16:7pm=°C, respectively. However, the main ad-
vantage of the proposed sensor is that thanks to high
birefringence of the MOF one can interrogate simul-
taneously the displacement of the interference
fringes and the contrast variations.

4. Conclusions

In this work, we demonstrate the in-line fiber Mach–
Zehnder interferometer for strain and temperature
measurements, fabricated in a highly birefringent
boron doped microstructured fiber using a CO2 laser.
The operation principle of the proposed sensor ex-
ploits the effect of intermodal interference arising be-
tween the fundamental LP01 and the first order LP11
mode. Boron doped inclusion facilitates coupling be-
tween the two modes, which takes place in the fiber
tapers fabricated using CO2 laser. The origin of the
interference fringes and contrast modulation has
been confirmed by comparing the measured and cal-
culated values of group effective indices and group
birefringence for the LP01 and the LP11 modes. Be-
cause of high fiber birefringence, the intermodal in-
terference fringes are modulated in contrast when
the sensor is powered with depolarized light. We
determined the sensitivity coefficients for tempera-
ture and strain corresponding to fringe displace-
ment and contrast variations. These coefficients
are equal respectively for strain −2:51nm=mstrain,
−0:0256 1=mstrain and for temperature 16:7pm=°C
and 5:74 × 10−5 1=°C. As the sensitivity matrix
is well conditioned, the proposed sensor can be used
for simultaneous measurements of temperature
and strain.
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