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A Sagnac interferometer with a section of a polarization maintaining side-hole fiber for multiparameter
measurement is proposed. The sensor was experimentally demonstrated to be sensitive to torsion, tem-
perature, and longitudinal strain, simultaneously. The birefringence in the investigated side-hole fiber is
induced simultaneously by the elliptical shape of a germanium-doped core and by field overlap with the
air holes surrounding the core. The latter effect is purely geometrical and causes high chromatic disper-
sion of the group birefringence in the long wavelength range, which results in a different period of spec-
tral interference fringes. A different wavelength response is obtained for each interference fringe peak
when the fiber is subjected to torsion, temperature, or longitudinal strain. A matrix equation for simul-
taneous measurement of the three parameters—torsion, temperature, and longitudinal strain—is also
proposed. © 2008 Optical Society of America

OCIS codes: 060.0060, 060.2370, 060.2420.

1. Introduction

A Sagnac interferometer or fiber loop mirror is a very
attractive optical device for use in optical fiber sen-
sing [1]. It is formed by a splice between the output
ports of a directional optical coupler. A mirror is ob-
tained when the two waves travel with identical op-
tical paths in opposite directions, and a constructive
interference is assured when the waves reenter the
coupler. All the light is then reflected back into the
input port, with the reflectivity limited only by the
losses of the splice, fiber and coupler, while no light
is transmitted to the output port. An interferometer

based on a fiber loop mirror can be easily obtained
when a section of highly birefringent fiber (Hi-Bi)
is inserted in the loop fiber. In this case, the Hi-Bi
fiber causes a difference of optical paths between
the two opposite travelling waves. Besides its concep-
tual elegance, this configuration is attractive parti-
cularly by the fact that the periodicity of the
formed spectral filter depends only on the length
of the Hi-Bi fiber and not on the total length of the
fiber loop [1].

In optical sensing, the Sagnac interferometer con-
taining a section of Hi-Bi fiber has been used in
strain [2], temperature [3], liquid level [4], and dis-
placement [5] measurement, as well as a spectral fil-
ter for fiber Bragg grating demodulation [6]. Several
authors have also proposed the Sagnac interferom-
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eter for simultaneous measurement of strain and
temperature when combined with a long period grat-
ing [7], or when the fiber loop contained two different
Hi-Bi fibers [8].
Recently, a Sagnac interferometer based on a

polarization maintaining photonic crystal fiber to
measure longitudinal strain was demonstrated to
be insensitive to temperature [9,10]. Yang et al. have
proposed a fiber Bragg grating sensor interrogation
technique with temperature insensitivity by using a
highly birefringent photonic crystal fiber Sagnac loop
filter [11]. This device was also proposed as a
temperature-insensitive strain sensor [12,13] and
also a curvature sensor with insensitivity to strain
and temperature [14].
A side-hole fiber has two air channels located in

parallel to a cylindrical or an elliptical core. The
side-hole fiber is a good tool for measuring pressure
due to the use of the stress-optic effect when hydro-
static pressure is applied to the holes or to the clad-
ding [15,16]. In this case, the air channels cause high
asymmetry of the in-plane principal stress compo-
nents induced by hydrostatic pressure near the core
region. This type of fiber has been also applied in two
different configurations for pressure sensing, namely
by polarimetry [17] and by writing a Bragg grating in
the elliptical core [18]. Another work analyzed the
temperature sensitivity in a Sagnac loop interferom-
eter using three types of polarization maintaining
side-hole fiber [19].
In this work, a Sagnac interferometer using a sec-

tion of specially designed polarization maintaining
side-hole fiber is proposed for multiparameter mea-
surements. The sensor was experimentally demon-
strated to be sensitive to torsion, temperature, and
longitudinal strain, simultaneously. Finally a matrix
equation is proposed for simultaneous measurement
of the three parameters.

2. Experimental Results

The side-hole fiber used in our experiments has a
core dimension of 6:3 × 2:5 μm (elliptical shape), a
cladding of 125 μm, and a jacket with acrylate coat-
ing. The difference of refractive index between the
20mol% germanium-doped core and non-doped silica
cladding is 0.0264 at 633nm wavelength. The longer
axis of the core ellipse is perpendicular to the line
that connects the centers of both holes. As shown
in Fig. 1, the glass bridge between the holes is very
narrow, so that the distance between the core edge
and the holes edges does not exceed 2–3 μm. Such fi-
ber construction causes the holes to contribute signif-
icantly to the overall fiber birefringence at longer
wavelengths, at which overlap of the guided mode
with air in the holes becomes significant. Similarly,
like in microstructured birefringent fibers [20], this
effect is responsible for high chromatic dispersion of
phase (B) and group (G) modal birefringence. Indeed,
direct measurements of B carried out using lateral
force method [20] shows that B increases for longer
wavelengths, which is characteristic for microstruc-

tured birefringent fibers (see Fig. 2). Such behavior
of B directly confirms the significant contribution of
holes to the overall modal birefringence at long
wavelength range. In consequence, as Fig. 2 also
shows, group modal birefringence measured for the
fundamental mode using the spectral interferometric
method [20] strongly decreases against wavelength.
High dispersion of modal birefringence in the inves-
tigated fiber makes it possible to discriminate more
than one physical parameter using the same broad-
band source. The inset in Fig. 2 shows comparison of
the group birefringence measured by the spectral in-
terferometric method [20] and by the Sagnac inter-
ferometer. A similar result was obtained.

Figure 3(a) presents the Sagnac interferometer
configuration adapted to measure torsion. It consists
in a 3dB (2 × 2) optical coupler with low insertion
loss, an optical polarization controller (PC), and a
side-hole fiber section with a length of 0:95m. The
interferometer is illuminated by a broadband source
with a central wavelength of 1550nm and the pat-
tern fringe was read by an optical spectrum analyzer

Fig. 1. SEM images of the whole cross-section of (a) the side-hole
fiber and (b) the core region.
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(OSA) with amaximum resolution of 0:05m. All mea-
surements of torsion and temperature were per-
formed with the side-hole fiber coated. Figure 3(b)
shows the spectral response of the Sagnac interfe-
rometer and the four peaks (peak i ¼ 1, 2, 3, and
4) used to measure the physical parameters. The
fringe pattern presents five peaks and the wave-
length separation between them (period) increases
with the wavelength. The group birefringence (G)
was calculated by the equation G ¼ λ2=ΔλL, where
λ is the average wavelength and Δλ and L, are the
wavelength spacing of the fringe pattern and the
length of the side-hole fiber, respectively.
For the setup of Fig. 3(a), the side-hole fiber is sub-

jected to torsion in one fiber end, in a range of 0° to
360° with a constant temperature (room tempera-
ture). Figure 4 shows the displacements of the four
peaks when the side-hole fiber is subjected to torsion.
In this case, the separation of the peaks decreases
with applied torsion, which indicates an increase
of the group modal birefringence. Figure 5 shows
that the birefringence presents small variation be-
tween 6:2 × 10−8 degree−1 to 7:1 × 10−8 degree−1. A
second experiment was performed by subjecting
the side-hole fiber to temperature without torsion.
A tubular oven was used in this experiment and
the results were taken when temperature was de-
creasing over time. The results are presented in
Fig. 6. The behavior is the same when compared with
the torsion case, however the response to tempera-
ture is much greater than in conventional elliptical
hole fibers. We believe that this is caused by the dif-
ference in thermooptical coefficient between the core
and the cladding. It is well known that dn=dT is
greater in GeO2-doped glass than in pure silica.
Therefore, an increase of temperature improves
the confinement of the mode in the fiber core and re-
duces the influence of air holes on modal birefrin-
gence [21]. In consequence, the phase modal
birefringence (B) decreases while group modal bire-

fringence G increases against temperature (Fig. 7).
The sensitivities of G versus temperature for the
three peaks are 11:4 × 10−7=°C, 9:25 × 10−7=°C,
and 8:94 × 10−7=°C.

From Figs. 4 and 6 the sensitivity coefficients
when temperature and torsion variations are consid-
ered can be obtained. This is shown in Fig. 8 for peak
1 and in Fig. 3 for peak 4. The coefficients for torsion
are −0:06nm=° and −0:08nm=° (peaks 1 and 4), while
for temperature the coefficients are −1:44nm=°C and
−1:97nm=°C (peaks 1 and 4).

The principle behind the sensing solutions that al-
lows for simultaneous measurement of pairs of para-
meters, for instance, torsion and temperature, is the
identification of two characteristics of the sensing
structure that change differently accordingly to each
parameter. If this happens, it is always possible to

Fig. 2. Spectral dependence of phase (B, blue dots) and group (G,
black dots) modal birefringence measured in a wide spectral range.
Inset figure:Comparisonof thebirefringencebetween twomethods.

Fig. 3. (a) Experimental setup; (b) Spectral response of the
Sagnac interferometer and identification of the peaks.

Fig. 4. Torsion response of the Sagnac interferometer.
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write a pair of equations that give the change of
each of the selected characteristics in the general
situation of simultaneous actuation of the two
parameters. With this procedure, a well-conditioned
matrix that allows inversion can be written to obtain
the actual measurand values. In the present case, the
selected characteristics are the two most apart peaks
(1 and 4) of the pattern fringe that appear in the Sag-
nac interferometer wavelength response. The wave-
lengths of these peaks change with variation of the
applied torsion (Δτ) and temperature (ΔT). There-
fore, it is possible to write

Δλpeaki
¼ KTiΔT þ KτiΔτ; ð1Þ

where i ¼ 1, 4 addresses the two wavelength peaks
considered. In such conditions, the pair of Eqs. (1)
can be processed to have an explicit matrix equation
for ΔT and Δτ:

�
ΔT
Δτ

�
¼ 1

D

�
Kτ4 −Kτ1
−KT4 KT1

��
Δλpeak1
Δλpeak4

�
; ð2Þ

where D ¼ KT1Kτ4 − Kτ1KT4. The accuracy of the re-
covered ΔT and Δτ values increases with the in-
crease of D, which in the present case depends on
the difference between the sensitivity coefficients.
The matrix coefficients are obtained from the experi-
mental slopes shown in Fig. 8, resulting in

�
ΔT
Δτ

�
¼ −

1

3 × 10−3

�
−0:08 0:06
1:97 −1:44

��
Δλpeak1
Δλpeak4

�
; ð3Þ

where ΔT and Δτ are in °C and in angular degrees,
respectively, while the peaks wavelength shifts are in
nanometers. The performance of this simultaneous
measurement configuration was experimentally de-
termined by undertaking torsion variations at a fixed
temperature and the other way around, i.e., tempera-
ture variations for a constant torsion. The results are
shown in Fig. 9. From these results, rms resolutions
of �1:6 °C and �5:3° were determined for tempera-
ture and torsion measurements, respectively.

Figure 10 shows a real time experimental demon-
stration of simultaneous measurement of both phy-
sical parameters. The tubular oven was heated up
to approximately 50 °C and then gradually cooled
down to 20 °C after 20 min. At the same time, differ-
ent values of torsion (360°, 270°, 180°, and 90°) were
applied. When the measured values for Δλpeak1 and
Δλpeak4 (top of Fig. 10) were inserted into Eq. (3), it
was possible to recover the actual temperature and
torsion values, as can be seen in the middle and bot-
tom pictures of Fig. 10.

The sensing configuration proposed here can dis-
criminate other pairs of physical parameters, as is
the case of temperature and longitudinal strain.
For that it is necessary to characterize the sensing
head behavior to strain. Figure 11 reports the results

Fig. 5. Group birefringence response of the Sagnac interferom-
eter when subjected to torsion.

Fig. 6. Temperature response of the Sagnac interferometer.

Fig. 7. Group birefringence response of the Sagnac interferom-
eter when subjected to temperature.
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obtained when the structure was subjected to longi-
tudinal strain. In this case, the variation of phase
and group modal birefringence is a complicated
combination of confinement, geometric, and stress ef-
fects that is difficult to apprehend intuitively. Our
measurements show that the overall effect brings ne-
gative slopes for all peak shifts and a small increase
of group modal birefringence (Fig. 12). Considering
again peaks 1 and 4 in Fig. 3, the results in Fig. 11
allow drawing the dependences shown in Fig. 13, and
from them the required wavelength-strain coeffi-
cients. Therefore, the equation for simultaneous
measurement of strain and temperature becomes

�
ΔT
Δε

�
¼ −

1

1 × 10−3

�
−0:021 0:016
1:97 −1:44

��
Δλpeak1
Δλpeak4

�
:

ð4Þ

Fig. 8. Characterization of the sensing head for (a) torsion and
(b) temperature.

Fig. 9. Sensor output as determined by Eq. (3) for variation of
applied torsion at constant temperature and variation of tempera-
ture at constant torsion.

Fig. 10. Simultaneous measurement of torsion and temperature:
Top, values read for Δλpeak1 and Δλpeak4 under changing tempera-
ture and torsion. Middle and Bottom, recovered values for these
parameters obtained using Eq. (3).

Fig. 11. Longitudinal strain response of the Sagnac interfero-
meter.
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The system performance for this pair of measur-
ands was also evaluated. For that, the sensing head
was simultaneously subjected to longitudinal strain
and temperature changes over strain and tempera-
ture ranges of 525 μϵ and 40 °C, respectively. From
the results shown in Fig. 14, it turns out resolutions
for these measurands of �10 μϵ and �1:2 μϵ,
respectively.
With this sensing structure it is feasible, in prin-

ciple, to discriminate simultaneously torsion, longi-
tudinal strain, and temperature. For that it is
necessary to consider three features of the sensor
transfer function shown in Fig. 3, for example the be-
havior with these measurands of peaks 1, 2, and 4.
For the four peaks shown in that Figure, the measur-
and induced wavelength change was measured, re-
vealing in all cases a linear dependence with
slopes that are summarized in Table 1.
The results in this Table show that peaks 1, 2, and

4 have different wavelength sensitivities for any one
of the set of measurands (torsion, longitudinal strain,

and temperature). Therefore, it is possible to imple-
ment simultaneous measurement of these para-
meters starting with the following equation, where
i ¼ 1, 2, 4:

Δλpeaki ¼ KTiΔT þ KτiΔτ þ KεiΔε: ð5Þ

The three equations originated by Eq. (5) can be pre-
sented in a matrix format, such as

2
4Δλpeak1
Δλpeak2
Δλpeak4

3
5 ¼

2
4KT1 Kτ1 Kε1
KT2 Kτ2 Kε2
KT4 Kτ4 Kε4

3
5
2
4ΔT
Δτ
Δε

3
5; ð6Þ

being possible to be rewritten using the coefficients
given in Table 1:

2
64
ΔT
Δτ
Δε

3
75 ¼

2
64
−1:44 −0:06 −0:016
−1:55 −0:07 −0:017
−1:97 −0:08 −0:021

3
75
−1
2
64
Δλpeak1
Δλpeak2
Δλpeak4

3
75:

ð7Þ

In this case, the resolutions using three parameters
are �2:9 °C for the temperature, �9° for the torsion,

Fig. 12. Group birefringence response of the Sagnac interfero-
meter when subjected to longitudinal strain.

Fig. 13. Characterization of the sensing head for variations of
applied longitudinal strain.

Fig. 14. Sensor output as determined by Eq. (4) for variation of
applied longitudinal strain at constant temperature and tempera-
ture variation at constant strain.

Table 1. Sensitivity Coefficients for Torsion, Temperature, and
Longitudinal Strain

Torsion
nm=°

Temperature
nm=°C

Longitudinal Strain
nm=μϵ

Peak 1 −0:06 −1:44 −0:016
Peak 2 −0:07 −1:55 −0:017
Peak 3 −0:08 −1:70 −0:019
Peak 4 −0:08 −1:97 −0:021
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and �19 μϵ for the strain. The error is higher when
compared with the sensing head for two physical
parameters. These results are expected due to the ac-
cumulative error obtained by the three measurands
[22]. Figure 15 presents the results for simultaneous
measurement of the three parameters. As it can be
seen, the results show the capability of the sensing
configuration to measure simultaneously and inde-
pendently the three physical parameters.

3. Conclusions

We studied the sensing characteristics of a Sagnac
fiber structure that includes a length of a specially
designed polarization maintaining side-hole fiber,
in which birefringence is simultaneously induced
by elliptical shape of the core and by mode overlap
with the air holes surrounding the core. The second
effect is purely geometric and induces high chromatic
dispersion of group modal birefringence. The group
modal birefringence of this fiber as well as its depen-
dence upon torsion, longitudinal strain, and tem-
perature were measured. Because of the spectral
characteristics of this sensing interferometric struc-
ture, with a single side-hole fiber, the wavelength
variation with these measurands, pointed out the
possibility of using it for simultaneous measurement
operation. This was confirmed for the pairs of torsion
and temperature, longitudinal strain and tempera-
ture, and for the three parameters.

This work was supported by the COST 299—
Optical Fibres for New Challenges Facing the
Information Society.
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