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In this paper the development of a side-hole photonic-crystal fiber (SH-PCF) pressure sensor for
dual environment monitoring is reported. SH-PCF properties (phase and group birefringence,
sensitivity to pressure variations) are measured and compared to simulated data. In order to probe
two environments, two sections of the SH-PCF with different lengths are spliced and set in a Solc
filter-like configuration. This setup allows obtaining the individual responses of the first and second
fiber independently, which is useful for a space-multiplexed measurement. As the employed fiber is
sensitive to pressure variations, we report the use of this configuration for dual environment pressure

sensing. © 2014 Optical Society of America
OCIS codes:

fibers; (120.5475) Pressure measurement.
http://dx.doi.org/10.1364/A0.53.003668

1. Introduction

Photonic crystal fibers (PCF) are an excellent plat-
form for sensing applications due to their inherent
design versatility [1]. By adequately choosing the
microstructure, fiber characteristics can be tailored
in order to optimize the physical properties of inter-
est. This versatility permits the development of a
great variety of PCF-based sensors for the monitor-
ing of different physical quantities (e.g., hydrostatic
pressure [2], strain [3], and curvature [4)]).

The properties of PCF's can be chosen in such a way
that their optical response is dependent on hydro-
static pressure variations. This dependence is medi-
ated by the geometrical and photoelastic effects and
is highly dependent on PCF microstructure geometry
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[5]. Birefringent PCFs are often used to build up
hydrostatic pressure sensors, as reported in previous
papers [2,5,6,7]. In these papers authors perform
pressure sensing measurements by two means:
either exploring the phase birefringence dependence
on pressure variations or studying the spectral
behavior of a fiber subjected to different pressure
conditions in an interferometric configuration.

In the first case, the physical quantity to be ana-
lyzed is the phase birefringence derivative with
respect to pressure (0B/o0P) and the measurement
is performed by using a laser as the light source
and a photodetector for taking information about
the transmitted power. dB/dP value depends on
the wavelength (1), the length of the fiber submitted
to external pressure (L,) and on the pressure T
needed to rotate the fiber output light polarization
z rad (one polarization cycle). This dependence is
expressed by Eq. (1) [2],
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The second type of measurement is based on the
employment of a broadband light source and on
the measurement of the spectral response of an inter-
ferometric configuration. This response is character-
ized by the existence of interferometric fringes whose
spectral position is dependent on the pressure
applied on the fiber, i.e., its spectral position shifts
as the pressure is varied. In order to characterize this
dependence, a sensitivity coefficient Cg is defined
and its value can be accounted by Eq. (2) [6],
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where 1 is the central wavelength of a local minimum
in the spectra (destructive interference), A1 is the
central wavelength shift caused by the application
of external hydrostatic pressure, AP is the pressure
variation, G is the group modal birefringence, and
0B/oP is the phase birefringence derivative with
respect to pressure, as described before.

In this paper, we theoretically and experimentally
studied the sensitivity of a side-hole PCF [(SH-PCF),
a fiber with longitudinal holes beside the microstruc-
tured region [8]] to hydrostatic pressure variations
and employed the same in a dual environment
pressure sensing measurement. We focused on
studying fiber properties and on obtaining the dual
environment sensor. It is not our goal to report record
pressure sensitivity values.

In order to build the sensor, we make use of a sim-
ple technique developed in our group at UNICAMP,
which employs two birefringent fibers set in an
in-series configuration. This technique, reported in
[9], employs an input and an output polarizer whose
angles are chosen in such a manner that the first or
second fiber-individual responses can be independ-
ently obtained. By separately measuring the first
and second fiber responses, we demonstrate the per-
formance of a hydrostatic pressure sensor with two
probing regions for dual environment monitoring.

2. Fiber Characterization
A side-hole SH-PCF [8,10] was chosen to act as the

platform for the hydrostatic pressure sensing experi-
ment due to its high sensitivity to pressure varia-
tions. Fiber cross-section is shown in Fig. 1(a). The
inset presents an image of the microstructured
region. Hole diameter (d = 1.7 pm) and separation
(A = 2.8 pm) are also represented.

The experimental setup for performing the initial
characterization measurements is represented in
Fig. 1(b). The SH-PCF was previously spliced to stan-
dard single mode fibers and placed into a pressure
chamber. The light source is polarized by the first
polarizer (P;) and launched into the SH-PCF in
such a manner that both orthogonal modes of the bi-
refringent fiber are excited. The output polarizer (P,)

Laser p SMEﬂI SMF p PDT
1 2
or BLS I_I:ITeslsure or OSA
chamber
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Fig. 1. (a) Cross-section of the SH-PCF used in the experiments.
Inset exposes the microstructured region. Hole diameter
(d = 1.7 pm) and separation (A = 2.8 pm) are shown. (b) Experi-
mental setup for SH-PCF pressure sensitivity characterization.
BLS, broadband light source; P; and P,, polarizers; SMF, standard
single mode fiber; SH-PCF: side-hole photonic-crystal fiber; PDT,
photodetector; OSA, optical spectrum analyzer.

allows the light from the orthogonal modes to
interfere and the optical response is measured
by a photo-detector (PDT) or an optical spectrum
analyzer (OSA).

In order to measure 0B /0P, one uses the setup rep-
resented in Fig. 1(b) with a laser at 633 or 1550 nm as
the light source and a photodetector connected to an
oscilloscope as the measurement system. Due to the
orthogonal mode’s different phase velocities (effec-
tive refractive indices are different), they reach the
end of the fiber with a phase difference (A¢), which
is dependent on phase birefringence (B), fiber length
(L), and wavelength (1) of the light source as shown in
Eq. (3),

27zBL
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For a fixed fiber length, phase difference Ag
defines the output light polarization, which can be
linear, circular—if Ap =zn or Ap = x(n+ 1/2),
respectively (n is an integer)—or elliptical. When
external pressure is applied on an SH-PCF, the
anisotropic stress propagation in the microstructure
changes the effective refractive index of both propa-
gation axes of the fiber differently. Consequently,
there is a variation in B, which generates a change
in Ag. Thus, the polarization state of the light that
leaves the fiber is altered.

Figure 2(a) shows the optical response at 633 nm
when 103 cm of SH-PCF is submitted to a pressure
variation of 0.69 MPa (approximately 6.9 bar) during
1.7 s. The voltage signal from the photodetector
(measured in an oscilloscope) oscillates as the pres-
sure varies in time. The maximum and minimum oc-
cur when the output fiber light aligns with the
passing and blocking polarizer axes, respectively. A
complete signal oscillation (i.e., a polarization cycle,
which corresponds to the interval between two
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Fig. 2. Voltage signal from photodetector, which is related to the
transmitted power, measured as the pressure was varied from
0.69 MPa to zero. (b) Polarization cycle plot as a function of the
pressure applied on the fiber. Measurements taken at A = 663 nm.

minima or maxima points) is related to a variation of
z rad in the phase difference between axes of the
light that arises from the fiber end. Figure 2(b) shows
the polarization cycles plot of the fiber output as a
function of the applied pressure at 633 nm.
Therefore, by experimentally obtaining the pres-
sure T from the linear fit of the polarization cycles
versus pressure (7' is the inverse of the slope), it is
possible to determine an experimental value for
0B /oP. Experimentally obtained values for dB/oP
are (2.6 +0.1) x 10 MPa~! for 1 =663 nm and
(2.70 £ 0.06) x 108 MPa™! for 1= 1550 nm. The
value for 0B/dP obtained herein is comparable to
the one reported in [5] for PM-1550-01 fiber:
2.32 x 107® MPa~!. Our fiber 0B/dP value is smaller
than the one found in [11] and [12], which theoreti-
cally calculated a value of 9.05 x 10" MPa~! and
43.89 x 107 MPa™! for other specially designed
PCFs. Martynkien et al. [13] and Anuszkienwicz et al.
[14] could experimentally verify even higher values
for 0B/0P—-1.06 x 105 MPa~! and 2.70 x 105 MPa!.
For taking spectral measurements, one employs
the setup schematized in Fig. 1(b). A supercontin-
uum generated by a PCF fiber is used as the light
source and the measurement system is an OSA.
Again, input polarization must be such that both
orthogonal modes of the birefringent fiber are exited.
After traveling along the fiber, the modes are recom-
bined and the transmitted spectrum is measured by
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the OSA. A typical spectrum is shown in Fig. 3(a).
Curvatures in standard fiber sections are minimal.
It avoids degrading the polarization state of the light
to be launched in the SH-PCF.

The spectrum presented in Fig. 3(a) allows calcu-
lating fiber group birefringence (G) by Eq. (4), where
S is the wavelength difference between two consecu-
tive dips in the spectrum and L is the length of the
fiber [7]. Phase birefringence (B) can be calculated by
Eq. (5), where y is a fitting parameter related to the
empirical relation expressed by Eq. (6) and obtained
by a self-consistent method (A is another fitting con-
stant) [15]. Figures 3(b) and 3(c) show the experimen-
tal results (points) for group and phase birefringence
versus wavelength:

/12
-1 -1
B() =%[(1+§)y —1] (5)
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To experimentally account for Cg [Eq. (2)], spectra
are taken for situations in which different pressure
values were applied on the fiber. A particular
fringe is chosen and its wavelength shift is divided
by the pressure variation. Experimentally measured
Cs values are presented in Fig. 3(d). Due to the
decrease (in modulus) of group birefringence, as
expected from Eq. (2), Cg is higher for lower wave-
lengths. Theoretical values for B, G, and Cg were also
calculated by employing a commercial finite-element
method based software. Lines in Figs. 3(b)-3(d)
presents simulated data for G, B, and Cg as a func-
tion of A. Note that B and G have opposite sign for
this fiber.

Moreover, Fig. 3(d) exposes a simulation for a
commercial PCF usually employed in pressure sens-
ing measurements (PM-1550-01 by NKT Photonics).
SH-PCF proposed in this paper has a higher sensitiv-
ity coefficient than the commercial PCF. At
A = 1550 nm, for instance, the sensitivity coefficient
for the SH-PCF is about 2.8 times higher than the
one for the commercial PCF. We calculated the Cg
value for the fiber reported in [11] and found it is
1.34-fold higher than the one of the fiber reported
herein (at 4 = 1550 nm). Anuszkienwicz et al. [14],
in turn, by using a different technique (rocking
filter inscribed in a PCF), could experimentally
demonstrate an extremely high sensitivity value
-177 nm/MPa.

3. Dual Environment Hydrostatic Pressure Sensing

After characterizing the SH-PCF, the fiber was used
to build up an all-fiber sensor able to probe two differ-
ent environments. To do this, one employs the tech-
nique recently reported in [9] where two birefringent
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(a) Typical spectrum for the transmittance as a function of the wavelength. Experimental and simulation results for (b) group

birefringence, (c) phase birefringence, and (d) sensitivity coefficient C as a function of the wavelength.

fibers are spliced in such a way that their principal
axes are rotated in relation to each other and placed
in an experimental setup as schematized in Fig. 4.

Although fibers are spliced, it is possible to obtain
single fiber responses by conveniently adjusting the
input and output polarizers, i.e., one can measure the
first or the second fiber responses separately by sim-
ply tuning the polarizer’s angles. As reported in [9],
for obtaining the first fiber response, the second
polarizer must be aligned to one of the principal axes
of the second fiber. Similarly, the condition for
obtaining the second fiber response is launching light
in the system with the input polarization along one of
the principal axes of the first fiber.

In the experiment reported herein, two sections
of the SH-PCF [with total lengths L; = (22.5+
0.02) cm and L, = (58.5 +0.02) cm] were spliced
and put into two different pressure chambers (Fig. 4).
After the first fiber response was obtained [Fig. 5(a)
topl, this fiber was subjected to different pressure
conditions and spectra were recorded for every situa-
tion. Analogously, for the case in which the second
fiber response was attained [Fig. 5(a) bottom],
spectra were taken for different hydrostatic pressure

SH-PCF-1 SH-PCF-2
L L,
Lo bee |
Laser P . . ; 1 P PDT
BLS '—D—' '—D—' 2
o Pressure Pressure coca
chamber chamber

Fig. 4. Schematic diagram for the experimental setup for dual
environment monitoring.

values applied on the fiber. Figure 5(b) shows the
wavelength shift of a particular dip as a function
of the pressure applied on the fiber for the two
situations just described. Cg values of (1.69 +
0.04) nm/MPa and (2.22 + 0.04) nm/MPa were
obtained for the first and second fiber, respectively.
This difference is justified by the fact that different
fractions of the lengths of the fibers were pressurized
(pressurized lengths: L,; =2 cm and L,; = 8 cm).
The predicted value for the relation between the
C, values to be measured (R) is given by Eq. (7). This
equation follows from the development reported in
[9] for the case in which the pressurized lengths of
the fibers are different:

Cs1  LpiLy
R=>2-=_*2""2 7)
Cso LpoLq

According to Eq. (7), the predicted value for
R pedictea 15 (0.65 £ 0.08). Experimental values from
Fig. 5(b) provide Reyperimental = (0.76 £ 0.03). Thus,
one can observe that the predicted and experimen-
tally verified values for R are consistent.

Using the setup schematized in Fig. 4, for the sit-
uations in which the first and second fibers responses
were obtained separately, 0B/oP values at 1=
1550 nm were measured in the same way that it
was measured using the single-fiber configuration
(by substituting the broadband light source by a
one that is a laser). 0B/dP values obtained were
(2.54+0.2) x 107 MPa~! for the first fiber and
(2.9 £ 0.3) x 106 MPa~! for the second one. The re-
sults are consistent with the one obtained in the
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single-fiber configuration, (2.70+0.06)x10MPa™!,
as expected.

4. Conclusions

In this paper, the development of a pressure sensor
with two sensitive regions for dual environment
monitoring was presented. To do this, two sections
of a SH-PCF were spliced in a series configuration
and placed in a setup where input and output polar-
izers angles could be tuned in order to obtain sepa-
rate fiber responses.

First, the fiber was characterized. Phase and group
birefringence and the sensitivity parameter Cg were
measured and compared to simulated values show-
ing good agreement. Also, pressure sensitivity of
the SH-PCF was compared to the one presented by
the commercial fiber PM-1550-01 (NKT Photonics),
usually employed in pressure measurements. SH-
PCF sensitivity was found to be about 2.8-fold the
PM-1550-01 respective value.

Finally, the dual environment pressure-sensor
performance was demonstrated. The proposed con-
figuration allows performing independent pressure
measurements in two disconnected environments.
Hence, the sensor was shown to have two sensing
regions, which can be placed in the environments
of interest for pressure variations probing.
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