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Abstract: A tunable band pass filter based on fiber Bragg grating sensor using an in-fiber Mach-Zender
interferometer with dual micro-cavities is presented. The micro-cavity was formed by splicing together a
conventional single-mode fiber and a solid core photonic crystal fiber (SCPCF) with simple arc
discharge technique. Different parameters such as arc power, length of the SCPCF and the overlap gap
between samples were considered to control the fabrication process. The ellipsoidal air-cavity between
the two fibers forms Fabry-Perot cavity. The diffraction loss was very low due to short cavity length.
Ellipsoidal shape micro-cavities were experimentally achieved parallel to the propagation axis having
dimensions of (24.92 — 62.32) um of width and (3.82 — 18.2) um of length. The maximum tunability
0.73nm was achieved at minimum length of (SCPCF) in the range (1545.673-1545.546) nm. A micro-
cavity with width and length as high as 62.32 um and 18.3 um have higher sensitivity 0.31 nm/cm than

temperature sensitivities of 18 pm/°C.

Keywords: Fiber Bragg Grating (FBG), Fabry Perot interferometer, (FPI), Photonic crystal fiber
(PCF), Large, Mode Area (LMA-10), tunable filter.

Introduction
Optical fiber sensors (OFSs) have been
developed and used broadly for physical and
chemical measurement such as strain,
temperature, pressure, and reflective index.
OFSs bear important features such as intrinsic
safety, resistance to chemical corrosion,
immunity to electromagnetic interference,
electric isolation, small size, lightweight sensing
heads, high resolution, easy multiplexing, and
capability for extremely remote monitoring [1,
2]. Among the OFSs, fiber Bragg gratings
(FBG) backscattered spectrum shifts are by far
the most used for measuring temperature and/or
mechanical strain [3,4]. Nonetheless,
interrogation system is the most important

13

drawback for their large  commercial
application, due to their high cost. Therefore,
the development of new, and lower cost,
interrogation alternatives are essential [5]. FBG
sensor spectrum is usually monitored either by
an optical spectrum analyzer (OSA) or a
commercial FBG interrogator system. For real-
time application in industry, the OSA is not
suitable due to tradeoffs between resolution and
sweep frequency; not to mention OSA cost,
volume and weight [6]. Commercial OFS
interrogators (designed based on scanning laser
or scanning filters) are able to probe the FBG
spectrum with higher resolution. But, they
become extremely expensive  whenever
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hundreds scans per second are required [7, 8]. In
this paper, we demonstrated a new approach of
design and implementation a tunable band pass
filter by introducing two identical FBGs with a
dual, ellipsoidal shape, micro-cavities PCFs
using fusion splicing, of PCF type LMA-10 with
standard single mode fiber SMF-28. A careful
adjustment of splicing parameters have
accurately considered to reach higher tunability.

Fabrication and Analytical modeling

This section provides a precise and clear
demonstration of sensor fabrication process and
the experiment procedures and parameters
followed in this manuscript.

Micro-cavity construction

A manual splicing mode of fusion splicing
machine Fujikura type FSM-60S stated in
datasheet reference [9] has been used to perform
the fabrication process. A 1.5 cm length of PCF
type LMA — 10 has been prepared and spliced
with 30 cm length of SMF-28s as shown in
figure (1). To accomplish an optimum splicing
between both fibers, first, the coating layer was

(a)

SMF

(b)

Collapsed

region

PCF

stripped using alcohol solution. Second, both
fibers were perpendicularly cleaved to the
longitudinal axis of the fiber. This is a crucial
step have to be maintained to ensure maximum
light coupling between both segments. Third,
both fibers were spliced based to optimum
parameters of the device. The formation of
micro-cavity inside LMA-10 PCF is governed
by numbers of parameters. These parameters are
split into geometrical and machine parameters.
Geometrical parameters play a significant role
for micro-cavity formation. They are related, in
one hand, to the geometrical shape of the used
optical fiber, the length of the segment, air holes
distribution and the happening collapse during
the splicing procedure. On the other hand,
splicing parameters such as arc power, arc time,
offset and overlap between aligned samples are
also affecting the preparation process which
they are the major factors of the air holes
collapsing as stated in [10-13] and the air cavity
formation. Different sizes of micro-cavities
were maintained based on changing the arc
fusion power, arc fusion time, overlap and the
gap. All values taken to achieve this step are
tabulated in table (1)

Fig. (1): (a) Schematic diagram of splicing PCF to SMF [13] (b) Micro - cavity formed at the junction between
SMF and SCPCF (LMA-10) [14] (C) Cross section of LMA-10 from microscope in laboratory.
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Table (1): Fusion splicing parameters for construct micro-cavity.
splicing parameter Settings 1 settings 2 | settings 3 settings 4
LMA-10 to SMF
Perfusion time (ms) 1000 1000 1000 1000
Perfusion power (bit) STD-10 STD-20 STD-30 STD-40
Arc power (bit) 50 40 30 20
Overlap(um) 5 8 5 8
Gap (um) 15 10 15 10

Two sensors were fabricated using fusion collapse with arbitrary holes shape at the
splicing technique. The arc power and arc time junction between both fibers as shown in
were optimized to maintain and justifying figure(2).

Sensor 1

Fig . (2): Splicing point between SMF and PCF at both sides for the proposed sensor.

Formation MZI with dual micro-cavity
The micro-cavity was fabricated from air in this paper. It has spherical shape where r =d or ellipsoidal
shape where r > d. Air micro-cavity embedded in fiber whose diameter is 2R as shown in figure (3).

i 1
SME | PCF
& - i ,"-"IE
Light reflected . f'/_\\l ,ff
from microcavity R\,\ f '| f;,.f'
{_ . |I Il vf_.f'
— i | |
, |
Light propagating I'-, f
i | towards microcavity '\_/'I
Core .R-- I Hl}lit'l'

Fig. (3): Diagram of ellipsoidal shape micro-cavity at the splicing joint with two reflecting surfaces S1 and S2
are appeared at opposite sides of the two spliced optical fibers [19].
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Ellipsoidal shape of the micro-cavity rotated
around its minor axis, with size of (2dx2r), in
which 2d is the polar diameter and r is the
radius. The ellipsoidal polar axis was coincided
with the path of light propagation. Air micro-
cavity acts like a Fabry - Perot etalon where the
incident light propagated along the fiber core
encounter the first silica - air interface (S1) and
reflected due to Fresnel reflection. It coupled
with the light reflected from the second interface
air- silica (Sz backward into the SMF. The
intensity of light was given by [15]

I=1l1+12+2,/1; 1,c0SA¢

Where 1 and I, are the intensities of the of
reflection of S;, S respectively

A¢ is the phase difference between the two
reflected light beams, given by

A ¢ — 41 AneffL

Pel T 2)

D)

Where A is the operating wavelength and Aness iS
the effective refractive index difference between
the core and cladding mode, it can be given as

[16].
3)

Anett = Neff
The m-order resonance wavelength can be given
as

core __ e cladding

cladding
P ( néfr = mnery ) 2neprl @)
m= 2m+1 T 2m+1

The hybrid structured in-line MZI is composed
of an embedded slender air cavity in both side of
PCF as shown in figure (4) [17].when light pass
through the SMF in to micro-cavity 1, part of
light in SMF core will be coupled in to higher
order cladding modes because of different
refractive index between core and cladding of
PCF. The free spectral range of the fabricated
MZI was expressed as:

FSR = lm-l-/lm: M
neffL

(5)
Construction band Pass Filter Based on FBG
and MZI with dual micro-cavities

A photosensitive single mode fiber (ThorLabs)
was used to record the uniform FBG sensor
using the phase mask technique. A 15mm length
FBG was selected to get more than 90% of
reflectivity. In order to analyze the behavior of
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the proposed system, an analytical modeling for
the system composed by both micro-cavity and
FBG is presented. The FPI can be considered as
an optical resonator which consists of a 2 plane-
parallel (two identical FBGS) reflecting surfaces
(mirrors) with reflectivity (R) separated with a
short segment SCPCF contained the air micro-
cavity with different dimension. The round-trip
optical phase delay between the back reflected
signals is giving by [17].

_ 4'7Tnpchpcf

< (6)
Where n, s is the effective index, L, is the
cavity length and A is the operating wavelength.
For SCF L,.= 15 cm. In this case, the
incidence is considered normal so ¢ = 2kL
where k is the wavenumber of propagation in
the medium. The FPI’s reflected spectrum is
used in the used system as a band filter.

Microcavity T

SMF \

“Microcavity 2

|

Collapsing 1 | | Collapsing2

Fig. (4): Micro-cavity formation at the splicing point
between SMF (on the left) and SCPCF (on the right)
[16].

The periodicity of the channelled spectrum is
given by [18]:

AZ

Al =m @)
2npcflpef
At resonance wavelength Az , the phase
difference is multiple of 2z. Hence,
/‘{R _ 2nplLpcf (8)

P
Where p is an integer.

When the PCF segment is subjected to the
external perturbations, Ar is shifted by

ALPCF)

An
Adr= (7 * Lpcr

Ap
Ap =—L 4 £2,PCF) Az (9)
Neff
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Where An and ALpqp are the changes in n and
Lecr, respectively. The Bragg wavelength shift
can be

Ang AA An,
My = (QF+ s = (o0 e2,FBG) Ay (10)

Where Angsr and AA are the changes inngss
and A of FBG [18].

Experimental Procedure

Figure (5) and (6) show the schematic diagram

Broad band Source

SMF

Micro-cavity 1

and laboratory experimental components
utilized to examine the performance of the
proposed system. Light from a broadband light
source (BBS) centered at 1550nm for
illuminating the two micro-cavities embedded
MZI-fiber Bragg grating. The reflected light
signal from the micro-cavity interferometer was
redirected by the circulator to the OSA for
analysis and record. The detected spectrum is
then sent to a personal computer for signal
processing.

Applying physical effect

PCF

SMF
—

Micro-cavity 2

Fib=r core
v”.
y Fibear
\ K landaing
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Fig. (6): The experimental setup for PCF-MZI Fabry Perot tunable Band pass filter with temperature effect
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The optical spectrum of BBS extends from
(1450) nm to (1650) nm. The maximum optical
power of the BBS is (31.2) mW. The BBS
consists of Ic chipset which is the basic element
that generates the optical signal. Laser diode
controller (LDC) gives the required power for
the emitted optical signal. Temperature electric
control (TEC) controls the emitted wavelengths
and the optical output power. The specification

of fibers used to fabrication micro-cavity
interferometer SMF with LMA -10 was
summarized in table (2) .In this work, we
fabricated MZI with four micro- cavities (2
sensor) by fusion splicer .The arc time and arc
power of the splicer are optimized such that the
air holes having arbitrary shape is formed at the
junction of SMF and PCF.

Table (2):SMF, NKT HC-1550 and NKT LMA-10 specification
Fiber Diameter um Pitch dn/A
name Cored Holes Cladding D A
SMF 8.2 - 125+ 2 - -
LMA-10 10.1 £0.5 3.38 125+ 2 7.2 48%

Result and Discussion

The micro-cavity was constructed by fusion
splicing of SCF (LMA-10) between equal
spaces SMF and photographed with a
microscope to determine the size and shape as
shown in figure (7). The resulting output should
be observed to confirm the changes in
dimensions, Because of the variability in
construction specific dimensions couldn't be
controlled. The tunability of the geometrical
parameters was accomplished by changing the

Collapse length = 96 um

38.3

length of SCPCF (LMA-10) and splicing
parameters. The width of the micro- cavity is
that the axis of the ellipsoid perpendicular to the
core of the fiber in the range (24.92 to 62.32)
pm while the length of the micro-cavities are
parallel to the propagation axis of the fiber in
the range of (3.82 to 18.2) um as shown in table
(3). This could be reduced volume of air at the
splice joint in the micro-cavities produced. The
dimensions of the micro-cavities was
constructed by fusion splicer as summarized in
Table (3).

e —— D
olépﬁﬂﬂ'— *— | '
— = = e—]
G——l

18.2

Fig. (7): Microscope images (a) Sensor 1 and (b): Sensor 2 in- Line MZI based on dual micro-cavity

interferometer.
Table (3): The dimensions of the micro-cavities were constructed by fusion splicer.
Sensor name PCF Width( r) Length(d) Size of
Length (um) (um) micro-cavity 10% (um
(cm) )
Sensor 1 A 3 24.92 3.82 3.807
B 2.5 38.33 4.11 6.301
Sensor 2 C 2 44.85 10.3 18.478
D 15 62.32 18.2 45.368
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The relationship between length of the PCF
sample and micro-cavities has been evaluated .It
is found that there is a linear relation where any
increase in the length of the PCF results in an
increasing the size on the air micro-cavity [23].
This can be clearly shown in figure (8).

25

=
-

y=-0.6654x + 18.285
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]
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Size of the micro-cav ity (um3)
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5 10 15 0 b | 3

Micro-Cavity length {cm)

—a—cavitylength  —— Linear (cavity length)

Fig. (8): Relation between the size of the micro-
cavity and length of LMA-10

In this work the mode field mismatch
between LMA-10 (MFD ~10.1) and SMF
(MFD =8.2). A specific method of splicing
[17] is performed to achieve low splice loss
in the SMF-LMA-SMF interferometer. The
dip wavelength was varied by re-arcing the
PCF-SMF splicing point at low arc power.
The MZI with dual micro-cavity which was
obtained from splicing insert between two
identical FBG in the SMF-LMA- FBG
configuration. A small change in the micro-
cavity length between the two FBGs led to
the variation of dip wavelength. Re-arcing
was repeated several times until the dip is
shifted to the desired position. The
measured band-edge wavelengths (g1, As2)
and resonance wavelength (1g) of the
reflection spectrum at room temperature (T
= 25 °C) are 1546.559, 1547.603, and
1546.734 nm.  The  parameter  were
summarized in table (4):

cavity Interferometer and FBG

Table(4): The parameter of tunable band pass Filter Based on PCF- air micro-

Operating wavelength FWHM Reflection power
(nm) (pm) (nW)

AB1 1545.559 350.841 1.63

AR 1545.603 366.323 8.56

As2 1545.734 234.303 6.85

Figure (9) shows that the two FBGs share the
same center wavelength and the SCF (LMA-10)
segment forms a cavity between the two grating

reflectors. As a result, a narrow dip was formed
within the reflection curve of the FBG. It's
known as resonance wavelength.

THOR

Reflection power (nW)

Sunday, 13 May 2018 12:29:36
' EYFBG - SC 1.5 cm PCF - FBG |

1546.07 1546.47 1546.87
80.0 pm

1545.67

Wavelength (nm)

Fig. (9): Reflection spectrum of the proposed filter structure
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The filter was tuning by splicing different length
LMA-10 segment Contain the micro-cavity
between two identical FBGs forming an FBG-
PCF-FBG arrangement by controlling the fusion
splicer parameters. It was appeared that the two
FBGs that originate from the same uniform
grating share the same center wavelength and

the LMA-10 segment forms a cavity between
the two grating reflectors. Therefore, a narrow
dip was formed within the reflection curve of
the FBG as shown in figure (10) .The
characteristic of the reflection spectra is shown
in table (5)

THOR

Saturday, 01 September 2018 03:32:33

““IN1.5 cm LMA-SMF
olE12cm LMA-SMF ||
C 2.5 cm LMA- SMF |

320

3cm LMA- SMF

400 pW/D

280

Reflection power (nW)
-

ﬂﬂﬂﬂ

154447 154477 154537

1545.07

1545.67

‘Spectrum [nm (air) |Lin|Thorlabs OSA, Version 2.55.1299.3162

1545 97
nm fair}

: %_‘ .........

154657 154687 154
0.0 pm (@ir)/D

1546.27

Wavelength (nm)

Fig. (10): Reflection spectrum of the proposed filter structure tuning by Re-arcing length of LMA-10.

Table (5): Characteristic of the reflection spectrum for different PCFs length
contain the micro-cavity for FBG- PCF-FBG Filter
Length PCF Resonance Wavelength FWHM Reflection Power
(cm) (nm) (pm) (n W)
15 1545.673 268.813 5.02
2 1545.600 399.720 5.12
2.5 1545.553 316.513 6.14
3 1545.546 370.619 8.67

Table (6): Characteristic of the reflection spectrum at different temperature degree
Temperature Centroid Wavelength FWHM (pm) Reflection Power
(°C) (hm) (nW)
Reference 1545.550 270.619 5.01
25 1545.580 310.916 6.30
35 1545.595 410.513 7.77
45 1545.622 398.720 8.43
55 1545.638 314.813 8.51
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The response of the micro-cavity filter to
temperature change is in the range of (25-55)
OC. Figure (11) shows the obtained experimental
results and the variation of dip wavelength
resonance due to the small change in the micro-
cavity length. The wavelength shift caused by a
change in the phase difference between
reflections from the two partially reflecting
surfaces of the micro-cavity. This phase changes
as the distance between these surface changes.

S., Iraqi J. Laser 18(1), 13-23 (2019)

The thermal expansion coefficient of silica glass
is 10%/°C [18], which means that the distance
between the surfaces experiences slight change
with regards to temperature change. The thermal
expansion of the cavity length plays important
role in  temperature  sensitivity.  The
Characteristic of the reflection spectrum at
different temperature was summarized in table

(6):

Thursday, 23 August 2018 01:14:58

ffect

Reference no e

A

nw

Reflection power (nW)

000
154516 154526 1545.38 1545.46

154556

1545.85 1545 96 154606 154616

20.0 pm (8iyD

Wavel
Fig. (11): Reflection spectrum of the propo

When the temperature increase up to 20°C the
peak wavelength shift toward longer wavelength
(red shift) because the interference pattern of
the micro-cavity shift towards long wavelength
region as you can see in figure (12) .The
reflection spectra of a Fabry Perot resonator is

,.
i

Shifting wavelength (nm)

.....

Fig. (12): The relationship between

ength (nm)
sed filter structure tuning by temperature change

dependent on the wavelength of the incident
radiation. The interference was produced
between the two FBGs produce standing waves
which led to generate constructive interference
when they will fit exactly with the cavity length.

0.018x + 1545.5
R¥ = 0.956

30

Temperature (°c)

wavelength shift and temperature change.
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The wavelength Ag1, As2, and Ar have the same
operating wavelength Ac, therefore, the same
sensitivity of ~ 18 pm/°C in the range of 25 - 55

°C was achieved for the proposed filter. The
strain sensitivity of different dimension of the
micro-cavity is 0.31nm as shown in figure (13):

WAVELENGTH SHifting {(nm)

SHIFING

PCF LENGTH (CM)

[
(1]
1

= th

Linear (SHIFING }

Fig. (13): the relationship between wavelength shift and length of PCF.

Conclusion

This paper proposed an inexpensive high
contrast in-line micro-cavity interferometer for
tunable band pass filter strain and temperature
of micro-cavity region. The simulation model
was presented in order to describe the sensor
behavior which strongly agreed with the
experimental results. The results showed
evidences of high repeatability and stability
achieved in measurements of strain and
temperature from (3.82 to 18.2) u Strain and
25°C to 55 °C, respectively.
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