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Abstract

An in-line photonic crystal fibre-based Mach—Zehnder interferometer (PCF-MZI) with
temperature compensation has been proposed and experimentally demonstrated. The in-line
PCF-MZI is fabricated by splicing a section of photonic crystal fibre between two single mode
fibers. The temperature compensation of the in-line PCF-MZI is realized by using materials
with proper thermal expansion coefficients. The device possesses the temperature insensitive
feature, and a temperature stability of 1.0 pm °C~! has been experimentally demonstrated with

the packaging material of ceramic.

Keywords: fiber optic sensor, Mach—Zehnder interferometer, temperature compensation,
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(Some figures may appear in colour only in the online journal)

1. Introduction

Photonic crystal fibre-based Mach—Zehnder interferometers
(PCF-MZIs) have attracted great interest due to their unique
advantages, including their compact size, low cost, high sensi-
tivity, immunity to electromagnetic interference, and rugged-
ness even in corrosive and other harsh environments [1-3]. The
operating principle of the PCF-MZI is based on inter-modal
interference, which is induced by the index difference between
the core mode and cladding modes. Recently, many differ-
ent methods are employed to construct a PCF-MZI, such as
long period gratings (LPGs [4-7]), mismatched or misaligned
core diameter [8—12], or fibre tapers [13—15]. Similar to other
interferometric devices, the characteristics and performance
of PCF-MZI-based devices are temperature dependent, which
can be utilized as temperature sensors. However, these devices
also suffer a significant limitation in actual engineering appli-
cations due to their temperature cross-sensitivity. Therefore,

0957-0233/14/107002+5%$33.00

it is necessary to investigate the temperature influence on the
characteristics and performance of PCF-MZI devices and
develop temperature compensation methods. Some PCF-MZI
sensors with the active temperature compensation have been
developed by forming two waist-enlarged fibre tapers at the
splice points [16], writing two long-period gratings (LPGs) in
the PCF [17], and cascading a MZI and a LPG [18]. However,
these configurations make the sensor fragile and susceptible to
damage in engineering applications. On the other hand, many
researchers have investigated the temperature compensation
method by using various packages. Y M Tu’s group developed
a temperature-insensitive metal package for the fibre Bragg
grating [19]. E B Li’s group reported a method of tempera-
ture compensation for single-mode—multimode—single-mode
(SMS) devices by using materials with a proper coefficient of
thermal expansion [20].

In this paper, we propose and experimentally demon-
strate an in-line PCF-MZI with temperature compensation.

© 2014 I0P Publishing Ltd  Printed in the UK
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Figure 1. (a) Schematic diagram of a PCF-MZI and a structure for
its temperature compensation; () the cross-sectional view of PCF.

The in-line PCF-MZI is fabricated by splicing a section of
photonic crystal fibre between two single mode fibres. The
temperature dependence of the spectral characteristics of the
in-line PCF-MZI is investigated. To overcome the tempera-
ture cross-sensitivity of the in-line PCF-MZI, an axial strain,
which causes a blue-shift to the transmission spectrum of
an in-line PCF-MZI [20], is used to compensate the spec-
tral shift induced by the temperature. Therefore, the in-line
PCF-MZI is bonded to a packaging material with a proper
thermal expansion coefficient which is higher than that of
the PCF, and the temperature compensation of the in-line
PCF-MZI can be realized by using the strain which is induced
by the thermal expansion of the packaging material. The pro-
posed temperature compensation method is simple, passive,
cost effective, and easy to implement.

2. Operation principle

The in-line PCF-MZI shown in figure 1(a) is formed by splic-
ing a short piece of index-guiding PCF (YOFC, endless single-
mode PCF) between two identical single-mode fibres (Corning,
SMF-28). The cross-sectional view of the PCF is shown in fig-
ure 1(b). The PCF has a pure silica core and a cladding com-
posed of five-ring air holes arranged in a hexagonal pattern.
The diameters of the air holes and the entire solid region are
3.75 and 7.5um, respectively. The fusion splicing was per-
formed with a commercial fusion splicer (JILONG, KL-260)
and the optimum arc current and arc duration for forming a
high interferometric visibility were found to be 4.8 mA and
300ms, respectively. At the fibre splice, a collapsed region is
formed between the PCF and the SMF due to strong electric
arc discharges. In this configuration, the core mode in the lead-
in SMF diffracts to the core and cladding modes of the PCF at
the first collapsed region [9]. The two modes propagate alone
the PCF with different phase velocity and are recombined in
the lead-out SMF fibre at the second collapsed region, forming
a Mach—Zehnder interferometer (MZI [21]).

When the external temperature increases, the effective
index and the length of the PCF will be changed because of
the thermo-optics effect and the thermal expansion. The rela-
tive wavelength shift caused by temperature variations can be
expressed as [22]

AT/II =(m+§)AT ey

where a; and ¢ are the coefficient of thermal expansion
(CTE) and the thermo-optic coefficient of the PCF material,

respectively. It can be seen that the transmission spectrum
moves to a longer wavelength with the increase of the tem-
perature, and the slope of the temperature dependence is com-
pletely determined by the characteristics of the PCF material.
Therefore, the temperature can be measured by monitoring
the wavelength shift of the peak or dip in the interferometric
spectrum.

On the other hand, when an axial strain is applied to an
in-line PCF-MZI, the interferomitric spectrum will shift due
to the change of fibre dimensions and the photoelastic effect
of the fibre. The strain-induced wavelength shift can be
expressed as [20],

%z—(l+2v+pe)e (2)

where v is the Poisson ratio of the fibre, p, is the effective
strain-optic coefficient, and ¢ is the strain applied on the fibre.
It is obvious that an axial tensile strain will cause a blue-shift
to the transmission spectrum of an in-line PCF-MZI. The
spectrum of the in-line PCF-MZI shifts to opposite directions
with the temperature and strain. Therefore, the temperature
cross-sensitivity of the in-line PCF-MZI can be eliminated by
using the strain which is induced by the thermal expansion of
a proper packaging material.

The in-line PCF-MZI is bonded to a packaging material
with a CTE of a», as shown in figure 1. From equation (1), the
temperature increase leads to the red-shift for the spectrum
of the PCF-MZI. Meanwhile, with the increase of the tem-
perature, an axial tensile strain is induced due to the thermal
expansion of the packaging material if the CTE of the packag-
ing material is higher than that of the PCF. The axial tensile
strain causes a blue-shift to the transmission spectrum of the
in-line PCF-MZI. Therefore, the blue-shift of the spectrum
can compensate the red-shift when a proper packaging mate-
rial is used in the experiment.

When the temperature changes, the axial strain caused
by the different CTEs between the PCF and the packaging
material is

e=(ap—a) AT 3)
The wavelength shift caused by the temperature variation
and axial tensile strain would be

Ad=Ah+8k =2 (+EAT-(1+2w+p)e| @

Substituting equation (3) into equation (4) provides
AL =2[(a+ &) -1 +2v+p) (- ) |AT (5)

For an ideal temperature compensation, A4 should be zero.
With this condition, the CTE of the packaging material can be
obtained as

w=a+(@+&)/(1+2v+p,) (6)

For silica fibre, a; = 5 x 1077°C™!, £ = 6.9 x 107°°C~,
pe=0.22, and v = 0.16. Thus, a, of 5.3 x 10°°C! is cal-
culated. If the CTE of the packaging material is less than ay,
the spectrum of the PCF-MZI will red-shift with the increase
in temperature. On the contrary, if the CTE of the packaging
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Figure 2. Experimental setup.

material is larger than a,, the spectrum will blue-shift. In our
experiment, three kinds of packaging materials with differ-
ent CTEs are bonded to the fibre in order to compensate the
temperature effect. The temperature stability of the packaged
in-line PCF-MZI can be calculated by substituting the CETs
of the three materials into equation (5).

3. Experiment

We have tested the temperature feature of the in-line PCF-MZI.
The schematic diagram illustrating the mechanism is shown in
figure 2. The light source used in this experiment is an ampli-
fied spontaneous emission (ASE) broadband source with an
output power of 145mW, and the signal absorption coefficient
of the erbium doped fibre is 6dBm™" at the pump wavelength
of 1530nm. An optical spectrum analyzer (OSA, BaySpec
FBGA-F-1525-1565) is used to measure the wavelength shifts.
The resolution of the OSA is 115 pm. By using the spline inter-
polation arithmetic, a wavelength resolution of up to 1 pm can
be achieved. Firstly, the in-line PCF-MZI was fabricated with
an 8cm length PCF, and the splicing loss is ~1.2dB. The MZI
loss induced by the splicing and the coupling is measured to
be 7.62dB. The transmission spectrum of the MZI is shown
in figure 3. Then, the interferometer was placed into a heating
oven and a digital thermometer monitored the internal tempera-
ture of the heating oven. Finally, the spectra of the in-line PCF-
MZI were recorded by the OSA and the peak wavelengths in
the spectra were measured while the heating oven temperatures
were changed. Figure 4(a) shows the transmission spectra at
different temperatures. Obviously, the interference spectrum
shifts to the long wavelength when the temperature increases
monotonically. In order to obtain the relationship between the
resonance wavelength and the temperature, we draw a curve for
the wavelength shift of the interference spectra versus tempera-
ture, as shown in figure 4(b). The wavelength shift increases lin-
early within the temperature range of 20—140°C. A linear fitting
curve of the experimental data shows an obtained wavelength—
temperature sensitivity of 13pm°C"!.

The axial strain response of the in-fibre PCF-MZI sensor
was experimentally investigated. The in-line PCF-MZI with
an 8cm length PCF was attached on a cantilever beam. The
axial strain on the cantilever beam was monitored by a strain
gauge. The spectra of the in-line PCF-MZI were recorded by
the OSA. Figure 5(a) shows the transmission spectra with dif-
ferent axial strains. The peak wavelength shifts to the short
wavelength with the increase of the axial strain, which agrees
with the theoretical analysis. The strain-induced wavelength
shift is shown in figure 5(b). A linear fitting curve of the
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Figure 4. The temperature property of the PCF-MZI: (a)

the spectrum responses of the in-line PCF-MZI at different
temperatures; and () the relationship between the temperature and
the resonance wavelength.

experimental data shows that the wavelength shift is linearly
proportional to the axial strain with a sensitivity of 1pmue".
As a consequence of the applied axial strain, two orthogonal
linearly polarized modes propagate in the PCF with different
propagation constants Jf (birefringence). For silica, the lin-
ear-birefringence 6f is proportional to the axial strain, which
will lead to the peak wavelength shifting [23]. The peak wave-
length shifting caused by the birefringence effect can be cal-
culated to be of the order of 108 pm [22-24], which is much
smaller than our experiment results. Therefore, the birefrin-
gence effect is negligible.
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Figure 5. The strain character of the PCF-MZI: (a) the output
spectrum responses of the in-fibre PCF-MZI with the different
strain; and (b) the relationship between the strain and the peak
wavelength.
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Figure 6. Measured wavelength shifts at different temperatures
with three packaging materials.

The proposed temperature compensation method has been
experimentally demonstrated. We chose three different pack-
aging materials in experiments, which are steel, glass and
ceramic, respectively. Firstly, PCF-MZIs were fabricated and
bonded to the three packaging materials by using epoxy resin,
as shown in figure 1. Then, we placed the packaged interferom-
eters into the heating oven and recorded the transmission spec-
tra at different temperatures. Figure 6 shows the wavelength
shifts at different temperatures for three kinds of packaging
material. For the steel package with the CTE of 11 x 1076°C!,
the relationship between the temperature and the resonance
wavelength can be calculated as —13.4pm °C~! by using equa-
tion (5). In figure 6, the transmission spectrum shifts to the
short wavelength, indicating that the CTE of the steel is too
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Figure 7. The relationship between the temperature and the
wavelength shift with a different length of the PCF.

high to compensate the temperature of the PCF-MZI. The
slope of the linear curve fit can be obtained as =13 pm°C~!,
which agrees with the calculated result of —13.4pm °C~". For
the glass package, a slope of —3pm °C~! has been experimen-
tally observed, while the calculated slope by using the CTE
of the glass (7.0 x 1076°C™!) is —4.0pm°C~!. For the case
of the ceramic, a positive slope of 1.0pm°C~! was observed.
The ceramic is the most suitable material for the temperature
compensation. The temperature sensitivity has been reduced
to 1 pm°C~! by using the ceramic package, which is more than
one order of magnitude lower than the value of 13 pm °C~! for
the unpackaged PCF-MZI.

We also investigated the relationship between the tem-
perature stability and the length of the ceramic packaged
PCF-MZI. PCF-MZIs with different PCF lengths of 3, 9.5,
and 15cm were fabricated and bonded to ceramic pack-
ages. Figure 7 shows the relationship between the tem-
perature and the wavelength shift with a different length
of the PCF. With the increase of the length of the PCF,
the temperature stability of the in-line PCF-MZI with the
ceramic package remains substantially unchanged. The
temperature stability of the packaged PCF-MZI is deter-
mined by the characteristics of the PCF material and the
packaging material.

4. Conclusion

In conclusion, we have investigated an in-line PCF-MZI
with temperature compensation. The in-line PCF-MZI is
fabricated by splicing a section of the PCF between two
SMFs. The resonance wavelength in the transmission spec-
trum of an in-line PCF-MZI, which is induced by tempera-
ture and strain, shifts to the opposite direction. Therefore,
the temperature compensation of the in-line PCF-MZI can
be realized by using materials with a proper coefficient
of thermal expansion. Experimental results show that the
temperature sensitivity has been reduced to 1pm°C~! by
using the ceramic package, which is more than one order
of magnitude lower than the value of 13 pm°C~! for the
unpackaged PCF-MZI. The proposed temperature com-
pensation method is simple, passive, cost effective, and
easy to implement.
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