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CHAPTER 8

Plastic Optical Fiber Mach-Zehnder
Interferometer for Intensity-based
Refractive Index Sensor

lan Yulianti, Ngurah Made D. P., Zunita Aryani Fahma Latif, and
Abu Sahmah Mohd Supa’at
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8.4.2  Hysteresis and Accuracy 138
8.5 Conclusion 742

8.1 INTRODUCTION

Optical fiber sensors have attracted attention due to their
advantages, such as resistance to electromagnetic interference, light
in weight, small in size, small transmission attenuation, fast
response, flexible geometry, and large bandwidth. Fiber optic
sensors can be applied in high voltage, high temperature, or
corrosive environments. Moreover, the optical fiber sensor can be
implemented for remote monitoring. Fiber optic sensors has been
proposed for various measurements, such as strain (Chen et al.,
2021), displacement (Ghaffar et al., 2021), refractive index (Zheng
et al., 2021), temperature (Su et al., 2021), pressure (X. Li et al.,
2020) and biosensor (Xu, Xiong, and Yan 2021).

Refractive index is one of the important parameters in many
applications such as biomedical, biochemical, food and
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environmental industries. Various methods have been developed to
design fiber optic refractive index sensor, such as surface plasmon
resonance (SPR) method (W. Li ef al., 2020; Zhang et al., 2018),
Fabry-Perot interferometer (Huang et al., 2020), evanescent wave
(Samavati et al., 2019) and Mach-Zehnder interferometer (MZI)
(Wu et al., 2021). Among those methods, MZI has advantages of
good linearity, low cost, compact size and simple fabrication
process.

The principle of MZI refractive index sensor is by observing
the wavelength shift of the output spectrum due to the change of the
environmental refractive index. MZI refractive index sensors have
been reported using single mode silica optical fiber (SMF) by
implementing various structures.  Bhardwaj and Singh (2016)
fabricated MZI in SMF by cascading two tapers using a fusion
splicer. It was obtained that the sensitivity was 380nm/RIU. Melo et
al. (2016) obtained a refractive index sensor with a sensitivity of
1307 nm/RIU by using a Mach-Zehnder interferometer coated with
hafnium oxide. Other SMF-based MZI was proposed by Wang et al.
(2016). The MZI was constructed from photonic crystal fiber (PCF)
spliced in between two segments of SMF resulting in sensitivity of
260.8 nm/RIU. It is clear that the SMF-MZI has advantage of high
sensitivity. Moreover, it also offers high reproducibility and large
operational range. However, the SMF MZI has low mechanical
strength. Jasim et al. (2014) has proposed MZI using graded-index
(GI) plastic optical fiber (POF) by forming two tapers using heat-
and-pull technique. The advantages of POF are that it has higher
dimension and high mechanical strength than the SMF.
Nevertheless, it has drawback of low sensitivity. It was found that
the proposed GI-POF based MZI has a sensitivity of only 3.44
nm/RIU.

Beside exploiting the wavelength shift, measurement using
MZI can also be conducted by observing the change of the output
intensity. The advantage of adopting MZI for intensity modulation-
based sensor is that it can improve the sensitivity. Moreover, by
using MZI, the intensity measurement can be performed at two
different wavelengths. Dual-wavelength measurement method
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could be applied to overcome the drawback of the intensity-based
sensor which is strongly influenced by intensity fluctuations which
further limits its accuracy (Tapetado et al., 2014). Therefore, in this
work, we proposed an intensity-based POF-MZI sensor for
refractive index by implementing a dual-wavelength measurement
method. Characterization and analyses were conducted in terms of
sensitivity, linearity, hysteresis and accuracy.

8.2 PLASTIC OPTICAL FIBER MACH-ZEHNDER
INTERFEROMETER

MZI sensor is a phase modulation sensor using a two-beam
interferometer. The input light is separated into two parts which are
the reference path and the sensing path, as shown in Figure 8.1. The
reference path 1s the path covered with an insulated shield, while the
sensing path is the sensing area exposed to external factors such as
temperature, refractive index, and strain. After being separated for
a certain distance, the reference path and the sensing part are then
recombined. Once the light is recombined, interference occurs due
to the phase difference.

Sensing path

-
. X
Light source——— \}\ /f/ 3% Befator
¥ < b
Y-splitter Reference Y-splitter

path

Figure 8.1  Structure of basic Mach-Zehnder Interferometer

Intrinsic MZI could be realized using POF by forming two
tapers separated at certain distance. POF has advantage of having
large core diameter which is around 1 mm. This large diameter
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makes POF more durable and flexible than fiber glass. One of the
main disadvantages of POF is it has a much higher power loss
compared to silica optical fiber. Due to its high-power loss, POF is
not suitable for long distance communication system. Instead, POF
is widely used in optical sensor applications.

MZI structure using POF is shown in Figure 8.2. The two
tapers are separated by a distance L. The POF portion is heated and
stretched to form taper. Coherent light source as sensor input
propagates in the core mode. When the light pass through the first
taper, the light split into the cladding while the rest continues to
propagate in the core. The light that propagates inside the cladding
has difference phase with that propagates inside the core due to the
difference of the refractive index. The light is then recombined at
the second taper. The recombined light intensity is defined by (Jasim
etal.,2014)

loye =11 + 1, + 2,/111, cos cos AD (8.1)

where I1, b, A¢ are the intensity of light propagates at core, the
intensity of light propagates at cladding and the phase difference
between core mode and cladding modes, respectively. The phase
difference depends on the effective refractive index of the core
(ncore), and effective refractive index of the cladding (n..s) and also
the wavelength of the light (1) as defined by

Ap = 22 ANy L (8.2)

where ANeg=nciaa-ncore and L 1s the interferometer length. From
equation (8.2), it is shown that the intensity of the transmitted light
at certain wavelength highly depends on the effective refractive
index of the core and the cladding. Since the cladding exposed to the
environment, then its effective refractive index value change as the
environment refractive index changes. Therefore, by observing the
change of intensity at certain wavelength, the environment
refractive index can be determined. To eliminate the fluctuation of
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the intensity due to other factors that commonly occurs in intensity-
based sensor, we proposed dual-wavelength method.

Interferometer length (L)

4

e -
E— E— e
T s ol
1t taper 2n taper

Figure 8.2  Intrinsic MZI structure

83 METHOD

The intrinsic MZI was fabricated using step index (SI) POF with
core diameter of 980 um (CC2-1000, Sichuan Huiyuan Plastic
Optical Fiber Co., Ltd.). The core material and cladding material
refractive index are 1.49 and 1.41, respectively. The core material
of the POF is PMMA, while the cladding material is fluorinated
polymer. The first step of the MZI fabrication was removing the
polyethylene jacket of the POF using fiber stripper. To remove any
excess dirt, the POF was then cleaned using alcohol. The two ends
of the POF were attached to SMA 905 connector (Industrial Fiber
Optics, Inc) after polished them using fiber optic sandpaper. Tapers
were obtained by heating the POF using solder at temperature of
80°C (Jasim et al., 2014). The distance of the two tapers is 1 cm.
Measurement of the taper waist diameters were done by using CCD-
optical microscope.

The sensor response to the environment refractive index
change was characterized by immersing the MZI-POF in glucose
solution. The glucose concentration was varied with an increment
of 2% in the range of 0% to 12% at room temperature which
correspond to the refractive index of 1.3330 to 1.3547 (measured
using ABBE refractometer). Light was launched at the one end of
the POF, so that it propagates through the MZI. As a light source, a
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light emitting diode (LED) having wavelength of 430 nm and
bandwidth of 80 nm was used. At the other end, the POF was
connected to a spectrometer (Ocean Optics UV-VIS), so that the
output spectrum could be recorded. The characterization set-up is
shown in Figure 8.3.

Blue LED - (Q)
\
A\ Spectrometer
MZI - POF Computer

Glucose

Figure 8.3  Equipment set up for characterization of the sensor

8.4  RESULTS AND DISCUSSIONS

The fabricated MZI is shown in Figure 8.4 (a) and the images obtain
from CCD microscope are shown in Figure 8.4 (b) and Figure 8.4
(c). It is shown that two tapers have been formed on the POF. The
first taper and the second taper diameters are 533.783 and 690.74
um respectively. It is shown that the first taper is sharper than the
second taper to allow excitation of cladding modes. Meanwhile, the
smooth second taper was designed to reduce loss when the light
recombine.
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Figure 8.4 (a) The fabricated MZI, (b) microscope image of the first
taper and (c) microscope image of the second taper

The transmittance of the MZI in the air and in distilled water
are shown in Figure 8.5. It is observed that the spectra show
interference pattern with three dips and two peaks. The dips
occurred at wavelength of 424 nm (4,), 462.64 nm (43), and 519.48
nm ((45), whereas the peaks occurred at 437.14 nm (1,) and 478.77
nm (A,). It is also shown that the transmittances in distilled water
are lower than that in the air. The lower transmittance occurred due
to the influence of the refractive index of the distilled water which
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is higher than the refractive index of the air. This result agrees with
the Snell’s law that states that higher cladding refractive index
results in higher critical angle. Hence, more light will be refracted
to the cladding region which further causes the decrease of the
transmittance. The same results also obtained when the MZI was
characterized in various refractive index solutions, as shown in
Figure 8.6. As the refractive index increased, the transmittance
decreased for all wavelength range.

424,
.

0.960875503
437.14,
8 095 A 0.972050343
c K
© L\
-‘E‘ 478.77,
2 09 - 0.897309031
{
1—
o i Py,
N 085 17T  462.64, AR 519.48,
E 0.884584567 \ " 0.841991088
| - -
é’ 08 - ‘\\ —’..--.sf
— — =Distilled water =
[ ———Air
0.7 —————p—— ey
410 440 470 500 530

Wavelength (nm)

Figure 8.5  Spectra of the MZI in the air and in distilled water
8.4.1 Sensitivity and Linearity

Dual-wavelength method was realized by taking the transmittance
ratio of two wavelengths. For this purpose, the above-mentioned
wavelength of the dips and the wavelength of peaks were used. Ten
wavelength pairs were compared and analyzed to obtain the best
performance in terms of sensitivity and linearity. The wavelength
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pairs were A1/ Az, A1/ A3, Ao/ A3, At/ Aa, Ao/ Aa, A3/ Aa, A1/ As, Aol As, A3l As and
A4/ As. The transmittance ratios were calculated from the spectra of
the MZI output in various refractive index solutions which is shown
in Figure 8.6.

1.00

1.3330

— —-1.3397

0.95 1§
0.90 +

0.85 4

Normalized Transmittance

0.80 +

0.75 - t ! t ! f ! t ! t ! f ; f
400 420 440 460 480 500 520 540

Wavelength (nm)

Figure 8.6  Spectra of the MZI output in various refractive index
solutions

To obtain the refractive index sensitivity and the linearity
response of the MZI, the calculated transmittance ratios were plotted
against the refractive index values. The results showed that from all
wavelength pairs, there are six pairs that have good linearity, as
indicated by correlation factor of above 0.9, which arranged from
the highest are A2/44, A1/42, 22/43, A1/Aa, A3/4s, and A4/As as shown in
Table 8.1. The highest linearity was 0.9979 which is occurred at
wavelength of 1,/44 with sensitivity of 0.6336/refractive index unit
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(RIU). Meanwhile, in terms of sensitivity, the highest six
Wavelength pairs are 14/),5, 13/15, 12/14, 12/13, Al/A4 and A1/22.

Table 8.1 Sensitivity and linearity of the MZI of various wavelength pairs

Absolute .
Wavelength pairs  Sensitivity values ?;::::T;{:;l
(/RIU)

Ll 0.2877 0.9579
(13 0.1790 0.5873
A2/23 0.5151 0.9576
/24 0.2880 0.9511
A2l24 0.6336 0.9979
A3/A4 0.1083 0.4886
Ai/As 0.5298 0.8656
Aol As 0.1897 0.4090
A3l2s 0.6506 0.9256
Aalds 0.7732 0.9249

By considering both sensitivity and linearity, wavelength
pairs of A2/A3 and A»2/A4 were selected for further analysis since they
provide moderate sensitivity and high linearity. Linearity is
important since it determines the sensor accuracy. The transmittance
ratio graphs for 42/A3 and A»/A4 are shown in Figure 8.7. It is shown
that the transmittance ratio increased as the refractive index
increased. However, as expected, the transmittance at single
wavelength, decreased as the refractive index increased. The
transmittances at wavelength of A2, A3, and A4 for various refractive
index are shown in Figure 8.8. From Figure 8.8, it is also noticed
that the single-wavelength methods showed high linearity with
correlation factor of above 0.96 as well as high sensitivity. The
highest sensitivity and linearity showed at the measurement at A4,
which are -1.0481/RIU and 0.9851, respectively. Good sensitivity
and linearity at single-wavelength method contribute to the high
sensitivity and linearity of the dual-wavelength method.
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Figure 8.8  Normalized transmittance of the MZI vs. refractive index
for A2, Az and A4

8.4.2 Hysteresis and Accuracy

Hysteresis characterization was done by performing reverse
measurement from the highest refractive index to the lowest. The
results of a full cycle measurement at 1,/43 and 42/44 are shown in
Figure 8.9. Total hysteresis error (H) is the maximum hysteresis
error across the full cycle as defined by (Avila-Garcia et al. 2018)

H = ((1) - DW)/1(D) (8.3)

where I(i) and D(i) are the transmittance ratio from the increasing
measurement and the decreasing measurement of the i data,
respectively.  Calculation results showed that A»/A3 has lower
hysteresis error than A»/A4. The values of the hysteresis error for
A2/23 and Ap/As are 8.67x10* and 1.857x107 respectively. Beside
nonlinearity, hysteresis is another factor that contributes to the
Sensor accuracy.



Plastic Optical Fiber Mach-Zehnder Interferometer 139

1.140

o 1.136

©

Q

Q

c 1.132

[

E

£

c

91.128

— —&— Increasing
—&— Decreasing

1124 —mi——4—u—— 1 1

1.333 1.337 1.341 1.345 1.349 1.353 1.357
Refractive index (RIU)

(a)
A2/\

1.135

1.130

1.125

1.120

Transmittance ratio

1,115

—&— Increasing
—O— Decreasing
1.110 —_—

1.333 1.337 1.341 1.345 1.349 1.353 1.357

Refractive index (RIU)
(b)

Figure 8.9  Hysteresis curve of dual-wavelength method at (a)
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For comparison, hysteresis of single-wavelength method
was also analyzed. Hysteresis of measurement at 14 was used since
it has the highest sensitivity and linearity. The hysteresis curve of
measurement at A4 is shown in Figure 8.10. The total hysteresis
obtain from calculation is 4.212x1073. Therefore, the dual-
wavelength measurement provides better hysteresis compared to the
single-wavelength method. Hysteresis improvement obtained by
using wavelength pair of A»/A3 and Ax/A4 are 79.4% and 55.9%,
respectively.

0.86
A

Q
o
c —@&— Increasing
8 0.85
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£
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£ 083 |
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1.333 1.337 1341 1345 1.349 1.353 1.357
Refractive index (RIU)

Figure 8.10 Hysteresis curve of single-wavelength method at A4

To investigate the accuracy, the refractive index obtained
from dual-wavelength methods were calculated using the linear
regression equation obtained from graphs in Figure 8.9(a) and (b),

as defined by Tr—0.4415
T—0.
_ Tr-04415 (8.4)

n =
1 0.5151
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Tr—0.2723
No =———
0.6336

(8.5)

where n; and n> are the refractive index obtained using wavelength
pair of A2/A3 and using wavelength pair of /A/44, respectively.
Whereas 77 1is the transmittance ratio obtained from the
measurement. The accuracy is obtained by calculating the relative
error of the measured refractive index compared to the actual
refractive index (the actual refractive index of the glucose solution
measured by using ABBE refractometer). The accuracy of the
single-wavelength method was also calculated for comparison
purpose. The measured refractive index using wavelength of 14 (n3)
is defined by the regression linear equation obtained in Figure 8.8,
which is

ny = Tr—2.2483

1.0481

(8.6)

The relative errors of twice measurement using dual-
wavelength and single wavelength method are shown in Figure 8.11.
It is shown that, by using single wavelength method, the relative
errors of the two cycles are different in significant values. It is
indicated that the single wavelength method is highly affected by
the transmittance fluctuation during measurement. The highest
relative errors of all measurement of the single wavelength method
are 0.357%. Meanwhile, for the dual-wavelength method, the
highest relative errors are 0.235% and 0.291% for A2/43 and A2/44,
respectively. Therefore, the accuracy improvement of the dual
wavelength method is 34.21% and 18.64% for A»//3 and A2/74,
respectively. Clearly, the higher sensor accuracy was achieved by
implementing wavelength pair of 12/43. This result is in line with
the result of the hysteresis analysis, and it is acceptable since the
more hysteresis error is reduced, the higher the accuracy is.
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Figure 8.11 Relative error of dual-wavelength and single-wavelength
method for two cycle measurement

85 CONCLUSION

Intensity-based MZI sensor for refractive index measurement using
SI-POF has been fabricated by forming two tapers. The
measurement method was done by using dual wavelength to
improve the sensor accuracy. The results showed that by using the
proposed dual-wavelength method, the hysteresis error was
significantly reduced to 79.4%. As consequence, the sensor
accuracy was improved with improvement up to 34.21%. The
highest improvement was achieved at wavelength pair of 12/43.
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