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Advanced fiber optic sensing systems are in demand for different thermodynamics applications. In
this article, an optical heterodyne Fiber Bragg Grating temperature sensors based on Mach—Zehnder
interferometer are presented. The system uses a Fiber Bragg Grating as a tunable element from a single
laser source. The experimental results show that the experimantal setup is stable while its costs and
requirements are reduced by implementing a single source laser which generates two specific wavelengths
(1547.8 nm and 1550 nm). The sensitivity of the modified system is about 15 pm/°C, which is larger
than other traditional detection systems. Efficient setting conditions, sensitivity and optimization of
the correlation coefficient — these features are significant in detecting a synthetic heterodyne group

(2021)

because they are responsible for fast and sensitive topographic imaging.
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1. Introduction

There is a considerable interest in the develop-
ment of new optical fiber-based sensing devices.
Such devices need to be reliable, highly sensi-
tive, simple in fabrication and affordable to com-
pete with conventional sensors. Recently, there is
a rapid growth of technology of Fiber Bragg Grat-
ings (FBG) as a temperature sensors [1-4]. Many
different temperature sensing techniques are based
on the structure of optical fibers, for example,
Mach—Zehnder interferometers (MZI) [5-7], Fabry—
Perot interferometers [8, 9] and Sagnac interferom-
eter [10]. Parameters such as carrier heating in-
fluence semiconductor materials (optical fibers and
FBG) [11]. The temperature sensitivity of FBGs de-
pendeds on the refractive index modulation [12].
Furthermore, the fiber core refractive index An
varies according to [13]

)

An(z) = on [1 +vcos (2/12 (1)

where 0n is the average correction to the value of the
fiber core refractive index, v is the refractive index
modulation coefficient (0 < v < 1), 4 is the grating
period, and z is the fiber grating’s axial location
coordinate. The combination of the reference and
sensing outputs produces a frequency shift, known
as beat frequency f,. The difference between the
two signals can be represented as follows [14]

fb:fs_frv (2)
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where f; and f, are sensing and reference frequen-
cies. The signal intensity of the electro—optical de-
tector can be described as follows [15]

I= %Af [1+ cos(2wst + 264)]
—s—%Af [1+ cos(2wyt + 265)]
+A A, cos ( (ws +wy)t+ 9)

+AgA; cos ((ws — wy) t+6) (3)
where Ag and A, are the amplitudes in the sensing
and reference arms, wy and w, are the angular fre-
quencies in the sensing and reference arms, respec-
tively. The angle of light incidence is denoted by
#, while lower indexes 1,2 correspond to the sens-
ing and reference light waves, respectively. We used
FBG to get a tunable source in a simulation of
a modified heterodyne optical system [16]. In this
work, a proposed standard and a modified optical
heterodyne FBG temperature sensor based on MZI
technique were investigated.

2. Experimental setup

Our experiment described in this paper is devided
into two parts. Let us start with the block diagram
of the standard optical heterodyne FBG temper-
ature sensor based on MZI technique, illustrated
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Fig. 1. Block diagram of standard optical hetero-

dyne FBG temperature sensor based on MZI tech-
nique.
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Fig. 2. Block diagram of modified optical hetero-
dyne FBG temperature sensor.

in Fig. 1. The MZI design consists of two arms,
i.e., the sensing and the reference arm. The sens-
ing arm consists of (i) a single-mode laser source 1
“fiber pigtailed diode (Thorlabs)” with wavelength
of 1550 nm and power of 1.5 mW, connected to the
red fiber (input port) of the optical fiber circulator,
(ii) FBG1 (with Bragg wavelength equal to 1548.254
nm, reflectivity 89%, and bandwidth 0.183 nm)
which is immersed in a controlled temperature wa-
ter bath. The input port of FBGI is connected to
the blue fiber of the optical fiber circulator and thus
the reflected wave of FBG1 travels along the white
fiber (output port) to be detected. The reference
arm consists of another laser source 2 coupled with
a fiber (ONTI inc) of wavelength 1550 nm and max-
imum power 3 mW. These two sources are slightly
different in wavelenght to achieve the heterodyne
condition. The input port of the laser is connected
to the input of the FBG2 which has a broad Bragg
wavelength range 1530-1573 nm with £0.3 nm, re-
flectivity 95 + 5%, bandwidth 0.1-2.0 nm. The two
outputs of the MZI are joined by an optical cou-
pler. Then, the output port is connected to OSA
to record the spectra for each applied temperature.
The applied temperature is 30-60°C with the step
value of 5°C.

Moreover, the block diagram of the modified op-
tical heterodyne FBG temperature sensor based on
the MZI interferometer is shown in Fig. 2. Here,
the modification in FBG is achieved by using one

optical source instead of two sources — just as in the
second setup. The heterodyne system will be gener-
ated with a single-mode laser source “fiber pigtailed
diode (Thorlabs)” with a wavelength of 1550 nm,
and power 1.5 mW connected to the optical coupler
(operating wavelength 1280-1620 nm , operating
temperature 30-60°C and coupling ratio 50%). The
first output port connects to FBG1 with the output
wavelength 1547.8 nm, different from the original
wavelength. The second output port represents the
second source with the wavelength 1550 nm. Thus,
we get two sources from one source with a slight
difference between their wavelengths as desired for
the heterodyne condition.

3. Results and discussion

In order to measure the response of the sens-
ing systems, first we record the spectra of laser
sources and the FBG sensor and reference, as shown
in Fig. 3. One can notice that there is a shift to-
wards the infrared (IR) region due to the Bragg
wavelength condition.

The results of the two waves interference caus-
ing an intensity modulation at the beat “frequency”
(heterodyne condition) are given by (3). The het-
erodyne spectra for the two used laser sources, the
standard heterodyne, and the modified heterodyne
systems are shown in Fig. 4a—c, respectively.

The spectra of the reflected FBG wavelengths was
recorded and analyzed for each sensing temperature
for different temperature sensor configurations, as
shows in Fig. 5. The reflection spectra collected
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Fig. 3. The laser of (a) FBG sensor, (b) FBG ref-
erence spectra.
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Fig. 4. The beat frequency of heterodyne detec-
tion using SMF’s at room temperature for (a) two
light sources, (b) standard system, and (c¢) modified
system.

online are based on (a) reflected spectra of FBG,
(b) standard MZI and heterodyne system, (c¢) mod-
ified MZI and heterodyne system, respectively. The
temperature was increased from 30 to 60°C, mostly
in steps of 5°C.

In Fig. 5, we can notice that the temperature vari-
ation leads to shifting in the Bragg wavelength to-
wards longer wavelengths. The intensity decreases
when the temperature of the FBG sensor increases.
Moreover, for heterodyne systems based on two
sources and one source, an intensity fluctuation can
be observed. This can be a result of temperature
variation or of optical power losses due to imperfect
connection between the optical coupler and circula-
tor. In addition, the indication of sensitivity of the
temperature sensor is related to the Bragg wave-
length shift, not to the intensity variation. The rela-
tion between the shifted Bragg wavelength and the
applied temperature of each experiment are shown
in Fig. 6.
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Fig. 5. The reflected spectra collected online for
different temperature sensor schematics based on,
(a) standard heterodyne system based on MZI tech-
nique, (b) modified heterodyne system.

The sensitivity was calculated from the slope
of the linear relationship in Fig. 6, and it equal
to 7 pm/°C, 9 pm/°C, and 15 pm/°C with the cor-
relation factor equal to 0.99, 0.98, and 0.99 for the
temperature sensor based on the reflected spectra
of FBG, standard MZI and heterodyne system, and
modified heterodyne system, respectively. From the
above results, the modification in the optimized sys-
tem leads to the enhancement of sensor sensitivity.
Our results agree with [16] where couple of FBGs
was implemented.

4. Conclusions

In this work, a tunable source from a single laser
source is obtained, by utilizing a proposed design
of a heterodyne optical system. The use of a single
source laser to generate two distinct wavelengths
provides performance stability while also lowering
costs and other requirements. The sensitivity of the
proposed system is about 15 pm/°C with correla-
tion factor equal to 0.99. Efficient setting condi-
tions, sensitivity and optimization of the correlation
coeflicient — these features are significant in de-
tecting a synthetic heterodyne group because they
are responsible for fast and sensitive topographic
imaging.
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Fig. 6. The relationship between shifted Bragg wavelength and applied temperature for (a) reflected spectra

of FBG, (b) standard heterodyne system based on MZI technique, (¢) modified MZI heterodyne system.
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