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ABSTRACT
In this paper, a new method to realize the optical fibre sensor using an optical heterodyne
technique (OHT) is proposed and numerically demonstrated. In this method, the bandpass
filter (BPF) was utilized as a reference element and fibre Bragg grating (FBG) served as a
sensing element. The wideband light is equally split and launched to sensing and reference
elements. The reflected light of sensing element coherently interferes with the output of BPF
inside 3-dB coupler. A photodiode detects the interfered signal and the beat frequency can
be determined to achieve a high-resolution. To examine the proposed method, the scheme
for temperature sensing is investigated. The Fabry-Perot narrow-bandpass filter type (F7
glass) serve as BPF. The results reveal that a good and fast response to temperature change
with the sensitivity of 1.152 GHz/ oC can be obtained.
Keywords: Bragg Grating Fibre, Fabry-Perot Narrow-Bandpass Filter, Interferometric
Sensors, Optical Heterodyne Technique.

1.

INTRODUCTION

Optical fibre sensors have been widely studied and developed, due to its numerous advantages
such as small size, lightweight, immunity to electromagnetic interference, low cost, high
durability, and multiplexing capability [1]. Accordingly, there are many techniques to realize
optical fibre sensors. Fibre sensors are well known due to its wide range of applications in the
monitoring of strain, temperature [2], and other mechanical, chemical [3], biomedical
parameters, biomechanics and rehabilitation applications [4].
The optical heterodyne technique (OHT) is an interferometric technique that utilizes frequency
or wavelength difference between two incoming signals [5, 6]. In optical sensing, OHT uses two
signals with different wavelengths, where an incoming wave with a specific frequency, fs, which
is mixed with a local wave with different frequency, fo using a 3-dB coupler. Inside the optical
coupler, the waves interfere jointly to be detectable and analyzable by a photodiode that was
placed at the output of the optical coupler. The photocurrent with a frequency difference called
beat frequency ( fB) was received at the output part [7]. Several methods have been proposed to
implement the OHT based on fibre sensors. Furthermore, there are several attempts to add
elements for several purposes such as improving the performance of the system and reducing the
cost and complexity. In 2012, Zhao et al. [8] proposed an OHT for a current sensor using nanowire grid in-line polarizer. In 2018, Duan et al. [9] demonstrated a temperature sensor with highresolution employing OHT technology by using a single-frequency fibre laser with narrow
linewidth. The cost, complexity, and limited choices are the main problems in the previous works.
In addition, OHT that uses two identical Bragg grating (FBG) has been proposed to measure
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temperature change [10]. In this technique, one of FBG was utilized as a reference signal and
another FBG operated as a sensing element. The proposed sensor has instantaneously measured
temperature over a wide dynamic range with good sensitivity. However, it needs to maintain the
temperature of the reference arm at a specific value for ensuring accurate measurements.
In this paper, a new method for implementing optical heterodyne technique based bandpass filter
(BPF) and FBG sensor was proposed. In this method, a Fabry-Perot narrow-bandpass filter acts
as a reference element and uniform FBG was used as a sensing element to achieve OHT. Due to its
response to the temperature is approximate nil, Fabry-Perot filter made of F7 glass was proposed
as BPF for minimizing the effect of temperature on the reference element. The temperature of the
sensing element was varied in order to examine the proposed sensor. The rate of beating
frequency shift per centigrade is about 1.152 GHz, for the proposed system.
2. THEORETICAL CONCEPTS
The block diagram of the proposed OHT is shown in Fig. 1. The proposed system consists of
wideband laser (193.1 THz), 3-dB coupler, BPF (as reference arms), FBG (as sensing arms), beam
combiner and photodetector (PD). The process of generating frequency based on OHT represents
a frequency beating or optical beating. A photodetector receives the mixed optical waves to obtain
a photocurrent with fB in front of the photodetector. The outcome photocurrent is given by
equation 1 [7, 10]:
𝑖 = 𝑅[𝑃𝑆 + 𝑃𝑅 + 2√𝑃𝑆 𝑃𝑅 cos(2𝜋(f𝑆 − f𝑅 ) 𝑡 + 𝑆 − 𝑅 )]

(1)

where R is detector responsivity, 𝑃𝑆 and 𝑃𝑅 represent the powers of sensing and reference signals,
fS and fR are the frequency of the sensing and reference signals, 𝑆 and R represent the phases of
the two signals, which incident on the photodetector. The first term of equation 2, R(PS+PR),
generates the constant direct current and can be removed easily using bandpass filters. The
heterodyne signal is then given by the alternating current:
I ac  2R PS PR cos2 f B  S  R 

(2)
where fB is generated beat frequency and it equals to fS – fR [11, 12], furthermore fB ˂˂fS , fR [7].
When the fields of both optical waves are overlapped with common polarization, the optical beat
frequency can be achieved by [13, 14]:
𝑐

𝑐

∆𝜆𝑐
𝑆 𝜆𝑅

𝑓𝐵 = 𝜆 − 𝜆 = 𝜆
𝑆

𝑅

(3)

where 𝑐 is the light speed in free space, 𝜆𝑆 and 𝜆𝑅 are the wavelength of the sensing and reference
signals. Changes in the environments of the sensing element can vary Bragg frequency, for
example, changing in temperature modifies the grating space and the index of refraction, leading
to a shift in Bragg frequency [15-17].
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Figure 1. Block diagram of the proposed sensor. OSC represents oscilloscope and OSA is an optical
spectrum analyzer.

The temperature change can be expressed as a function of beating frequency by [9, 18]:
∆𝑇 =

𝑓𝐵
(𝛼+𝜉)

𝑐
𝜆𝑆

(4)

where 𝛼 and 𝜉 represent thermal-expansion and thermo-optic coefficients of the FBG,
respectively. For standard FBG, 𝛼 and 𝜉 are ~1.1×10-6/oC and ~8.3×10-6/oC, respectively. Based
on equation 4, the resolution of the proposed sensor is mainly governed by the linewidth of the
light source. The effect of linewidth on temperature measuring can be described as in Eq. (5):
𝛿𝑇 =

1
(𝛼 + 𝜉)𝛿𝜈

(5)

3. PROPOSED SENSOR SETUPS
Setup of the proposed system is shown in Fig. 2. The proposed sensor comprises of a wideband
optical source centred at 193.1 THz, narrow BPF and FBG sensor. The BPF that represents the
reference element was modelled with a bandwidth of 5 GHz and centre frequency (fBPF) of 193.1
THz while the FBG that acts as sensing element is set with a reflected frequency of 193.252 THz,
and linewidth of 5 GHz. After the light beam launched to the first coupler (C1), the reflected beam
of FBG was led through C1. All Bragg transmitted frequencies were blocked by BPF, except the
allowed frequencies. Both of transmitted frequency of BPF and the reflected frequency of FBG
were mixed inside second optical coupler (C2). Finally, the combined signal was detected at the
end of C2 by a photodiode (PD) and was converted to an electrical signal. The detected signal was
displayed by an oscilloscope (OSC). This study proposed the Fabry-Perot made of F7 glass with 5
GHz bandwidth as BPF, because its response to the temperature is almost nil [19, 20]. The
relationship between environmental changes and frequency shift can be obtained by using a
sensing element according to the equation 4, when the transmitted frequency of BPF is fixed.
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Figure 2. Proposed optical sensing system.

4. RESULTS AND DISCUSSION
In this section, the performance of the proposed system utilizing OHT is numerically
demonstrated using VPItransmisionMaker software. To investigate the performance of the
proposed optical sensor, the sensing element that is sensitive to temperature were considered.
Figure 3(a) shows the optical spectrum of the combined signal at the output of the proposed
sensor before the incident on photodiode when the temperature is changed over a range from 0
to 100oC. The Bragg frequency shift due to thermal expansion comes from the modification of the
grating spacing and the refractive index. This work used wavelength shift per one centigrade
which is approximately 14 pm/oC [21, 22]. In order to show the change in beating frequency as
the temperature is varied, the detected signal by PD is displayed on the oscilloscope. The change
of beat frequency, fB is demonstrated in Figure 3(b) for different values of temperature. The shift
in fB comes from the increase in the difference between sensing and reference signal as a function
of T as is illustrated in equation 3. Although the frequency shift in Figure 3(a) seems linear, the
accurate measurements for beating frequency show nonlinear behaviour. This resulted from a
thermo-optic effect.
In order to explore the performance of the proposed sensor, Table 1 displays the effect of
increasing the temperature from 0 to 100oC on the optical frequency and beating frequency. It
can be noted that the optical frequency decrease with increasing temperature while the beating
frequency is increased.
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Table 1 Effect of changing temperature on the optical frequency and beat frequency
T (oC)

f (THz)

fB (GHz) (Analytical)

fB (GHz)
(Numerical)

0

193.06

40

45.8

20

193.0252

74.8

71.4

40

192.9905

109.5

91.7

60

192.9557

144.3

107

80

192.9209

179.1

128.1

100

192.8862

213.8

161

Figure 3. Effect of changing temperature on the performance of the proposed sensor where: a) optical
spectra, and b) beat frequency fB shift.
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Figure 4 shows the beating frequency fB as a function of temperature. The results were obtained
over the temperature range from 0 to 100oC. It can be observed that the beat frequency that
analytically calculated is linearly changed with the temperature over the entire range. However,
because the simulation setup takes into account the effect of thermo-optic, numerical results are
not exactly matched the analytical results. The numerical rate of shifting beating frequency per
changing in temperature is about 1.152 GHz/oC. In addition, the resolution can be determined by
using equation 5 and it records about 21×10-6/oC.

Figure 4. Relationship between T (oC) and fB (GHz) of the OHT system.

5. CONCLUSION
The new efficient approach to interrogate the optical sensors based on optical heterodyne
technique (OHT) has been proposed. In the proposed system, the output light of both optical
sensing and reference arms inherently interfere inside the output coupler. The photodiode
receives the interfered light and the oscilloscope measure the beat frequency. To explore the
performance of the proposed method, the scheme for temperature sensing has been numerically
demonstrated using VPItransmisionMaker software, in which F7 glass Fabry-Perot has been used
as BPF because its response to temperature change is approximately nil. The results reveal that a
good and fast response to temperature change with a sensitivity of 1.152 GHz/oC can be obtained.
Furthermore, the proposed OHT has been built to reduce system complexity.
REFERENCES
[1]
[2]
[3]

246

H.-E. Joe, H. Yun, S.-H. Jo, M. B. Jun, & B.-K. Min, "A review on optical fiber sensors for
environmental monitoring," International journal of precision engineering and
manufacturing-green technology 5 (2018) 173-191.
G. Woyessa, A. Fasano, C. Markos, A. Stefani, H. K. Rasmussen, & O. Bang, "Zeonex
microstructured polymer optical fiber: Fabrication friendly fibers for high temperature and
humidity insensitive Bragg grating sensing," Optical Materials Express 7 (2017) 286-295.
U. Dreyer, K. d. M. Sousa, J. Somenzi, I. d. Lourenço Junior, J. C. C. d. Silva, V. d. Oliveira, et al.,
"A technique to package Fiber Bragg Grating Sensors for Strain and Temperature
Measurements," Journal of Microwaves, Optoelectronics and Electromagnetic Applications
12 (2013) 638-646.

International Journal of Nanoelectronics and Materials
Volume 13, No. 2, Apr 2020 [241-248]

[4]
[5]

[6]
[7]

[8]
[9]
[10]
[11]
[12]
[13]
[14]

[15]
[16]

[17]
[18]
[19]
[20]
[21]
[22]

E. Al-Fakih, A. Osman, N. Azuan, & F. R. Mahamd Adikan, "The use of fiber Bragg grating
sensors in biomechanics and rehabilitation applications: the state-of-the-art and ongoing
research topics," Sensors 12 (2012) 12890-12926.
K. Krzempek, A. Hudzikowski, A. Głuszek, G. Dudzik, K. Abramski, G. Wysocki, et al., "Multipass cell-assisted photoacoustic/photothermal spectroscopy of gases using quantum
cascade laser excitation and heterodyne interferometric signal detection," Applied Physics
B 124 (2018) 74.
R. Bommareddi, "Applications of optical interferometer techniques for precision
measurements of changes in temperature, growth and refractive index of materials,"
Technologies 2 (2014) 54-75.
A. García-Juárez, I. Zaldívar-Huerta, G. Aguayo-Rodríguez, J. Rodríguez-Asomoza, R. GómezColín, A. Vera-Marquina, et al., "Optical heterodyne technique for generating and
distributing microwave signals," in Broadband Access Communication Technologies IV,
(2010) 762009.
Y. Zhao, F. Zhou, F. Xu & Y.-Q. Lu, "A heterodyne optical fiber current sensor based on a
nanowire-grid in-line polarizer," IEEE Photonics Journal 4 (2012) 1288-1294.
L. Duan, H. Zhang, W. Shi, X. Yang, Y. Lu, & J. Yao, "High-resolution temperature sensor based
on single-frequency ring fiber laser via optical heterodyne spectroscopy technology,"
Sensors 18 (2018) 3245.
H. Bellil & M. A. Abushagur, "Heterodyne detection for fiber Bragg grating sensors," Optics
& Laser Technology 32 (2000) 297-300, 2000.
M.-G. Ji, B.-H. Son, T.-R. Kim, M. Jung, H.-S. Kim, C.-M. Kim, et al., "Optical heterodyne
detection for ultra-high Q micro-disk laser sensor," in Laser Resonators, Microresonators,
and Beam Control XVIII, (2016) 97271A.
H. Luo, X. Yuan, & Y. Zeng, "Range accuracy of photon heterodyne detection with laser pulse
based on Geiger-mode APD," Optics Express 21 (2013) 18983-18993.
A. García-Juárez & I. E. Zaldívar-Huerta, "Optical heterodyne technique: An alternative for
measurements of reflected power of antennas," in 2013 SBMO/IEEE MTT-S International
Microwave & Optoelectronics Conference (IMOC), (2013) 1-6.
P. Hernández-Nava, A. Baylón-Fuentes, I. Zaldívar-Huerta, J. Rodríguez-Asomoza, A. GarcíaJuárez, G. Aguayo-Rodriguez, et al., "Microwave hybrid fibre-radio system based on optical
heterodyne technique," in 2011 ICO International Conference on Information Photonics,
(2011) 1-2.
J. Huang, Z. Zhou, D. Zhang, & Q. Wei, "A fiber Bragg grating pressure sensor and its
application to pipeline leakage detection," Advances in Mechanical Engineering 5 (2013)
590451.
R. C. Leite, V. Dmitriev, C. Hudon, S. Gingras, C. Guddemi, J. Piccard, et al., "Analysis of
Thermo-Mechanical Stress in Fiber Bragg Grating Used for Hydro-Generator Rotor
Temperature Monitoring," Journal of Microwaves, Optoelectronics and Electromagnetic
Applications 16 (2017) 445-459.
H. K. Hisham, "Bandwidth characteristics of FBG sensors for oil and gas applications,"
American J. Sensor Technol 4 (2017) 30-34.
M. Xu, L. Reekie, Y. Chow, & J. P. Dakin, "Optical in-fibre grating high-pressure sensor,"
Electronics Letters 29 (1993) 398-399.
S.-H. Kim & C.-K. Hwangbo, "Temperature dependence of transmission center wavelength
of narrow bandpass filters prepared by plasma ion-assisted deposition," Journal of the
Korean Physical Society 45 (2004) 93-98.
S.-H. Kim & C. K. Hwangbo, "Derivation of the center-wavelength shift of narrow-bandpass
filters under temperature change," Optics express 12 (2004) 5634-5639.
Q. Wu, Y. Okabe, & F. Yu, "Ultrasonic Structural Health Monitoring Using Fiber Bragg
Grating," Sensors 18 (2018) 3395.
K. T. Kim, I. S. Kim, C.-H. Lee, & J. Lee, "A temperature-insensitive cladding-etched fiber
Bragg grating using a liquid mixture with a negative thermo-optic coefficient," Sensors 12
(2012) 7886-7892.
247

Deyhaa A. Resen, et al. / Optical Fibre Sensor Using Frequency Beating Technique

248

