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	 Conventional acousto-ultrasonic piezoelectric sensors can be easily interfered in strong 
electromagnetic environments such as partial discharge (PD).  Current research shows that 
the effective refractive index difference between two orthogonal polarization modes increases 
differently with external pressure.  Light output intensity can be detected by interference 
demodulation and depolarization from the polarization-maintaining fiber (PMF) between the 
two orthogonal polarization modes, and then pressure variations can be obtained.  In this study, 
a new type of acousto-ultrasonic sensor based on the principle of polarization interference is 
designed to detect PD-induced ultrasonic signals.  Simulation and experimental results are also 
discussed by comparing the following two types of PMFs as the sensing unit: polarization-
maintaining photonic crystal fiber (PM-PCF) and polarization-maintaining and absorption-
reducing (PANDA) fiber.  Analysis results have indicated that the PM-PCF has a higher 
sensitivity towards external pressure, because its birefringence has a linear relationship of 2.02 
× 10−6 RIU/MPa, far beyond 3.01 × 10−11 RIU/MPa of the PANDA fiber.  Then, the function 
between external pressure and light output intensity can be analyzed.  The proposed fiber 
optic sensor using the PM-PCF as the sensing unit has a higher signal-to-noise ratio (SNR).  
Therefore, this type of sensor can more easily find the initial failure of equipment.  

1.	 Introduction

	 Gas-insulated switchgear (GIS) has various advantages such as an integrated structure, 
a small electromagnetic interference, and low-cost maintenance.  It has been used widely in 
current extra-high-voltage (EHV) distribution and transmission systems.(1,2)  However, GIS 
faults without prior detection can result in the destruction of large-area grid systems and in 
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extraordinary economic losses.  The reliability of insulation in the GIS is regarded as one 
of the most important characteristics in monitoring the health status of EHV systems.(3–5)  
Partial discharge (PD) is usually an early signal of insulation failure.  It often occurs with 
secondary physical phenomena such as light and sound generation, temperature fluctuation, 
electromagnetic wave emission, and chemical reactions.(6–10)  By measuring these relative 
performance characteristics of PD, potential internal threats can be detected so that GIS faults 
can be recognized and eliminated in advance.
	 Being a nondestructive testing technology, acousto-ultrasonic detection can be fully applied 
in monitoring the structural stress destruction and discharge damage of insulating materials.(11,12)  
However, conventional acousto-ultrasonic sensors are mainly piezoelectric sensors.  These 
sensors are manufactured using the principle of piezoelectric induction, so they are easily 
interrupted and hardly maintain a high reliability in strong electromagnetic environments such 
as PD in EHV systems.(11,13–15)  As a result, in order to design a new type of acousto-ultrasonic 
sensor to satisfy the requirements of high stability and reliability in the long-period detection 
of a harsh environment, another measurement principle or material should be considered and 
developed.
	 Fiber optic sensors have been used widely in modern industry, which provides an ideal 
solution to this problem.  There are many advantages of fiber optic sensors such as small 
volume, tolerance to high pressure and temperature, and immunity to electromagnetic 
interference.(16,17)  Fiber optic sensors are based on the following different principles: intensity 
modulation, phase modulation, polarization modulation, frequency modulation, wavelength 
modulation, and so on.(18–20)  However, there are two types of sensors that receive much more 
attention, namely, phase and wavelength modulation sensors.  Both of them have the advantages 
of high reliability and stability.  However, phase modulation sensors do not have fast responses 
towards signals, and the structure of wavelength modulation sensors is usually complex, 
which may induce a strong noise.  Current research indicates that the effective refractive 
index difference between the two orthogonal polarization modes increases differently with 
external pressure.  Light output intensity can be detected by interference demodulation and 
depolarization from the polarization-maintaining fiber (PMF) between the two orthogonal 
polarization modes, and then pressure variations can be obtained.  Before this research, one 
type of acoustic-emission sensor based on the principle of polarization modulation has been 
designed by our research team to detect PD-induced pressure signals.(21)  However, the study on 
the characteristics of sensor sensitivity is pending to be further improved.  

	 In this study, two acousto-ultrasonic sensors based on the same principle of polarization 
interference are fabricated to monitor PD-induced ultrasonic signals.  Firstly, a simulation based 
on the finite element method (FEM) is performed to compare the following two types of PMFs 
as the sensing unit: polarization-maintaining photonic crystal fiber (PM-PCF) and polarization-
maintaining and absorption-reducing (PANDA) fiber.  Analysis results indicate that the PM-
PCF has a higher sensitivity towards external pressure, because its birefringence has a linear 
relationship of 2.02 × 10−6 RIU/MPa, far beyond 3.01 × 10−11 RIU/MPa of the PANDA 
fiber.  Then, the new sensor is designed and the experimental platform is established to test 



Sensors and Materials, Vol. 31, No. 5 (2019)	 1409

its performance.  Results prove that the proposed fiber optic sensor using the PM-PCF as the 
sensing unit has a higher signal-to-noise ratio (SNR).

2.	 Sensing Principle

	 Figure 1 shows the structure of the fiber optic ultrasonic sensor using the PMF.  First, the 
light from the laser source is polarized through the polarizer.  The initial intensities in the x- 
and y-directions should be equal so that the final intensity can be calculated.  Thus, the light 
is injected 45° to the slow axis (x-axis) of the sensing unit, which is composed of the PMF.  
Then, the sensing unit decomposes the incident light into two perpendicular linearly polarized 
lights, Ex and Ey, according to different propagation constants, βx and βy.  The fiber splitter 
distinguishes the two beams of polarized light, and sends them to the fiber coupler, which 
rotates one of the polarization directions by 90° and combines two polarized lights.  Finally, 
the unit detector receives the coupled signal and sends it to the signal acquisition terminal for 
processing and analyis.
	 Equation (1) describes the output light intensity, where k0 = 2π/λ is the wave number in 
vacuum and L is the length of the fiber.  In this research, the wavelength λ is 1550 nm, so k0 is 
4.05 × 106 rad/m.
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Fig. 1.	 Structure of the fiber optic ultrasonic sensor.
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Φ1 and Φ2 in Eq. (2) are the differences between the phase of the fiber output and the initial 
phase.  nx and ny are the effective refractive indices of x- and y-polarized lights, respectively.  
The relationship between nx, ny, and the propagation constant is β = k0neff.  B = |nx − ny| = 
k0|βx − βy|, defined as the birefringence, is the key factor to the output interference light 
intensity.  When the PMF is under external pressure, the optical properties change because 
of the photoelastic effect, result in the change in B, and consequently affect the output light 
intensity.(22)

3.	 Simulation

	 In this paper, FEM is used as the method of analysis for the sensor in simulation.  COMSOL 
Multiphysic® is used here to analyze the birefringent properties of the PMF under external 
pressure.(23–25)  The SM15-PS-U25D PANDA fiber fabricated by Japan Fujikura Ltd. and the 
PM-1550-01 PM-PCF produced by NTK Photonics Inc. are adopted as the sensing unit and 
analyzed separately.  The sectional images of the two PMFs are shown in Figs. 2(a) and 2(b), 
respectively.  
	 In this simulation, the stress distribution induced by the ultrasonic signal and its effect on the 
mode effective refractive index from the section of fibers are investigated; therefore, a 2D space 
dimension is chosen as the cross-sectional model of the sensing unit.  Figures 3(a)–3(d) are the 
polarization modes x and y of the two fibers when the wavelength is 1550 nm.  The mode field 
shrinks in the core, which proves that the two polarization modes are orthogonal to each other 
and the fundamental mode energy transmission is in the normal state.
	 The PM-PCF is made of only silicon, so there is almost no internal stress when the 
temperature is from the annealing level (1920 ℃) to a normal value.  However, the PANDA 
fiber has a larger coefficient of thermal expansion in the stress zone.  When the temperature 
decreases to the normal value, the difference in the coefficient of thermal expansion generates 
a strong stress distribution inside.  Thus, when pressure is set on the outside of the fiber, part 
of it will be used to offset the internal stress of the fiber.  Therefore, the sensor using the PM-
PCF has a higher sensitivity towards pressure signals induced by ultrasonic waves.  Figure 4(a) 
shows the relationship between the effective refractive index (neff) and the centripetal pressure 
of the two polarization modes.  Therefore, once PD occurs, the birefringence changes lead to 

Fig. 2.	 Sectional images of (a) SM15-PS-U25D PANDA fiber and (b) PM-1550-01 PM-PCF.

(a) (b)
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Fig. 3.	 (Color online) (a) Polarization mode x of SM15-PS-U25D PANDA fiber, (b) polarization mode y of SM15-
PS-U25D PANDA fiber, (c) polarization mode x of PM-1550-01 PM-PCF, and (d) polarization mode y of PM-1550-
01 PM-PCF.

Fig. 4.	 (a) Relationship between effective refractive index (neff) and centripetal pressure of PANDA fiber, (b) 
relationship between effective refractive index (neff) and centripetal pressure of PM-PCF, and (c) birefringent 
properties of PANDA fiber and PM-PCF.

(a) (b)

(c) (d)

(a)

(b) (c)
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the variation in light output intensity.  As a result, pressure variations induced by ultrasonic 
waves can be calculated by interference demodulation between the x- and y-polarization 
modes.  Figure 4(b) shows the birefringent properties of the PANDA fiber and PM-PCF.  It 
can be inferred that the PM-PCF has a much higher sensitivity towards centripetal pressure, 
because its birefringence has a linear relationship of 2.02 × 10−6 RIU/MPa, far beyond 3.01 × 
10−11 RIU/MPa of the PANDA fiber.  Figures 5(a) and 5(b) show the relationship between the 
light output intensity and the external pressure of the two PMFs, indicating that the light output 
intensity of the PM-PCF experiences much more cycles in the unit pressure than that of the 
PANDA fiber.  Simulation and theoretical results show that the PM-PCF proves to be a better 
type of PMF as the sensing unit in PD detection.  The following part will indicate that it still 
has advantages in an actual measurement through experiments.

4.	 Experiment

	 In the experiment, two types of PMF are used as the sensing unit, and the traditional single-
mode silica fiber is used as the signal transmission unit.  Since the silica fiber and PM-PCF have 
large differences in geometry, the fiber fusion method is adopted to reduce the connection loss.  
An important problem in the process of sensor-sensitive unit fabrication is the splice loss.  The 
main reason for this is that the fusion point of the PM-PCF is lower than that of the traditional 
silica fiber, so the intensity and period of discharging in the splicing process for the silica fiber 
are very large, which causes the collapse of air holes and the destruction of the photonic crystal 
structure.  To minimize the splicing loss, the discharge strategy of the fiber splicer should be 
adjusted.  Aiming to solve this problem, firstly, the focus mode is set as an outer diameter mode.  
The diameter of a bare fiber for both the PM-PCF and the silica fiber is 125 μm; the two fibers 
are exactly the same when stripped with the coating layer and outer cladding, and their core 
areas are both at the center.  Therefore, the outer diameter focus mode can minimize the shift 
loss.  Secondly, we decrease the intensity and period of discharge, and set the center position of 
the electrode on the side near the traditional silica fiber.  This discharge strategy will distribute 

Fig. 5.	 (a) Relationship between output optical power and pressure of PANDA fiber.  (b) Relationship between 
output optical power and pressure of PM-PCF.

(a) (b)
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less energy at the end of the PM-PCF to avoid the collapse of its air holes, while distributing 
more energy at the end of the silica fiber to obtain a better fusion state with a lower discharge 
intensity.  Figure 6(a) shows the image of the fusion of two fibers.  The right part of the PM-PCF 
is blurred because it is made of only one material (silicon), and there are only air holes inside it 
to guide the core of the fiber.  The left fiber is clear because the core of the silica fiber is mixed 
with other chemical elements.  By measuring the loss of the sensing unit (two fusion points), the 
loss value is about −10 dB.
	 Figure 6(b) shows the image of the platform that contains the fiber optic measurement 
system and disc-type insulator.  The measurement system is composed of the following eight 
parts: (1) YW-B430i benchtop laser source, (2) ILP-1550-SM-PM-900-1-FC fiber polarizer, (3) 
MJP-1550-900-0.5-FU fiber optic rotator, (4) PANDA fiber/PM-PCF sensing unit, (5) PBS-
1550-P-000-3-2-1-1 fiber polarization beam splitter, (6) PMFC-1*2-1550-50/50-900-FU fiber 
coupler, (7) PDA1008 unit detection module, and (8) PCI-1714UL signal acquisition terminal.  
The insulator, which is made of epoxy resin, is used as the carrier for PD tests.  The PMF is 
embedded in the U-shaped groove of the insulator by the insulation tape (black areas) as the 
sensing unit.  First, the laser produces the unpolarized light.  The light is polarized by the 
fiber polarizer and then rotated 45° to the slow axis of the PMF by the rotator.  Therefore, two 
mutually perpendicular linearly polarized lights are induced in the sensing unit.  The fiber 
splitter decouples the two beams of the polarized light and sends them to the fiber coupler.  The 
coupled signal from the coupler is sent to the unit detector module, which is connected to the 
data acquisition card, and finally analyzed by the terminal.  The needle-plate discharge model is 
adopted to generate the PD signals.
	 In Table 1, two types of fiber optic ultrasonic sensor are compared.  The discharge voltage 
can be recorded when the tip of the needle produces intermittent discharge to the insulator.  
To identify the performance of the sensors, the arcing distance is set from 1 to 5 mm, while 
the discharge voltage varies from 2.9 to 13.2 kV.  The experimental results indicate that the 
proposed sensor using the PM-PCF as the sensing unit has a higher SNR than the PANDA fiber, 

Fig. 6.	 (Color online) Images of (a) the fusion of two fibers and (b) the platform.

(a) (b)
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which is compatible with the simulation results, indicating that the PM-PCF shows a higher 
performance in PD detection.  One thing to note here is that the bandpass filter is used here to 
reduce noise interference.  Many experiments indicate that, when using the PANDA fiber as 
the sensing unit, setting the bandpass range to 1–40 kHz can better filter out environmental 
noise.  The same is true for the PM-PCF.  Therefore, the parameters of the two filters are 
different: one of the passbands is 1–40 kHz, while the other is 1–130 kHz.  The acquisition of 
signals and noise is shown in Fig. 7(a).  Here, the noise is mainly caused by the dark current in 
the unit detection module.  Figure 7(b) shows the SNRs of the two types of sensor.  The SNRs 
improve with increasing discharge spacing (increasing discharge voltage).  The performance 
of the sensor based on the PM-PCF is higher than that of the sensor based on the PANDA fiber 
in all measurement ranges; particularly when measuring small signals, the PM-PCF sensor has 
superior characteristics.  It can detect early equipment failures when PD-induced ultrasonic 
signals are not obvious.

Table 1
Comparison of two types of fiber optic ultrasonic sensor.
Discharge spacing
(Discharge voltage)

5 mm
(13.2 kV)

4 mm
(11.4 kV)

3 mm
(9.2 kV)

2 mm
(8.1 kV)

1 mm
(2.9 kV)

SM15-
PS-U25D 
PANDA 
fiber

Original 
signals

Filtered 
signals
(1–40 kHz, 
bandpass)

PM-1550-
01 PM-
PCF

Original 
signals

Filtered 
signals
(1–130 kHz, 
bandpass)
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4.	 Conclusions

	 In this paper, two types of fiber optic ultrasonic sensor using various PMFs are compared 
and analyzed for the ultrasonic detection of GIS faults.  The simulation based on FEM 
enables the evaluation of the performance of the sensor.  A comparison of the two PMFs is 
also discussed and simulation results show that the PM-PCF has a higher sensitivity towards 
ultrasonic signals, because its birefringence has a linear relationship of 2.02 × 10−6 RIU/MPa, 
far beyond 3.01 × 10−11 RIU/MPa of the PANDA fiber.  Then, an experimental platform is set 
up.  The sensing unit is embedded in the disc-type insulator, and the needle plate discharge 
model is used to generate PD-induced signals.  The sensor using the PM-PCF shows a much 
higher signal response after being processed with a bandpass filter, which is in accordance with 
simulation results.  The proposed sensor, with the PM-PCF as the sensing unit, can satisfy the 
need for detecting ultrasonic signals within its frequency range.  It has many advantages such 
as a small volume, high sensitivity and stability, and resistance to electromagnetic interference.  
This type of fiber optic ultrasonic sensor can be widely used for monitoring in different fields 
such as PD detection in a high-voltage environment, the structural destruction of an engineering 
building, and seismic wave monitoring in earthquakes.  Further research will focus on the 
improvement of the measurement system in order to reduce noise caused by dark current.
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