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ABSTRACT 

We experimentally demonstrate a high pressure sensor based on a polarization-maintaining photonic crystal fiber (PM-
PCF) with Sagnac loop configuration for downhole application. The pressure sensitivity of the proposed sensor is 4.21 
nm/MPa and 3.27 nm/MPa at ~1320 nm and ~1550 nm respectively. High pressure measurement up to 20 MPa has been 
achieved in our experiment. The sensor also shows reduced temperature sensitivity, making it an ideal candidate for 
pressure sensing in harsh environment. 
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1. INTRODUCTION 
Fiber optic sensors for the downhole application have attracted a lot of research interest in both academia and industry. 1-5 
Conventional electrical gauges used for in-well parameters measurement has a high failure rate when implemented in 
high temperature environment. The fiber optic sensors have an estimated life time of 5-10 years and can be functioned up 
to 250 oC.5 They are electrically passive, suitable for explosive and/or corrosive environments. Fiber optic sensors for 
downhole application are mainly focused on the measurement of temperature, pressure, strain, flow, etc..1 However, 
photonic crystal fibers (PCFs) have been less exploited for downhole sensing application. Recently, a polarization-
maintaining PCF (PM-PCF) has been made commercially available. The PM-PCF has two large air holes surrounding a 
solid core in one of the orthogonal directions. It exhibits high birefringence, low bending loss and reduced temperature 
sensitivity.6, 9 The PM-PCF used as sensing elements for strain, pressure and torsion measurements have been reported.6-

10  

In this paper, we report on the high pressure sensing capability of the PM-PCF based Sagnac loop that we proposed 
previously. 9 The pressure achieved in our experiment was up to 20 MPa. The pressure sensitivity of the proposed 
pressure sensor is 4.21 nm/MPa at around 1320 nm. Its pressure sensing performance has also been tested to be well 
functioned up to 105 oC. The sensor is less sensitive to temperature, owing to the low thermal coefficient of the PM-PCF. 
Thus, reduces the requirement of temperature compensation when it employs in harsh environment where temperature 
fluctuate.6 High birefringence and low bending loss of the PM-PCF enabled us to use and to coil a relatively short length 
of the fiber, hence making the sensor compact and benefiting the downhole application. 

2. EXPERIMENTAL SETUP AND PRINCIPLE 
The experimental setup of our proposed high pressure sensor based on PM-PCF with Sagnac loop is illustrated in Figure 
1. The light source used in our experiment was a broadband light source based on superluminescent light emitting diode 
(SLED) which combines two SLEDs centered at 1320 nm and 1550 nm. The Sagnac loop consists of a 3dB fiber optic 
coupler and a piece of PM-PCF spliced to the two ports of the coupler on one side. The PM-PCF (PM-1550-01, produced  
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by Blaze-Photonics®) has a beat length of < 4 mm at 1550 nm and with reduced temperature sensitivity. The total loss of 
the two splicing points was ~4 dB and with good mechanical strength. The length of the PM-PCF was 60 cm and coiled 
circularly to a diameter of 1.8 cm. Thus, it is very compact and suitable in space-limited downhole applications. The PM-
PCF here serves as a direct pressure sensing element without using a transducer. An optical spectrum analyzer (OSA) 
was used to record the sine-like interference output signal from the Sagnac loop in the wavelength domain. In order to 
investigate the high pressure sensing, the coiled PM-PCF was placed inside a pressure chamber. The PM-PCF and the 
3dB coupler were kept stable during the experiment. The high pressure chamber was filled with oil. Its pressure can be 
adjusted by a high pressure compressor and measured with a pressure gauge, as shown in the inset of Figure 1. The 
pressure chamber is fitted with a feedthrough sealed by glue to extent the fiber out of the chamber for measurement. In 
addition, the chamber was laid inside a furnace system for temperature variation. Hence, by using this setup we can 
adjust both pressure and temperature to verify the performance of our proposed pressure sensor.  

 
      Fig. 1 Schematic diagram of the PM-PCF based high pressure sensor for downhole application.  The photos show (Left) the  
                high pressure system, and (Right) the furnace system with the high pressure chamber, used in our experiment. 
 

3. EXPERIMENTAL RESULTS AND DISCUSSION 
Figure 2 shows the output optical spectrum of the high pressure sensor under a pressure of 10 MPa. The extinction ratio 
between the transmission maxima and the transmission minima is 18 dB. The spacing between two adjacent transmission 
minima is 6.1 nm, denoting a birefringence of 4.7×10-4 at 1320 nm. By measuring the wavelength shift of one of the 
transmission minima in the wavelength spectrum, the pressure variation can be determined. Initially, one of the 
transmission minima is at 1278.68 nm. It shifts toward longer wavelength by 84.29 nm when the applied pressure 
increases from 0 MPa to 20 MPa. From the measured experimental data, we can calculate the pressure sensitivity to be 
4.21 nm/MPa. It is highly linear with a good R-square value of 0.9995. For comparison, we also performed the 
experiment with light source at the 1550 nm wavelength band. The corresponding pressure sensitivity is 3.27 nm/MPa 
with a R-square value of 0.9997, as shown in Figure 2. These results agree well with our previous theoretical prediction 
that the amount of the wavelength shift is approximately proportional to applied pressure in a small wavelength range.9 
For larger wavelength range, the pressure sensitivity is different.  Due to the limitation set by the glue we used for 
sealing the fiber feedthrough, the highest applied pressure achieved was 20 MPa.  However, there was no obvious 
evidence to show any physical limitation by the PM-PCF itself, thus higher pressure sensing is possible with this sensor. 

Broadband 
Light Source 

3dB Coupler 

 OSA 

     PM-PCF 

 Thermocouple 

  Furnace System 
Pressure 
Chamber 

     High Pressure System 



 
 

 
 

                                

1314 1316 1318 1320 1322 1324 1326 1328

-22

-20

-18

-16

-14

-12

-10

-8

-6

-4

-2

 

 

In
te

ns
ity

 (d
B

)

Wavelength (nm)

 
Fig.2 Optical spectrum of the high pressure sensor at 10 MPa. 
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Fig.3 Wavelength shift of the transmission minimum at around 1320 nm and 1550 nm under applied pressure from 0 MPa to 20 MPa. 

 
The high temperature sustainability of fiber optic sensors is an important prerequisite for downhole application. In 
practice, when designing a sensor system, the variation of an ambient temperature on the sensor response is always a 
critical issue. The effect of ambient temperature fluctuations on the sensor performance was investigated. We tested the 
pressure sensor at temperature 20 oC, 55 oC, and 105 oC. The temperature of the furnace was measured with a 
thermocouple and a FBG was installed inside the pressure chamber to measure its temperature. The pressure sensitivity 
of the FBG is 8 pm/MPa and was taken into account in the measurements. Figure 4 shows the measured wavelength shift 
of the transmission minimum for different temperatures. We notice that the pressure sensor exhibits very low 
temperature sensitivity, the average measurement error due to temperature fluctuation in our experiment was ±0.11 MPa 
at ~1320 nm. Performance at higher temperature did not carry out due to the softening of the glue used to seal the fiber 
feedthrough. At 105 oC, the highest pressure can be achieved in our experiment was 17 MPa, as shown in Figure 4.  
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Fig.4 Wavelength shift of the transmission minimum of the sensor subjected to pressure varying from 0 MPa to 

20 MPa at 20 oC, 55 oC, and 105 oC. 

4. CONCLUSIONS 
The potential of a high pressure sensor for downhole application employing a PM-PCF based Sagnac loop is 
demonstrated experimentally. The pressure sensor performance has been investigated under both high pressure and 
temperature variation which are the two main considerations for in-well application. The sensor has a direct sensing PM-
PCF head, with reduced temperature sensitivity, simple to design, compact in size, easy to manufacture, and highly 
sensitivity to the applied pressure. This makes it an ideal candidate for high pressure sensing in real application. 
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