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ABSTRACT 
Optical fibers have been widely used in the field of sensors. In this paper heterodyne detection is designed and constructed for detecting the 
wavelength shift between the reference and sensing signals that is caused by the temperature change based on photonic crystal fiber. Optical Source 
of 1550nm is used. The reference arm include PCF 50mm in length, while the sensing arm include of Fiber Brag Grating to generate a different 
wavelength than reference wavelength, PCF 50mm length. The beat signal is shown by Optical Spectrum Analyzer. The sensitivity of heterodyne 
system is (- 65.83 pm/℃) at temperature range of (30-70) ℃. The obtained results from the optical spectrum analyzer show that the wavelength is 
slightly shifted linearly to shorter wavelength with decreasing temperature. Also observed from the results, relation between the wavelength shifting 
 and temperature change was linear. The sensitivity of the detection were analyzed and presented. 
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INTRODUCTION 
 

Recently, Optical fiber sensors OFS have been widely used to measure a variety of physical quantities  such 

as temperature ,strain, pressure, humidity and etc [1], due to their advantages like electromagnetic immunity, 

stability, compactness, good electric insulation, high sensitivity and the aptitude for remote.[2] Fundamentally, 

Some of these sensors depend on properties of the applied light (intensity, polarization, wavelength changes, 

and phase).[3] Nowadays a wide range of fiber sensors have been introduced based on Photonic Crystal 

Fiber(PCF). 

in this paper heterodyne detection has been used and implemented depending on the principle of different 

wavelength which has an important advantage in terms of weak signal detection with high resolution. optical 

heterodyne detection can mix the reference light with signal light (FBG term) to extract a selective wavelength, 

and based on PCF sensor as a temperature sensor, as well as adding a FBG gives enhancement to system,  thus 

the spectral characteristics such as interference spectra and sensitivity will analyzed.  

 

Theory: 

Photonic Crystal Fiber: 

PCF is made of silica with a hexagonal array of air holes that run along the fiber length and have a set of 

different shapes, sizes, and distributions, The schematic of a common solid -core PCF is shown in figure (2.4). 

[4] 



644-639, Pages: 7201 June) 8(11. Advances in Natural and Applied Sciences/7201 et al., Marwa Mustafa Sami     640  

 

 
Fig. 1: schematic of solid-core PCF [5]. 

 

The biggest features in PCFs is that by varying the location and size of the cladding holes and the core the 

fiber, mode shape, dispersion, nonlinearity and birefringence, that can be tuned to reach the values that can not 

be achieved with conventional optical fibers. Additionally, the presence of air holes allows the possibility of 

light propagation in the air.[4] This enable interaction between light and samples well-controlled leading to new 

applications in sensing such as temperature sensor[6] 

Photonic Crystal Fiber has thermo-optic coefficient ζ =1×[10]^(-5)/℃ and low thermal expansion 

coefficient υ = 5×〖10〗^(-7)/℃. [7] 

The wavelength shift of mth order of interference peaks with respect to temperature variation can be 

described as [10]: 
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Where ∆𝑛eff=𝑛eff(co) − 𝑛eff(cl) is the symbol of difference between the effective refractive indices of the 

core and cladding, L is the symbol of physical length in PCF.                

In sensors the Temperature sensitivity depend on guiding mechanism of fiber, such as wavelength and 

material that used in manufacture the sensor; temperature sensitivity of the sensor (KT) is described as: [10] 

𝐾𝑇 =
𝜕𝜆

𝜕𝑇
                                                                                                 (2) 

 

Optical Heterodyne Detection: 

The basic principle of optical heterodyne detection is to extract difference frequency signal of two beams of 

light. The two beams of light are used as local oscillator as and signal light with the measured information. The 

ultimate goal is to measure the frequency difference of the two beams of light. The frequency difference is 

achieved by photomixing, The optical information contained in this intermediate frequency signal includes: 

frequency, amplitude, phase, etc. [8] the electromagnetic field due to the two beams of coherent light waves can 

be represent by 

          

E1= Ar cos (𝜔rt +𝜃1)                                                    (3) 

E2= As cos (𝜔st +𝜃2)                                                                  (4)  

 

Where, E is the light field, Ar is the  amplitude of reference signal, As is the amplitude of sensing signal, 𝜔s  

𝜔r is the angular frequencies of sensing signal and reference signal, respectively. 

The output signal generated by the photodiode is described as following: [9] 

  

I= [ E1 +E2 ]2                                                                                               (5) 

 

By Substituting (3) and (4) into equation (5) is obtained;    

I = [(Ar cos(ω𝑟 𝑡 + 𝜃1)) + (A𝑠 cos(𝜔𝑠𝑡 + 𝜃2))]2                           (6) 

 

the high frequency components and constant components out are filtered, leaving (beat) frequency in 

optical heterodyne detection. The photodiode will act as a low-pass filter for the optical frequencies. Therefore, 

the output current is given by; [1] 

 



644-639, Pages: 7201 June) 8(11. Advances in Natural and Applied Sciences/7201 et al., Marwa Mustafa Sami     641  

 

I = A cos(∆𝜔𝑡 + ∆𝜃)                                                                             (7) 

 

Where; ∆𝜔 = 𝜔𝑠 − 𝜔𝑟                                                                          (8) 

 

And;      ∆ 𝜃 = 𝜃2 − 𝜃1                                                                            (9)  

 

Where, the amplitude A depends on A1, A2, ∆𝜔 depending on the difference between sensing and 

reference signal after heat effect and ∆𝜃 is the difference phase. 

Compared with the direct detection, the heterodyne detection technique has a high sensitivity and more 

accuracy, which is extremely beneficial for weak signal detection this is the most basic advantage. [8] 

 

Experimental Method: 

A novel design of heterodyne detection was implemented in this work depending on the (FBG-SMF-PCF-

SMF) as sensor.  

Laser diode at 1550nm wavelength have been used, passes through the single mode fiber SMF-28 and split 

by optical coupler (1x2) into the two arms with the same wavelength the reference arm and sensing arm, the 

light waves passing through the reference arm consist of (SMF-PCF-SMF), endlessly single mode PCF(ESM-

12) has been used with short length 50mm, and the sensing arm consist of (SMF-FBG) to generate a different 

wavelength than source, depending on the transmitted wavelength of FBG (1550nm at wavelength), which 

investigate basic theory of heterodyne detection, and the sensing arm connected with PCF at length 50 mm, 

which spliced at the end with conventional single mode fibers (SMF-28).  

Then recombined the reference arm and the sensing arm by optical coupler 2x1 at the output to optical 

spectrum analyzer (OSA) thorlab type (203) to detecting the transmission spectrum of the system. In this 

experiment the PCF sensor was exposed to heat, the evaluation of the temperature measurements was carried out 

for 30℃ to 70℃ by using hot plate connected with heater. The schematic diagram of experiment is shown in the 

Figure (2). 

 

 
Fig. 2: schematic diagram of heterodyne detection. 

 

RESULTS AND DISCUSSION 

 

The two input different wavelengths that have been achieved in heterodyne detection represented, as shown 

in Figure (3) measure the optical spectrum of reference and optical spectrum of fiber brag grating. 

 
(a) 
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(b) 

Fig. 3: (a) Measured optical for whole spectrum of source and FBG spectrum, (b) Selective region of the 

spectrum of source and FBF in heterodyne detection, measured optical spectrum of two input different 

wavelengths in heterodyne detection 

 

Figure (3.a) shows optical spectrum of a wide range owing to input mode of source, Figure (3.b) shows the 

spectrum of a narrower range, which was chosen for calculating the amount of sensitivity. 

The two input arms of heterodyne detection system, represented in reference arm and the sensing arm 

which connected with FBG to get a tunable  wavelength as shown in table (1(. 

 
Table 1: measured wavelength in both reference and sensing arms. 

Interferometer arms Measured Peak (nm) Fitted Peak (nm) 

Reference 1550.027 1550.1 

sensing 1549.67 1549.8 

 

The beat frequency of heterodyne detection was investigated at room temperature, Fig. (4) shows the 

reference arm, sensing arm and the beat frequency. 

 

 
Fig. 4: beat frequency of heterodyne detection at room temperature. 
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As expected, the reference wavelength was same the wavelength of input source, and the measured 

heterodyne wavelength shifts (beat frequency) in different temperature towards the left as the temperature 

decreases.        

The experimental data were obtained with the sensor in different temperature shows that the beat frequency 

shifted towards blue region in case of decreases temperature, because the temperature in the heating process was 

rise rapidly and therefore could not record the spectra of each case, so the cooling mechanism have been used 

where the temperature is decreasing slowly and can be recording the spectra easily and sequentially. 

 In this experiment the data was obtained with decreasing temperature and recorded as shown in Figure (5). 

 
Fig. 5: interference spectra of heterodyne detection. 

 

The sensitivity in heterodyne detection, defined as the slope of the line, was evaluated to be about (-65.83) 

pm/℃, sensitivity signal indicates that the experiment was conducted with decreasing temperature. 

The curve shows excellent linear dependence of beat frequency on the decreasing in temperature. This 

number is much higher than the sensors in homodyne detection and in conventional optical fiber. In addition, the 

sensitivity was enhanced with adding FBG.  

Finally that higher sensitivity can be achieved in heterodyne detection as shown in Figure (6).  

 
Fig. 6: the relationship between beat frequency and temperature for heterodyne detection. 
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Conclusion: 

A novel technique of heterodyne detection has been used for measuring temperature using PCF as sensor. 

The system has been enhanced with adding FBG in sensing arm, optical heterodyne system has been designed 

and implemented to sense the temperature from 70CO to 30CO. The sensitivity of this sensor is -65.83 pm/Co 

when the source is 1550nm wavelength. the wavelength is slightly shifted linearly to blue region with 

decreasing temperature. The slop of sensitivity is negative due to starting at high temperatures and down to the 

lowest value. This system can be used for measuring the shift wavelength of temperature sensor with high 

resolution.  
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