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Abstract 
The present work aims to employ the photonic crystal fiber (PCF) for 

designing temperature and electric field sensors with intended manufacturing 

characteristics including: high sensitivity, repeatability and low cost by infiltrated 

with Nematic N-(4`-ethoxybenzylidene)-4-n-butylaniline liquid crystal(EBBA) 

liquid crystal. The novelty in this work is the use of EBBA that characterized by 

its ability to align by an external electric field. Aligned EBBA have the optical 

properties of uniaxial crystal, which makes it candidate to be useful in different 

applications 

The proposed temperature and electric field sensor are designed and 

implemented, the process of the design is requires passing through two work 

stages: they are, liquid crystal preparation and sensors design. The liquid crystal 

preparation phase is responsible on preparing the EBBA using its chemical 

components to be injected in the PCF in the following work stages. EBBA was 

identified using Fourier transform infrared spectroscopy (FTIR) at transition 

temperature range between 36-80 ℃. Then, EBBA was used to measure the values 

of refractive index at temperature range 25-80℃. The result showed that the values 

of refractive index decreases with increasing the temperature. Later, EBBA was 

used in the following sensors design phase. Whereas, the sensor design phase is 

responsible on constructing the sensor components and setting them according to 

the proposed design.  

 

The implementation of the temperature sensor was carried out by splicing 

short lengths of large mode erea (LMA-10) PCF with conventional single mode 

fiber (SMF-28) in one side and using free space connector from other side. A 

diode laser of different wavelengths (1550, 1060, 850 nm) and helium-neon laser 

of 632.8 nm has been used as a light source, where a high sensitive optical 

spectrum analyzer (OSA) was used to monitor and record the transmitted spectra. 

Whereas, the implementation of the electric field sensor was carried out by using 

short length of hollow core (HC-1550) PCF. A diode laser was used of wavelength 



equal to 650 nm has been used as a light source for guiding the light to the one 

side of the fiber, the other side infiltration with EBBA liquid crystal by capillary 

effect. Then, record the transmission a spectrum is recorded by using the fiber 

optic spectrometer. 
 

The proposed sensors are used in the next testing stage. The test includes 

infiltrating the air holes of the PCFs by liquid crystal instead of air. For 

temperature sensing, the EBBA liquid crystal material was prepared to infiltrate 

the air holes for the solid core (LMA-10) PCF, which leads to change the 

refractive index of the PCF and affects the transmission of the laser inside the PCF 

due to the change happen in the value of the refractive index of the liquid crystal. 

The results showed that the power of transmission spectrum after PCF infiltration 

will be increased with increasing temperature. The value of sensitivity can be 

achieved by the slope of the line for the figure of transmission and temperature. 

The highest sensitivity has been obtained that reached 0.02 dBm/oC  at 1550 nm 

with less loss and less attenuation. For electric field sensing, the EBBA liquid 

crystal infiltrate the air holes for the hollow core (HC-1550) PCF. The infiltrated 

section of photonic crystal fiber was equal to ~1 cm. The results show that the 

power of transmission spectrum will be remains unchanged until reach the electric 

field intensity to 97.2 Vrms/mm. Implies the region of the electric field sensor 

operating is between (97.2 Vrms/mm to 146.8 Vrms/mm).After this region, there is 

no change may happen in the electric field. The sensitivity can be finding by the 

slope of transmission and electric field intensity. It was found that the intensity of 

the proposed electric field sensor was 0.00123 dBm.mm/Vrms at 650 nm.the 

achieved sensitivity values were acceptable in comparison with that mentioned in 

latretures,this ensure the correct results and methodology. 

 

 

 

 



 

 
 
 

 

INTRODUCTION AND LITERATURE 
REVIEW 

  

CHAPTER ONE 



 

 

 

1.1 Introduction 
Optical fiber is used every day in our daily lives in the connecting to the 

internet, making telephone calls and reading our e-mails. Different applications in 

optical communication networks were performed using photonic crystal fiber, 

such as: spectroscopy, astronomy, biomedical imaging, diagnostic, and structural 

sensing. One of the important applications is still the physical sensors, which are: 

temperature sensor, magnetic field sensor, and electric field sensor [1]. 

An optical fiber is a cylindrical dielectric waveguide that transmits light along 

its axis, by the process of total internal reflection. The fiber consists of a core 

surrounded by a cladding layer, both of them are made of dielectric materials. To 

confine the optical signal in the core, the refractive index of the core must be 

greater than that of the cladding. Conventional optical fibers are formed from two 

different type of silica. The middle of the fiber is forming the core of the fiber with 

higher refractive index, whereas the second part is forming the glad of optical fiber 

and surrounds the core with refractive index that should be lower than the core as 

shown in Figure (1.1) [2]. 
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Fig (1.1) Conventional photonic crystal fibers [2]. 
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The major difference between two kinds of fibers: conventional optical fiber 

and photonic crystal fiber based on the fact that the waveguide properties of 

photonic crystal fibers are not from spatially varying glass composition, as in 

conventional optical fiber, but from an arrangement of air holes which go through 

the whole length of fiber. In contrast with conventional optical fibers, photonic 

crystal fiber can be made of a single material and have several geometric 

parameters which can be manipulated offering large flexibility of design, and more 

these fibers offer also the possibility of light guiding in a hollow core, opening 

new perspectives in fields such as nonlinear fiber optics, fiber laser, particle 

guidance and fiber sensors [3, 4]. 

 

1.2 Photonic Crystal Fiber 

Photonic crystal fiber (PCF) is also called holey fiber or microstructure optical 

fiber that was firstly reported by Philip Russell [5]. This new generation of optical 

fiber was appeared in mid 1990s to investigate the idea of making PCF from 

single material [6]. 

Photonic crystal fiber are made from a single material such as silica glass with 

periodic arrangement of air holes lies along the length of the fiber, with the scale 

of micro structuring being comparable to the wavelength of the electromagnetic 

radiation guided by the fibers. The light is confined in solid core by exploiting the 

modified total internal reflection, so the photonic crystal fibers of non-filling holes 

are more similar to conventional optical fibers, where the difference of refractive 

index between the core region and the gladding region is positive, because the 

refractive index of air-holes is lower than the refractive index of the core [7]. 

 

There are two types of photonic crystal fibers: solid core PCFs and hollow 

core PCF. The solid core with cross-section presents a periodic array of air holes 

surrounding a solid core, which are extended invariantly along the fiber length. 



The second one is the hollow core photonic crystal fibers, which means an air-

silica gladding surrounding a hollow core [8].  

Therefore, photonic crystal fibers can be categorized in two types depend on 

its material: it is may be solid-core photonic crystal fiber or hollow-core photonic 

crystal fibers. Therefore, different geometry and different materials will present 

different structural design used to enable different guidance mechanisms in 

photonic crystal fibers. These guidance mechanisms are: modified total internal 

reflection and photonic bandgap guidance. Such that, there are four different 

guidance mechanisms are found depending on the geometry and core/gladding 

materials of photonic crystal fiber; they are [4]: 

(i) index-guiding PCF, which used to guides in a solid core through modified total 

internal reflection. 

(ii) Photonic bandgap-guiding PCF, which used guides through photonic bandgap 

effect in a hollow-core. 

(iii) all-solid photonic bandgap PCF, which used to introduce guidance through 

photonic bandgap anti-resonant effect in a solid core. 

(iv) Hybrid PCF, which used to introduce guidance through simultaneous 

propagation of photonic bandgap and modified total internal reflection. 

In the solid core PCF, the effective refractive index of the gladding will be 

lowered when with the refractive index of the core, allowing the guidance 

mechanism to be total internal reflection, without need to dope the core, allowing 

the solid core PCFs to be made with a single material. Whereas, the hollow PCF 

confines the light by the bandgap mechanism, which based on the photonic 

bandgap effect [8]. Also, the PCFs can be divided into two groups depending on 

the geometry of arranging holes along the cross section of the photonic crystal 

fiber: the first is called index guiding photonic crystal fiber (IG PCFs) while the 

second group is called and photonic band gap fibers (PBGFs), as in Figure (1.2) 

shows [9]. 



 

 

 

 

 

1.3 Photonic Liquid Crystal 
A photonic liquid crystal is a periodic optical nanostructure that affects the 

motion of photons in much the same way that ionic lattices affect electrons in 

solids. Photonic crystals occur in nature in the form of structural coloration, which 

promise to be useful in a range of applications. It shows the intermediate phases 

represent a new thermodynamic state of matter that are quite distinct from the 

isotropic liquid. The mechanical and symmetry properties of these phases are 

 

Fig (1.2) Categorization of photonic crystal fibers [9]. 



intermediate between those of a crystalline solid and an isotropic liquid. Lehmann 

first referred to them as flowing crystals and later used the term "liquid crystals 

phases" are also called mesophases and liquid crystal molecules are called 

mesogens [10] 

The distinguishing characteristic of the liquid crystalline state is the 

tendency of mesogens to point along a common axis called the director (n) which 

is a unit vector and is called the liquid crystal director. In the solid state, molecules 

are highly ordered and have little translational freedom. The characteristic 

orientation order of the liquid crystal state is between the solid and liquid phases 

[11]. The alignment of the molecules for each phase is shown in the Figure (1.3). 

 

 

 

 

 

 

 

 
 

The physical properties of such liquid crystal are distinguished into scalar 

and nonscaler properties. Typical scalar properties are the thermodynamic 

(transition density and fractional density change). The dielectric diamagnetic, 

optical, elastic and viscous coefficients are the important nonscalar properties . 

The transition temperatures and transition densities are the important 

quantities characterizing the materials. The difference in the transition temperature 

between the melting and clearing point gives the range of stability of the liquid 

crystalline phases [12]. 

 

 

 

Fig (1.3) Alignment of molecules for solid, liquid crystal and liquid phases [11]. 



1.4 Literature Review 

There are a great deal of focus was granted to photonic crystal fiber sensors. 

Numerous approaches were developed in order to achieve the more efficient 

technique to serve the wide applications of field of interest. In the following, the 

most significant literatures are mentioned in details: 

1. T.R Wolinsk et al (2006)[13],demonstrated the electric field and temperature 

effect on the propagation of the photonic liquid crystal fiber composed of solid-

core PCF filled with a prototype NLC or with typical nematic pentylo-cyano-

biphenyl(PCB). 

2. Jian Ju et al (2006)[14],investigated theoretically and experimentally of the 

temperature sensitivity through two-mode(TM) photonic crystal fiber(PCF) 

sensor, and was measured the temperature sensitivity and found equal to 0.083 

rad/℃.m at 543 nm and 0.147 rad/℃.m at 975 nm and 0.136 rad/℃.m at 1310 

nm. 

3. O.Frazao et al (2007) [15],demonstrated the temperature insensitive and strain 

sensor by using Hi-Bi photonic crystal fiber loop mirror.the optical sensor was 

characterizedin temperature and strain with coated Hi-Bi photonic crystal fiber 

and uncoated Hi-Bi photonic crystal fiber , the optical sensor is insensitive to 

temperature(0.9 pm/k). 

4. T.R Wolinsk et al (2008)[16],presented experimental results showing the  

influence of temperature and external electric field and hydrostatic pressure on 

the propagation properties of the photonic crystal fibers infiltrated with liquid 

crystal with low and medium material anisotropies. Give information about the 

value of temperature, voltage, and pressure by measured induced shifts of the 

photonic bandgap wavelengths. 

5. L.Viet Nguyen et al (2008) [17], presented interference pattern by using the 

multimode-single mode-multimode (MM-SM-MM) fiber configuration and 

applied to demonstrated the temperature fiber sensor. The result shown the 



temperature sensitivity equal 0.088 nm/℃ and can be measure at high 

temperature stably up to 900℃. 

6. Y.Yu et al (2010) [18], introduced the temperature sensor photonic crystal fiber 

based on intensity modulation and filling the air holes by liquid ethanol. The 

confinement loss and effective refractive index of the PCF became high 

temperature-dependent because the thermo-optic coefficient of liquid ethanol 

used is high compared with  silica dioxide and this temperature dependence 

increasing function of d/Λ ratio and the input wavelength.the result shown the 

temperature sensitivity of the sensors equal to 0.35 dB/℃ for 10 cm long of 

photonic crystal fiber. 

7. S.Mathews et al(2011)[19],demonstrated and evaluated the directional 

sensitivity of maintaining photonic crystal fiber(PM PCF) in an electric field for 

sensing of electric field and showing that the sensor probe has higher sensitivity 

to the electric field  component aligned along the Hi-Bi PCF axis. 

8. S.Mathews et al(2011)[20],studied the intensity measurement based electric 

field sensor by infiltrating an LMA PLC with an liquid crystal(MDA-2782) 

infiltrated section <1cm , and demonstrated the sensitivity in transmission is 

˷10.1db per kvrms /mm and in reflection is ˷4.55 db per kvrms /mm. 

9. A.Bozolan et al (2012) [21], demonstrated the optical fiber temperature sensor 

based on colloidal quantum dot luminescence. The result show the temperature 

sensitivity equal to 70 pm/℃ spectral shift over the range from 5℃ to 90℃. 

10. L.Rindorf  and O.Bang(2013) [22],studied the sensitivity of fiber grating 

sensors in the application of temperature, strain, bio sensing, and refractive 

index sensing.after infiltrated samples in photonic crystal fibers and for 

temperature and strain index sensing shown that the sensitivity is almost 

constant for all photonic crystal fibers and equal ~5 pm/k of photonic crystal 

fiber grating at low temperature.  

11. Ashwini.M et al (2013) [23], studied the temperature property of gratings in 

photonic crystal fiber and analyzed the relationship between frequency shift, 

wavelength shift, effective index and temperature by finite difference time 



domain method. The result show that the PCF gratings are in proportion to the 

temperature and thus applicable as temperature sensor. 

12. Ran Wang  et al (2013)[24],demonstrated the sensor probe for temperature 

measurement by using reflective photonic crystal fiber(LMA-8 PCF).the 

experimental result show that the reflected power exhibits a linear response with 

temperature with sensitivity equal to 1db/℃,and the emperature sensitivity with 

mixture of liquids is about 0.75 db/℃. 

13. J.E.Antoni-Lopez et al (2014)[25],demonstrated the temperature sensitivity by 

using customized multicore fiber (MCF),measured temperature sensitivity with 

high sensitivity and  accuracy and found the sensitivity equal 29pm/℃ at lower 

temperatures and increasing temperature up to 1000℃ and found the  

temperature sensitivity equal 52 pm/℃. 

14. M.M.Tefelska et al (2014)[26],described four different types of micro-

electrodes systems for electric field sensing with photonic crystal fibers 

infiltrated with liquid crystals. Also analyzed the capillary system theoretically, 

a capillary system with four micro electrodes (T~36ms) appeared to be the most 

convenient to operate with photonic liquid crystal fibers. 

15. C.Markos et al (2015) [27], reported the fabrication and characterization of 

hybrid silica photonic crystal fiber with integrated chalcogenide glass layer and 

shown how band gaps of the fiber can be thermally tuned. Temperature 

measurements indicated that the transmission windows can be tuned with a 

sensitivity as high as ~3.5 nm/℃.so the proposed fiber has potential for all fiber 

filtering and temperature sensing. 

16. M.Ock  Ko et al (2015)[28], proposed the electric  field sensor by using 

cholesteric liquid crystal (CLC) Fabry-Perot etalon and broad band optical 

source. The transmitted or reflected wavelength from CLC Fabry-Perot etalon 

depends on the applied electric field. The valley wavelengths of the transmitted 

light from CLC device are linearly increased from 1303 nm to 1317 nm as the 

applied electric field to the CLC device is increased from 0.8 V/𝜇m to 1.9 

V/𝜇m. 



1.5 Aim of Thesis 

The present work aims to prepare photonic crystal fiber. Then, the prepared 

photonic crystal fiber is used to design a photonic crystal fiber sensor sensitivly to 

the temperature and electric field. Such sensor is operating on large mode area of 

photonic crystal fiber (LMA-10 PCF), (HC-1550 PCF) and EBBA liquid crystal. 

This requires passing through two stages are the preparation and design. The first 

stage includs preparing EBBA liquid crystal and determines its properties by 

changing the temperature using the ordinary refractive index of the liquid crystal. 

The second stage is designing a sensor is effective to the temperature and electric 

field. 

1.6 Motivation of Thesis 

The motivation we address in the present work is to obtain high 

performance sensors, in the sense of sensitivity, repeatability and low cost by 

infiltrated with Nematic EBBA liquid crystal. Nematics have fluidity similar to 

that of ordinary liquids but they can be easily aligned by an external magnetic or 

electric field. The novelty of the present work is the use of four wavelengths (632, 

850, 1060, and 1550 nm) in the temperature sensor. 

1.7 Thesis Layouts 

The thesis consists of five chapters; chapter one is described thhe 

introduction to the basic concepts related to the photonic crystal fibers, whereas 

the other four chapters deal with the proposed sensor design method and discuss 

methodology for determining the efficiency of the sensor. Since Chapter Two 

introduces the concepts of photonic crystal fiber sensors. The theory of photonic 

crystal is explained with including the method of PCF sensor design. As well as, 

Chapter Three concerned with demonstrating stages and steps of the proposed 

design of the electrical and temperature sensor. The overall designing setup is 

described. Then, each stage and steps is explained mathematically with showing 

the related diagrams. In addition, Chapter Four shows the test results of applying 



the proposed technique. The results are presented and discussed to evaluate the 

performance of establish sensor design. Finally Chapter Five contains some 

derived conclusions are listed and some suggestions for the future work are given. 
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2.1 Introduction 
The principle of guiding the light by refraction makes fiber optics possible. 

The emerging field of photonic crystals led to the development in 1991 of 

photonic-crystal fiber, which guides light by diffraction from a periodic structure, 

rather than by total internal reflection. Latter, the first photonic crystal fibers 

became commercially available. Photonic crystal fibers can carry higher power 

than conventional fibers and their wavelength-dependent properties can be 

manipulated to improve performance [29]. 

There are many interesting materials for filling air-holes of PCF like 

alcohols, ethanol, liquid crystal, gas and biological materials. Infiltration of (LC) 

materials makes the susceptible to external field variations, this property which 

can be used to fabricate all fiber sensors for parameters such as temperature, 

magnetic fields and electric field [20]. Photonic crystal fiber has been widely used 

in telecommunication field, because the photonic bandgap fibers offer the 

possibility of low dispersion and low losses [30, 31]. The photonic bandgap fibers 

act as flexible system for atom optics. They can be filled with gasses or liquids, 

the interactions with liquids or gasses in air holes of both the fibers guides by PBG 

and the index guiding fibers show interesting potentials for sensing applications 

[32, 33]. Another applications used with photonic crystal fibers: high power fiber 

laser [34] and Raman scattering [35]. 

This chapter concerned with the study of types of fiber optics. The liquid 

crystal of type EBBA is discussed with details due to its importance in injecting 

the fiber cable. Moreover, the physical parameters such as: temperature, electric 

field, magnetic field, refractive index, that the physical sensor depending on, are 

briefly presented. 
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2.2. PCF Geometrical Characteristics 
The geometric characteristics of fiber cross-section affect the behavior of 

PCF, such as: the core diameter (ρ), and the pitch (ᴧ). The core diameter  which 

for solid core PCF  is defined as the diameter of the ring formed by innermost air 

holes, the pitch is the distance between the center of two consecutive air holes and 

the diameter of air holes of the gladding (d) as show in Figure (2.1). These 

physical parameters in combination with the type of lattice and the choice of the 

refractive index of the material make the fabrication of PCFs very flexible and 

open up the possibility to manage its properties, leading to freedom of design not 

possible with common fiber [7]. 

 

 

 

 

 

 

 

 

 

When the hole to hole (ᴧ) distance are large and diameter of the air-holes 

are small, it is for high power delivery because a large modal area is obtained, and 

when the air holes diameter are large and solid core of PCFs is small, a high air 

filling fraction in the transverse section, so that it is useful for nonlinear allocation 

like super continuum generation. The structure of periodic arrangement of air 

holes around the core of the photonic crystal fiber cause the refractive index of the 

fiber to be changed and effect in the optical properties of the photonic crystal, the 

air holes of PCFs can be distilled water, liquid crystal, and  gas infiltrated, the air 

holes make the  gladding region of the photonic crystal fibers to be tuned by filling 

 (a)SM fiber. (b) Solid core PCF. (c) Hollow core PCF. 

Fig (2.1) Cross section of different types of PCF [36]. 



it with liquids that have different refractive index and makes center wavelength of 

the photonic crystal fibers to be tuned in very wide range[29]. 

 

2.3 Guidance Mechanism 
In the conventional optical fiber, the light propagation depend on the slight 

different of the refractive index between two connection regions with different 

doping levels of the two connection regions for different doping levels of two 

regions of fiber core and cladding [37]. 

Actually, photonic crystal fiber guided light by modified  total internal 

reflection mechanism (m-TIR) or the photonic bandgap (PBG) mechanism based 

on whether the effecting refractive index of the cladding is lower or higher than 

the refractive index of the core [38]. 

On infiltrated liquid crystal material in holey cladding region of the 

photonic liquid crystal with effective refractive index higher than the silica core of 

photonic crystal fiber. The guiding properties of the photonic crystal fiber are 

firstly governed by the antiresonant reflection from multiple cladding region and 

the transmission spectrum of the structure is resolve by the different of refractive 

index of the cladding region [39]. 

When infiltrated the nematic liquid crystal in the cladding region of 

photonic liquid crystal is subjected to the physical parameter such as temperature, 

electric field, pressure... etc., the nematic liquid crystal molecules undergo 

reorientation which leading to change the effective refractive index of the cladding 

and admit for tuning of photonic band gap transmission. Liquid crystal materials 

make photonic liquid crystal susceptible to external fields variations, this property 

can be used to fabricate all-fiber sensors for parameters such as magnetic field, 

temperature and electric field [20]. According to this fact, the guidance 

mechanism is divided into the following two types: 

 

 



2.3.1 Modified Total Internal Reflection 

In standard step index optical fiber there is a positive core-cladding 

refractive index difference, in which the refractive index of the core  (ncore) is 

greater than that of the cladding (ncladding). Similar case is found in solid core of 

photonic crystal fiber, i.e. ncore>ncladding. The guidance mechanism of the light is 

also similar, in solid core photonic crystal fiber is guided with modified total 

internal reflection. Figure (2.2) shows the comparison between photonic crystal 

fiber and step-index fiber. Due to the array holes in the cladding of photonic 

crystal fiber, there is a bigger index contrast between core and cladding [38]. 

 

 

 

 

 

 

 

Like conventional fiber, if the refractive index of core rather than refractive 

index of the cladding in the solid core PCF, then the light guided by total internal 

reflection. Such that, in most all-solid fibers the required index difference is 

created by doping either core or cladding[37]. 

 

2.3.2 Photonic Bandgap Guidance 
In silica-air hollow core photonic bandgap fibers light propagate is achieved 

by several hundreds of holes in triangular lattice arranged around core along the 

fiber [40]. Total internal reflection are not working in hollow core, so the photonic 

bandgap  is usually met in hollow core PCF ,that accrue when the refractive index 

in the core is lower than the refractive index in the cladding. Figure (2.3-a) shows 

Fig (2.2) Geometry and refractive index profiles [38]. 

 
(a) solid-core PCF (b) step-index fiber 



the hollow core PCF cross-section that guided by photonic bandgap and the 

refractive index profile cross the fiber diameter, whereas Figure (2.3-b) shows the 

solid core PCF cross section that guided by modified total internal reflection, and 

the refractive index profile cross the fiber diameter [41]. 

 

 

 

 

 

 

 

 

 

 

 

 

2.4 Loss Mechanisms  
There are two types of losses are usually found in photonic crystal fibers; 

the first type is related to absorption, while the second is related to scattering [42]. 

The totality of these effects is also known as attenuation. Attenuation varies with 

the operating wavelength and the type of the fiber as shown in Figure (2.4). The 

minimum loss in fused silica is noticed at a wavelength of about 1550nm, which is 

lightly less than 0.2 db/km [43].  

 

 

 

 

 

 

 
 

Fig (2.4) Attenuation spectrum of optical fiber [44]. 

Fig (2.3) Geometry and refractive index profiles [28].   (b)solid-core PCF 

(a)Hollow core PCF. 

Fig (2.3) Types of photonic crystal fibers [41]. 
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The expression for attenuation α in dB/km is given by: 

  

𝛼 = −10
𝐿

log10
𝑃0
𝑃𝑖

                                         (1.1) 

 

Where, Pi is the input power, Po is the output power, and L is the length of 

transmission distance measured by (km).  

Many type of losses in photonic crystal fibers (PCFs) such as scattering 

absorption, bend loss, and confinement loss. Photonic crystal fibers have very low 

losses compared with other type of fibers that are used in telecommunications 

system [45]. More details about types of losses is explained in the following 

subsections: 

2.4.1 Absorption Loss  

Absorption loss is the type of attenuation caused by the absorption of 

photons within fiber at particular wavelengths, which is converted to heat 

dissipation within the fiber. Absorption losses are intrinsic and extrinsic material 

properties. Intrinsic absorption occurs by interaction with one or more of the 

components of the glass. Extrinsic absorption is caused by adding impurities 

within the glass such as iron chromium to the fiber during the fabrication process 

[46]. 

 

2.4.2 Confinement Loss 
In solid-core and hollow-core photonic crystal fibers confinement loss 

originates by infinite number of air-holes which can be made in the fiber [7]. Low 

confinement loss is found when the number of the rings of air holes are at least 6 

rings and the core of the photonic crystal fibers is small [47]. To reduce the 

confinement loss, the number of the air holes rings must increase and be careful of 

the selection of air holes and spacing between adjacent air holes [48]. The 

confinement (CL) can be calculated by means the attenuation constant (αm) as 

follows: [7]. 



 

𝐶𝐿 = 20 log(𝑒) ∗ 𝛼𝑚                                        (1.2) 

𝐶𝐿 = 8.886 ∗ 𝛼𝑚 (dB/m)                              (1.3) 

  

2.4.3 Bending Loss 
The bending losses are categorized into microbend losses and macrobend 

losses. The microbend losses occur for small-scale bends.  It is possible to get a 

result to waveguide coating, packaging, installation and cabling, and can be 

decreased through careful processing and handling as show in Figure (2.5), where 

the mode propagating in the z-direction around a bend of radius Ro in the x-

direction. The bending loss in conventional fibers depends on wavelength and 

only occurs when the long wavelength unlike the bending loss in photonic crystal 

fibers depend on the bend radius and wavelength [49]. 

 

 

 

 

 

 

 

 

 

 

 

The microbend loss can be expressed as [50]: 

 

𝛼𝑚𝑖𝑐 = 0.05𝛼𝑚(𝐾4 ∗ 𝑊6 ∗ 𝑁𝐴
4

𝑟2
)                                (1.4) 

 

 While the macrobend loss can be expressed as: 

 

Fig (2.5) Bending loss of PCF [49]. 
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Where, Δ is the difference between the core and cladding refractive indices, r is 

the core radius, R is the radius of the curvature of the bends with proportional to 

the ratio (∆
3

λ2
), K is the wavevector, NA: numerical aperture, and W is the mode 

field radius. 

2.5 PCF Sensors 

Photonic crystal fiber offers a high degree of freedom in design flexibility, 

facilitating the development of new sensing application by varying in the size and 

location of the cladding holes and/or the core of the fiber transmission spectrum, 

dispersion, mode shape, air filling fraction, nonlinearity and birefringence that can 

be tuned to reach values are not achievable with conventional optical fibers. 

Moreover, the existence of air holes gives the possibility of the light propagation 

in air, and provides the ability to infiltration the liquids or gases into the air holes. 

This enables a well-controlled interaction between light and sample leading to new 

sensing application. The applications of the photonic crystal fiber in sensing field 

can be divided into main categories: biosensors, chemical sensor and physical 

sensor, depending on the parameter that is measured [36]. 

Physical optic sensors depend on photonic crystal fibers measure physical 

parameter such as curvature, temperature, displacement, electric field, magnetic 

field, refractive index, torsion and vibration. The measurement, monitoring, and 

control of these parameters are of the vast interest for several applications. 

Physical sensors that assess strain, curvature, torsion, transversal load and 

temperature are of large interest for structural health monitoring. Civil structures 

like bridges, buildings, dams need continuous monitoring with the purpose of 

controlling and preventing abnormal states or accident at an early stage [51]. Other 

physical sensors like electric field and magnetic field are of enormous benefit for 



sensing at high voltages, since they provide an insulating link to high voltage areas 

not offered by conventional electric sensors [52]. 

 
 
 
2.5.1 Electric field sensor 

In conventional sensors commonly use the antennas, metal connection, or 

conductive electrodes. In optic sensors widely used in these applications because 

the fiber optic depend on sensing techniques minimally disarrange the electric 

field, and part from the sensor head, the connecting fibers are inherently immune 

to electromagnetic interference. 

Unattainable fiber based field sensor should present some properties such as 

simple design, small size and all fiber configuration with high measurement 

accuracy [36]. 

 

2.5.2 Temperature sensor 
Fiber optic in sensor field have proven to be very important in measuring 

temperature in original metal and glass productions, in power generation 

operations, oven and automated welding equipment. Another application were in 

optical fiber depend on the temperature measurement is efficient in high 

temperature processing operations in cement and chemical industries. This type of 

fiber optic sensor is the one of the most required in commercial market through 

the high number of applications in different fields. Accordingly, the temperature 

sensor based on photonic crystal fibers were quickly developed in order to 

produce new sensor with improve properties such as sensibility and stability [36]. 

 

2.6 Photonic Sensor Setup 

Photonic crystal fibers can be used as sensors to measure electric field, 

temperature, or any other physical quantities by modifying a fiber so that the 



property to measure modulates the intensity, phase, polarization, wavelength, or 

transit time of light in the fiber. Sensors that vary the intensity of light are the 

simplest, since only a simple source and detector are required. A particularly 

useful feature of such photonic sensors is that they can provide distributed sensing 

over distances of up to one meter. Figure (2.6) shows the photonic sensor setup 

and its basic components. 

 
 

The temperature effect on the density of EBBA that directly proportional to 

the refractive index, when the temperature raises lead to a decrease in the density 

of liquid crystal where due to high temperature the objects is stretch and loss the 

strength of attraction between molecules and thus get bigger distances between 

particles and increases the internal molecular movement 

The electric field intensity at a point is defined as the force experienced per 

unit positive charge at a point placed in the electric field, which the electrostatic 

force per unit charge constituting a field exerting at an arbitrary point, which can 

be expressed as follows: 

(1.6)                                                                𝐸 = 𝑉
𝐷

 

Where, E is the electric field, V is the voltage, and D is the distance between two 

electrodes plates. For alternating power, the root mean square of the voltage (Vrms) 

 

Fig (2.6) Sensor setup of PCF [20]. 



is computed by means the maximum value of the voltage (Vpeak) as given in eq. 

(1.7), whereas the intensity of the electric field is computed by using Vrms and d as 

follows [20]: 

𝑉𝑟𝑚𝑠 = �3
8� �

1
2

 𝑉𝑝𝑒𝑎𝑘                                             (1.7) 

 

𝐸_𝑓𝑖𝑒𝑙𝑑 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 = 𝑉𝑟𝑚𝑠
𝑑�                                    (1.8) 

2.7 Transmission Intensity 

Transmittance of the surface of a material is its effectiveness in 

transmitting radiant energy. It is the fraction of incident electromagnetic power 

that is transmitted through a sample, in contrast to the transmission coefficient, 

which is the ratio of the transmitted to incident electric field. 

The decibel-milliwatts (dBm, or dBmW) is referring to the power ratio 

in decibels (dB) of the measured power referenced to one milliwatt (mW). It is 

used in radio, microwave and fiber optic networks as a convenient measure of 

absolute power because of its capability to express both very large and very small 

values in a short form. Compare dBW, which is referenced to one watt 

(1000 mW). Since it is referenced to the Watt, it is an absolute unit, used when 

measuring absolute power. 

A power level of 0 dBm corresponds to a power of 1 mW. And 3dB increase 

in level is approximately equivalent to doubling the power, implies, a level of 

3dBm corresponds roughly to a power of 2mW. For each 3dB decrease in level, the 

power is reduced by about one half, making −3dBm correspond to a power of 

about 0.5mW. To express an arbitrary power P in milliwatt as x in dBm, or vice 

versa, the following equivalent expressions may be used [53]: 

https://en.wikipedia.org/wiki/Radiant_energy
https://en.wikipedia.org/wiki/Transmission_coefficient
https://en.wikipedia.org/wiki/Electric_field
https://en.wikipedia.org/wiki/Decibel
https://en.wikipedia.org/wiki/Milliwatt
https://en.wikipedia.org/wiki/Power_(physics)
https://en.wikipedia.org/wiki/DBW
https://en.wikipedia.org/wiki/Watt


                                      (1.9) 

Idem with P in watts 

                                              (1.10) 

                                              (1.11)                 

Where P is the power measured in Watt and x is the power level measured in 

decibel-milliwatts. 
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3.1 Introduction 
Sensor design is an important part of the photonic fibers field. Extrinsic 

fiber optic sensors use an optical fiber cable to transmit modulated light from an 

electronic sensor connected to an optical transmitter. A major benefit of extrinsic 

sensors is their ability to reach otherwise inaccessible places. An example is the 

measurement of temperature inside aircraft jet engines by using a fiber to transmit 

radiation into a radiation pyrometer outside the engine. Extrinsic sensors can be 

used in the same way to measure the internal temperature of electrical 

transformers, where the extreme electromagnetic fields present make other 

measurement techniques impossible. 

The design of the photonic fiber sensor is still challenge due to each design 

is performed for specific application for reaching the optimal efficiency of 

sensing. It is not possible to state which sensor design is best for all application as 

the characteristic of each case and the circumstances for each study vary so 

greatly. Therefore, it is essential to understand the alternative strategies for the 

sensing so that the most appropriate sensor is selected for the case in hand. At 

present, there are different sensing procedures used for different purposes by 

various researchers, each needs some requirements and gives limited results. The 

search on the best appropriate one still exists to view. 

This chapter is concerned with the employed methods of the proposed 

temperature and electric field sensor design; these methods will be explained and 

discussed in details for each stage in the workflow, including the liquid crystal 

preparing stage.  
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3.2 Proposed PCF Sensor Design 

The concept of multi-stage of preparing and designing has been used to 

establish the proposed PCF sensor. It is claimed that these stages can beneficially 

be combined and that, through the combination, a significant simple and efficient 

PCF sensor can be achieved. 

The generic structure of the proposed design is shown in Figure (3.1). It is 

shown that the proposed method is designed to be consisted of two phases: the 

preparing and design. The preparing is a primary stage, it is responsible on 

preparing the liquid crystal using its chemical components to be injected in the 

photonic fiber. Whereas the design is a setup stage, which is responsible on 

construct the sensor components to be used in the next testing stages. The test 

stages include examining the sensitivity of the proposed sensor in terms varying 

the temperature and electric field. The employed measure is the power intensity as 

a function of temperature once and electric field another time, the measurements 

of power intensity requires to fixing some related parameters such as wavelength 

and temperature. More details about each stage are given in the following sections: 

 

 
 

 

 

 

 

 

 

 

 

LC Preparation  PCF Sensor Design  

Test stage and results Evaluation 

Fig (3.1) Work flow of the proposed PCF sensor design. 

Chemical Preparation of LC 

Characterization of LC 

Refractive Index of LC 

Absorption Spectra of LC 

Sensor System Design Setup 

LC Injection in the PCF 

PCF Temperature Sensor  

PCF Electric Field Sensor  



3.3 LC Preparation  

The nature of a crystallization process is governed by both thermodynamic 

and kinetic factors, which can make it highly variable and difficult to control. 

Factors such as impurity level, mixing regime, vessel design, and cooling profile 

can have a major impact on the size, number, and shape of crystals produced. The 

preparation phase concerned with preparing the liquid crystal using some chemical 

components, and then determining its physical characterization of the produced 

liquid crystal to ensure its correct construction and purity. The following 

subsections illustrate the preparation and examination stages of the produced 

liquid crystal with details: 

 

3.3.1 Chemical Preparation of LC 
The first stage in the present work is the preparation of the liquid crystal 

from its chemical components. The adopted liquid crystal is of type N-(4`-

ethoxybenzylidene)-4-n-butylaniline (EBBA), which requires to use the chemical 

materials listed in Table (3.1). The preparation process needs to pass through the 

following two steps: 
 

Table (3.1): Chemicals and their manufacturers. 

Compound Supplied from 

4-hydroxybenzaldehyde Merck 

anhydrous k2co3 BDH 

Cyclohexane Merck 

ethyl bromide BDH 

4-n-bytylaniline BHD 

Ethanol (Absolute) BHD 

glacial acetic acid BHD 

Step1: Preparation of N-4'-ethoxybenzylidene: A mixture of (1.1g) 4-

hydroxybenzaldehyde and (2.76g) of anhydrous k2co3 were dissolved in (4ml) 



cyclohexanone, (0.008mol) of appropriate ethyl bromide was added, and the 

mixture was refluxed with vigorous stirring for overnight as shown in Figure (3.2). 

The mixture was filtered, the solvent was distilled off. The mechanism of the 

synthesis of N-4'-ethoxybenzylidene was shown in the Figure (3.3). 

 
 

 

 

 

Step2: N-(4'-ethoxybenzylidene)-4-n-butylaniline (EBBA) was prepared from the 

condensation reaction of N-4-ethoxybenzaldehyde(1.5mL) and 4-n-

butylaniline(1.6mL) in absolute ethanol (20mL)with two drops glacial acetic acid 

was refluxed with stirring for four hours. The formed precipitation was filtrated 

and recrystallized from ethanol to give N-(4'ethoxybenzylidene)-4-n-butylaniline 

according to the reaction shown in Figure (3.4). The mechanism of the synthesis 

of EBBA was shown in the following Figure (3.5). 

 

 

 

 

 

 

 

 

 

Fig (3.2) Reaction equation to the prepared N-4'-ethoxybenzylidene. 

 

Fig (3.3) Mechanism to the formation of N-(4`-ethoxybenzylidene). 

 

 

Fig (3.4) Reaction equation to the prepared EBBA. 



 

 

 

3.3.2 Characterization of Liquid Crystal  
This stage is decided to be carried out for credit correct behavior of physical 

characteristics of the liquid crystal that made in the laboratory. The considered 

physical characterization is the transmittance of the adopted liquid crystal, the 

behavior of the transmittance is considered as a function to the different 

wavelengths. 

3.3.3 Fourier Transform Infrared Spectroscopy (FTIR) 
 Fourier Transform Infrared Spectroscopy (FTIR), which is used to record 

the spectrum of potassium bromide disk on IR-presige21 model, Shimazu, 2006, 

Iraq, Baghdad, university of Baghdad.this device is used to record the spectrum of 

EBBA liquid crystal for notes the change of function grope of material. 

3.3.4 Refractive Index of LC  
Abbe refractometer  with wavelength (ℷ=589.3 nm) and the accuracy equal 

to ±0.001 nD using a HAKKE-D1-G thermometer water bath and a 

Hewlett-Packard model 201Aquartz thermometer can be used to measure 

the refractive indices of prepared compound of EBBA liquid crystal 

material with different temperature. The acceptable values of such indices 

are indicating light paths inside the PFC. 

 

Fig (3.5) Reaction mechanism to the formation of N-(4`-ethoxybenzyli -
dene)-4-n-butylaniline. 



3.3.5 Absorption Spectra of LC  
The UV-Visible spectrophotometer device (UV-160Amodel, Shimadz, Iraq, 

Baghdad, university of Baghdad) is used to get the absorption spectra of the LC at 

the region of interest in the wavelength range. The behavior of absorption spectra 

indicates the useful region of the wavelength that showed maximum amount of 

absorption. This region can be employed to credit higher efficiency for sensor 

performance. 

3.4 PCF Sensor Design  
The PCF sensors of temperature and electric field have been designed by 

using solid core photonic crystal fiber (LMA-10) for temperature sensor and 

hollow core photonic crystal fiber (HC-1550) for electric field sensor. The 

photonic crystal fiber infiltration by capillary effect will be used to sense 

temperature and electric field. Also, different wavelength in the temperature 

sensor are decided to be used, whereas there is just one wavelength will be used to 

test the electric field sensor.  

To introduce the designing phase, the designing requirements should first be 

determined. The following subsections explain these requirements and the next 

stages that related to the design setup: 

3.4.1 Sensor Design Requirements 

The setup of the proposed design needs to perform the following processing 

on the prepared liquid crystal and photonic fiber, this to ensure the efficient 

performance for the proposed design: 

The requirements are the instruments and equipments that needed to 

establish the PCF sensor design, which are listed as follows: 

1. Solid core photonic crystal fiber-(LMA-10), which is a type of photonic 

crystal fibers produced by NKT Company. This fiber contain of two layer, 

core and cladding made of from pure silica with diameter equal to (10.1 ± 0.5 

µm) and (125 ± 2 µm) respectively and coating this two layer by Acrylate 



material with diameter equal to (245 ± 10 µm). This type of PCF will be 

employed to design the proposed temperature sensor. 

2. Hollow core photonic crystal fiber (HC-1550), which is a type of photonic 

crystal fibers produced by Thorlab Company. This fiber contain of two layer, 

core and cladding made from silica with diameter (10±1𝜇𝑚) and (120𝜇𝑚) 

respectively. This type of PCF will be employed to design the proposed 

electrical field sensor. 

3.4.2 PCF Establishment 

The establishment of the PCF requires to join two pieces belong to different types 

of PCF. This is can be carried out using special technique related to the cleaving 

and splicing processes. More details about such processes are mentioned in the 

following: 

A. PCF Cleaving 

Cleaving process aims to remove  coating of the head of the fiber by 

stripping tools such as the CFs-1 or Fitel S-210. If removal of coating debris was 

needed, one can use a folded sheet of lint free lens tissue to avoid leakage of liquid 

into holes. It should be note that the use of any solvent for cleaving the fiber after 

cleaving process is not allowed since it may cause a failure of connecting and 

sensing. 

B. PCF Splicing 

Photonic crystal fiber spices are different from standard fiber splices 

because the core cannot be seen through the side of the fiber and the power will be 

reduced, typical splicer power is about 25% less than that used for comparable 

solid fibers [54], to collapse of the holes. The most challenging problem in 

splicing PCF, is a voiding the collapse of the microstructures holes, because high 

temperatures from splice also giving a chance to glass to flow. 

There are many splicing techniques used to splice photonic crystal fiber 

with different fibers, one techniques has been used namely fusion splicers. FSM-



60 splicer that produced by Fujikura Company has been used to splice different 

types of fiber, LMA-10 PCF spliced with a single mode fiber (SMF-28) from one 

end. The other end of PCF LMA-10 was connected by a free space connector to 

give an access for liquid infiltration. 

The present setup comprises of a piece of LMA-10 photonic crystal fiber 

spliced from one end with single mode fiber SMF-28. The other end of the LMA-

10 photonic crystal fiber was connected to give an access for liquid infiltration by 

free space connector. Figure (3.6) show the splicing of photonic crystal fiber with 

single mode fiber. 

 

 

 

 

 

 

3.4.3 LC Injection in PCF  

 The injection of LC in the PCF in this work by using capillary tube method, 

this method is used because the techniques  of injection is unavailable. By this 

method can LC a rise  in PCF approach 1cm. 

3.5 PCF Infiltration Temperature Sensor 

 This type of sensor based on use a small piece of EBBA infiltrated with 

fluid sensitive to temperature. Where, EBBA was infiltrated through the photonic 

crystal fiber by means of capillary effect, time article to be taken to rise almost an 

hour. This fluid is used with solid core LMA-10 PCF at different temperature and 

different wavelengths (1550, 1060, 850 nm) and laser helium-neon with 632.8 nm. 

 

Fig (3.6) PCF-SMF splicing. 



Such that, photonic crystal fiber will become sensitive to temperature, and this 

will have effects the output light power through the filled photonic crystal fiber. 

the experimental setup of the temperature sensor is shown in Figure (3.7), whereas 

Figure (3.8) shows the photograph of photonic crystal fiber infiltrated with 

prepared liquid crystal. 

 

 

 

Fig (3.7) Setup of the temperature sensor photonic crystal fiber. 

 

Fig (3.8) Infiltrated with prepared liquid crystal. 



The diode laser shown in Figure (3.9) is used to provide laser beams of different 

wavelengths 1550, 1060, 850 nm, the power of such laser almost 1mw. Also, the 

helium-neon laser is used to provide a laser beam of wavelength 632.8 nm. 

The fiber of type LMA-10 PCF is used as a sensor head, such type consist 

of a six rings of air holes surrounded the solid core as mentioned in appendix. The 

optical spectrum analyzer OSA(YOKOKKAWA, Ando AQ6370) with resolution 

0.02 nm was used to monitor the interference spectra of the sensor. Also a hot 

plate (Thermostiertific type 1900) is used in addition to thermo couple wire of 

type K. 

Full collapsing technique was used to connect photonic crystal fiber to 

single mode fiber. Before splicing PCF with SMF, they are cleaved by high 

precision cleaver (CT-30), then they are spliced by fusion splicing machine (FSM-

60). A free space connector with less loss is used to connect them from other side 

to give an access for liquid infiltration as shown in Figure (3.10). 

 

 

 

 

 

Fig (3.9) Photograph of laser diode (1550, 850,1060) nm. 



 

 

 

3.6 PCF Infiltration Electric Field Sensor 

 This type of sensors based on use a small piece of hollow core photonic 

crystal fiber infiltrated with liquid. Where, the open end of the photonic crystal 

fiber was infiltrated with EBBA liquid crystal at room temperature by dipping the 

cleaved and into the liquid crystal material. The liquid crystal material was drawn 

into the holes of photonic crystal fiber by capillary action and an infiltration length 

~1 cm was obtained. 

 The electric field is applied to the infiltrated photonic crystal fiber by means 

of two electrodes positioned on opposite sides at the infiltrated end of the photonic 

crystal fiber. The distance between two electrodes is equal to the 0.25 cm .The 

values of voltage in our experiment from zero volt to Vpeak , the used maximum 

value of Vpeak  is 700 V. the transmission spectra of the infiltrated photonic crystal 

fiber sample was record by using spectrometer. Figure (3.11-a) shows the 

photograph of empty hollow core PCF, whereas Figure (3.11-b) infiltrated PCF 

Fig (3.10) Free space connector. 



with prepared liquid crystal (EBBA). Figure (3.12) shows the fabrication of the 

electric field sensor setup. 

 

 

 

 

 

 

 

 

 The diode laser (produced by ASTRO company) is used with wavelength 

equal to 650 nm, the power of this laser<200 mw. The type of the used fiber as a 

sensor head is HC-1550 PCF. This fiber set between two electrodes plates of 

spacing distance is equal to 0.25 cm. The spectrometer (of type; Ava Spec_2048 

XL, produced by AVANTES company) was used to record the transmission 

spectra with increasing the voltage by using high voltage power supply (100-1000 

V) and voltmeter (of type; 3PK-600T, produced by Proskit company). Also there 

 
(a) Filled with prepared liquid crystal 

(b) Empty PCF. 

Fig (3.11): photograph of photonic crystal fiber. 



is an objective lens is used to focus the light of the laser on the head of fiber as 

shown in Figure (3.13). 

 

 

 

 

3.7 Test Results Evaluation 

Last stage is the performance efficiency determination, which is a 

comparison based on power intensity between the achieved results and that 

mentioned in the literatures, the result of the comparison will determine the 

performance efficiency with consideration of setup and material difference from 

that of literatures, which help to decide the ability exporting the proposed sensor 

in to application field. 

 

 

 

 

 

 

 

Fig (3.13) Photograph of the setup of the electric field sensor 
with an objective lens. 
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4.1 Introduction 
The development of PCF based liquid crystal brings about an easy way to 

extract useful techniques in broad applications. Consequently, the data analysis 

extracted from the behavioral performance of temperature and electric field 

sensors is examined using validation and assurance techniques. In the present 

work, there are two considered paths; training and sensor design. The training is 

the practical way by which the liquid crystal is prepared, and then determining its 

physical characterization, while the sensor design uses the prepared liquid crystal 

to produce sensors in terms of temperature and electric field variations. Results 

analysis is then carried out for validation purpose. The analysis includes a 

presentation about how implement the methods mentioned in the previous chapter. 

Also, there is a detailed explanation related to the results achieved through 

implementing each stage in the proposed PCF sensor design method. The results 

are presented in figures and tables including quantitative and qualitative analytical 

discussions. Then, this analysis is estimated to evaluate the performance of the 

proposed sensors. The following sections show more details about the results and 

analysis of the employed method. 

4.2 LC Preparing Results 

The liquid crystal N-(4'ethoxybenzylidene)-4-n-butylaniline (EBBA) was 

prepared from condensation reaction of N-4-ethoxy benzaldehyde and 4-n-

butylaniline according to the reaction show in Figure (3.4). This EBBA possess a 

transition temperature range between (36n-80i)0C. The liquid crystal molecules 

depended on the temperature where below 360C, where the molecules of such 

material become solid and become a liquid above 800C as illustrated in Figure 

(4.1). The following subsections explain the physical measurments applied on the 

prepared EBBA to ensure its quality assurance. 
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4.2.1 LC Characterization Results 
The prepared compound was identified by FTIR spectroscopy. The 

characteristic bands of EBBA, 4-n-butylaniline, and 4-ethoxybenzaldehyde are 

shown in Figures (4.2), (4.3), and (4.4) respectively. Compound of EBBA shows 

the appearance of band at 3020 cm-1 that attributed to the υ (C-H) arome. Groups, 

bands at. 2954.95, 2927.94, 2858.51 cm-1 assigned to the asymmetrical and 

symmetrical stretching of (C–H) aliphatic, respectively, the imine band appeared 

at 1616.35 cm-1, bands at 1516.05 cm-1, 1118.71 cm-1, and 829.39 cm-1 that are due 

to υ (C=C), υ (C-O), and out of plane bending of para dis substituted benzene ring 

respectively. The disappearance of the υ (NH2) group for amine and υ (C=O) 

group of aldehyde are also detected. 

 

Fig (4.1) Transition temperature range for EBBA liquid crystal. 

Solid Liquid 36 n 80 i 
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Fig (4.3) FTIR spectrum of 4-n-butylaniline. 

 

Wave number (cm-1) 

Fig (4.2) FTIR spectrum of EBBA. 

 

 

 
Wave number (cm-1) 

Fig (4.4) FTIR spectrum of 4'-ethoxybenzylidene. 

 



4.2.2 LC Refractive Index Results 
 Abbe refractometer is used to measure the refractive index of EBBA many 

times with varying the temperature of EBBA, measurements were recorded using 

sodium D line of wavelength λ=589.3nm and temperatures range (25-80oC). The 

result shows that the increase of temperature leads to decrease the index of 

refraction values of EBBA (1.3284–1.3198) as given in table (4.1).  
 

Throughout the refractive index measurements, the temperature is using a 

HAKKE-D1-G thermometer water bath and a Hewlett-Packard model 201Aquartz 

thermometer that work in the visible light region, in which the refratometer was 

connected to the water bath. Figures (4.5) refer to the relationship between the 

refractive indices of EBBA and temperature through the heating process. 

 

Table (4.1): The values of refractive index of EBBA with changing temperature. 

Temperature(oC) n heating ±0.001 
25 1.3284 
30 1.3273 
35 1.3268 
40 1.3250 
45 1.3246 
50 1.3237 
55 1.3234 
60 1.3231 
65 1.3229 
70 1.3200 
75 1.3198 
80 1.3194 

 

 

 



  
 

 

 

It is shown that the refractive index of EBBA shows very small variation 

with temperature, this variation is normal compared with other liquids such as 

water given in(Alexey N.Bashkatov,Elina A.Genina,2003)[55], and 4-Methoxy-

Benzylidene-4-Butyl-n-Aniline (MBBA) liquid crystal given in(Abdul-Aziz 

O.M,Abdul-karim J.R et al,2013) [56]. 

The values of the refractive index are gradually decreasing with increasing 

the temperature. This is due to the density of EBBA that directly proportional to 

the refractive index, when the temperature rises lead to a decrease in the density of 

liquid crystal where due to high temperature the objects is stretch and loss the 

strength of attraction between molecules and thus get bigger distances between 

particles and increases the internal molecular movement. Stretch objects leads to 

the decrease in the density of matter and thus decrease the refractive index. 

4.2.3 LC Absorption Spectra Results 
 Figure (4.6) shows the absorption behavior of the EBBA along the 

wavelength range (200-900 nm). It is shown that the maximum absorption value of 

the LC at the wavelength (𝜆max=246 nm). 
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Fig (4.5) Shows the variation of refractive index of EBBA 
with temperature in the heating process. 



 

The behavior of absorption spectra indicates the useful region of the 

wavelength that showed maximum amount of absorption. This region can be 

employed to credit higher efficiency for sensor performance for this reason used 

wavelength large than 246 nm to avoide the absorption of material to light so, can 

be obtained high output power . 

4.3 PCF Temperature Sensor Test 

The used PCF in the temperature sensor is composed to two pieces; the first 

is a solid core LMA-10 PCF that spliced to the second piece of type SMF-28. The 

characteristics of such types of PCF are presented in appendix. 

Different sensor configuration has been constructed with different infiltrated 

liquids. One type of photonic crystal fibers which is LMA-10 was used to carry 

experiment applying with different wavelengths (1550, 1060, 850, and 632.8 

nm).the values of the power change to the value of transmission intensity by using 

equation (1.9). 

Table (4.2) listed the resulted temperature and transmission with the 

variation of temperature at wavelength (1550 ,1060,850,and 632.8 nm). This refers 

to that there is a relation between the refractive index distribution over air holes 

and temperature change of the spectrum with increasing temperature. Figures (4.7-

4.10) show the behavior of the transmission with the variation of temperature. It is 



found that the sensitivity of the temperature sensor by the slope is (0.02, 0.008971, 

0.004536, and 0.002607 dBm/oC) respectively. 

Table (4.2)the results of photonic crystal fiber temperature sensor infiltrated with 

EBBA liquid crystal of (1550,1060,850,and 632.8 nm) 

λ=632.8 nm λ=850 nm λ= 1060 nm λ= 1500 (nm)  

Temperature℃ 
Transmission 

(dBm) ± 0.02 

Power(mW) Transmission 

(dBm) ± 0.02 

Power(mW) Transmission 

(dBm) ± 0.02 

Power(mW) Transmission 

(dBm)  ± 0.02 

Power(mW) 

-21.93 0.00640 -20.31 0.00930 -35.35 0.0002911 -25.6 0.0027542 20 

-21.91 0.00643 -20.29 0.00934 -35.171 0.000304 -25.4 0.002884 30 

-21.89 0.00647 -20.25 0.00942 -35.07 0.0003111 -25.2 0.00302 40 

-21.86 0.00651 -20.21 0.00952 -34.99 0.0003165 -25.0 0.0031622 50 

-21.84 0.00654 -20.17 0.00960 -34.94 0.0003205 -24.8 0.0033113 60 

-21.81 0.00659 -20.10 0.00975 -34.85 0.0003269 -24.6 0.0034673 70 

-21.77 0.00664 -20.04 0.00990 -34.77 0.0003332 -24.4 0.0036307 80 
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Fig (4.8) The relation between transmission and temperature after 
infiltration with EBBA liquid crystal at 1060 nm. 

 

Fig (4.7) The relation between transmission and temperature after 
infiltration with EBBA liquid crystal at 1550 nm. 
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Fig (4.9) The relation between transmission and temperature after 
infiltration with EBBA liquid crystal at 850 nm. 

 

Fig (4.10) The relation between transmission and temperature 
after infiltration with EBBA liquid crystal at 632.8 nm. 



The results have shown that the transmission have been increased with 

increasing the temperature, this is due to influence refractive index on the 

propagation mode that becomes less confined in the fiber.  

Table (4.3) and Figure (4.11) summarize the results of this part of the experiment. 

 

 

 

 

 

 

 

 

 

 

 

From figure (4.11) the result have shown that the increasing in temperature 

affect on the molecules of liquid crystal and photons emerging from liquid crystal 

through the fiber. This increase in temperature leads to increased the vibrating 
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Table (4.3): shown the relation between sensitivity 
to temperature and wavelength. 

Sensitivity (dBm/℃) Wavelength (nm) 

0.020000 1550 

0.008971 1060 

0.004536 850 

0.002607 632.8 

 

Fig (4.11) Sensitivity of temperature at different wavelength. 



energy of the liquid crystal, because of the strong bonds between the liquid crystal 

molecules, the effect does not appear that not much vibrating liquid crystal 

molecules only a very slight vibration of possible neglecting. 

 In addition, the increased in temperature also leads to increased kinetic 

energy of the photons, and this makes the largest number of photons is 

implemented through the liquid crystal down to spectrometer. This means an 

increase in the power of light emerging from the fiber and thus lead to increase 

transmission with different wavelengths , but at wavelength equal to 1550 nm 

found that the temperature sensitivity as high as possible because at this 

wavelength be less loss and attenuation as possible(K.Nagayama,M.Kakui et 

al,2002) [43]. 

4.4 PCF Electric Field Sensor Test 

One type of photonic crystal fiber which is HC-1550 was used to carry 

experimentally applying with wavelength equal to 650 nm. The values of the 

voltage can be change to the electric field intensity by using equation(1.8). 

It is found that there is a relation between the electric field intensity and 

transmission as show in Table (4.5). 

Table (4.4) the values of voltage and power. 

 

 

 

 

 

 

Power (mW) Voltage (V) 
0.60496 0 
0.60509 100 
0.60592 200 
0.60586 300 
0.60318 400 
0.60475 500 
0.60949 600 
0.60630 700 
0.60650 800 
0.60660 900 



 

 

 

 

 

 

 

 

 

The transmission response of the device with increasing electric field 

intensity is shown in figure (4.12).between a field intensity of zero and 97.92 

Vrms/mm, the transmission remains unchanged. Above this threshold field 

intensity, the nematic liquid crystal molecules begin to reorientation which results 

in a gradual decrease in transmission through the infiltrated photonic crystal fiber 

with EBBA liquid crystal with the increasing electric field intensity until an of 

~(146.8 Vrms/mm) is reached. 

The transmission response in the electric field intensities from 97.92 

Vrms/mm to 146.8 Vrms/mm is close to linear. The linear part of the transmission 

response for the infiltrated photonic crystal fiber in the electric field intensity 

show that the sensitivity to the electric field equal to 0.00123 dBm/( Vrms/mm). 

Table (4.5) The values of electric field intensity and 
transmission. 

 

Transmission (dBm) Electric field intensity  
(Vrms/mm) 

-2.18 0 
-2.18 24.48 
-2.18 48.96 
-2.18 73.44 
-2.19 97.92 
-2.18 122.4 
-2.15 146.8 
-2.17 171.3 
-2.17 195.9 
-2.17 220.4 



 

 

 

 In order to measure the sensor sensitivity, it should be take in a count just 

the region that the sensor operate through this refers to the interval 97.2-146.8 

Vrms/mm of electric field intensity, but the last literature mention that the best 

description of the sensor sensitivity is linearly when the behave of the sensor is 

decay with increasing transmission intensity, which is the region between 97.2-

146.8 Vrms/mm. 
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Figure (4.12): shows the relation between transmission and 
electric field intensity after infiltration with EBBA liquid 
crystal at 650 nm. 
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5.1 Conclusions 
Throughout the implementation of the present work, a number of conclusions 

have been achieved based on the practical results. The following statements 

summarize the most important ones: 

 

• The values of refractive indices decrease with increasing temperature in 

thermal range(25-80)℃, so this liquid crystal material(EBBA) have good 

property for different thermo-optics applications such as temperature 

sensors. 

• The temperature sensitivity of a LMA-10 PCF infiltration with EBBA liquid 

crystal was measured and it showed: 

The sensitivity for temperature sensor infiltrated with EBBA liquid crystal is 

(0.02, 0.008971, 0.004536, and 0.002679 dBm/ oC) at wavelength (1550, 1060, 

850, and 632.8 nm) respectively. 

From this values of sensitivities the highest temperature sensitivity at wavelength 

equal to 1550 nm, because the minimum loss in fused silica less than 0.2db/km 

 

• The electric field sensitivity of HC-1550 PCF infiltration with EBBA liquid 

crystal was measured and equal to 0.00123 dBm/ (Vrms /mm). 

• EBBA liquid crystal sensitive to temperature more than sensitive to electric 

field, because the liquid crystal molecules change phase by increase or 

decrease temperature. 
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5.2 Suggestions for Future Work 

There are some suggestions taken into account for developing the 

implementation of the present work, which help to achieve a higher level of 

performance efficiency, they are given in the following: 

 

1. The EBBA liquid crystal can be used in other type of sensors such as, 

refractive index sensor, and pressure sensor 

2. The use of nanomaterial technology for preparing injected material can be 

used to produce a magnetic field sensor. 

3. The use of COMOSOL program is useful for designing and simulating any 

sensor, and then compare its results with the experimental ones.  
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 الملخص
 
 

ان العمل الحالي یھدف الى استعمال الالیاف البلوریة الضوئیة لتصمیم متحسسات 
ئي بخصائص تصنیع مطلوبة تتضمن: حساسیة عالیة، اعادة التصنیع، حرارة ومجال كھربا

). ان الجدید EBBA) بلوري من نوع (Nematicوكلفة اقل من خلال الحقن بسائل خیطي (
والتي تتصف بقدرتھا على اصطفاف جزیئاتھا عند  EBBAفي ھذا العمل  ھو استخدام مادة 

جعلھا تمتلك صفات البلورات أحادیة تعرضھا الى مجال كھربائي خارجي، الامر الذي ی
 المحور وتكون مفیدة في تطبیقات مختلفة.

 
تم تصمیم وتنفیذ متحسسي الحرارة والمجال الكھربائي المقترحین، حیث ان عملیة 
التصمیم قد تطلبت المرور بطورین من العمل ھما: طور تحضیر السائل البلوري وطور 

بأستخدام مكوناتھا  EBBAل عن تحضیر مادة تصمیم المتحسسین. ان طور التحضیر مسؤو
الكیمیائیة لیتم حقنھا في اللیف الضوئي البلوري في مراحل عمل قادمة وذلك بعد التأكد من 
جودتھا. ومن اجل التحقق من جودة المادة المصنعة، تم استخدام مطیاف تحویل فوریرللاشعة 

درجة مئویة،  ۸۰-۳٦ت حرارة ) لتحدید طیف الانبعاث عند مدى درجاFTIRتحت الحمراء (
درجة  ۸۰-۲٥وكذلك تم قیاس مقادیر معامل الانكسار لھذه المادة عند مدى درجات حرارة 

مئویة، حیث أظھرت النتائج ان معامل الانكسار یقل بزیادة درجات الحرارة. بعد ذلك، تم 
في تصمیم المتحسسین المقصودین. في حین ان طور تصمیم  EBBAاستخدام المادة 

 المتحسس مسؤولا عن بناء المتحسس وضبط مكوناتھ بالشكل المطلوب.
 

-LMAتم تنفیذ المتحسس الحراري بربط قطعة صغیرة من لیف بلوري ضوئي نوع (
) من طرف واستخدم رابط حر الحركة من SMF-28) مع لیف نمط وحید تقلیدي نوع (10

اضافة الى ) nm ۱٥٥۰،۱۰٦۰،۸٥۰الطرف الاخر. ثم أستخدم لیزر ثنائي بأطوال موجیة (
) كمصادر ضوء واستخدم محلل طیف ضوئي ٦۳۲.۸nmلیزر الھیلیوم نیون بطول موجي (

) لمشاھدة وتسجیل طیف الانبعاث. في حین تم تنفیذ متحسس المجال OSAعالي الحساسیة (
 (HC-1550)الكھربائي باستخدام قطعة صغیرة لیف بلوري ضوئي ذو جوف فارغ من نوع 

كمصدر ضوء یتم توجیھھ من احد اطراف اللیف  ٦٥۰nmیزر ثنائي بطول موجيواستخدام ل
بواسطة ظاھرة الانابیب الشعریة، ومن ثم یتم  EBBAفي حین یملأ الطرف الاخر بمادة 

 تسجیل طیف الانبعاث بواسطة مطیاف الالیاف البصریة.
 

لبلوري بالسائل تم اختبار المتحسسات المقترحة وذلك بملأ ثقوب الھواء للیف الضوئي ا
 EBBAالبلوري بدلاً من الھواء. ولغرض تحسس الحرارة، تم تحضیر مادة السائل البلوري 

) والتي ادت LMA-10وزجھا في فراغات اللیف البلوري الضوئي مملوء الجوف من النوع (



 الى تغیر معامل انكسار اللیف البلوري الضوئي وأثرت ایضاً على نفاذیة اللیزر بداخلھ، یأتي
ھذا التأثیر بسبب تغیر معامل انكسار السائل البلوري. أظھرت النتائج ان قدرة طیف الانبعاث 
بعد ملأ اللیف تزداد بزیادة درجات الحرارة. وأن اعلى حساسیة تم استحصالھا كانت 

0.02dBm/oC  1550عند طول موجيnm  بسبب قلة ضیاع الضوء و وھنھ. وكذلك في
في لیف  EBBAم ملأ فراغات الھواء بمادة السائل البلوري متحسس المجال الكھربائي، ت

أظھرت النتائج ان قدرة الانبعاث لا . 1cm) لأرتفاع بحدود HC-1550بلوري ضوئي نوع (
، وان المتحسس الكھربائي Vrms/mm 97.2تتغیر حتى وصول شدة المجال الكھربائي الى 

وبعدھا یثبت مرة ثانیة   Vrms/mm 146.8الى   Vrms/mm 97.2یعمل في منطقة مابین 
ان  .650nm) عند الطول الموجي dBm.mm/Vrms 0.00123وان حساسیة المتحسس الى (

مقادیر الحساسیة المستحصلة تعتبر مقبولة بالمقارنة ما تم ذكره في ادبیات سابقة، وھذا یؤكد 
 صحة سیر مراحل العمل والنتائج.

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 
 
 
 

 
 

 ألیاف ضوئیة بلوریة تصمیم متحسس
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