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Abstract 

Photonic Crystal Fiber Interferometers (PCFIs) are generally utilized 

for sensing applications.  This work presents the fabrication and studies the 

characterization of a relative humidity sensors. A stub of (LMA-10) PCF 

infiltrated with a polymer (agarose ) in order to improve the sensitivity of 

the humidity sensor that operates in a Mach- Zehnder Interferometer (MZI) 

reflection mode . The other sensor was coated with same material that 

operates in a (MZI) transmission type. The fabrication of the sensors only 

involves splicing and cleaving PCF with Single Mode Fiber SMF 

(Corning-28). For agarose infiltrated PCFI  that based in MZI reflection 

type, the sensor operation involved on the adsorption and desorption of 

water vapor at the silica-air interface within the PCF. The sensor shows a 

high sensitivity to RH variations from (27% RH - 95% RH), with a change 

in its reflected power,  the position of the interference peaks  is found to be 

shifted to long wavelength (red shift) with high humidity sensitivity of 

(8.49 pm / %RH) is achieved with compact (4mm) PCF length and the 

response time of the sensor is found to be 1.4 s  for a change in RH of 

50%RH. The sensor has the focal points for reasonable for checking the 

humidity in microenvironments such as a human breath rate monitor in a 

clinical situation. The other RH sensor based on coated agarose PCFI  that 

operates in (MZI) transmission type, the experimental results show that a 

high humidity sensitivity  of -29.37 pm/%RH is achieved within 

measurement range of 27–95% RH at thickness of agarose solution 

5.996μm, the sensitivity of the RH sensor had a considerable reliance 

 on the thickness of coating and the highest sensitivity of the sensor  

 showed a linear response for RH change that shifted interference peaks to 

short wavelength ( blue shift ) with a fast response time of 0.8 s for an RH 

changed from 50% - 90%. 
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            The two sensors also show good repeatability, small size, long-term 

stability, measurement accuracy and wide humidity range. 

   Some simulation results have been achieved by using the COMSOL 

5.1 multiphase's program.  It used to design the photonic crystal fiber large-

mode area of the empty and with infiltrated or coated agarose PCFI and 

find a guiding diode laser 1550 nm inside the optical crystal fiber. 
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1.1 Introduction 

This chapter introduces the basic concepts of optical fiber ,research 

background, literature survey, motivation and objectives of the research. 

Over the past decades, optical fibers have revolutionized the fields of the 

sensing and telecommunications. Numerous kinds of optical fiber sensors 

have been well-designed and developed to measure various parameters, more 

than 70 different parameters could be measured or monitored, such as, 

temperature[1], rotation [2], strain [3], vibration[4], magnetic fields[5], 

pressure[6], acoustics[7], humidity[8], refractive index [9], acceleration [10], 

etc. Optical fiber sensors have become more and more important; they 

gradually become indispensable, such as in civil [11, 12] medical [13, 14] and 

military applications [15]. 

Although optical fibers offer an excellent performance in fiber 

communication, the silica's intrinsic properties have imposed limitation in 

the development of this technology. The first limitation is selection of 

material for the core and cladding, so as to have matching optical, 

chemical, and thermal properties. Different limitations are identified with 

the fiber geometry and its refractive file profile, which does not permit 

designing optical fiber attributes for uninhibitedly, for example, 

nonlinearity, scattering, and birefringence keeping in mind the end goal to 

advance in applications, for example, fiber sensors or high power lasers, 

among others[16].To avoid these problems, new sensors are designed and 

constructed in depending on optical fibers, photonic crystal fibers (PCFs). 

PCF is a particularity optical fiber made out of a single material (silica) 

based on the properties of photonic crystals with unique manufacture [17]. 

The PCF has cross-section of an array of air holes running along its entire 

length, It is microstructure provides distinctive characteristics different from 

the conventional optical fiber [18], the air holes presence provides a 

possibility of light propagation in air, or instead of that gives the ability to 



Chapter one                                                     introduction and basic concepts         2 
             

 

 
 

inject gases/liquids into holes. This leads a good controlled interaction 

between light and matter leading to novel sensing applications that cannot 

get it with conventional optical fibers [19, 20, 21]. 

 Photonic Crystal Fiber Interferometers (PCFI) are attractive because 

of  their compactness and fundamental intrinsic temperature compensation 

[22].  

Humidity is a serious factor in various fields, such as, food process 

and storage, chemical, biomedical, agriculture,weather conditions 

monitoring and others[23]. 

 

1.2 Optical Fiber 

           The optical fiber is dielectric waveguide, that is utilized to keep and 

direct the "light" [24].  An Optical fiber is “made  of three parts; the core, 

the cladding, and the coating. The basic composition of a traditional optical 

fiber is shown in Fig. (1.1). The core is a thin center of the fiber where the 

light guides,it is generally made of glass with refractive index (n𝑐) [24, 25]. 

Typically,  the core section has a diameter of between (5μm) and (100μm) 

[26].  

 

 

 

 

 

Fig. (1-1): Traditional structure of optical fiber [25]. 
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        The outer optical substance around the "core" is "cladding" layer that 

reflects the "light" back into the core and made of a "dielectric material " with 

an index of refraction (n𝑐𝑙).''The index of refractive of the cladding material 

is less than that of the core material[25]. Generally, the clad is made of 

glass or plastic. The cladding executes such functions as reducing loss of 

light from core into the surrounding air, decreasing loss of scattering at the 

surface of the core, maintaining the fiber from absorbing the surface 

contaminants and including mechanical strength” [24]. Most cladding 

diameter of fibers are about“(125 to 200) μm [24]. The coating is a coat of 

material utilized to keep an optical fiber from "physical" hazards. The 

substance utilized for a coating is plastic which is prevents abrasions and it 

is elastic in nature [25]. 

1.2.1Classification of  Optical Fibers 

       An optical fibers can be classified into two kinds, "single mode" or 

multimode" as shown in Fig. (1.2). The classification of optical fiber has 

been presented in block diagram seen in fig. (1.3). 

 

 

 
Fig. (1-2): Different types of optical fibers [25]. 
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1.2.1.2Propagation of Light within an Optical Fiber 

   1.2. 2Propagation of Light within an Optical Fiber 

When the light gets in one end of a fiber at a certain angle to its axis, 

it travels a zigzag path through a number of total internal reflections (TIR) 

at the interface of core- clad and propagates to the other end of the fiber. 

TIR phenomenon occurs when light travels in a medium of ''refractive 

index'' nc, strikes the boundary of a second, relatively lower ''refractive 

index'', medium, ncl, at an angle, measured with respect to normal, greater 

than the critical angle” [26], defined as: 

𝛉𝐜 = 𝐬𝐢𝐧−𝟏
𝐧𝒄𝒍

𝐧𝐜
… … … (𝟏 − 𝟏) 

Classification OF Optical fibers 

 

Multimode fiber (MMF) 
 The core diameter is large(50 −

200 μm). 

 Many modes propagates through it. 

 Enjoys high attenuation. 

 Exhibits dispersion. 

 The NA for a multimode fiber is usually 

larger than for a single mode. 

 Easy to couple to couple the light source. 

 Allow the use of incoherent optical 

sources (most LEDs). 

 Inexpensive and simple to manufacture. 

 

Single mode fiber (SMF) 
 The core diameter is too small (8 −

12 μm). 

 One mode propagates through it. 

 Enjoys lower attenuation. 

 Do not exhibits dispersion caused by 

multiple modes. 

 The NA for a single mode fiber is usually 

smaller than for a multimode fiber. 

 Difficult to couple the light source 

 Needs Laser source 

 Expensive and difficult to manufacturing. 

 
 
 
 
 

Graded index fiber (GIF) 
 There is gradual change in refractive 

index within the core. 

  The light propagation through the core 

of (GIF) is characterized by the light 

rays periodically diverge and converge 

along the length of the optical fiber. 

 

 

Step index fiber (SIF) 

 The core refractive index remains 

uniform and the core cladding interface 

is characterized by an abrupt variation 

in the refractive index. 

 The light propagation through the core 

of (SIF) is characterized by the light 

rays following the zigzag path of 

straight lines segments. 

 

 

 

 

 

Fig. (1-3): The block diagram of classification of optical fiber [26 ]. 
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       The refraction phenomena in fibers follow the well-known Snell's law: 

 

𝐧𝟐 𝐬𝐢𝐧 𝛉𝐢𝐧 = 𝐧𝐜 𝐬𝐢𝐧 𝛉𝟏 … … … (𝟏 − 𝟐) 

       Where θin,θ1 are the incident and refraction angle and n2,n𝑐 are the 

index of refraction of launch region and core respectively. It is seen from 

the Fig. (1.4) that the internal incidence angle and refraction angle are 

related by the expression θ1 = (90 − θc), so that, Snell's law becomes 

n2 sin θin = n𝑐 cos θc. 

 

 

        As long as the light gets in the fiber at an incident angle so that the 

internal reflection angle θ isn't less than the “critical angle”θc , the light 

will be included within fiber and will travel to the far end by a series of 

reflections. Thus by using the expression for critical angle , the maximum 

value of incidence angle for which light will travel through the fiber is 

given by: 

𝛉𝐢𝐧(𝐦𝐚𝐱) = 𝐬𝐢𝐧−𝟏 [(𝐧𝐜
𝟐 − 𝐧𝒄𝒍

𝟐 )
𝟏 𝟐⁄

𝐧𝟐⁄ ] … … … (𝟏 − 𝟑) 

       This maximum angle is called the acceptance angle. The maximum 

sine of acceptance angle is used as the merit figure of the fiber and is called 

numerical aperture ( NA ) [27]: 

Fig. (1-4) Propagation of light through an optical fiber [12]. 
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𝐍𝐀 = 𝐬𝐢𝐧 𝛉𝐢𝐧(𝐦𝐚𝐱) = [(𝐧𝒄
𝟐 − 𝐧𝒄𝒍

𝟐 )
𝟏 𝟐⁄

𝐧2⁄ ] … … … (𝟏 − 𝟒) 

       If the light is launched from air,n2 = 1 the numerical aperture NA 

becomes [28]: 

𝐍𝐀 = (𝐧𝐜
𝟐 − 𝐧𝒄𝒍

𝟐 )
𝟏 𝟐⁄

… … … (𝟏 − 𝟓) 

 

1.3Photonic Crystal (PC):- 

The term crystal is meaning an organized arrangement of atoms (or 

molecules). The crystal lattice will be formed if the atoms (or molecules) 

are repeated spatially in a small basic structure. In semiconductor materials 

there is a bandgap between the valence and conduction bands, and the 

electrons are occupy a specific energy level if have a certain bandgap. 

Thus, if the material have dielectric steady changes periodically in space, 

the material is called  as a Photonic Crystal (PC) [29].  

The common method for guiding light along a defining path in space 

is to use Total Internal Reflection (TIR), at which light transferring in a 

higher index core will be reflected efficiently100% at the border with a 

lower index cladding. This main principle underlies the working of planar 

waveguide devices and almost all fiber optic in use today[30] . 

Recently, there is a promising and alternative model for controlling 

the flow of light. Photons can be used as very good information transporter. 

The features of photons lie in high information transport speed and the 

great information capacity. To obtain very high speed information 

treatment and optical computing based on photonic appliances is one of the 

goals of integrated photonic technology. Suitable photonic materials are the 

fundamental basis for the achievement of photonic devices. PCs are types 
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of materials that can control the propagation cases of photons. The 

propagation cases of photons can be designed by use of PC in much the 

same method as controlling of electrons by semiconductor materials. PCs 

are materials made of two (or even more) types of dielectric materials 

placed periodically in space[30, 31].  

The Photonic Crystal (PC) dielectric distribution differs periodically 

in space, which gives a “periodic potential” for light waves entering in the 

PC. In the interfaces of different dielectric components, the light waves 

encounter great coherent scattering. Due to the strong modulation of the 

light wave by the spatially frequent distribution of dielectric constant, the 

PBGs arise in the dispersion relationship curves of PC. The incident waves 

whose frequencies fall in the PBG can't transfer in the PC. The propagation 

states of light waves can be designed at will by use of PCs due to their 

special PBG effect[31].  

When a constructing defect is inserted in a perfect PC, defect cases 

will appear in the PBG .Light waves with a specific resonant frequency will 

be confined strongly around the defect structure location. The defect cases 

can possess high transmittance with perfect designed defect constructing. 

An incident wave could transfer through the PC based on the photon 

tunneling influence, when it's frequency resonant with that of the defect 

mode. The job of PCs in the photonic technology is similar semiconductor 

(SC) materials in the microelectronic technology. Several novel integrated 

photonic appliances can be achieved based on PCs [31]. 

1.3. 1Configuration of Photonic Crystals:- 

The dielectric function distribution has a spatial periodicity. PC can 

be organized (asto various spatial periodicities of dielectric materials) into 
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one-dimensional (1D) PC, two-dimensional(2D) PC, and three-dimensional 

(3D) PC, examples are shown in Fig. (1.5)   [29, 31,32] . 

 

Fig. (1.5) Examples of (a) one-dimensional, (b)two-dimensional, and (c) three-dimensional 

photonic crystals [32] 

In One-Dimensional Photonic crystal (1D-PC), the refractive index 

change only along one direction.1D-PCs can be constructed by placing a 

dielectric layer alternatively with a high refractive index and another 

dielectric layer with a low refractive index.  PC can be given the Bragg 

grating with periodicity in z direction,  and it is shown in Fig. (1.6) , the 

material is periodic in z-direction[29, 31,32]. 

 

 

 

 

 

Fig. (1.6) One-dimensional photonic crystal structure[29] 

Two-Dimensional Photonic crystal (2D-PC) structure (which is the 

topic of interest for PCFs) have the dielectric periodicity in two directions, 

such as in  X and Y axle directions. 2D-PCs have two kinds of arrangement: 
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the air-hole-type and the dielectric-rod-type PC[29, 31,32]. The schematic 

structure of a 2D-PC is shown in Fig. (1.7) [33].  

 

Fig. (1.7) photonic crystal structure of Two-dimensional [33] 

Photonic Crystals of three-Dimensional (3D-PCs) have dielectric 

periodicity in the three directions, i.e., the X, Y, and Z axle directions. So, 

the PC has a number of possible configurations much larger than in case of 

1D or2D PC. Figure (1.8) shows an example of a 3D-PC. 

The most 3D-PC known naturally formed is worthy stone opal. This 

stone plays different colors when turned around. These features caused by 

the opal microstructure. The optical properties of PCs can be determined by 

the presence of the periodic modulation of the permittivity or the refractive 

index of the medium[29, 31,32]. 
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Fig. (1.8) Three-dimensional photonic crystal structure[21] 

1.4  Photonic Crystal Fibers (PCFs) 

 Photonic Crystal Fibers (PCFs) are fibers made of capillaries with an 

internal periodic structure, filled with air, designed in a hexagonal form 

lattice. Light can transfer through the PCF in defects of its crystal structure. 

A defect can be achieved by removing at least one capillaries. In 

order to develop new optical medium, since the1980s has been attracted by 

the capacity to made materials on the scale of the wavelength (a fraction of 

micrometers or less), known as Photonic Crystals PCs. PCFs  are a new 

kind of optical fibers, joining properties of optical fibers and PCs, they 

have a remarkable highlights features impossible to obtain in conventional 

fibers [34, 35, 36] . 

The Photonic Crystals (PCs) have high reflection coefficient, even 

with a small number of periods. The PC width around the defect can be 

decreased to a few layers, this means the optical fibers consisting of a core 

(in scale of micrometer) surrounded by a PC cladding (that only a few 

times wider than the core). The resulting fiber is called (PCF)[37].  
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PCF configuration is very flexible, and there are numerous 

parameters to control: shape of air hole and diameter, type of lattice, and 

refractive index of the glass[35]. 

The major geometrical parameters concerned: hole diameter d, the 

hole pitch Λ(distance between the center of two consecutive air holes), and 

the core diameter ρ (which is defined for solid core PCF as the diameter of 

the ring formed by the innermost air holes), used in the realization are 

shown in Fig. (1.9) [34]. 

 

 

 

 

Fig. (1.9) Geometrical parameters describing PCFs[35] 

Fig.(1.10) shows some Scanning Electron Microscope (SEM) images 

of different type PCFs and shows the enormous variety of this 

technology[38] . 

 

 

 

 

  

 

 Fig.(1.10) PCF SEM images: (a) hybrid PCF; (b) sub-wavelength air core PCF; (c) PCF for 

quantum dot applications; (d) hollow-core; (e) all-solid PBGF; 

 (f ) index -guiding PCF[38] 
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1.4.1Classification and Guidance Mechanisms of PCF:- 

Light guidance in the traditional fiber is based on the small refractive 

index difference between the core and cladding [39, 21], as shown in figure 

(1.11(a)) . PCFs can be classified in two types in view of their geometry: 

solid core and hollow-core PCFs, as appeared in Fig.(1.11 (b), (c)) [39] . 

 

 

 

Through the fabrication process (depending on the type of fiber to 

the produced) the physical parameters to be controlled: in an SMF the only 

the diameter of the core has to consider, while there are three physical 

parameters in a PCF have to be controlled: the core diameter ρ, the 

diameter of the air holes d, and the pitch Λ. To enable different guidance 

mechanisms (such as Modified Total Internal Reflection (M-TIR) and/or 

Photonic Bandgap Guidance (FBG) ) through the PCFs,with different 

geometry and materials will be used[34, 38] .  

The classification of PCFs can be shown in Fig. (1.12) [40, 41] . 

 

Fig. (1.11) Cross-section drawing of (a) Single-Mode Fiber (SMF), (b) solid core PCF, 

and (c) hollow-core PCF[39] 
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Fig.(1.12) Classification of PCFs[40] 

The propagation of light in the PCF is control by structures of the air-

hole, these arrays at the center of the PCF cause an index difference in the 

fiber and a periodical arrangement of holes influences the general optical 

properties of the PCF [42].If PCFs with a small silica core and large air-holes, 

high air-filling part in the transverse section, have better nonlinear properties, 

these kinds can be successfully utilized in super continuum generation. If 

PCFs fabricated with small air-holes and large hole-to-hole (pich˄), in order 

to obtain a large modal area, this type advantageous for high power delivery 

[42]. The most important characteristics of PCFs, allowing the solution of a 

wide class of urgent problems and make PCFs particularly useful for  a 

numerous practical applications, is the ability of these fibers to extremely 

expand the spectral range of single-mode wave guiding in comparison with 
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traditional fibers [43].In the case of traditional fibers, the spectral area of 

single-mode wave guiding is relatively not very vast [44]. As the frequency of 

optical radiation increases, a single-mode conventional fiber moves toward 

becoming multimode, while lowering the radiation frequency increases optical 

losses. 

         The situation radically changes in the case of PCFs which permit the 

spectral region of single-mode wave controlling to be significantly expanded 

[43], this property of PCFs relies upon the fact that the degree of light-filling 

of air holes in the cladding of PCFs changes as the radiation wavelength 

variations. Thus, the difference in the refractive indices of the core and the 

cladding becomes wavelength-dependent. When d/˄ ≤ 0.43, the PCFs can be 

endlessly single mode, this feature was utilized in index-guiding PCF to 

perform an endlessly single-mode PCF can be relied upon to give an ultra-

wide band of several hundred THz for future optical communication systems 

with an ultra-large capacity [45]. 

The development of PCFs opens the entryway for new possibilities in 

ultra-broadband transmission, high power optical fibers , amplifiers , lasers, 

optical fiber sensor and so forth.  

1.4.1.1Solid Core (Index-Guiding) PCFs:- 

This type of PCF has a solid core.  Because the refractive index of 

the pure silica core which is larger than the average index of the cladding 

which is made of pure silica and air holes, light is guided in a higher index 

core (solid core) by modified total internal reflection from a low effective 

index cladding, similar to conventional fibers. Solid Core (Index-Guiding) 

PCF represents the simplest kind of PCF[21, 38], its cross-section presents 

a solid core surrounded by a periodic array of air holes, which are 

expanded along the fiber length invariantly. The cross sectional 

configuration leads to a decreasing of the cladding’s neff given that the solid 

core is fabricate of the same material, when using a single material in the 
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fiber fabricating. Cross section structure of a solid core PCF is presented in 

figure (1.13(a)), and its refractive index variety with the radial distance 

shown in figure (1.13(b)) .The refractive index in the cladding of solid core 

PCFs will change with the radial distance, according to its geometry and 

material. The neff will be lowered when compared with the core’s refractive 

index, leading to the guidance mechanism to be (TIR), without the required 

to dope the core, leading to the capability to made the solid core PCFs with 

a single material. In solid core PCFs, the light guiding properties are from 

the arrangement of the tiny and closely spaced air holes, this guidance 

mechanism is called as M-TIR[39]. 

 

Fig. (1.13) Schematic illustration of (a) the cross-section and (b) the refractive index 

profile for an index-guiding photonic crystal fiber[21] 

Fig. (1.14) shows that the solid core of PCF has embedded in a 2D-

PC with a closely spaced array of air holes, traditionally arranged defect in 

the PC. The solid core has a higher refractive index compared with the 

cladding, because it has the same material as the PC background. 

Therefore, the mode index of cladding is lowered by having an array of air 

holes in it [21, 38]. 
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Fig. (1.14) Solid core (Index guidance)PCF ; n1=1.45(silica) , n2=1(air)[40] 

Cylindrical shape of the cross section and huge length allows PCF to be 

similar to conventional fiber and it has been used analysis methods from the 

theory of propagation of optical radiation in dielectric cylindrical waveguides 

[46]. 

   A conventional  single  mode  fiber consist of  core  radius( ρ )and 

core and  cladding  indices  (nc )and( ncl) respectively,  there  are  propagation  

constants ( β)  associated with specific modes in the core which do not 

propagate in the cladding. It satisfies [46]: 

                                                                         (1.6) 

 

Where k=2π/ λ, wave number in the vacuum, and λ is the free-space 

wavelength.  In a standard step-index fiber with core radius ρ and core and 

cladding indices nc and ncl, the number of guided modes is determined by 

the V [46]: 

 

    (1.7) 

 

Which should be lower than 2.405 for the fiber to be single mode. 

Consequently  single-mode fibers are in actuality multimode for light of 

sufficiently short wavelength. 
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Also the fibers have another advantageous feature of is that they can 

be made endlessly single mode. One mode only should have a propagation 

constant between the effective propagation constants for the cladding and 

the core [47]. 

The limitation corresponds to one solution only to Maxwell’s 

equations propagating in the core and evanescent in the cladding. The 

effective frequency parameter is given by relation (1.7) [47] 

As λ decreases, the ncl increases, due to the more intensity of light 

will be confined to the silica part of the cladding. V can be kept below 

(2.405) for the extensive variety of wavelengths, and the fiber is said to be 

endlessly single mode. Even with a very large core, the fiber can be made 

endlessly single mode [47]. 

1.4.1.1.1Large Mode Area (LMA):- 

The unique characteristic of PCFs is the cross-section geometrical 

feature. It's possible to fabricate PCFs with large effective area by changing 

these characteristics, this kind know as Large Mode Area (LMA) PCFs, 

Ultra-LMA single-mode PCF can be obtained by keeping the small hole 

size and large pitch in a suitable range [48].   

Due to Ultra-LMA, high laser power operation in PCF can have a 

low energy density in the core. It has no limitation of intensity dependent 

nonlinear effects, and can bypass material damage in high-power fiber 

lasers[49, 50]. So, it  can  be  utilized  for  propagating and generating     

high  power  laser. Because of LMA-PCFs ability to be single mode over a 

wide wavelength range with large mode area , it have a special feature for 

high quality beam and broadband applications [49] . 
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1.4.1.2Hollow- Core Photonic Crystal Fiber (HC-PCF):- 

Hollow-Core PCFs (HC-PCFs) or (PBG) composed of a hollow core 

surrounded by air-holes cladding with a periodic arrangement of micro 

structured in glass as fabricated by removing some fibers around the center, 

in this case total internal reflection conditions are not fulfilled since the air 

core has a lesser refractive index than the cladding. Light can propagate 

along the fiber only with photonic bandgap mechanism, the microstructure 

periodic cladding results in a PBG that confines light inside the hollow core 

or in the core that made of material with a refractive index lower than that 

of the neff of the cladding. So, light can be guided in a gas-filled core, or 

even in a solid core. The multiple Bragg reflections causes the bandgap, 

which leads to light transmission wavelength dependence, as shows in 

Fig.(1.15) [40, 50]. 

 

Fig. (1.15) HC- PCF ; n1=1.45(silica) , n2=1(air)[40] 

Hollow-Core PCF despite supporting multiple optical modes, it 

presents quasi single-mode operation. Furthermore, usually higher-order 

modes have scattering losses and much higher confinement compared to 

the fundamental mode, leading to achieve single-mode output practically at 
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the desirable wavelength by utilizing fiber with long length or by bending 

the fiber. Finally, HC-PCFs ease the delivery of light over kilometer length 

scales with low attenuation. In HC-PCF the losses, as low as 1.2 dB/km, 

has been gotten by expanding the core from 7 to 19 unit cells to reduce the 

fundamental core mode overlap with the glass-air surface modes [21] . 

1.5 Optical Properties of PCFs:- 

Photonic Crystal Fibers (PCFs) undergo important consideration 

because of their optical properties, such fibers can supply special dispersion 

properties, higher birefringence and enhanced nonlinearity compared with 

traditional optical fibers. The PCFs become more attractive for many 

sensing applications due to the possibility of guiding light in air. The major 

optical characteristics of PCFs are described below[40]. 

1.5.1Dispersion:- 

The relation of dispersion (in a homogeneous medium) between 

frequency(ω)of the propagating light and wave vector (k) is given through 

the refractive index of the material(n), can be given from the relation (1.8) 

[47] : 

𝜔 = 𝑐|𝑘|
𝑛⁄ … … … (1.8) 

The combined effect of the material dispersion and the band 

structure arising from the 2D-PC is the PCFs dispersion that determines the 

dispersion characteristics of the fiber. The interesting parameter for 

propagation in fibers is the dispersion or the wave vector part along the z-

direction(kz) [47].  
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kz is referred to as the propagation constant β in the fiber optics. It is 

then reasonable to define an effective refractive index neff as in                

relation (1.9) [47]: 

𝑛𝑒𝑓𝑓 =
𝛽𝑐

𝜔𝑓𝑢𝑛𝑑.
… … … (1.9) 

Where ωfund. denotes the frequencies of the lowest lying mode in the 

fiber. 

The higher derivatives of the propagation constant are given as in 

relation (1.10) [47]: 

𝛽𝑛(𝜔) =
𝜕𝑛𝛽

𝜕𝜔𝑛
… … … (1.10) 

And the second order dispersion, as in relation (1.11) [50]: 

𝐷 =  − 
2𝜋𝑐

2 𝛽2 … … … (1.11)  

Equation (1.11) is just another way of expressing β2.The zero-

dispersion wavelength (λZD) is defined as the free space wavelength (1.12) 

[47]: 

𝑍𝐷 =
2𝜋𝑐

𝜔
 … … … (1.12) 

Whereβ2= 0. 

The dispersion can be tuned by a proper choice of the air holes size, 

the size of the central defect and the distance between the holes (pitch). The 

zero dispersion wavelength (at a shorter wavelength) is found when the 

central defect is decreased and the fraction of air filling is increased. 
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It is possible to fabricate fibers with zero dispersion wavelengths 

(between500 and 1500 nm). When decreasing either the hole-size or the 

pitch leads to a higher curvature of the dispersion profile, causing the two 

closely laying zero dispersion wavelengths.  

 

1.5.2 The Nonlinearity:- 

Photonic Crystal Fiber (PCF) fabrication process allows for the 

manufacturing of fibers with a high air-filling portion and too small core 

diameter (∼1-2) μm and So, the propagating modes can exhibit very small 

effective mode areas compared with traditional fibers. Narrow-core PCFs 

can exhibit high nonlinearities as the magnitude of the nonlinear coefficient 

is inversely proportional to the mode area. The nonlinearity combined with 

the PCFs special dispersion properties provides new possibilities in 

nonlinear optics. So, the PCFs mode area can be wavelength dependent. 

This can be employ in the fulfillment of wavelength dependent nonlinear 

effects [40]. 

1.5.3. The Losses:- 

For any optical fiber technology the most important factor is loss. 

The most common reasons of loss in conventional optical fiber were due to 

material absorption and Rayleigh scattering [52]. The minimum loss in 

fused silica is slightly less than 0.2 dB/km at ( = 1550nm). In PCFs, loss 

mechanisms are described in details in the following[36] : 

a-Confinement Losses:- 

Confinement losses (or leakage) are contributed in the losses in both 

solid-core and hollow-core PCFs. Because of the limited number of air-

holes which can be made in the fiber cross section. In this way, all the PCF 
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guided modes are leaky .Many analyses can be performed recently, in order 

to determine the guidelines for designing both solid-core PCFs and PBG-

based fibers with insignificant losses of the leakage. It has been shown a 

strong dependence of the confinement losses on the air-hole rings number, 

particularly for fibers with high air-filling fraction. By increasing the ring 

number , the leakage losses can be reduced[36]. 

 

b-Bending Losses:- 

 PCF at long wavelength exhibit a bend loss edge because of the way 

that the modes extends further into cladding, causes more weakly guided 

mode that will suffer more disruption in response to bending. PCF at short 

wavelength also possess an additional bend loss edge as a direct 

consequence of their novel cladding structure. Fig. (1.16) describes a 

guided mode propagating in the z direction around a bend in the x plane 

that has a radius of curvature R0 [53]. 

 

 [53] 

 

 

 

 

 

 

 

Fig (1.16): Schematic of the bending of the PCF 
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1.6 Photonic Crystal Fiber Interferometer (PCFI):- 

There are a different kinds of fiber interferometers used for sensing, 

such as a Michelson interferometer [54], Fabry-Perot interferometer [55], 

micro-ring interferometer [56],modal interferometer [57],and Sagnac 

interferometer configurations [22]. 

The use of fiber optic technology provides some advantages like 

mechanical stability, compactness, and absence of moving parts for the 

construction of interferometers.  

The two common ways to build of a fiber optic interferometer are: 

two-arm interferometer and modal interferometer in Mach-Zehnder 

interferometer (MZI).  In two-arm interferometer, the first coupler splits the 

input signal into reference arm and sensing arm, Another fiber coupler is 

used to recombine the signal as shown in Fig. (1.17). The recombined light 

has the interference component according to the optical path difference 

between the two arms, the two-arm interferometer includes splitting and 

recombining two optical beams that propagate indifferent fibers, which 

needs several meters of optical fiber and one or two couplers [58]. 

 

 

 

 

 

The modal interferometer take advantage of the relative phase 

shifting between two modes of the similar fiber. When the modal 

interferometers compared to their two-arm peers, found that its sensibility 

Reference arm 

    3-dB coupler                                     3-dBcoupler  

Sensing arm 

SMF SMF 

Fig. (1.17): the schematic of an MZI. Two couplers are used to split and 

recombine the signals[39] 
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to environmental fluctuations is lowered because the modes propagate in 

the same fiber.  

Photonic crystal fiber (PCF) has unique properties offer many 

interesting possibilities for the build of fiber interferometers, and as a result 

have attracted much interest from the optical fiber sensor community. The 

PCF design based interferometers is interesting for their high sensitivity 

and wide range of utilizations[58].  

Some photonic crystal fiber (PCF) based modal interferometers 

contain PCFs in a fiber loop mirror, interferometers structure with tapered 

PCFs, interferometer based on long period gratings, and interferometers 

manufactured via micro-hole collapse [58]. 

A latter technique involves cleaving and splicing only. The different 

configurations are a PCF with two collapsed regions separated by a few 

centimeters, a short PCF section sandwiched longitudinally between 

standard SMFs by fusion splicing (transmission type) [59], and a stub of 

PCF with cleaved end fusion spliced to SMF (reflection type) [60] .  

The feature of the last two configurations is that the PCF modal 

properties are exploited but the interrogation is carried out with SMF, 

which leading to more cost-effective interferometers. The two 

configurations shown in Figs.(1.17)and (1.18) [58]. 

 

Fig (1.18): Reflection type PCF interferometer [58] 
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Fig (1.18): Transmission type interferometer PCFI[58] 

       The interferometers fabricated through microholes collapsing show 

actually sinusoidal and stabilized interference spectra which are observed 

over a broad wavelength range (∼800 nm).The period or fringe spacing 

(Δλ) of the interferometer is calculated approximately as[60]. 

nL


2


(1.13) 

Where 𝛥𝑛 is the effective refractive index deference between the modes 

contributing in the interference, L is the PCF length .  

         The fringe spacing or period in these interferometers can be 

controlled easily with the between the two splices. 

As the reflection type PCFI where the light is passing through the 

PCF twice the period or fringe spacing in these interferometers as in 

relation (1.14) [58] : 

nL


2

2


       (1.14) 
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        Collapsing techniques  have some important properties that are 

significant for optical sensing,. In interferometers which built via 

collapsing, the excitation and recombination of modes are achieved with 

stable splices. These don't degrade after some time or with temperature, 

thus, interferometers with high stability are achievable [60]. 

All these structures can supply humidity information by either 

measurements of spectral,  or measurements of intensity/power variations 

of  the transmitted/reflected light. The sensors based on PCFI demonstrated 

have a fast response compared to other mechanical/electronic humidity 

sensors and can be used as a breath monitor for example in medical 

applications and in many other chemical, biological and industrial 

applications[58]. 

1.7  Humidity sensing 

          The term moisture refers to water in liquid form that is suspended in 

air or gas in form of small droplets. The term humidity means the 

concentration of water vapor in the  air, where the water is in a vaporous 

phase. Humidity is a physical amount that has significant importance in a 

various areas extending from life sciences [61,62] to building automation 

[63]. Subsequently humidity control, sensing and monitoring are  important 

in a various areas. Fast humidity sensors are required for the diagnosis of 

pulmonary diseases [64] and for mapping the human respiratory framework 

[65] by monitoring the water vapor substance of exhaled breath. For 

meteorological applications. Humidity measurements play an ever 

increasing role in various industries such as semiconductor, bio-medical, 

agricultural, food processing, automotive and meteorological industries as 

illustrated in Fig.( 1.19 .(  These measurements are important to allow 

improvements in the quality of products and reduction of costs. Humidity 

measurements can be expressed  in a different of terms and units. The three 
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normally utilized terms are absolute humidity,  dew/frost point and relative 

humidity (RH). Absolute humidity is the ratio of the mass of water vapor to 

the volume of air or gas in which the water vapor resides. It is commonly 

expressed in grams per cubic meter. Dew point is the temperature (above 

0OC) at which the water vapor in a gas condenses to form liquid water. 

Frost point is the temperature (below 0OC) at which the vapor condenses to 

ice. Dew/Frost point is expressed in °C or °F and is a function of the 

pressure of the gas but is independent of temperature, therefore it provides 

a better absolute measurement of water vapor content. The percentage ratio 

of water vapor show in air at a particular temperature and pressure to the 

maximum amount of water vapor the air can hold at that temperature and 

pressure is called relative humidity (RH). It is often expressed as a 

percentage using the following expression, 

𝑅𝐻 =  
𝑃𝑤

𝑃𝑤𝑠
 × 100% … … … (1.15) 

Where Pw is the partial pressure of the water vapor and Pws is the 

saturation water vapor pressure. RH is a relative measurement because it is 

a function of temperature. 

 

 

 

 

 

 

 

Fig. 1.19 Examples of applications of humidity sensors in different areas. 
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          The most important parameters of a humidity sensor are its precision, 

repeatability, ability to recover from condensation, resistance to chemical 

and physical contaminants, size, cost effectiveness, operating RH range, 

temperature dependence and response time. Given the wide range of 

industrial humidity measurement sensors available it is clear that no single 

measurement technique is suitable for all applications.[66] 

1.7.1 Fiber optic humidity sensor 

Optical fiber humidity sensors supply specific features by 

comparison to their traditional electronic counterparts. They are : 

1- Immune to electro-magnetic interference and radio frequency 

interference. 

2- Remote operation possible. 

3- No explosion risk in volatile atmospheres. 

4- Response time is fast. 

5- Minimized size and weight. 

6- Great corrosion protection. 

7- High precision conceivable. 

There is broad range of optical fiber humidity sensors, and they 

divided by the technique used for sensing into: direct spectroscopic, in-

fiber grating , evanescent wave, and interferometric types. To avoid the 

limitation of using the conventional optical fiber for humidity sensing, can 

using PCFI where infiltrated and coated a small region of the PCFI with 

hygroscopic material which provide a good RH sensitivity and fast 

response time. [67]. 

1.7.1.1Operating Principle of The RH Sensor Based on PCFI:-       

      Photonic crystal fiber (PCF) is used for the PCFI fabrication, its 

surface (silica) is hydrophilic and therefore when it is presented to moist 

air, the water vapor adsorption on the surface exists[58].  
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Two kinds of water-vapor adsorption mechanisms happen in 

sequence at the SiO2-airinterface. The water vapor chemisorption first 

modifies the SiO2 surface, leading to a surface with silanol groups(Si-OH). 

Physisorption is the second type of adsorption, exists on these silanol 

groups. A schematic shows the adsorption of water-vapor is given in Fig. 

(1.20) [58].  

 

 

 

 

 

The physisorption at room temperature is a reversible function of the 

surrounding air relative humidity, while the chemisorption appears to be 

irreversible. So, only the physisorption process is considered. The adsorbed 

water amount measured as a function of the partial vapor pressure (at a 

constant temperature). It appeared that adsorption isotherm can be 

described very well by the BET (Brunauer-Emmett- Teller) adsorption 

theory [58]. 

David and Seong specified the configuration of water molecular 

adsorbed on a hydrophilic SiO2 surface at room temperature as a function 

of RH using Attenuated Total Reflection (ATR)- Infrared Spectroscopy.       

         The water hydrogen-bonded ice like network grows up as the RH 

increases from 0% to 30%. In the RH from 30% to 60%,the fluid water 

design shows up, while the structure of ice-like carries on increasing to 

saturation. Above 60% RH, the structure of the liquid water develops over 

the ice like layer. This structural evolution shows that the outer layer of the 

adsorbed water molecules suffers transitions in equilibrium behavior as 

Fig.(1.20): Water vapor adsorption mechanisms on an SiO2 surface[58] 
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humidity varies. Also it was shown that the adsorbed layer thickness (at 

room temperature) starts increasing exponentially above 60% RH [58]. 

For an interferometric type fiber optic RH sensor, the sensing 

mechanism relies on the perturbation of the light signal phase properties 

that propagating in the optical fiber introduced by the humidity change. 

The phase change detection is realized by mixing the signal of interest with 

a reference signal, then converting the phase difference into wavelength 

shift or an optical intensity change [58]. 

In photonic crystal fiber interferometer (PCFI),the excitation and 

recombination of modes can be achieved by the hole collapsed region of 

the PCF. The fundamental single mode fiber (SMF) mode starts to diffract 

when it gets in the collapsed area of the PCF. As result of diffraction, the 

mode broadens; depending on the modal characteristics of the PCF and the 

nature of the hole collapsed section, the power in the input beam can be 

coupled to the fundamental core mode and to higher order core modes, or 

to cladding modes of the PCF[55].The modes propagate through the PCF at 

various phase velocities, in a specific length of PCF the modes accumulate 

a differential phase shift. The phase velocities and phase difference are 

wavelength dependent; [55]. 

 At the end of the PCF, the modes reach another solid glass section, 

i.e., the other collapsed end of the PCF ( transmission type ) ,also in  

(reflection type) the modes propagate through the PCF till they reach the 

cleaved end from where they are reflected and reenter the collapsed region, 

the modes will further diffract, and because the mode field of the SMF is 

smaller, the core acts as a spatial filter and picks up only a part of the 

resultant intensity distribution of the interference pattern in the PCF. 

Therefore,  the optical power reflected or transmitted  by the device will be 

maximum at certain wavelengths and minimum at others. 
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The adsorption of water vapor changes the neff of the interfering 

cladding mode propagating in the PCF[58].The adsorption/physisorption is 

a reversible process, therefore a modulation of the neff occurs with respect 

to the ambient humidity values which accordingly prompt change the 

position of the wavelength shift. The rise in humidity causes the PCFI 

wavelength shift toward longer wavelengths, and the value of this 

wavelength peak shift is exponential with respect to RH. This wavelength 

peak shift is due to the adsorption and desorption of H2O molecules along 

the holes surface within the PCF (at the interface between air and silica 

glass).The adsorption on the PCF end face causes a shift in the overall 

power level of the interference pattern [58]. 

In order to provide a good RH sensitivity to the device, it have 

infiltrated and coated a small region of the PCFI with hygroscopic material. 

A microscopic image of the PCFI and a schematic of the excitation and 

recombination of modes in the PCFI reflection and transmission types are 

shown in the inset of Figs. (1.21)and (1.22) respectively. 

 

 

 

 

 

 

 

 

 

Fig.(1.21)a) drawing of the reflection type PCF interferometer and b)a diagram 

of the cross section of the PCF employed. 

 

b 

a 
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The effective RI of the cladding mode depends on the RI of the 

hygroscopic material. The hygroscopic material which used in this research 

is agarose.  

Agarose is an unbranched polysaccharide acquired from the cell 

walls of some species of red algae or seaweed. Chemically,  Agarose is a 

polymer made up of subunits of the sugar galactose with Molecular 

Formula (C24H38O19)[68]. Agarose has an added advantage of  low material 

degradation compared with the materials used in. Since Agarose is soluble 

in hot water, it polymerizes to form hydrogel when it cools down and 

reaches room temperature ,Agarose solutions exhibit hysteresis in the 

liquid-to-gel transition - that is, their gel point is not the same as their 

melting temperature(90-95)°C[68]. the preparation  coating, infiltration and 

procedures are simple.  Agarose also has a good adhesion to silica and 

easily forms a thin coating film on silica fiber[69]. All these factors make it 

a suitable choice as a coating or infiltration for the fiber optic humidity 

sensor considered here.  

 The RI of the agarose increases with an increase in the ambient RH, 

which in turn changes the modal propagation constant of the cladding 

mode[70].  As a result, a phase change is induced between the interfering 

Fig.(1.22)a) drawing of the transmission type PCF interferometer and b) a diagram 

of the cross section of the PCF employed. 

 

a 
b 

https://pubchem.ncbi.nlm.nih.gov/search/#collection=compounds&query_type=mf&query=C24H38O19&sort=mw&sort_dir=asc
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core and cladding modes, which in turn causes the shift of the interference 

pattern. 

         The development of PCFIs by coating or infiltrating microholes of PCF 

lead to improve sensitivity and fast in response time which opens the 

entryway for new applications and possibilities , breathing sensor is the one 

application based on PCFI as shown in Fig. ( 1.23). 

 

 

 

 

 

 

 

 

 

 

 

 

1.7.1.2 Evanescent wave sensing method based RH sensors 

         The sensing method of evanescent wave (EW) based humidity 

sensors allows the optical fiber to be utilized as an intrinsic sensor where 

the EW field generated at the fiber interface interacts with the humidity 

sensing material surrounding the fiber which in turn allows for the 

detection of the attenuation/insertion loss [71,72] or the resonant 

wavelength shift  of the fiber structure due to the change in refractive 

index, optical absorption, or scattering of the sensing material with respect 

to the ambient RH[73,74]. 

Fig.( 1.23)Schematic diagram of a fiber optic breath sensor system, (upper) microscope 

image of an AI-PCFI and (lower) a photograph of the mask placed on the volunteer’s face 

showing the position of the sensor inside the mask (dotted line). FOC- Fiber optic circulator, 

SMF-Single mode fiber, AI-PCFI-Agarose infiltrated-photonic crystal fiber interferometer, 

PC/BAAP-Personal computer/Breath analysis application program[58] 
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          An evanescent wave is created whenever light undergoes TIR at the 

core cladding interface. The evanescent wave penetrating a small distance 

into the cladding of optical fiber. Fig. (1.24) is shown the evanescent wave 

which decays exponentially from the interface of core and clad and 

travelling  parallel to it. 

 

 

 

 

 

 

 

 

 

            Design of evanescent field absorption based sensor devices requires  

a knowledge about certain parameters. These design parameters play a 

crucial role in determining the sensitivity, dynamic range etc. of optical 

fiber sensors such as the penetration depth dp of the evanescent field  [75].          

        This is defined as the perpendicular distance from the interface of core 

and clad at which the electric field amplitude has become 1 𝑒⁄  of its value 

at the waveguide interface. If I0 represents the intensity at the interface       

( z =  0), after a distance 𝑑𝑝 , it decay exponentially with perpendicular 

distance z from the surface and is given by the equation: 

𝐈𝐙  = 𝐈𝟎𝒆(−𝐳 𝐝𝐩⁄ ) … … … (𝟏 − 𝟏𝟔) 

The magnitude of the penetration depth is: 

𝐝𝐩 =
𝛌

𝟐𝛑𝐧𝒄 [𝐬𝐢𝐧𝟐 𝛉 −
𝐧𝒄𝒍

𝟐

𝐧𝐜
𝟐

]
𝟏

𝟐⁄
… … … (𝟏 − 𝟏𝟕) 

Fig. (1-24) Evanescent wave in the optical fiber cladding[72].  
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         where(λ) is the wavelength of the transmitted light, 𝜃 is internal 

incident ray angle with the normal to the core-cladding interface and 𝑛𝑐and 

𝑛𝑐𝑙are the refractive index of the core and clad of the optical fiber 

respectively [75].Equation (1-17) shows that the penetration depth is larger 

with closer index matching (i.e. asnc𝑙/nc →  1) and increases with 

increasing wavelength. 

1.8 Literature Survey:- 

 Photonic Crystal Fiber (PCF) sensors have played an important role 

in both fundamental and applied researches.  

Many research groups have investigated different schemes in RH 

sensing field which exploit the properties or structures of PCFs with a view 

to developing new optical sensors, the most significant published work 

which related to the RH sensors is resumed in the table (1.1). 

 This table is focused on work submitted between 2007 to 2017,  and 

presented a different RH optical fiber based sensing schemes with different 

type, extrinsic and intrinsic. 
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Year Title of paper Author Sensing 

material 

and 

Sensing 

mechanism  

Sensitivity  

and 

Response time 

Ref. 

2007 A Comparative 

Study of Fiber 

Optic Humidity 

Sensors Based 

on Chitosan and 

Agarose 

Jinesh 

Mathew 

et al. 

fiber 

preparation and 

deposition of 

the Agarose/ 

Chitosan film _ 

changes in 

refractive index 

and modulates 

the intensity of 

light 

propagating 

through a fiber 

due to swell of 

the film 

For Chitosan  

Sensitivity 

0.001 dB/RH _  

response time  

2sec 

for Agarose 

Sensitivity 

0.001 dB/RH _  

response time 

3sec 

[76] 

2009 Sensitivity 

Improvement of 

a Humidity 

Sensor Based on 

Silica 

Nanospheres on 

a Long-Period 

Fiber Grating 

Diana 

Viegas 

et al. 

Coated long-

period fiber 

grating with a 

SiO2-

nanospheres 

film _ 

blue shift in the 

peak of 

resonant 

wavelength  

In the relative 

humidity level 

of 70% , 

sensitivity is≈ 

0.13 nm/%RH 

for the 

PAH/SM30 

coating 

and  

≈ 0.48 nm/%RH 

for 

PDDA/PolyR + 

PAH/SM30 

structures _ 

Response time 

in range of 

100–200 ms 

[77] 

Table (1-1):Summary of the published works in RH sensor 
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Year Title of paper Author Sensing 

material 

and 

Sensing 

mechanism  

Sensitivity  

and 

Response time 

Ref. 

2009  Optical fiber 

humidity sensor 

based on lossy 

mode 

resonances 

 

M. 

Hernaez 

et al. 

Indium Tin 

Oxide coating 

onto an optical 

fiber core  

Shifts in 

maximum 

absorption peak  

Sensitivity for 

RH range 

20% - 40% is 

0.25 nm/%RH 

and the 

sensitivity for 

the RH range 

40%-80% is  

1.5 nm/%RH 

[78] 

2010 Tunable 

humidity sensor 

based on ITO-

coated optical 

fiber 

C.R. 

Zamarre

noet al. 

Optical fiber 

coated with ITO 

_ 

monitored the 

transmitted 

spectra  

Sensitivity from 

5.4 to 1.2 

nm/ %RH 

[79] 

2010 Humidity 

Sensor Based 

on a Photonic 

Crystal 

Fiber 

Interferometer 

Jinesh 

Mathew 

et al. 

photonic crystal 

fiber 

interferometer- 

reflection mode 

region from 

40% to 70%RH 

the PCFI shows 

a sensitivity of 

~ 5.6 pm/%RH 

above 70% RH 

shows a 

sensitivity of 

~24 pm/%RH 

[55] 

2011 Humidity 

sensor based on 

a single-mode 

hetero-core 

fiber structure 

Qiang 

Wu et al. 

small-core 

single-mode 

fiber (coated 

with poly 

ethylene oxide) 

spliced at both 

end to SMF28 _ 

shift in central 

wavelength 

sensitivity 

430nm / %RH 

in range 80% - 

83% RH  

and a sensitivity 

50nm /%RH in 

range 83% - 

95% RH 

[80] 
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2012 Optical Fiber 

Relative 

Humidity 

Sensor Based 

on a FBG with 

a Di-Ureasil 

Coating 

Sandra F. 

H. Correia 

et al. 

Bragg grating 

written in 

optical fiber 

and coated 

with organo-

silica hybrid 

Material 

change in 

Bragg 

wavelength 

sensitivity 

22.2 pm/%RH 

in range of  

5–95 %RH 

[83] 

Year Title of paper Author Sensing 

material 

and 

Sensing 

mechanism  

Sensitivity 

and 

Response time 

Ref. 

2011 Improving the 

sensitivity of a 

humidity sensor 

based on fiber 

bend coated 

with a 

hygroscopic 

coating 

Jinesh 

Mathew 

et al. 

polyethylene 

oxide (PEO) 

coated fiber 

bend   

measurement 

of power at 

optimized 

wavelength and 

bend radius 

Highly 

sensitivity 

between 85% 

and 90% 

Response of 

sensor is 

suitable to use 

as human 

breath rate 

monitor 

[81] 

2012 Optical 

Humidity 

Sensor Based 

on Air Guided 

Photonic 

Crystal Fiber 

M. Y. 

Mohd 

Noor 

et al. 

sensor based 

on the Air 

Guided 

Photonic 

Crystal Fiber 

(AGPCF) 

using the direct 

absorption 

spectroscopic 

method 

humidity 

detection 

resolution of 

around 0.2% 

RH over the 

range 0 to 90% 

RH 

[82] 
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Year Title of paper Author Sensing 

material 

and 

Sensing 

mechanism 

Sensitivity 

and 

Response time 

Ref. 

2013 Fiber Optic 

Hybrid Device 

for 

Simultaneous 

Measurement 

of  Humidity 

and 

Temperature 

Jinesh 

Mathew et 

al. 

Fiber Bragg 

grating and 

photonic 

crystal fiber 

interferometer 

(PCFI) 

infiltrated with 

Agarose _ 

monitoring the 

change in 

optical power 

of the reflected 

spectrum 

Optical power 

variation 

 of >7 dB for 

an RH change 

of 75 % 

[84] 

2013 An investigation 

into relative 

humidity 

measurement 

using an 

alumino silicate 

sol–gel thin film 

as the active 

layer in an 

integrated 

optical Bragg 

grating 

refractometer 

Dominic 

J. Wales 

et al. 

planar 

integrated 

optical Bragg 

grating sensor 

chip modified 

with Using a 

simple 

mesoporous 

silica thin film 

shift in Bragg 

wavelengths  

Sensitivity in 

range 

0 – 65%RH, 

was                      

2.47 ± 0.18 

pm/%RH 

[85] 

2013 Fiber humidity 

sensors with 

high sensitivity 

and selectivity 

based on interior 

nanofilm-coated 

photonic crystal 

fiber long-

period gratings 

ShijieZhe

ng 

et al. 

photonic crystal 

fiber long-

period grating 

coated with two 

types of 

nanofilms_ 

change in 

transmission 

intensity and 

shift in 

transmission 

spectra 

Sensitivity of 

0.00022%/10−3

dBm from 

relative 

humidity 

 38% - 39% 

and 

0.0007%/pm  

for a relative 

humidity  

22% - 29% 

[86] 
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Year Title of paper Author Sensing 

material 

and 

Sensing 

mechanism 

Sensitivity 

and 

Response time 

 

Ref. 

2014 Highly 

Hygroscopic 

Polymer 

Microcavity 

Fiber Fizeau 

Interferometer 

for Humidity 

Sensing 

Yan-Wun 

You 

 et al. 

uses a single-

mode fiber tip 

with very little 

polymer 

coating  

shift in 

reflection 

spectra 

linear humidity 

sensitivity 

0.211nm/%RH 

[87] 

2014 Optical fiber 

relative-

humidity 

sensor with 

evaporated 

dielectric 

coatings on 

fiber end-face 

WeijingXi

e 

et al. 

optical fiber 

with 

evaporated 

dielectric 

coatings 

composed of 

multilayers of 

Ti3O5 and 

SiO2_ 

shift of 

interference 

fringe 

 

average 

sensitivity is 

0.43 nm/% RH 

in RH range 

1.8% RH - 

74.7% RH_ 

 Determined 

cycling time of 

 5s for a 

rise/fall time  

[89] 

2014 A Mach–

Zehnder 

interferometric 

humidity 

sensor based 

on waist-

enlarged tapers 

Min Shao 

 et al. 

Sensor head is 

formed by a 

single-mode–

multimode–

single-mode _ 

excite multiple 

modes and 

cause 

intermodal 

interference 

 

Sensitivity of 

0.119dB/%RH 

in the  range of 

35–90%RH 

[90] 
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Year Title of paper Author Sensing material 

and 

Sensing mechanism 

Sensitivity 

and 

Response 

time 

 

Ref. 

2015 

Intensity-

modulated 

relative 

humidity 

sensing with 

polyvinyl 

alcohol coating 

and optical fiber 

gratings 

Jingyi 

Yang 

 et al. 

Coating Tilted-Fiber 

Bragg Grating 

(TFBG) cascaded 

with polyvinyl 

alcohol _ 

reflected optical 

signal is modulated 

by the TFBG  

 

sensitivity of 

∼1.80 μW/%

RH  in the 

range  

20% - 85% 

RH 

[91] 

2015 Relative 

Humidity Sensor 

Based on  

S-Taper Fiber 

Coated With 

SiO2 

Nanoparticles 

Haifeng 

Liu 

et al. 

S-taper fiber coated 

with SiO2 

nanoparticles shift 

in the transmission 

spectrum 

sensitivities 

of 

1.17nm/% 

RH and 

0.441 

dB/%RH 

achieved for 

RH range of 

83.8% - 

95.2%RH 

 

[92] 

2016 Performance of 

humidity sensor 

based on 

photonic crystal 

fiber 

interferometer 

 

Suaad 

Sahib 

Hindal, 

Hanan J. 

Taher 

a relative humidity 

sensor based on 

Mach- Zehnder 

Interferometer 

(MZI), in reflection 

mode ,used different 

PCF length 
(0.5,1.5,3.5,4.5,6) cm 

 

maximum 

humidity 

sensitivity of 

(5.86 pm / 

%RH) is 

achieved 

with (4.5cm) 

PCF length, 

and the rise 

time of 

(8sec) 

 

[93] 
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Year Title of paper Author Sensing material 

and 

Sensing mechanism 

Sensitivity 

and 

Response 

time 

Ref. 

2016 Effective 

Enhancement of 

Humidity 

Sensing 

Characteristics 

of Novel 

Thermally 

Treated 

MWCNTs/Poly

vinyl 

pyrrolidone Film 

Caused by 

Interfacial Effect 

Xing 

long Pan 

et al. 

 

MWCNTs/hydrophi

lic poly(vinyl 

pyrrolidone) 

(PVP) films are 

prepared by a 

simple spin-coating 

method shows the 

response of the 

thermally treated 

MWCNTs/PVP film 

sensor as a function 

of time when sensor 

was exposed to 

different RHs at 27 

± 0.5 °C 

 

 

 linear 

response to 

humidity 

with 

enhanced 

sensitivity of 

0.06 

dBm·(%RH) 

in the 

humidity 

range of 

11%~94%R

H fast 

response 

time(less 

than 15 s) 

and ultrafast 

recovery 

time (less 

than 1.8 s) 

[94] 

2016  Photonic crystal 

fiber 

interferometer 

coated with a 

PAH/PAA 

nanolayer as 

humidity sensor 

 

Diego 

Lopez-

Torres 

et al. 

 (PCF) spliced 

(SMFs), forming 

PCFI with two 

collapsed region , 

nanocoating of poly 

(acrylic acid) (PAA) 

deposited on the PCF 

by the well-

established layer-by-

layer nano assembly 

(LbL) technique 

 The 

sensitivity of 

0.074% of 

(RH) in the 

20–95% RH 

range. 

response 

time is 0.3 s 

[95] 
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2017  Optical 

Humidity Sensor 

Based on 

Tapered Fiber 

with Multi-

walled Carbon 

Nanotubes 

Slurry 

 

Habibah 

Mohamed 

et al.  

 (MWCNTs) slurry 

coated tapered optical 

fiber , acrylonitrile 

butadiene styrene (ABS 

was dissolved using 

acetone to produce 

MWCNTs-acetone 

suspension. then drop-

casted on the tapered 

fiber to produce 

MWCNTs slurry by 

evaporation process at 

room temperature, which 

 acts as the cladding for 

humidity changes 

measurement. 

 improvement 

of sensitivity 

from 3.811 

μW/% of bare 

tapered fiber 

to 5.17 μW/% 

for the coated 

tapered fiber 

with 

MWCNTs 

slurry when 

the humidity 

varied from 

45% to 80% 

[96] 

2017  Sensitivity 

optimization of 

ZnO clad-

modified optical 

fiber humidity 

sensor by means 

of tuning the 

optical fiber 

waist diameter 

Saeed 

Azad 

et al. 

different fiber waist 

diameter with long 

length of 15 mm 

enhanced 

more than 10 

times 

compare to 

bare fiber at 

the proposed 

optimum 

fiber diameter 

of 28 µm. 

Also, high 

linearity and 

fast recovery 

time about 7 s 

 

[97] 

2017  Humidity Sensor 

Based on Bragg 

Gratings 

Developed on the 

End Facet of an 

Optical Fiber by 

Sputtering of One 

Single Material 

Joaquin 

Ascorbe  

et al. 

altered The refractive 

index of sputtered 

indium oxide 

nanocoatings by 

changing the 

sputtering parameters, 

such as pressure 

A sensitivity 

of 150 

pm/%RH 

was obtained 

for relative 

humidity 

changes 

from 20% to 

60%. 

[98] 
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Year Title of paper Author Sensing material 

and 

Sensing mechanism 

Sensitivity 

and 

Response 

time 

Ref. 

2017 : A carboxy-

methyl cellulose 

coated humidity 

sensor based on 

Mach-Zehnder 

interferometer 

with waist-

enlarged bi-

tapers 

 

Qifei 

Ma · 

et al. 

A fiber-optic Mach-

Zehnder 

interferometer 

(MZI) humidity 

sensor is comprised 

a pair of waist-

enlarged bi-tapers 

and carboxy-methyl 

cellulose (CMC) 

coating interference 

between the core 

mode and cladding 

modes varies with 

surrounding 

humidity 

  

sensor is 

linearly 

responsive 

to relative 

humidity 

(RH) within 

the humidity 

range from 

70% RH to 

85% RH, 

with 

maximum 

sensitivity of 

−0.8578 

dB/% RH. 

[99] 

2017 A chitosan-

coated humidity 

sensor based on 

Mach-Zehnder 

interferometer 

with waist-

enlarged fusion 

bi tapers 

Kai Ni  

et al. 

splicing of a 

segment between 

the two SMF with 

waist-enlarged 

fusion bi tapers and 

deposition of 

chitosan  on the 

cladding 

The 

sensitivity of 

119.6 

pm/RH 

within the 

range from 

10% to 90% 

[100] 

2017 Enhancing 

sensitivity of 

photonic crystal 

fiber 

interferometric 

humidity sensor 

by the thickness 

of SnO2 thin 

films 

Diego 

Lopez-

Torreset 

al 

Sensors with 

coatings of different 

thickness were 

performed by 

applying distinct 

sputtering times in 

order to obtain an 

optimal thickness: 

the resulting 

nanofilms ranged 

from 470 to 1800 

nm 

humidity 

resolution of 

0.067 %HR 

within the 

range from 

20% to 90% 

[101] 
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.1.9 The Motivation , aims and objectives of the research 

         The motivation for this research is to investigate a number of 

approaches to humidity sensing using optical fiber which both 

enhancement and overcome the disadvantages of existing fiber optics 

sensors then which also allow fiber humidity sensors to be applied in new 

application areas. The specific objectives of the research are as follows: 

a- Sensor enhancement of humidity sensor based an Agarose infiltrated 

reflection type PCFI 

b- Sensor enhancement of humidity sensor based an Agarose coating 

transmission type PCFI . 

c- Comparison of the RH sensors performance . 
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2-1 Introduction 

            This chapter characterizes the experimental works. The design and 

structure of the fabrication of  RH sensors based on the reflection and 

transmission type by coating or infiltration  of  Photonic Crystal Fiber 

interferometer (PCFI). The sensors under investigation were based on Mach- 

Zehnder Interferometer (MZI) based on collapsing technique which was used 

in this work as modal interferometer. This was done by splicing specific 

length of Large-Mode Area -Photonic Crystal Fibers (LMA-PCFs) with 

Single Mode Fiber (SMF-28), which was allow the excitation and 

recombination of two (or more) core modes to detect. Sensor sensitivity was 

improved by infiltrating the micro holes or coated of the PCF with a 

hygroscopic material . In this chapter, two types of sensors have been designed 

and constructed ,The schematic block diagram summarizes the experimental 

work as shown in Fig. (2.1). 
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2.2 PCFs cleaving: 

PCFs are easy to break because it special structures, therefore a special 

procedure should be done to cut these fibers.PCF(LMA-10) and SMF (Corning-

28) has been used in this experiments.  PCFs (supplied by NKT Company) 

were all equipped with a standard coating, which was more smooth and 

brittle.  

The coating can readily be removed, using a mechanical stripping, a 

sharp blade was used as mechanical stripping by applying controlled strain to 

Enhancement Humidity Sensor Based Photonic Crystal Fiber  

 

Hygroscopic material(agarose) 

 

Coating 

 

Infiltration 

Reflection 

type 

 

Transmission 

type 

 

Different thickness 

of  coating (nm) 

 

Different lengths 

of PCF(cm) 

 

(300,630 ,3530 ,5966) (4.5,3.5 ,2.5,1.5,0.4)  

 

Fig. (2-1): Schematic diagram for the structural work of the study. 

Mach- 

Zhender  

interferomete

r 

 

Simulation design  

 

Experimental work 

 

COMSOL  program   

Hygroscopic material  

 

Air 

Coating  

thickness (nm) 

 

Infiltration 

(300,630 ,3530 ,5966) 

agarose RI =1.12 
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remove the coating. Mechanical methods support the small risk of the fiber 

surface damage, which can lead to precision problems. 

For stripping fibers, Fiber Optics Stripper(JIC – 375 Tri – Hole, 

Fujikura) has been used. 

The second step was cleaving the PCF and SMF, which was done by 

fiber cleaver (CT-30) from Fujikura Company (Japan), as shown in Fig. (2. 

2), the cleaver cut the fiber in 90o angle. 

 

 

 

 

 

Fig. (2. 2) Fiber cleaver (CT-30) 

After cleaving, SMF had to be cleaned by alcohol land wipes. To 

prevent infiltration in PCF, any solvent had not been used for cleaning the 

PCFs after cleaving, because this will lead to solvent infiltration inside the 

holes of fiber and may cause a failure of connecting and sensing process. A 

dry wipes had been used to remove remains coating after cleaving. Top view 

of  PCF under a microscope shown in Fig. (2. 3), which shows the quality of 

the cleaved end of PCF. 

 

 

 

 

Fig (2. 3): Microscope images of PCFs (LMA-10) end after cleaving 
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2.3 PCF-SMF fusion splicing: 

Fusion splicing is act to join two optical fibers end-to-end using heat. 

PCF (LMA-10) connected from one side with a conventional optical fiber 

(Corning SMF-28) by using an arc fusion splicing machine. It is very simple 

and inexpensive technique for splicing different types of fibers. In all 

experiments splicing procedure was done by trial and error method to get 

optimal parameters of fusion splicer. 

Photonic Crystal Fiber – Single Mode Fiber (PCF-SMF) splicing needs 

a special machine setting and care, because is different from splicing of two 

conventional optical fibers, due to the MFD of the PCF and SMF are 

different. 

First, manual modes have been selected of the fusion splicer. And the 

most common parameters of the fusion splicer are fusion power and fusion 

time, and it changed during splicing to get optimal splicing. After stripping 

and cleaving the fibers, the typical steps to be performed were: 

1. Clamping of fibers in supports with V-grooves. 

2. Visual inspection of fiber tips for proper cleave and cleanliness. 

3. Alignment of fibers for lowest transmission loss. Leave only a small gap 

between the fibers. 

4-Began the electric arc and push the fiber ends together. 

5- Check the quality of the obtained splice, ideally by measuring the 

transmission, since the process may not always work as expected. 

The fusion splicer (FSM-60S) used in the experiments, shown in Fig. 

(2. 4),it is supported by Fujikura. Its specifications are shown in the   

appendix (A). 

http://en.wikipedia.org/wiki/Optical_fiber
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Fig (2. 4): Arc fusion splicer (FSM-60S)  

2.4 Fabrication of a PCFI: 

          A required length of PCF with its protection coating removed and both 

ends cleaved was taken. The cleaved end of the input SMF and the input end 

of the PCF were fusion spliced together to form a reflection type PCFI. The 

transmission type PCFI can be formed by again fusion splicing the output end 

of the PCF section to the cleaved end of the output SMF. 

   As shown in Fig. (2. 5) the PCF (LMA-10)  was designed for an 

endless single –mode operation was utilized it had six layers of air holes 

organized  in a hexagonal pattern  around a silica core , the fiber had  a core 

diameter(C4) of 10.2μm , voids with diameter(C6) 3.2 μm , pitch (L7) of  

8.07 μm and the outer diameter of 125 μm and the optical properties of this 

fiber are shown in appendix (B).  
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Fig (2.5): Scanning electron microscope image of the cross section 

of the PCF that has been used  for the experiment 

           

        These dimensions of the PCF aligned and spliced with SMF by splicing 

machine and due to mismatch of mode- field diameter ( MFD)  compared to 

other PCFs, the loss was minimized . during the splicing process and due to 

surface tension , the voids of the PCF collapsed within a microscopic region   

( ~ 248 μm ) near the splice point , as shown in the Fig. (2.6) . 

 

 

 

 

 

 

 

 

Fig (2.6): Microscope image of the PCF collapsing interferometer  
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2.5 PCF Humidity Sensors Based on Modal Interferometer 

Setup:- 

        To characterise sensors the generic experimental setup took one of two 

forms,  depending on the sensor type. The generic setup for transmission type 

sensors was composed of a light source, sensor head and a light detector as 

shown in Fig. 2.7.  

 

 

 

 

 

 

 

For an end type sensor head such as open ended PCFI, a fiber optic 

coupler/circulator was used to couple the light between source, sensor head 

and the detector as shown in Fig. 2.8. 

 

 

 

 

 

 

 

Fig. 2.7 Block diagram of the generic experimental set-up to study the   

RH response of the transmission type sensor 

 

 

Fig. 2.8 Block diagram of the generic experimental set-up to study the RH 

response of reflection type 

the reflection type sensor 
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             The optical circulator allows light to propagate in only one direction. 

A signal entering to (port1) will exit (port2) with low loss, whilst a signal 

entering (port2) will exit (port3) with low loss. Light entering 

(port2)undergo a large amount of loss at (port1), and light entering (port3) 

undergo a large amount of loss at ports 2 and 1, as shown in Fig. (2.9) .The 

specifications and data sheet are shown in appendix (C). 

 

 

 

 

 

 

The light sources used were either a diode laser. Thor labs Bench top 

Fiber Pigtailed Laser Sources were ideal for fiber based applications has been 

used in this work, as shown in Figure (2.10). Our Series came with a pigtailed 

Fabry Perot Laser diode with single mode fiber behind an FC/PC bulkhead 

connector. To reduce reflections back into the laser diode , the fiber pigtailed 

lasers used an angled fiber ferrule at the internal laser/fiber launch point, that 

way increasing the overall stability. The specifications of the light source as 

shown in appendix (D)., 

 

 

Fig.(2.9)Fiber Optic Circulator 

(FOC) 

Fig. (2.10) Light source (S1FC1550) 
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The light detector used to monitor the response of the sensor was an 

optical power meter (FPM-300, EXFO Company, China) or an Optical 

spectrum analyzer OSA (YOKOKAWA, Ando AQ6370) with resolution of 

0.02 nm was used to monitor the interference spectra of the sensors. Fig. 

(2.11) shows the photograph of OSA  and Fig. (2.12)  optical power meter 

used in the experiments. The specifications of the power meter are indicated 

in the appendix (E). 

 

 

 

 

 

 

 

 

  

     A transmission Microscope from (Euromex Company) was used in this 

experiment, as shown in Fig. (2.13), to view all the tested samples.  It has many 

lenses (4 X, 10 X, 40 X and 50 X) to magnification the picture of samples to 

see cross section and side view of SMF-28, cross section and side view of PCF 

before and after the experiments, length of collapse region , length of 

infiltration region and coating thickness of agarose of PCF. 

 

Fig (2.11):  photograph of optical spectrum 

analyzer (OSA). 

 

Fig. (2.12) Power meter  
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2.6 Controlling the humidity environment 

        The humidity response of the sensors was studied by placing the sensor 

in a controlled environment chamber which  was a cuboid -shape sealed 

chamber, fabricated from Polyvinyl chloride (PVC) plastic with dimensions 

(length =40cm, height= 27cm, and width=17cm). It consists of dry/wet air 

flow system that can vary the internal humidity in the chamber (27%RH - 

95%RH).There are three fans in this chamber, the first fan(1)  pumps a wet air 

from container containing distilled water and heater (70watt), the second fan 

(2) pumps a dry air form container containing a silica gel, and the last fan(3) 

is in the surface of chamber to expel the air as illustrates in the Fig. (2.14). A 

calibrated electronic humidity(XMT9007-8 temperature & humidity control 

instrument) was used for monitoring the humidity and temperature inside the 

chamber as shown in Fig. (2.15) . 

 

 

 

Fig.(2.13) The Transmission Microscope 
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2.7 Chemical processes: 

           It involved the preparation of a hygroscopic material solution for 

developing  techniques to allow coating or infiltration. The solution has been 

prepared by dissolving a convenient quantity of Agarose in distilled water.  

The Agarose infiltrated PCFI was fabricated by infiltrating the microholes of  

the reflection type PCFI  with hot Agarose solution via capillary action.  The 

Agarose coated PCFI was fabricated by passing the transmission type PCFI 

through a hot Agarose solution. The UV/Visible Spectrophotometer SP-3000 

from Optima Company has been used to investigate the absorption and the 

transmission characteristics of the proportions that had been used. The Fig. 

(2.16) shows the photograph Spectrometer. 

   

 

 

Fig. (2.15) Temperature and Humidity 

Controller 

Fig.(2.14) Humidity chamber a) front view, b) top 

view, and c) side view 

Fig.(2. 16)The Spectrophotometer sp-3000 from optima Company 
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2.8 RH sensor based on Agarose infiltrated photonic crystal 

fiber interferometer (AI-PCFI) 

2.8.1  System Layout:- 

  Photonic crystal fiber interferometer  (PCFI) operated in reflection 

mode for relative humidity (RH) sensing , the sensor of the humidity based on 

an agarose infiltrated  ( AI-PCFI) photographic picture is shown in Figs. 

(2.17), the whole sensor system was composed of  a laser diode 1550 nm, a 

fiber coupler/circulator (FOC),  the Agarose infiltrated PCF interferometer as 

a sensor head,  and a photo detector (PD)/optical spectrum analyzer (OSA) / 

power meter. 

 

 

 

 

 

 

 

2.8.2 Experimental Procedures 

         Humidity sensor based on reflection type of the PCFI has been 

proposed. First, the coating of a stub of PCF  (LM A-10 ) and  conventional 

optical fiber (Corning, SMF-28) were removed by using a mechanical 

stripping. Then, the second step was cleaved the PCF and SMF, which was 

done by fiber cleaver, and third step was cleaning the fibers. Then, the stub of 

Fig. (2.17) The photographic picture for the PCFI humidity sensor set up ( reflection type ) 
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PCF (LM A-10) was spliced to the conventional optical fiber by a 

conventional splicing machine. After fusion splicing, the PCF was cleaved 

using a standard fiber cleaving machine so that the PCF end behaved as a 

reflecting surface, then the tip of the PCF was immersed in a hot agarose 

solution to infiltrate the PCF microholes with agarose.  The preparation of 

solution was made by dissolving (1wt%( agarose in distilled water. In order to 

dissolve the agarose in distilled water, the mixture in the beaker was placed 

on a heater merged with a magnetic stirrer. The heater was set at  (65 ◦C) and 

in the same time the agarose material and water inside the beaker was stirred 

until the agarose was wholly dissolved. Then kept the solution in the same 

temperature, the open end of the PCF was immersed in this solution for 

around 30 s. The external part of the fiber was wiped by using a dry cleaning 

tissue directly after the fiber was pulled out from the solution. When the 

infiltrated solution was cooled, the gel polymerized, and once the gelling 

point was come to (<30 ◦C)  the mixture assumed its hydrogel form and won't 

take a liquid form again unless it is heated and reaches its melting point (>60 

◦C). 

2.9 RH sensor based on Agarose coated photonic crystal fiber 

interferometer (AC-PCFI) 

2.9.1  System Layout:- 

         A transmission type PCFI in which the two ends of a PCF were fusion 

spliced to lead-in and lead-out single mode fibers has already been 

demonstrated,  the humidity sensor based on an agarose coated  PCFI. 

Schematic system of the humidity sensor and photographic picture is shown 

in Fig. (2.18), the whole sensor system was composed of  a laser diode 1550 

nm, the agarose coated PCF interferometer as a sensor head,  and a photo 
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detector (PD)/optical spectrum analyzer (OSA) / power meter. it does not 

require the use of a fiber optic circulator. 

 

  

 

 

 

 

 

 

 

 

2.9.2 Experimental Procedures 

         Humidity sensor based on transmission  type of the PCFI has been 

proposed. First, the coating of a stub of PCF  (LM A-10 ) and  conventional 

optical fiber (Corning, SMF-28) were removed by using a mechanical 

stripping. Then, the second step was cleaving the PCF and SMF, which was 

done by fiber cleaver, third step was cleaning the fibers. Then, the stub of a 

)10 mm)  long of commercial PCF was fusion spliced between two SMFs 

(Corning SMF-28) by a conventional splicing machine. After fusion splicing, 

was coating with Agarose, it was carried out by drawing the interferometer 

through a hot (65 OC) Agarose solution, which prepared by dissolving ) 1 

wt%) Agarose in distilled water. In order to undertake the coating process the 

Fig.(2.18 )The photographic picture for the PCFI humidity sensor set up ( transmission type)  
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fiber was fixed straight and horizontally above a translation stage ( TS ). 

Below the PCF a heater was fixed on a (TS). A small container placed at the 

top of the heater was filled to the top with hot Agarose solution as shown in 

Fig. (2.19)  and the experimental schematic diagram setup for Agarose 

coating shown in Fig. (2.20).  

 

 

  

 

 

 

  

 

 

 

 

 

 

  

The surface of the solution formed a dome like shape which projected 

slightly above the rim of the container because of surface tension. The 

container position can be adjusted to allow the fiber to pass through this dome 

Fig. (2.19)  Schematic diagram of the experimental setup for Agarose coating 

 

Fig. (2.20) The photographic picture for setup of Agarose coating 
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of Agarose solution. The temperature of the heater was set at 65 OC by 

temperature electrical controller system ( TEC sys.) . The PCF is drawn 

through the hot Agarose solution by a  )TS) which was controlled in software 

using a computer. This arrangement allowed for good repeatability of the 

coating parameters. 

2.10 Simulation Design: 

          COMSOL multphysics program  has been used to design the photonic 

crystal fiber large-mode area  with infiltration and coating of agarose solution 

then find the guiding of laser 1550 nm diode laser at this fiber. 

        There are many steps followed to design PCF with COMSOL illustrated 

in Fig. (2.21):  

  

 

 

 

 

  

 

   

 

 

Simulation Design 

Set physics parameters 

 

Set physics parameters  

 

Geometrical Modeling 

 

Mesh Generation 

 

Compute Solution 

 

Materials 

 

silica 

Air 
agarose 

Fig.( 2.21) procedures of design the PCFI in the COMSOL multphysics. 
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3.1 Introduction:- 

This chapter presented the results of the fabricated reflection and 

transmission  type MZI sensors test, conclusion, comparison of the two RH 

sensors performance and the future work .The response of the PCFIs is 

observed for a different humidity values. The shift in wavelength of the 

interference fringes was observed and recorded.  

The sensors sensitivity has been calculated by dividing the 

experimentally measured PCFI response to the relative humidity. Also the rise 

time of sensors has been calculated for the sensors. 

The experiments were carried out under the 0.02 nm resolution of the 

optical spectrum analyzer (OSA) and light source (1550 nm) with optical 

power (1.79mW). All the results were taken under laboratory conditions (at 

room temperature and normal atmospheric pressure). 

3.2The interferometer fabrication:- 

The optimum parameters of fusion splicer (FSM-60S) used in sensors 

have set to obtain optimized low splice loss. These parameters have been 

epitomize in the table (3.1). 

 

 

Splice 

parameters 

Perfusion 

time (ms) 

Perfusion power 

STD (bit) 

Gap 

(µm) 

Overlap 

(µm) 

Arc 1 power 

STD+( bit) 

Arc1 time 

(ms) 

SMF-28/ 

PCF(LMA-10) 

180 STANDARD 15 10 40  3600  

 

Table (3.1): The optimized parameters of arc fusion splicer (FSM-60S) 

for splicing SMF-28 with PCF (LMA-10) 
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          The PCF (LMA-10) was designed with core diameter ρ(10.2μm) , void 

diameter (d) was 3.17 μm and the pitch (Λ) (hole-to-hole distance) was 

about(8.073μm) , d/Λ  is 0.347712, when d/Λ ≤ 0.43, the PCF can be 

endlessly single mode. The PCF dimensions simplified the aligning and 

splicing to SMF-28 when these fibers splice by a standard splicing machine. 

The splicing loss was due to two reasons; the first one was the mode 

field mismatch between PCF (LMA-10) and SMF, the other one was that 

PCF's air holes may completely collapsed near the joint of splicing, thus 

caused destroying the light directing structure close to the joint interface, 

therefore increased the coupling loss. The PCF (LMA-10) had similar MFD 

as the SMFs, so a low-loss splicing was achieved. Fig. (3.1) shows the 

splicing process; (1)the alignment of SMF-28 with PCF(LMA-10), and (2, 3, 

4) some splice loss resulting from splicing process.  

 

Fig.(3.1): The splicing process and the loss obtained in (dB) 
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Under these splicing conditions, the PCF voids collapsed wholly over a 

microscopic region, and the total length of collapse region was typically less 

than (300µm) as agree with [17], and it shown in Fig. (3.2). Because of the 

disappearance of the difference between refractive indices of the core and the 

cladding so the light will expand and causing a splice loss. 

 

 

 

The long collapsed region leads to excitation of many cladding modes 

and then increases the splice loss. So, excitation of single cladding mode was 

preferred to improve the sensor performance, due to its simple interference 

with the core mode. 

b 

a 

Fig.(3.2): Microscope images of the splice regions, between PCF (LMA-10) and the SMF-

28, a)the collapsed length is ~235.2 µm, and b)the collapsed length is ~287.8µm, when the 

magnification power of the transmission microscope is (10X) 
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        Photonic crystal fiber interferometer (PCFI) after fabricating process, 

has been checked  the stability of the laser diode 1550 nm which was used 

as a light source in the experiment, This was done after half –one hour with 

power set 1.79 mw of operation. Fig. (3.3) illustrated the output spectrum 

of diode laser (1550 nm).  

 

 

 

 

 

 

 

 

3.3 Physical properties of Agarose gel 

          Agarose was sold in a form of white powder, soluble in water at 34-

38°C. In this experiment Agarose powder was dissolved in distilled water in 

proportions of 1, 2,3and 4 wt./vol.%. The solutions were heated up to 65°C to 

dissolve the Agarose in distilled water, the beaker containing the mixture was 

placed on a heater combined with a magnetic stirrer. When the Agarose 

solution cooled down and reached room temperature, it polymerized to form 

hydrogel and will not assume a liquid form again unless it is heated above the 

melting point (90-95)°C. Agarose solutions exhibit hysteresis in the liquid to 

Fig.(3.3): Output Spectrum of laser diode 1550 nm 
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gel transition [68] , that is their gel point is not the same as their melting 

temperature. 

         In order to find the refractive indices and absorbance of four proportions 

was had tested by UV/Visible Spectrophotometer. The SP-3000 from Optima 

Company has been used to investigate the absorption and the transmission 

characteristics of the proportions that had been used. The absorbance peak 

illustrate in Fig. (3.4)and Table (3.2) it is obvious some parameters. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Agaros proportions in d. water A B C D 

W/V % (g/ml) 1 2 3 4 

Absorbance 0.085 0.11 0.194 0.25 

Transmittance 0.9456 0.93017 0.88247 0.8483 

Refractive index 1.12611 1.16289 1.27912 1.36425 

400 500 600 700 800 900 1000 1100 1200

0.0

0.2

0.4

0.6

0.8

1.0

A
b
s
.

Wavelength nm.

 A

 B

 C

 D

Fig.(3.4) spectrophotometer UV/visible absorption spectrum of (A,B,C,D)proportions. 

Table.(3.2) parameters of (A,B,C,D)proportions. 

https://en.wikipedia.org/wiki/Spectrum
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3.4 Experimental investigationand discussion of RH sensor 

based on an agarose infiltration reflection-type photonic crystal 

fiber interferometer (AI-PCF) 

         It have been  studied an uninfiltrated PCFI that be observed PCF with 

length (4.5cm)which show the higher sensitivity (4.6033 pm/RH% ) for range 

( 27%-85% ) RH as agree with [93] , for wider range ( 27%-95% ) RH, the 

higher sensitivity was calculated about(1.926 pm/RH% ), the sensitivity 

calculated from the linear fitting versus wavelength curve to RH values as 

shown in Fig.(3.5) . 

 

         In this experiment demonstrated that there was no wavelength shift and 

no decreasing in reflection power when increase the RH <88 % as shown in 

Figs.(3.5)a ,b)), this was because water has a hydrogen-bonded network (ice-

like), which grows up as the relative humidity increases from 0%to30%. The 

liquid water structure starts appearing in the RH range of 30-60 %,while the 

structure of ice-like continues growing to saturation .  

 

 

  

 

 

 

 

 

 

 Fig.(3.5)a  Change in the reflection spectrum of a PCFI with length 4.5 cm with respect to different 

ambient relative humidity values. b  ( Change in the reflection power of a PCFI with length 4.5 cm 

with respect to different ambient relative humidity values. 
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The agarose-infiltrated in order to improve the humidity sensitivity of 

PCFI, all the concentrates was tested , it found 1wt% proportion of agarose 

less viscosity and get in the holes of PCF smoothly  which was Convenient 

choice for infiltration . 

3.4.1. The Effect of the PCF length on the infiltration region 

             The Agarose solution in this study was prepared by dissolving 1 wt% 

Agarose in distilled water at a temperature of 65 OC. Then keeping the 

solution at the same temperature, the open end of the PCF is immersed in this 

solution for about 30 seconds, after that , the fiber was pulled out from the  

infiltrated mixture, the gel polymerized at once ,when gelling point was 

reached (<30 OC) the mixture assumed its hydro-gel form and will not take a 

liquid form again unless it was heated and reaches its melting point (> 60 OC), 

initial infiltration length depends on capillary forces, the length of the PCFI 

and the temperature. Fig.(3.7) illustrate the change in infiltration length for all 

AI-PCFIs .At a constant temperature it is the balance between the capillary 

forces and the forces exerted by the pressure of the air inside the silica holes. 

In this case the air inside the micro holes compressed as a result of the sudden 

cooling from 65 OC to room temperature of 23 OC after the fiber was taken 

out of the solution and this results in an increase in the infiltration length 

inside the microholes of the PCFI. The experiments were carried out using 

infiltrated PCFIs with different PCF lengths (4.5 cm ,3.5cm ,2.5 cm,1.5 cm 

and 4 mm). For the sensor presented here the infiltration length was estimated 

using a polarizing microscopeas shown in Fig (3.6). 
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        The Agarose infiltrated fiber was kept for one –two hours at room 

temperature until it was partially dehydrated and reached the equilibrium with 

the ambient environment. the length includes both the 248μm hole collapsed 

region and Agarose infiltrated region. 
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Fig. (3.7( The infiltration lengths of the five different AI-PCFI devices at R.T. 

Fig.(3.6) Microscope image show a)length of infiltration region in PCF 

              b) cross section of agarose infiltration in PCF ( AI-PCF)  

a 

b 
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3.4. 2 Performance Analysis of the RH Sensor 

          Based on AI-PCFI 

 

The PCFI response was observed for a range of humidity 

 values (27%, 30%, 40%, 50%, 60%, 70%, 80%, 85%,90% and 95%)RH.  

The sensitivity of the sensor was calculated by dividing the 

experimentally measured PCFI response to the relative humidity. 

           An increase in the RH level increased the RI of the agarose and this 

change in RI changed the propagation constant of the cladding mode. The 

result changing phase between the interfering modes thus shifted of the 

interference pattern as a function of ambient RH. When humidity increased, 

the interference pattern shifted to higher wavelengths(red shift). Therefore, 

the reflected power decreased for the sensor in the observed wavelength 

region, experiments were carried out using infiltrated PCFIs with different 

PCF lengths (4.5 cm ,3.5cm ,2.5 cm,1.5 cm ,4 mm) the figures below shows 

the shifting of the interference peaks of reflection power and wavelength shift 

respectively to relative humidity of the PCFIs submitted sensors. 

 

 

 

 

 

Fig.(3.8)a) Interference peaks shift of wavelength shift with RH for length(4.5) cm of 

PCF b) Interference peaks shift of reflection power with RH for  length(4.5) cm of PCF 

a b 
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Fig.(3.9a) Interference peaks shift of wavelength shift with RH for  length(3.5)cm of 

PCF.  (b  Interference peaks shift of reflection power with RH for length (3.5) cm  of PCF 

 

Fig.(3.10)a) Interference peaks shift of wavelength shift with RH for  length(2.5)cm  of PCF 

b) Interference peaks shift of reflection power with RH for  length(2.5)cm of PCF 

 

a 

b a 

b 
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Fig.(3.12)a) Interference peaks shift of wavelength shift with RH for  length(0.4)cm of PCF 

b) Interference peaks shift of reflection power with RH for  length(0.4)cm of PCF 

Fig.(3.11)a) Interference peaks shift of wavelength shift with RH for  length(1.5)cm  of PCF  

b) Interference peaks shift of reflection power with RH for  length(1.5)cm of PCF 
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Fig. (3.13 a) : behavior of all lengths for wavelength shift with RH . 

b)behavior of all lengths for reflection power with RH 
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        As seen in Figs. (3.13(a,b)), it is observed that there are no any shift in 

interference peak and no decreasing in reflection power for lengths ( 4.5 , 3.5 

and 2.5) cm  between (27%-40%) RH region, the shift being to appear from 

relative humidity value 40% RH while the shift is observed in wide range 

(30% -95% ) for lengths  1.5cm and 4mm . 

          The sensitivity values observed for the different PCF length in the 

region between (30%-95%) RH, summarized in the Fig.( 3.14) 

 

 

 

 

 

 

 

 

 

3.4.3 The Effect ofthe PCF Length on The Sensor Sensitivity:- 

It is clear that by using equation (1.14) when the length of the PCF is 

less than 5 mm the fringes spacing will be greater than 100 nm. Therefore for 

a small sensor length only a narrow sub-periodic part of the interference 

pattern with a 10 nm span can be observed.As seen in Fig. ( 3.14) it observed 

that PCFI with length 4mm show the higher sensitivity  ) 8.49073 pm/RH%) 

Fig (3.14) The sensitivity values obtained from different PCF lengths 
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compared with the other PCFI lengths,in this experiment a length of 4 mm for 

the sensor head was selected. The fringe spacing of a PCFI with a (4mm) 

length calculated using the equation (1.14) was about 390.016nm.The fringe 

spacing for a longer PCFI will be shorter which limited the measurement 

range of the PCFI, the fringe visibility will diminish when the length of the 

PCF increasing which leaded to increase the propagation loss of the 

interfering cladding mode  as agree with [Mathew, J., et al, 58]. 

By using a  multphysic's program, it calculated the effective refractive 

index of the PCF. The effective refractive index calculated of AI-PCF was 

0.077011 at 1550 nm illustrate in Fig (3.15) ,if the refractive index of silica is 

1.45 and for agaros gel is 1.12611. 

 

 

 

 

 

 

 

Beside that if the length of the PCF section of the interferometer was 

relatively large the spectra observed may be unduly perturbed by mechanical 

vibrations and air flow currents. This was because bending or lateral strain of 

the PCFI may cause a shift in the interference pattern that was not related to 

Fig.(3.15) COMSOL image snapshot of infiltrated PCF 
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humidity and this phenomenon became more significant as the PCFI length 

increased. For a sensor head with a short length of 4 mm it was observed that 

the spectrum was very stable when subjected to vibrations and air flow shown 

in Fig. ( 3.16) , when each line represents humidity value. Fig. (3.17) shows 

the relation between the PCF lengths and sensitivity of the sensor . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (3.16) OSA Graphics peaks shift of AI- PCFI with respect humidity of the length 4 

mm. 
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Fig. (3.17):The relationship between PCF lengths and sensitivity of the sensor 
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So as to confirm that the humidity sensitivity of  the PCFI is mainly 

due to the RI change of the infiltrated hygroscopic material, it is useful to 

initially study the relative humidity response of a 4mm PCFI prior to 

infiltration with a hygroscopic material. Fig. ( 3.13b) shows the changes in the 

reflection power with respect to ambient relative humidity for a PCFI with 

length 4 mm. A small change in the reflected signal power (276nW) for a 

humidity change of)27-40 %RH) the change was observed at higher relative 

humidity values. Therefore it was concluded that an uninfiltrated PCFI with a 

compact length had only a weak sensitivity to relative humidity changes. Also 

this is in agreement with [93] , that when the length of PCF decreases the RH 

sensitivity of the PCFI increases. 

 

3.4. 4The Rise Timeof RH Sensor Based on AI-PCFI:- 

To calculate the rise time of the sensor, PCFI (withcompact length 

4mm which was the length that show the higher sensitivity to relative 

humidity variations)was exposed to an environment with rapid changes of the 

RH. First, kept the RH in the chamber at 50% RH, and then rapidly increased 

the humidity of the chamber to<90% (at room temperature and normal 

atmospheric pressure).  

        The measured rise time of the sensor is shown in Fig. (3.18). The sensor 

had a fast response to humidity variations and the estimated response time  

from was about(1.4 s) when the RH changed from 40% to 90% at wavelength 

(λ =1550nm). The estimated recovery time of the sensor was 8 s, which 

depended on how fast the vapor was expelled from the sensor, which in turn 

was directly proportional to the air flow surrounding the RH sensor. 
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3.4. 5 The Repeatability of the RH SensorBased on AI-PCFI:- 

           In order to make the sensor reusable,the sensor head had been 

protected to attach any materials to it and was kept in sealed box at room 

temperature (23 0C) to prevent any contamination (dust particles, organic 

pollutants and chemical vapors). The other way to remove the contaminants 

without damaging the sensor head was the ultrasonic cleaning with heating. 

The repeatability of the RH sensors over a large RH range (27%-95%)RH  

was demonstrated with a time gap of eight days ,and with (4mm) PCFI length, 

the sensor showed a good repeatability,as shown in Fig. (3.19). 
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Fig. (3.18):The rise time of the RH sensor with length (4mm) 
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3.5 Experimental investigationand discussion of RH sensor 

based on an agarose coated transmission type photonic crystal 

fiber interferometer 

         It was studied an uncoated PCFI transmission type with a short (1 cm) 

length of (PCF)  ,it found there was no wavelength shift based in Figs.)3.20) 

and Fig.(3.21(a)) and no decreasing in transmitted  power when increased the 

RH <90 % as shown in Fig.(3.21(b)). This was because water has a hydrogen-

bonded network (ice-like), which grew up as the relative humidity increased 

and continues growing to saturation [58]. 
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Fig. (3.19): The repeatability of the RH sensor with PCF length (4mm) 
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The agarose was coated in order to improve the humidity sensitivity of 

PCFI. An uniform coating thickness can be accomplished by utilizing  the 

setup as seen in chapter two in Fig. (2.19) by changing the drawing speed of 

Fig.(3.20) The shift in Wavelength peak of PCFI without coating in humidity chamber 

 

 

Fig.(3.21(a) Change in the transmission spectrum of a PCFI without coating of length 10mm with 

respect to different ambient RH values. b) Change in the transmission power of a PCFI without 

coating of length 10mm with respect to different ambient RH values. 
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the fiber through the solution or passing the fiber multiple times through the 

hot solution. thus in this experiment, the PCFI was drawn through the solution 

with a fixed speed of 5 mm/s . In practice after passing the fiber through the 

solution the spectral red shift was observed in the transmission spectrum of 

the device compared with its initial spectrum that shows on Figs. (3.21(a,b)) . 

 

 

 

 

 

 

 

 

3.5.1Effect of coating thickness on The Sensor Sensitivity:- 

        In order to study the influence of the Agarose film thickness on the 

properties of the PCFI the four PCFI devices (A, B, C, D) previously 

fabricated were coated with different thicknesses of Agarose film by passing 

the PCFI through the solution multiple times. The coated thickness of the 

device was estimated using an optical microscope at a room RH of 30±2%. 

Table (3.3) shows parameters of the different AC-PCFI Devices. 

 

 

 

Fig.(3.21)a) Wavelength peak of PCFI before coating.  b  ) The shift in Wavelength peak of 

PCFI after coating is about 1.014 nm 

 

 

a b 
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The humidity responses of the AC-PCFI devices were studied by 

putting them inside a controlled environmental chamber. The ambient 

temperature during the experiment was 25°C at normal atmospheric pressure, 

the thickness changed of the Agarose coating for a changed of RH, the RI of 

the Agarose coating thickness changed and also increased when RH 

increased.                

At the point when the RH level increased, more water molecules were 

diffused into the Agarose coating, resulting in the Agarose inflation and 

increased in the coating thickness, like to any other swelling polymer, an 

increasing in water content will decrease the bulk RI of the Agarose coating 

[72]. 

         As the coating thickness increased lead to change optical path , resulting 

in a red shift of the interference spectrum for all RH values and this was the 

case with the devices A and B. 

         Fig. (3.22) illustrates the peak shift of the interference pattern of the 

AC-PCFI A and B with respect to RH. The AC-PCFI (A) showed a spectral 

red shift with an increased in RH and the observed shift was linear in the 

range from 27 to 95% RH with a slope of 5.25914 pm/%RH, as shown in 

OSA graphics in Fig.( 3.23a). 

AC-PCFI A B C D 

Red peak shift of the 

coated PCFI relative 

to the uncoated PCFI 

(nm) 

0.284 1.014 1.186 1.238 

No. of passes 1 2 3 4 

The thickness of 

coating (nm ) 

300 630 3530 5966 

Table (3.3)  Different Parameters of the AC-PCFI Devices 
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        As seen from Fig.( 3.22)shows the AC-PCFI (B) shift to long 

wavelengths with a slope of 7.937 pm/%RH in the RH range 27 to 95% as 

illustrate in OSA graphics in Fig.( 3.23b). It can be concluded that when the 

coating thickness increases the RH sensitivity of the AC-PCFI also increases. 

         This behavior had one possible reason that when the thickness of the 

coating increases, It is observed that when the thickness of coating is more 

than ~756 nm,  which was the case with AC-PCFI devices C and D, the 

observed shift was blue for the interference spectrum of the AC-PCFI device 

when the RH increases.  

          For investigation that the penetration depth of the evanescent wave of 

device )C) was calculated at 40% RH using Eq. (1.15)  by set the values of the 

RI of the fiber material silica ncl = 1.44, the RI of the Agarose coating nac = 

1.12611and assumed the angle of incidence at the fiber– coating interface 𝜃= 

90°. These values were used to calculate penetration depth was 756.09756 

nm,  verifying the observation that the wavelength shift changed from a red to 

a blue shift when the coating thickness was in the region of 756 nm. 
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      The RH responses of the AC-PCFI devices C and D are shown in Fig. 

(3.24).  

         The ACPCFI (C) showed no a spectral shift when humidity increased 

from 27% RH to 40% RH and then it showed a blue shift on a further 

increased of RH from 40% to 95% as seen from Fig.(3.25a). This was because 

below 40% RH the thickness changed factor dominated by comparison to the 

bulk RI change of the coating, and above 40% RH the coating thickness was 

more than the penetration depth of the evanescent wave part of the cladding 

mode interacting with the coating so that the effective RI of the cladding 

mode is chiefly dictated by the coating bulk RI. 

            For AC-PCFI (D) the peak wavelength phase changed point (RH at 

which the red shift changes to blue shift) of the RH response curve shifted to 

lower RH of 40% which was expected because here the coating was thicker 

than for AC-PCFI (C) that show in Fig (3.24) and OSA graphics Fig. (3.25b).     

         For AC-PCFI )D) the RI of the coating was in a greatest RI sensitive 

region of the PCFI and the RH sensitivity observed was also higher compared 

Fig. (3.23) OSA Graphics peaks shift of AC- PCFI(A) with respect humidity. b) OSA Graphics 

peaks shift of AC- PCFI(B) with respect humidity 

b 
a 
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 to other devices with a smaller thickness of Agarose coating. The AC-PCFI 

(D( showed a sensitivity of -29.37394  pm/%RH in range (27-95)%RH. 
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Fig. (3.24) The spectral peak shift of AC-PCFI C and D with respect to RH. 
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Fig. (3.25)a) OSA Graphics peaks shift of AC- PCFI(C) with respect RH .       
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         The calculated RH sensitivities of the AC-PCFI devices in various linear 

RH values were recorded in Table( 3.4) , where the positive sensitivity values 

represent spectral red shift and negative values represent a blue shift.  

 

 

 

 

3.5. 2The Rise Time of RH Sensor Based on AI-PCFI:- 

          The response time was calculated of the sensor,  (with AC-PCFI 

device(D) which showed the  higher sensitivity to relative humidity 

variations(-29.37394  pm/%RH( was exposed to an environment with rapid 

AC-PCFI A B C D 

Sensitivity 

(pm/%RH) 

5.25914 7.93756 -17.3527 -29.37394 

Fig. (3.25) b) OSA Graphics peaks shift of AC- PCFI(D) with respect RH. 

Table (3.4) RH Sensitivity of AC-PCFI Devices 
 

b 
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changes of the RH. A similar experimental conditionis maintained as AI-

PCFI. The sensor measured rise time is shown in Fig.(3.26) , it had a fast 

response to humidity variations and the estimated response time from (10 % 

to 90% of the signal maximum) was about 0.8 s when the RH changed from 

(50% to 90 %) at wavelength 1550nm. The recovery time of a humidity 

sensor relies upon on how quick the water vapor is expelled from the sensor 

which is proportionate to the air flow surrounding the sensor. The estimated 

recovery time (90% signal maximum to 10% baseline) of the sensor is 7 s.  

 

 

 

 

 

 

 

 

 

 

 

3.5. 3Long term stability of the RH SensorBased on AC-PCFI:- 

           The operation of RH sensor requires direct interaction with the 

environment, therefore its performance usually degrades over a period of time 

due to the different types of contamination, making any sensor unsuitable for 

long term humidity measurements without special protection. Possible 

contamination agents are dust particles, organic pollutants and chemical 

vapors thus protection of the sensor head using anti-contaminant filters, 
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Fig.(3.26). Response time of the sensor. 
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another method to overcome contamination is ultrasonic cleaning and 

subsequent heating  (which will remove the contaminants such as dust 

particles without damaging the sensor head. 

            In order to study the repeatability of the Agarose coated PCFI sensor 

(D), experiments were repeated one week after since the initial experiments. 

 A similar experimental condition was maintained for both sets of 

measurements. For comparison the averaged relative humidity responses 

obtained for the sensor during the two sets of measurements were plotted in 

Fig.(3.27) The relative humidity responses obtained were similar, confirming 

good long term stability for the sensor. 

 

 

 

 

 

 

 

 

3.6 Performance comparison of the RH sensors:- 
The performance comparison of the RH sensing devices Based on the 

parameters in RH range(27%-95 %), RH sensitivity, response time, sensor 

size,  advantages and limitations of the sensor is presented in tables(3.5). 
 

20 30 40 50 60 70 80 90 100

-20

-15

-10

-5

0

s
h

if
t 
(p

m
)

Relative humidity (%RH)

 after 1 weak

 1st day

Fig. (3.27): The repeatability of the AC-PCFI sensor (D) 
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Comparative 

Criteria 

RH Sensor 

AI-PCFI AC-PCFI 

Higher 

sensitivity 
)8.49073 pm/RH%) (-29.37394  pm/%RH) 

Size of 

sensor 

head 

4mm 1 cm 

Response 

time 
1.4 s 0.8 s 

Advantages 

of the sensor 

 Wide linear response 

 Fast response time 

 Diminutive size 

 Improved sensitivity 

 Best Mechanical 

stability  

 The sensor is end type 

since it requires just 

single interconnection 

fiber. 

 Best sensor for breathing 

monitoring as shown in 

Fig. ( 1.23)  

 Wide linear response 

 Fast response time 

 Can be tunable the RH 

sensitivity by changing the 

thickness of the coating 

 Sensitivity improvement 

 Simple fabrication, low cost  

 Suitable for high RH operation 

Limitations 

of the sensor 

 Only an approximate 

fabrication repeatability 

is possible because of 

the limitations in the 

fabrication accuracy  

 Not an end type sensor 

because it requires an input 

and output fiber connected to 

the sensor 

 Sensor fabrication is costlier 

Table (3.5) Comparison of RH sensors 
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        As seen in table (3.5) the sensor based on an AC-PCFI shows the higher 

response time and sensitivity than the sensor based on an AI-PCFI while the 

last has the smaller size and good mechanical stability and suitable for 

breathing monitoring. 

 

3.7 Simulation result for COMSOL Multiphsics Program for solid core 

PCF(LMA-10)  

         The solid core of the empty PCF(LMA-10) was interrogated by the 

transmission of laser with wave length (1550nm) was obtained simulation 

using COMSOL multiphysics program as show in Figs. (3.28). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. (3.28) (A) geometry of cladding PCF with refractive index of air =1(B) Mesh of 

PCF (C) Laser beam profile that exist from PCF(LMA-10) without  infiltration 

(empty). 
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3.7.1 Infiltrated solid core PCF(LMA-10) with agarose solution:  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (3.29) (A) geometry of cladding PCF infiltrated agarose with refractive 

index =1.12 (B) Mesh of PCF (C) Laser beam profile that exist from 

PCF(LMA-10) with  infiltration. 
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3.7.2Coated soild core PCF(LMA-10)with agarose solution at thickness  

5996 nm:  

 

 

 

 

 

 

 

 

     

 

 

 

 

 

 

 

 

 

 

 

Fig. (3.30) (A) geometry of cladding PCF with coating of agarose 

thickness=5996nm (B) Mesh of PCF (C) Laser beam profile that exist from 

PCF(LMA-10) with  PCF agaros coated. 

 

A B 

C 



Chapter Three                                                                              Results and discussion             93 

  
  

3.7.3Coated soild core PCF(LMA-10)with agarose solution at thickness  

3530 nm:  

 

 

          

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (3.31) (A) geometry of cladding PCF with coating of agarose 

thickness=3530nm (B) Mesh of PCF (C) Laser beam profile that exist from 

PCF(LMA-10) with  PCF agaros coated. 
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3.7.4Coated soild core PCF(LMA-10)with agarose solution at thickness  

630 nm: 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (3.32) (A) geometry of cladding PCF with coating of agarose 

thickness=630nm (B) Mesh of PCF (C) Laser beam profile that exist from 

PCF(LMA-10) with  PCF agaros coated. 
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3.7.5Coated soild core PCF(LMA-10)with agarose solution at thickness  

300 nm: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 As seen in Fig. (3.28)  that show the light guidance for solid core 

PCF(LMA-10) at wavelength 1550 nm when the PCF was empty (air), the 

effective mode index is 0.71209 . The infiltration of the PCF microholes with 

agarose change the effective RI of the cladding mode, thus the effective RI of 

Fig. (3.33) (A) geometry of cladding PCF with coating of agarose 

thickness=300nm (B) Mesh of PCF (C) Laser beam profile that exist from 

PCF(LMA-10) with  PCF agaros coated. 

 

C 

B A 
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the cladding mode depends on the RI of the Agarose material infiltrated into 

the PCF as shown in Fig (3.29). When humidity increased, the RI of Agarose 

increased and the effective index of the interfering cladding mode increased 

and as a result the interference pattern shifted to longer wavelengths 

 )red shift ) .  

The Agarose coating changed the effective index of the cladding mode 

too with respect to RH and consequently the phase difference between the 

interfering cladding modes and the core mode produced a shift in the 

interference pattern. An increase in the effective RI of the cladding mode 

caused a red shift and a decreased in the effective RI caused a spectral blue 

shift. The peak of the laser was  clear and very smooth. Figs.(2.28), (3.29) , 

(3.30),(3.31),(3.32) and (3.33) demonstrates the simulation  result. 

 

3.8Conclusions:-  

3.8.1 RH sensor based on AI-PCFI 

 

1- The sensor showed a shift to long wavelength ( red shift ) in its 

interference pattern due to the adsorption and desorption of water  

vapour with respect to ambient humidity.  

2- The shorter PCF length is higher sensitivity. 

3- Infiltration region depends on capillary forces, temperature and the 

length of the PCFI , infiltration length increase with increase of PCF 

length. 

4- The maximum sensitivity of the sensoris 8.49 pm/RH% in the range 

27–95 % RH has been obtained in  4mm, high resolution, low cost, 

wide humidity range , ease of fabrication , repeatable , shows good long 

term stability and Fast response time of 1.4 s. 
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5- An additional advantage of selecting a compact length for the sensor. is 

that such a sensor is more mechanically stable in the presence of 

vibrations and air flow currents. 

3.8.2RH sensor based on AC-PCFI 

 

1- The humidity response of  an AC-PCFI  sensor depended on both bulk 

RI change and the thickness change of the Agarose coating with respect 

to RH. 

2- The sensor showed a linear response for an RH change in the RH 

ranges of 27–95 % RH which shifted to short wavelength ( blue shift) . 

3- The sensor showed maximum sensitivity was (-29.37394pm/%RH) at 

agarose coating thickness 5.966μm, Showed good repeatability , 

reversible , wide humidity range and Fast response time of 0.8 s. 

 

3.9 Future Work:- 

1- Sensing enhancement of relative humidity sensor with different                   

    concentrations of an agarose - coated photonic crystal fiber interferometer. 

2- Sensitivity enhancement of relative humidity sensor based on an Agarose   

    coated single mode fiber bend. 

3- Enhancement the RH Sensor with a PVA-coated photonic crystal fiber        

    Interferometer 

4- Improvement  the humidity sensor based on waist-enlarged tapers Mach–    

     Zehnder interferometer 

5- Sensing enhancement of relative humidity sensor based on single mode      

    fiber bend. 

6-study temperature effect of RH sensor based photonic crystal fiber               

   interferometer.
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Specifications of arc fusion splicer (FSM-60S) 

 

Item Specifications 

Applicable fibers SMF ,MMF ,DSF ,NZDSF etc. 

Cladding dia./sheathe dia. 80 to150 µm / 100 to 1000 µm 

Splice mode Total 100 modes 

Automatic fiber identification SMF ,MMF ,NZDSF 

Splice loss estimate Equipped 

Attenuation splice 0.1 dB to 15dB by 0.1 dB step 

Splice result storage Last 2000 splices 

Viewing methods 2 axis 2CMOS camera with 4.1 LCD 

Tension test 1.96 to 2.25 N 

Protection sleeve  60mm ,40mm and Fujikura micro sleeves 

Diagnostic function Equipped  
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Specifications ofPower Meter 
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Specifications of Power Meter 

 

Model FPM-300/FLS-300/FOT-300 
Power meter port Ge 

Power range (dBm) 10 to -60 

Range displayed Down to -65 

Number of calibrated wavelength  10 

Power uncertainty ±5% ±1 nW 

Resolution (dB) 0.01 

Automatic offset nulling  Yes 

Display units dB/dBm/W 

Automatic wavelength recognition Yes 

Screen refresh rate (Hz) 3 

Tone detection (Hz) 270 , 1 K ,2K 

Battery life (hours) (typical) >300 

 

 

 

 

 

 

 

 

 

 

 



 

 

 الخلاصة

  مقياا ا الااا الأل لفلياا و الباوريااة التوتوميااة ت اااع ل  تاايل تاسااح ساا  ت بيقاا   الا  اا  .

 ا   لتس  هذا الع ل تم توصيف تتصاييح ما   ا ل لاربو اة الي ابية   ادا ا   دااس مقيا ا الاا الأل 

 زيياااا ر . تاااام  قاااال ف عااااة ماااال الايااااف الباااااورح التوتااااوم    اااا  ة اا اااا رتا  لا  اااايل ال   سااااية 

 ذياة . تالذح يع ل س  م ط اامعي ا تما    الأار تام با به  ايت  ال ا  ة تالاذح يع ال سا  م اط اليت 

 م تصااااييح هااااذيل ال ا   اااايل  ب اااا بة  واساااا ة ل اااا   ليااااف مقياااا ا الااااا الأل لايااااف التوتااااوم  تاااا

 ال  قاااول  ( . ياااام د ااال ال ا  ااا  SMF-28( ماااح لياااف ذت م اااط متااار  ) LMA-10البااااورح ) 

 الباورح حالبصر الايف مح هواب -سيايي    جز دي  ال  ب  خ ر امازاز داس   ادا        ة اا  رتا

 (  %95 -%27. ال ا  اااااا  ا اااااا ي    سااااااية د ليااااااة ل قاااااا ار الا ياااااار   لربو ااااااة ) التوتااااااوم 

 بيةت ز ز ااة ل وفااح ف اام الااا الأل م ااو اجبااواط ال وجيااة ال وياااة مااح زياا  ة ساا  فاايم الربو ااة الي اا

  (  يياااو ماااار ب الي ااابة ال ووياااة لاربو اااة الي ااابية8.49تفااا   صااال دااااس ادااااس  مقااا ار لا   ساااية ) 

 ( ث مياااة تالاااذح ي يياااع مااال ااسااااع  ط 1.4ماااح  زمااال ااساااا   ة ساااريح ) ( ماي اااار  4ديااا  باااوط ) 

ا ا رتا اجلأار الاذح تام با به   ا  ة ا  س  جه ز الايت  لا ريض س  العي  ا  ال بية. ام  ال ا  ا 

 ال عا اااا  داااااس مقياااا ا الااااا الأل ل اااا   زماااا ر ذت م ااااط اليت ذيااااة س اااال لأاااا ط اليااااا    الا ريبيااااة 

ار ( تف   صل دااس أدااس  مقا  %95 -%27ة ل ق ار الا ير   لربو ة )أ  ي ال ا       سية د لي

 (  يياااااااااااااو ماااااااااااااار ب الي ااااااااااااابة ال ووياااااااااااااة لاربو اااااااااااااة الي ااااااااااااابية  -29,37لا   ساااااااااااااية )

 ( م ييرت مار. 5,996دي  س ك ببقة ال  ب   ق ار ) 

عياا  اداااس مقاا ار ستفاا  اثباا  ال ما  اا  الربو ااة ال صاا م يعا اا  داااس ساا ك ببقااة ال اا ب . 

  اايل ال ا  اا  هياا ا اسااا   ة لأ يااة تز ز ااة ل وفااح ف اام الااا الأل م ااو اابااواط ال وجيااة    سااية 

 ( ث ميااااااااااااااااااااااة  0.8القصاااااااااااااااااااااايرة مااااااااااااااااااااااح زماااااااااااااااااااااال ااسااااااااااااااااااااااا   ة سااااااااااااااااااااااريح ) 

 ,( .  ذلك س ل ما      الربو ة ال ص  يل له   دا ة مزايا    ام صا ير  %90 -%50لاا ير مل )

 .بو ةم اقريل , ذتح في س    فيقية , ت    ل  ي تاسح مل الر

تدي   لاص يم الايف الباورح التوتوم  5.1COMSOL multiphysicsتم اساخ ا   رم م  

م مومار الأل الايف 1550تاي    توجيع  ايو  الايزر   قل تب ب الايف الباورح     ة اا  رتا

 البصرح الباورح .
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