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ABSTRACT 

Photon, the massless particle responsible for electromagnetic radiations travels at the 

speed of light which is the key element in terahertz (THz) based fiber communications. 

The efficient transmission of THz wave using waveguides has been a major challenge 

since early days of this technology. Loss and dispersion play vital part in THz wave 

guidance. They should be reduced to obtain accurate THz wave propagation. Metallic 

waveguide tolerates Ohmic losses and dielectric waveguides experience huge material 

absorption losses. Dry air is the best transparent medium for THz radiations. Considering 

above losses, the fiber needs to develop. This thesis reports the development of fibers to 

guide THz radiations. The objective of this research work is to design optical waveguides 

using more advanced form optical fiber called porous core photonic crystal fiber (PC-

PCF) in the terahertz regime. The porous core fiber has an arrangement of sub-

wavelength featured air-holes in the cross section. The designed PC-PCF would be a 

possible candidate for THz wave guidance.  

 A considerable effort has been put into designing advanced porous core PCF 

structures with increased flexibility and the ability to minimize losses in terms of 

geometric structure. In this thesis, different structure is designed to obtain porous core 

photonic crystal fibers with low effective material loss (EML), low confinement loss 

(CL), high core power fraction and flatten dispersion for THz wave propagation. The 

preparation of proposed structure air holes, both in periodic cladding and porous core, 

made it possible to guide most of the light through low loss air, which is confirmed by  

numerical analysis of optical properties of the fiber while preserving the single mode 

condition. Numerical analysis of the proposed geometric structure of the fiber is 

rigorously performed using finite element method (FEM) with perfectly match layer 

(PML) boundary conditions to characterize the wave guiding properties. This thesis 

examines crucial design parameters such as effective material loss, core power fraction, 

birefringence, dispersion, and confinement loss of the proposed porous core fiber. Topas 

is used as background material due to its constant refractive index behavior in terahertz 

regime and its lower bulk absorption loss.  

In this thesis work, four PC-PCF structures have been proposed, designed and 

numerically investigated. The proposed PC-PCF contains different shape and size of air 

hole dimensions in the cross sections. Among all the proposed PC-PCFs, the circular 
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cladding and circular core PC-PCF structure exhibits comparatively better results. This 

circular PC-PCF shows 0.04 𝑐𝑚ିଵ and  1.96 × 10ିସ 𝑐𝑚ିଵ of EML and confinement 

loss respectively. So, the total loss is 0.04 𝑐𝑚ିଵ as the confinement loss is negligible. 

Also, at 84% porosity the proposed circular PC-PCF exhibits 55.8% of core power 

fraction which can be considered enough for THz wave propagation. The sol-gel 

fabrication technique offers more freedom to high porosity geometric structures. 

Therefore, sol-gel can be considered as the fabrication technique for this proposed 

circular PC-PCF.  Finally, the results of the analysis are further compared with those of 

previous reported contributions and found comparative. The proposed designs can be 

taken into consideration for THz communications. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Introduction  

The terahertz (THz) band can be found just after microwave frequency and before 

optical wavelength windows. Sometimes it refers to millimeter wavelength as it spans 

from 0.003 mm to 3 mm or 1 THz to 10 THz [1]. Historically, this specific frequency 

spectrum was used by the physicist in astronomy for different purposes. The 

investigations of the THz band were evolving in late 1980s in research laboratories for 

detection and generation but there was toughness in these technologies [1]. With the 

blessings of more advance microwave and optical waveguide, it poised the THz 

waveguides with no anomaly. At the present time, the THz frequency band is immensely 

explored by investigators for designing low loss THz waveguides. The THz waveguides 

should be less frequency dependent to have better confinement characteristics. There are 

quite a few profits for designing low-loss and low-dispersion waveguides. The principal 

responsibility of the waveguides is to carry information from one end to another [2]. 

Furthermore, the waveguides can be utilized in sensing and imaging applications [3,4]. 

For the THz regime, the same advantages can be achieved.  

Hence, the THz waveguide is promising scientific research areas for researchers. 

Huge number of research grant and resources have been offered to improve the properties 

of THz waveguides as well as finding new types of application in various fields such as 

telecommunication, biosensing, medical use and spectroscopy [5]. In the next section 

history of THz waveguide will be presented. 

1.2 THz Sources and Detectors 

Along with designing THz waveguide structure, it is also essential to discuss about 

THz source and detectors. Recently good numbers of THz source and detectors can be 

found in the market [6], but the challenging task is developing and THz waveguide. Low 

loss THz waveguide designing is the focus the research work.  
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1.2.1 THz Sources 

There are good numbers of THz sources in THz spectrum. The carborundum heated 

rod and mercury lamp [7] sources are generally exploit as THz source in the laboratory. 

These are from high power laser including klystrons [8], travelling-wave tubes [9], and 

free-electron lasers [10]. 

There are other sources for THz is in solid state electronics. They are Gunn diode 

[11] and high frequency oscillators [12]. Terahertz laser source utilizing Ge-Si can be 

built efficiently [13]. It has been reported that some gas laser able to generate wave in 

THz spectrum [14]. The photo conductive dipole antenna exploits optical sampling 

method to produce THz radiation [15]. 

1.2.2 THz Detectors 

Along with numbers of THz sources, here some of the THz detectors will be 

presented. They are photoinductive antenna, bolometer and electro-optic sampling 

techniques. Since first one has been discussed in earlier sub-section, this antenna can 

detect THz transmission using optical sampling techniques [16]. The bolometer exploits 

thermal detection techniques to isolate any form of radiation after absorbing it [16]. So, 

the bolometer has ability to deliver THz wave. In non-linear crystals electron and photon 

goes through interactions [17]. Hence, this interaction can be exploited to isolate THz 

transmission.   

1.3 THz Waveguides 

Traditional silica core structure methodology has enhanced importantly subsequently 

the first effective silica fiber had introduced in 1957 [18]. Though, the age of optical fiber 

telecommunications initiated in 1970s, when a fiber with loss around 20 dB/km was 

hurled [18]. In 1980s, the cost of long-distance communication has been reduced due to 

the progress of erbium-doped optical amplifier because light signal in the fiber could be 

amplified without converting it to electrical signal [19]. As a result, the requirement of 

repeater reduced in long distance communication. Today, conventional optical fibers are 

one of the best telecommunication media for long-distance telecommunications which is 

also blessing the THz communication system as well.  
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There are two major categories of THz waveguides. They are metallic and dielectric 

waveguides. The metallic waveguide undergoes huge material absorption loss due to the 

host materials. The dielectric waveguides can be subdivided into three categories and 

they are solid core, porous core and hollow core.  

A photonic crystal is an optical nano structure which affects the motion of photons. 

Incorporating this specific material, the photonic crystal fiber can be designed. The three 

types of dielectric THz photonic crystal fiber along with kagome photonic crystal fiber 

will be presented next. 

The periodic refractive index profile of PCF also called microstructured fiber found 

in transverse detection [20]. The PCF and traditional fiber follow basic wave guidance 

properties that is TIR. PCF has some geometric properties that is strongly depend on 

wavelength that is missing in traditional fiber. By tuning these geometric properties 

losses can be minimized to have application in telecommunication [21]. PCF were first 

designed in the 1970’s but in the 90’s they have attracted more attention for fabrication.  

Earlier the expansion of current glass optical fiber technology, tubes of the fiber were 

examined as applicant for optical communications in the sixties [22]. In [22] it was 

described the first employed instance of a solid core PCF. The wave propagation 

mechanism of solid core PCF is like traditional optical fiber where light is travelled by 

modified TIR (mTIR) mechanism. The hollow core PCF was fabricated first time in late 

nineties [23] follows PGB mechanism to confine optical signal in the core. In hollow 

core PCF, the refractive index of the core is lower than the cladding as the core is hollow 

[24]. Due to geometric design flexibility in core of the fiber as well as having wide 

bandwidth compared to hollow core PCF the porous core PCF introduced in [25] can be 

apply to design low loss waveguide. 

In this kind of fiber optics, the air hole found both in core and cladding regions opens 

the door of new possibilities in designing. Different types of PCF will be discussed later. 
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Fig. 1.1 Solid core PCF [26] 

 

1.3.1 Solid Core PCF 

This type of PCF is basically index guiding PCFs, with a solid host material in the 

core region surrounds by air-hole cladding [22]. This solid core fiber opens various novel 

applications showed Fig. 1.1. This type of fiber suitable for small core fiber and for 

achieving birefringence. Due to extensive material absorption loss in this type of fiber 

not suitable for long distance communication. 

 

Fig. 1.2 hollow-core PCF [26] 

1.3.2 Hollow Core PCF 

Hollow core PCF made of single host material along with large air hole in the core 

of the fiber. This air hole is in the direction of the propagation or in transverse direction. 
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As it is 2D PBG fiber, its refractive index varies in both direction in the crystal 

periodically. In the cladding there is air hole to the trans verse direction. The fiber core 

is filled with lossless air opens application sensing, short distance communication, 

imaging and spectroscopy. It uses PBG effect to guide the light and compared to index 

guiding fiber loss is higher in this type of fiber [28]. The absence of solid material inside 

the core makes is damage prone on long distance installation. A diagram of hollow core 

PCF is shown in Fig. 1.2. 

 

Fig. 1.3 Cross-section of Kagome PCF [28] 

1.3.3 Kagome PCF 

 Another type of fiber known as Kagome fiber was presented in [28] shown in Fig. 

1.3. The light guiding mechanism in this fibre is caused by anti-resonant effect. There is 

no host material in the core of the fiber region and more prone to damage compared to 

solid and porous core PCFs. The spectrum of this type of fiber is broader than hollow 

core fiber. In this type of fiber losses can be minimized by increasing core diameter [29]. 

It has prominent applications in light-matter interaction.  

1.3.4 Porous Core Photonic Crystal Fibers 

The porous core PCF is new type of PCF proposed for terahertz application in 2008 

[25]. A typical porous core PCF has been shown in Fig. 1.4. The THz band ranges from 

0.1 to 3 THz in the spectrum. In this fiber, the researchers have introduced sub-

wavelength tiny air hole in the fiber core to the transverse direction of the core. Due to 

the tiny air hole in the solid core, the core of the fiber is become porous. The term porosity 
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has introduced in the fiber. This is term says about the ratio of total solid area and air 

hole area of the PCF. If the porosity of the core increased, then the amount of material 

decreases in the porous core which unique feature of the porous core fiber. If this unique 

geometric parameter is tuned properly than loss of the fiber due to material absorption 

can be optimized significantly. The porosity of the fiber can be shown as below. 

Porosity =
Area of air holes

Total core area
 

 

Fig. 1.4 Cross section of porous core fiber 

 

There is significant amount of host material exists in the porous core provides 

structural strength to the whole fiber during the installation process which a draw back 

for the hollow and Kagome PCF. There is enormous design scope to optimize geometric 

parameter of the porous core PCF to achieve better performance. The performance in 

terms of physical phenomenon are endless single mode condition and minimizing host 

material loss. This type of fiber also enable large bandwidth along with design flexibly 

[30] compared to solid and hollow core fibres. As there is refractive index difference 

between core and cladding it follows index guiding mechanism [25]. 

Due to the above advantages, scope and applications the author has chosen this 

porous core PCF for this thesis. More details on porous core PCF will be discussed in 

chapter 2 in background studies. 
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1.4 Properties of Porous Core PCF  

The behavior of porous core PCF relies on two important properties, one is the 

intrinsic properties of the host material and the other is geometric structure of the porous 

core PCF. The first one cannot change for the specific background material. On the other 

hand, geometric structure can be changed to manage or configure. PCF properties.  

The traditional fiber delivers partial improvement to the known features compared 

with porous fibers. PC-PCF has sole properties that could not be attained by traditional 

fiber optics. This boundless flexibility in handling light guiding phenomena is because 

of dispersion characteristics carried by effective refractive index of the cladding structure 

[31]. The dispersion is altered further efficiently, and several geometric structures have 

established a better freedom of control. This purpose united with the modal field diameter 

guides to improvement in long distance THz communication.  

Numerous PCFs designs are anticipated and made-up with exceptional optical 

characteristics for various fields. To mention few of these structures and their 

implementation: Majority of the structure exhibits endlessly single mode behavior [32] 

as well as allows lower and flatten dispersion [33]; to introduce asymmetry of the fiber 

and having high birefringence [34].  

In this thesis, novel geometric structures of PC- PCF are proposed. It is based on 

decagonal, octagonal, hexagonal, and circular PC-PCFs in the cladding region. In this 

work, above mentioned geometries were enhanced in the simulated structures. The 

outcomes are presented in next section. 

1.5 THz Waveguide Characterization 

The analysis of loss and dispersion features belongs to THz characterization [1]. This 

THz characterization should be function of frequency or wavelength. The alternate 

orientations of THz source, detectors, lens and other THz components is adopted for the 

characterization THz system. The THz system is presents in Fig. 1.5. Generally, the PC 

antennas and nonlinear crystals are used as a source of THz signal. The polymer lenses, 

parabolic mirrors and THz waveguide together from Fig. 1.5 of option A and B is using 

to manipulate the generated THz pulse. To acquire smaller spot size at the front part of 

the waveguide, the polymer lenses are employed at the interface. As a result, there is 
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higher coupling ratio in the THz waveguide [5]. From the same Fig., option C depicts the 

alternative way of the placement of the THz source. For example, in [35] the authors 

have adopted option A. In [36-38], the researchers have taken option B. The option C 

was adopted to sending signal in the THz waveguide [39-41].  

 

Fig. 1.5: THz Characterization [1] 



 

 

9 

 

 

 

 

 

In the similar way, the orientation used to couple THz signal int the waveguide, 

coupling out of THz signal from the medium shown (D to F) in the Fig. 1.5. The progress 

of the photoconductive exploration [42, 43] forwarded the THz imaging. This 

exploration also helps to examine the THz signal through the corresponding medium 

[43]. From Fig. 1.5, the path G is best fitted for the THz medium which have additional 

power at the exterior part where the probe-tips might be placed [44, 45]. 

The choice D have been adopted in [46, 47] whereas the choice E has been taken into 

considerations in [39, 48, 40] for sending THz signal into the medium from Fig. 1.5. 

From the similar Fig., the choice G has been utilized in [40, 41]. The photoconductive 

detector employs coherent detection techniques used in choice D to G for the 

measurement of THz signals. Employing this technique, the effective absorption loss and 

effective refractive index profile can be explored as a function of operating frequency. 

As it has been mentioned in section 1.2, the bolometer falls in thermal detector 

category can be adopted to explore the intensity of the THz wave. Also, from the intensity 

of THz wave, the absorption loss of the travelling fields can be investigated as a function 

of wavelength or frequency. For pairing THz signal into the waveguide, the thermal 

detection techniques (choice H in Fig. 1.5) incorporated in [36,38,49]. Any 

amalgamation of choices A to C and choices D to H in Fig. 1.13 can be adopted for the 

characterization of THz waveguides.  

 

 

Fig. 1.6 THz Spectrum [50] 
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1.6 THz Applications 

As mentioned earlier, investigators have attentive on a unique sort of frequency 

spectrum known as terahertz spectrum (0.1-10) THz shown in Fig. 1.6. This unique 

narrow-band has many prospective usage such as pain-free medical diagnostics, 

tomography, defence, broadcast/CATV/Cable Television, concealed object recognition, 

mechanical or industrial, astronomy, and much more [50] In the recent years, 

considerable advancement has been performed in developing THz waveguides, except 

majority of current THz structures are uncomfortably bulky along with rely strongly on 

free space radiation. There are transmission losses in the transmission waveguides due to 

limitations such as transmitter and receiver misalignment, bulk material absorption loss 

because of the environmental situation of surrounding area, etc. Therefore, improvement 

is needed for transmission of long-haul broadband THz waves. Air is used for THz wave 

transmission at the early stage due to air is clear for THz wave and does not absorb 

energy. Countless issues arise, like issues linked to transmitter and receiver placement, 

unexpected loss of absorption affected by the environmental situation of the environment 

when using unguided medium [50].  To fix these issues different directed media, suppose 

a metallic waveguide, metal-coated dielectric pipes, Bragg bandgap fibres, polymer 

photonic band-gap materials are used, but they also show high absorption.  

More details of THz waveguides and related literatures have been presented in the 

chapter 2. In next section, the characteristic parameter of dielectric waveguide will be 

discussed. 

1.7 Performance parameters for THz Waveguide 

The dominant waveguide properties which effect the performance of THz 

waveguides are attenuation, dispersion and non-linearity. The THz signal vanishes as it 

propagates through the fiber core material [51] causes attenuation. As THz signal travels 

through the medium the signal spreads this is known as dispersion. For long haul 

communications, low or zero dispersion is expected [51]. These waveguide loss 

properties are manageable in porous core PCF than in traditional fiber optics due to the 

different geometric structure parameter can be optimized to achieve anticipated 

performance [20]. So, it is essential characteristic to know these characteristics and their 
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influence, and how they can be managed to have best outcomes. In following subsections, 

performance parameters will be discussed. 

Material Absorption Loss: 

Every waveguide material has bulk material loss. Bulk material absorption loss 

means the loss occurred due to the optical power absorption by the solid material which 

is quite high in THz range. Material absorption loss is reduced by replacing the solid core 

with porous core. The effective material loss found in the porous core PCF is define by 

the below expression [52]  

αeff = ට
ε0

μ0
൬

∫ nmat|E|2αmat dAmat

ଶห∫ Sz dAall ห
൰                                                (1.1) 

Where, ε0 and μ0 are the relative permittivity and permeability in vacuum 

respectively, αmat  signifies the bulk material absorption loss, nmat  denotes the refractive 

index of material, E denotes electric field and Sz is the ẑ component of the poynting 

vector (Sz = ½(E × H). ẑ), where E and H are the electric and magnetic fields 

respectively. Derivation of above equation has been shown in Appendix B. 

Another important term related to material absorption loss is total power propagation 

inside the core. The amount of power transmits into various areas of fiber is called power 

fraction of the fibers. Different regions include core air rings, cladding air rings and core 

background material. The sum of transmitted power through along the length of the fiber 

above three regions must be equal to the total power. The power flow distribution of 

different regions can be expressed by the equation [52], 

 ηᇱ =
∫ SzdAX

∫ SzdAall
                                                                     (1.2)  

Where, ηᇱ represents mode power fraction (PF) and X represents the area covered by 

air holes. Derivation of above equation has been shown in Appendix A. 

 Confinement loss 

Finite number of cladding air holes is the only reason of confinement loss (CL). Some 

of the guided mode breaches through the cladding area due the CL. Index-guiding PCFs 

follow the same mechanism TIR as the conventional fibers. As in PCFs, the refractive 

index of the core and the cladding are same except that there are a finite number of air 
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holes in the cladding. The CL can find from imaginary part of the complex refractive 

index given by [53], 

LC = 8.686 (
ଶగ௙

௖
) Im(n )eff ( dB

cmൗ )                            (1.3) 

Here, f denotes frequency, c light speed through air and Im(n )eff  represents the 

imaginary portion of the complex refractive index. 

 Dispersion of Single Mode Fiber 

The light pulse in the fiber optic is not monochromatic as result pulse broadening 

occurs as it travels through the material known as dispersion. In other words, this is 

because of alternation of group velocity for a specific mode as index of refraction of the 

material has found frequency dependency. The dispersion for single mode fiber can be 

calculated from effective refractive index (𝑛௘௙௙) of the fundamental guided mode of fiber 

optics. The relation is given by [53]. 

   𝛽ଶ= 
ଶ

௖

ௗ௡೐೑೑

ௗఠ
 + 

ఠ

௖

ௗమ௡೐೑೑

ௗఠమ
                                                          (1.4) 

Where 𝜔 = 2𝜋𝑓𝑐 and c is light speed.  

V- Parameter 

The electric or magnetic field distributed in transverse direction is called mode of the 

fiber. In different frequencies electromagnetic wave may have identical modes. In a 

dielectric medium mode states in which manner electromagnetic wave propagates in the 

waveguide core and it is related to dimension less parameter V in equation 1.5 [54].  

2 2
1 2

2
2.405

a
V n n




                                                           (1.5) 

Where 𝑎 is the radius of the fiber core and 𝜆 is the wavelength of the light. To satisfy 

single mode condition V parameter must be less than equal 2.405. The number of modes 

propagates through the core can be seen from below Fig. 1.5. Where 𝐿𝑃଴ଵ mode is the 

fundamental mode. 

The above equation is suitable for classical waveguide [54]. For porous core PCF the 

classical equation of V- parameter can be modified for single mode condition is given 

below as 𝑉௉஼ி[55], 
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2 2
1 2

2
PCFV n n

 


          (1.6) 

Where   is the air-hole pitch. 𝑛ଵ and 𝑛ଶ are core and cladding refractive indices 

respectively.  

Both classical and modified equations of V-parameter have been presented above. 

For this research work, the classical equation (1.5) has been adopted for numerical 

investigations [68, 69, 71-74]. 

Birefringence 

In optical waveguide mode propagation, there is two type of guided mode can be 

seen. One is core guided mode having effective refractive index ( effn ) and another is 

cladding guided mode. If 
1n  and 

2n are refractive index of core and cladding respectively 

hen effn  range between 2 eff 1n n n  . The relation among propagation constant, β and  𝑘଴ 

the wave number 𝑘଴ and effective refractive index shown in equation 1.7 [56]. 

0
effn

k


                                                                      (1.7) 

When the light propagates through the core of the fiber then degeneracy of 

fundamental mode may arise due to symmetry of the fiber is altered intentionally, 

accidently, or by external stresses. The refractive index differences between two 

degenerate mode can be expressed as Birefringence (BR) in equation 1.8 [56].  

x y
eff effBR n n                                                                   (1.8) 

Where 
x
effn  and 

y
effn are the refractive indices of the two degenerated modes. It has 

application in slotted core, elliptical core and where it is necessary to break symmetry of 

fiber core.  

1.8 Fabrication Methods of PC-PCF 

There are several methods for fabrication of PC-PCF which were established to fit 

the changes in the material characteristics. Hence, proper information of the materials 

characteristics is essential for selecting the suitable fabrication method. The fabrication 
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method of PC-PCF includes two phases; preparing a preform that covers the geometric 

shape on a macroscopic level and drawing the preform to extend to PC-PCF size.  

The second phase, sketch of the fiber which does not vary because the identical 

process, with few variations in parameters that govern the sketch method such that  heat 

temperature, speed and pressure inside PC-PCF air holes to maintain their shape and does 

not breakdown. Few popular methods of fabrication will be presented next. 

The fabrication procedure is vital part in designing and developing novel kind of PC-

PCFs. Traditional fibers optics fabricated using silica has been precisely examined, since 

most traditional fibers optics are created from glued silica [57]. In the fabrication 

procedure of PC-PCF, a preform requires to be ready primarily. Generally, the greatest 

exciting phase in the development of fabrication is the preform phase. The Stack and 

Draw technique were established and presented from the tube stacking method [57]. 

Because of the increasing investigation in PC-PCF fabrication there are novel designs 

with complex air-hole arrangement in the porous core  which needs different methods of 

fabrication such extrusion [58], sol-gel method [59] and 3D printing [60] which is a 

capable technique for complex PC-PCF geometric structures. 

In this thesis, there are four proposed PC-PCF design. Along with each proposed 

design, the author has proposed suitable fabrication method considering the shape of the 

geometric structure. 

1.9 Background Materials for Fabrication of PCF 

Polymer materials can yield significant benefit over silica glass. The benefits are 

lower manufacturing cost, mechanical strength and chemical elasticity [61]. The new 

polymers offer low loss compared to silica glass and applications can be found in 

different areas like in THz propagation [62], bio-sensing [63] and optical-imaging. In 

next, the author will discuss various background material for proposed porous core PCFs. 

PMMA 

Polymethylmethacrylate (PMMA) is a clear thermoplastic [61] has lightweight, 

shatter-resistant properties. PMMA has made from synthetic polymer of the organic 

compound methyl methacrylate (MMA). It is found as an economical substitute to 

polycarbonate when much more strength is not essentially a rigorous requirement for the 
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given application.  The pure PMMA is brittle, cannot tolerate toughness as well as prone 

to scratches.  

Teflon 

Polytetrafluoroethylene (PTFE) it is a synthetic polymer known as teflon. The 

constituting atoms of Teflon is carbon and fluorine. It has some advantages like higher 

chemical resistances. The disadvantages are radiation resistance is lower, melting during 

the fabrication not possible and is costly than other polymers [61]. 

Topas 

Topas is new type of copolymer having lots of advantages over Teflon and PMMA. 

This generally used in PC-PCFs fiber design [25] in terahertz spectrum. It has constant 

refractive index profile n=1.53 in the THz regime. At 1 terahertz, it has lower bulk 

material absorption loss 0.2 per centimeter [30]. It also has high chemical and 

temperature tolerance. It has another property that it does not absorb water vapor. These 

properties make it suitable for low loss THz long distance communication. 

Zeonex 

Zeonex [64], a Cyclo Olefin Polymer (COP), is the latest addition in polymer group. 

Zeonex has several unique qualities including low water absorption, low content of 

impurities, high heat resistance, low dielectric constant and loss tangent. Moreover, it has 

low specific gravity, excellent chemical resistance capacity at elevated temperature, high 

transparency and low absorption loss. Its constant refractive index (1.535) over a wide 

terahertz frequency band causes negligible material dispersion.   

Terahertz PCF has been constructed using various background materials such as 

PMMA, TOPAS, Teflon, ZEONEX, etc.  In most recent designs TOPAS was chosen as 

the background material over the rest because absorption loss is less than both PMMA 

and Teflon and a higher glass transition temperature than ZEONEX [64]. Besides there 

are other advantages of TOPAS [65]: (i) facilitates multi-antibody bio-sensing, (ii) 

greater refractive index which improves confinement, (iii) comparatively high glass 

transition temperature, (iv) steady refractive index between 0.1 and 1.5 THz frequency, 

(v) humidity unaffected and (vi) superb biocompatibility. Furthermore, lots of research 
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reports has already been reported on topas compare to newer material zeonex. So, topas 

has been considered as host material for the research work. 

1.10 Motivation 

Due to the enormous attractiveness, THz wave propagation and detection have been 

thrived auspiciously in last few years. However, free space propagation is preferred for 

existing THz systems as all the existing materials for guiding the THz waves are 

extremely absorbent in this frequency band. Although air in the free space is considered 

to be non-absorbent, the existing oxygen and water vapor in the air absorb the terahertz 

signals. Therefore, attention was shifted towards the improvement of various types of 

terahertz waveguides. A lot of papers on terahertz using several background materials 

such as Polymethyl Methacrylate (PMMA), High density polyethylene (HDPE), Topas, 

Teflon, silicon etc. have been proposed so far. However, topas has several favorable 

characteristics over other dielectric materials such as lower content of impurities, higher 

heat resistance, lower dielectric constant and loss tangent. Moreover, it has lower specific 

gravity, higher chemical resistance at elevated temperature, higher transparency etc. 

Furthermore, lower melt flow index of Topas is very suitable for high quality fiber 

fabrication compared to other polymer dielectric materials. Also, fluctuations in the fiber 

diameter are reduced because of the greater stability of fabrication process. This material 

allows more degrees of freedom in fiber design. In addition, it offers a wide range of 

drawing stress which makes the fabrication much easier. Hence, there is still a great scope 

to improve the various modal characteristics of porous core THz fibers using topas as the 

only host material. 

1.11 Objectives with Specific Aims 

The objectives of this thesis are: 

i. To design topas based porous core photonic crystal fiber (PC-PCF) with low 

effective material absorption loss for the better wave guidance in THz regime. 

ii. To design high birefringence PC-PCF to maintain polarization state of the PC-PCF. 

iii. To full fill the objective of the research, the computational simulation will be 

utilized to obtain various desirable modal characteristics of the proposed fibers. 
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The possible outcome is a novel topas based waveguide with lower EML and much 

higher core power fraction and that can be used in THz communications, polarization 

preserving applications such as sensing and optical coherent communications etc. 

1.12 Outline of Methodology 

The THz band experiences inevitable loss in metallic wave guide and wireless 

medium respectively. So, the material can be changed and tailored such way to minimize 

this inevitable material loss. The author would propose PC-PCFs design that will operate 

in THz band.  

The proposed design will be carried out using COMSOL Multiphysics Software 

(FEM solver package). The guiding properties and parameters will be evaluated using 

Finite Element Method in COMSOL Multiphysics for the proposed design. Different 

steps for this procedure are as follows. 

i. At first, we will design a PC-PCF to meet our objectives.  

ii. Different guiding properties of the PC-PCF will be numerically evaluated by tuning 

geometrical parameters using Finite Element Method. Perfectly Match Layer (PML) will 

be applied.  

iii. Simulations will be performed in order to get desired parameters such as effective 

mode index, confinement loss, effective material loss, dispersion birefringence, and core 

power fraction.  

iv. The same parameters will be reevaluated for different porosities and core 

diameters. 

Finally, after simulating the complete system, the system performance will be obtained 

and graphically displayed using MATLAB where necessary and an overall evaluation 

will be carried out. 

1.13 Thesis Organizations 

Chapter 1 describes brief introduction of THz spectrum; THz sources and detectors 

has been described. THz characterization of THz also presented. The key modal features 

of THz waveguide that effect waveguide structure performance such as attenuation and 
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dispersion are presented. The various types of host materials also discussed in this 

chapter along with the fabrication scopes.   

In chapter 2, explained the previous works done on the topic. The study and 

understanding of the fiber optics need physical, mathematical and numerical 

investigations. The finite element method is used for the numerical investigations 

described in chapter 3. 

The decagonal cladding and hexagonal core structured PCF proposed in this chapter 

along with design methodology. Also, detailed numerical investigation has been 

presented in chapter 4. In the same way, octagonal cladding and hexagonal core structure 

proposed in chapter 5. In chapter 6, Octagonal cladding and hybrid core has been 

proposed. Circular cladding and circular core have been proposed in chapter 7. Finally, 

in chapter 8 conclusion and further work scope has been discussed. 
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CHAPTER 2 

BACKGROUND STUDIES 

Based on the aim and objective of the research works, the background studies have 

been done. The author has presented related research paper and their crucial performance 

parameters in this chapter like effective material losses and core power fractions. 

2.1 Background Studies 

Optical fiber is a wired transmission medium that is more flexible and authentic than 

the atmosphere [66]. Optical fibers are till today the transmission medium for long 

distance communication. Furthermore, low loss optical fibre transmission has trapped to 

the massive achievement in communication technology. Optical-fiber systems have 

many advantages [67] such as high bandwidth, immune to electromagnetic interference, 

signal security, light weight, low transmission loss and many more. To get better guiding 

properties numerous designs are being made to core-cladding structure regarding shape 

such as hexagonal, circular, hybrid, octagonal, star, decagonal, diamond porous, Kagome 

structure, square, rectangular slotted, hexagonal slotted, vertical array, horizontal array, 

elliptical, spiral and many more. Structural features such as EML, confinement loss, 

birefringence, dispersion, V-parameter, core power fraction varies for each design and is 

observed meticulously. Parameters like core diameter, frequency, porosity, pitch value, 

air hole diameter and PML are varied to observe the overall changes of losses in an 

optical fiber.  In most of the recent researches, the operating frequency is taken 1 THz. 

So far, there is few numbers of THz theoretical and practical structures have been 

reported by the investigators for reducing the EML. 

In 2013, the authors [68] have suggested a porous-core octagonal photonic crystal 

fiber [68] where EML was found to be 0.07 cm-1. In 2015, they have also presented a 

porous core fiber [69] displaying an EML of 0.066 cm-1.  In 2016, [70] has presented a 

porous core structure obtained an EML of 0.028 cm-1. In [71] the authors have introduced 

a porous-core circular photonic crystal fiber where an EML of 0.043 cm-1 was reported 

in 2016. Later that year, they introduced an optical fiber where inside the core there were 

rectangular slotted air holes giving an EML of about 0.08 cm-1 [72]. In 2017, authors 

have proposed [73] a slotted cladding with slotted core where a very low EML between 
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0.0103 cm-1 and 0.0145 cm−1 were reported. The structure also exhibited dispersion of 

0.5 ps/THz/cm. In 2018, the authors have also presented [65] a PCF deploying TOPAS 

as host material, containing only rectangular slots. The fiber confirmed a minimum EML 

of 0.009 to 0.01 cm−1 within the frequency span of 0.77–1.05 THz. So, it can be said that 

there is still scoped to minimize the EML and flatten the dispersion characteristics in the 

communication technology of terahertz with the advancement of time. 

In this section, it has been discussed about different core-cladding designs from 2013 

to 2018 as well as different structural properties that are related to optical fiber 

transmission like EML, confinement loss, birefringence, V-parameter and dispersion. 

Also, it has been shown and compared among different designs according to their 

respective core-cladding structures and delineated each of the design. 

All the optical fiber designs listed in this section are considered in terms of the 

structural design parameters and properties. The parameters are varied to get the best 

possible transmission features of a fiber optics and least amount of losses. These 

parameters can be porosity, Dcore and frequency. From the cross-sectional view of the 

designs, the core and/or cladding can be categorized into hexagonal, octagonal, 

decagonal, circular, and hybrid. Since our designs are based on hexagonal, circular and 

hybrid cores and decagonal, octagonal and circular cladding, these variations are 

explained below. 

2.2 Hexagonal Core 

Based on hexagonal cladding, the core designs are categorized according to 

hexagonal (symmetric/ asymmetric), hollow, circular, hybrid, array, penta hole elliptical, 

hexagonal slotted, rectangular slots, rhombic, octagonal and diamond. 
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(a) (b) 

 

 

(c) (d) 

 

                     (e) 

Fig. 2.1 Cross-sectional view of (a) rotated hexagonal porous core hexagonal PCF, (b) 

PCF is anti-symmetric inside core and cladding, (c)  PCF having hexagonal air holes 

inside the dense cladding area encircled by circular air holes and a PML in the core, (d) 

dispersion flattened porous-core honeycomb lattice, (e) dual-core microstructured optical 

fiber design. 
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In 2015 [69], the author have proposed a low-loss PC-PCF hexagonal single-mode 

fiber, shown in Fig. 2.1(a), in the THz regime. In their literature, within a frequency span 

of 0.5–1.08 THz, a dispersion of 1.06 ± 0.12 ps/THz/cm was noted ,what is more, a very 

low EML (0.066 cm-1) and low confinement loss (4.73×10-4 cm-1) at the operational 

frequency f = 1 THz had attained. At 60% porosity, single mode operation was affirmed 

when the core diameter was less than 390 µm and frequency less than 1.3 THz. It was 

also noted when frequency, f = 1 THz, 60% porosity and core diameter 300 μm, power 

fraction obtained was 47% whereas EML was only 38% of the bulk material absorption 

loss (0.066 cm-1). The structure can be fabricated straightforwardly utilizing the stack 

and draw method [69]. A porous core photonic fiber  in Fig. 2.1 (c) having large 

hexagonal air holes in the cladding region and a porous core including smaller circular 

air holes, was presented by Shekh Farhad Uddin Ahmed et al. where an EML of ~ 0.028 

cm-1 was achieved at the operating frequency, f, of 1 THz. Furthermore, the confinement 

loss of about 0.0005 cm-1 was reached at 1 THz, which was small compared to 0.196 ± 

0.183 ps/THz/cm flat dispersion profile. The ideal value for core diameter was taken as 

450 μm where the fraction of power in air-holes of core gets above 50% and was suitable 

for long distance THz wave transmission [70]. Md. Shariful Islam et al. in 2017, 

suggested the design of a porous-core honeycomb lattice photonic crystal fiber (PH-PCF) 

with a very low loss and flattened dispersion for guiding terahertz (THz) wave. The 

design contained three cladding rings of large hexagonal air holes, shown in Fig. 2.1(d). 

The circular air holes were suitably housed within the hexagonal core to offer the 

required porosity and at high porosities brilliant confinement was observed.  

Bulk material absorption loss of TOPAS was decreased by 88.87% using the layout 

suggested. EML was as small as 0.02227 cm-1, confinement loss of 8.4 × 10-4 at 

frequency 1 THz and dispersion achieved was 0.15 ps/THz/cm over frequency of 1.5 

THz [74]. Raonaqul Islam et al. introduced an optical fiber, displayed in Fig. 2.1(b), 

having an asymmetry in both the porous core and cladding of the structure. The 

hexagonal lattice structure consisted of five rings of air holes. A birefringence of ∼0.045 

and EML of 0.08 cm-1 were found during the simulation for an operating frequency of 1 

THz. For x-polarization mode dispersion achieved was 0.9 ± 0.26 ps ∕ THz ∕cm and for 

y-polarization dispersion achieved was 0.98 ± 0.39 ps ∕ THz ∕cm [75]. 
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The authors have [76] suggested three models for chromatic dispersion compensation 

of microstructure optical fibers in Fig. 2.1(e). Dispersion of −3500, −25000, and −135000 

ps/nm/km were achieved using FWHM of ~30 nm, ~6 nm, and ~2 nm, respectively. The 

designs included a center-core hole that was selectively filled with liquid or polymer to 

achieve very elevated negative dispersion; not only that, the filled central hole add an 

extra non-geometric controllability for the procedure to tune the maximum negative 

dispersion at ~1.55 μm. Very high negative dispersion could be achieved enabling the 

dispersion compensating fiber length to be reduced significantly. 

 

 

(a)                      (b) 

Fig. 2.2 Cross-sectional diagram of (a) hybrid porous core structure having triangular air 

hole arrangements, (b) PCF having hybrid air hole configurationt inside core 

accompanied hexagonal cladding. 

2.3 Hybrid Core 

The authors have [77] delineated the effects of rotating the air-hole configuration of 

a hybrid porous core structure, shown in Fig. 2.2(a). To assess the effects on various 

waveguide characteristics, the triangular core was rotated in an anticlockwise direction 

(30°, 60°, 90°). The result showed a low flat change in EML of ±0.000416 cm-1 from 1.5 

to 5 terahertz (THz) range, dispersion of 0.4±0.042 ps/THz/cm from 1.25 to 5.0 THz with 

core diameter 2450 µm and porosity 33.32%. At frequency 1 THz, the EML obtained 

was 0.1875 cm-1. In the core area, the porous fiber showed a hybrid structure that 

involved circular rings with the central structure of a triangular air hole . In another work 

of same authors [77], they represented a PCF, shown in Fig. 2.2(b), having a hybrid air 
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hole preparation at the core region with hexagonal cladding. The simulation result 

showed a low EML of 0.425 dB/cm at 0.7 THz frequency with insignificant (< 10-2 

dB/cm) confinement loss and bending losses for the proposed porous fiber. Numerical 

results also showed a near-zero flat dispersion band of 0.46 THz at 0.9±0.05 ps / THz / 

cm and an optimum porosity of 47%. The core diameter was taken 550 μm and PML was 

13% . 

2.4 Circular Core 

The autors have [78] introduced a hexagonal cladding with a circular core in Fig. 

2.3(a). The result showed an EML of 0.063 cm-1 at 1.0 THz, bending loss of 1.07 × 10-11 

cm-1, confinement loss of 6.9 × 10-3 cm-1 and dispersion of 1.3 ± 0.55 ps/THz/cm between 

the frequency ranging from 0.7 to 1.2 THz. The core diameter taken was 300 µm. Circular 

type core was selected in the core province because it offered circular polarization and a 

big amount of air holes could be implemented. Since EML decreases with the increase 

of core porosity for a specific value of core diameter, the proposed fiber offered the 

lowest EML of 0.057 cm-1 at core diameter of  200 µm. However, since power fraction 

got lowered this was not taken as optimum value. Nearly 45% of the complete power 

travelled through the core air holes. 

  

(a) (b) 

Fig. 2.3 Cross-sectional view of (a) porous core PCF, (b) ring-core PCF geometry. 

 

In [79] the authors have proposed a novel ring-core photonic crystal fiber that 

supported four groups of orbital angular momentum modes accompanied 2.13 × 10−3 
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minimum difference of effective refractive indices at 1550 nm. The acknowledged fiber, 

shown in Fig. 2.3(b), was foreseen to be an incredible transmission stage for OAM mode. 

The structure that was proposed was a mixture of hexagonal and circular symmetry 

cladding around a ring with an air hole. The first ring made it possible to achieve a close-

to-circular symmetry favourable to the stability of OAM modes. The three extra rings, 

used to boost light confinement in the ring core, had a hexagonal symmetry, which was 

easier to manufacture. The first ring consisted of 12 air holes with diameter dC = 2.6 µm 

and ΛC = 2.7 μm. The outer Hexagonal rings consisted of air holes with a diameter dH = 

2.9 μm together with a pitch = 3.04 μm. Confinement losses were all most non-existent 

across the entire wavelength span (from 1250 nm to 2000 nm); the biggest calculated 

value was about 2 × 10-5 dB / km. The fiber guides 10 vector modes with an efficient 

index of 1.55μm which were very well separated. 

 

2.5 Others (Hexagonal Slotted, Rectangular slotted, Rhombic, Octagonal, Diamond 

shaped, Elliptical cores)  

In [80], the authors have launched an extremely birefringent PCF with nearly zero 

dispersion characteristics through the implementation of elliptical air holes in the core 

region. The core area in Fig. 2.4(a) , presenting asymmetry between x and y polarization 

modes, resulted in very large birefringence. Also, most of the valuable power are 

confined inside dense geometry of the traditionall hexagonal structure inside cladding. 

Output simulation showed a high birefringence of 0.086 and a dispersion of 0.53±0.07 

ps/THz/cm in a wide frequency range. The practical application of the suggested fiber is 

possible adaptingcurrent manufacturing methods. 

The authors have introduced a slotted-core PCF [72] and were marked for 

polarization maintaining 1 THz wave guidance in Fig. 2.4(c). It had a hexagonal cladding 

structure with nine rectangular slots and five rings of air-holes in the core. The main 

elements of the structure were its ultra-high birefringence (0.08), small EML (0.08 cm-l) 

and periodic hexagonal cladding that made the structure further convenient. In addition, 

an adequate quantity of mode power was transferred through the core resulting in a very 

small loss of leakage. Throughout the simulations, the slot width was varied while the 

slot lengths were kept fixed. Birefringence decreased when porosity was increased and 
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stayed almost continuous with regard to porosities above 35%. Because of the rectangular 

slots, it was not possible to make the proposed porous fiber by stacking or drilling 

mechanism. 

The authors have showed [81] that it was feasible to achieve very small bending 

losses of 3.04 × 10−11 cm−1 at optimum frequency of 1.0 THz by presenting a rhombic-

shaped core composed of circular air holes within the standard hexagonal cladding which 

is shown in Fig.. 2.4(e). In addition to that, negligible confinement loss of 1.17 to 10−3 

dB/cm and low EML of 0.089 cm−1 were found for ideal design parameters. The 

numerically controllable drilling technique can be used to manufacture the suggested 

structure. Not only that the technique offered very smooth finishing with surface 

roughness being decreased. 

In 2016, the authors [82] have investigated a novel PCF, having a diamond core 

structure, with high birefringence in the THz region. The suggested fiber, shown in Fig. 

2.4(d) displayed a birefringence of 10-2 within 0.48-0.82 THz at optimum parameters and 

an EML of ~0.07 cm-1 for X and Y polarization modes respectively. The three significant 

characteristics of the diamond-core structure were its exceptional easiness, high-

birefringence around (~0.34 THz) and negligible polarization reliant loss. The PC-PCF 

would have a notable role to the polarization that maintains THz transmission with 

adequate usage [83]. 

The authors [83] have delineated a diamond-core optical crystal fiber, shown in Fig. 

2.4 (g). The hexagonal cladding consisted of square air holes and the diamond core 

consisted of circular air holes. The entire PCF was based on cyclic-olefin copolymer 

(COC), which is also known as TOPAS. It was also shown that the constructed PCF 

resulted in an ultra-high birefringence of the order 10−3. Birefringence was an increasing 

function with an increase in the core air-filling proportion; increasing the air filling ratio 

resulted less confinement loss. The y-polarization direction of the effective refractive 

index was greater than the x-polarization direction of the effective refractive index 

because of the implementation of two large air holes, making it simpler to extend the x-

polarization mode to the cladding. 
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In [84] the researchers have introduced a porous core photonic crystal fiber that had 

an octagonal core encircled in a hexagonal cladding, shown in Fig. 2.4 (f). EML achieved 

was 73.8 % lower than the loss of bulk material absorption at the working frequency of 

1.0 THz. Additionally, confinement loss of 7.53 × 10–5 cm−1 and dispersion of 1.0823 ± 

0.06 ps/THz/cm within 0.7–1 THz were achieved using design parameters that were 

selected. The lowest EML of approximately 0.03 cm−1 was achieved at 200 μm and 63 

% porosity, while the largest EML of approximately 0.085 cm−1 was achieved at 400 μm 

and 50% porosity. 

The authors in [85] have proposed a hexagonal slotted porous core lattice tube 

cladding photonic crystal fiber to get a very large birefringence and a very small loss of 

transmission at the same time. The suggested SPC-TLC-PCF, which is shown in Fig. 

2.6(b), provided a birefringence of 9.06×10−1 and an effective material loss of 0.047 cm−1 

at the frequency of 1 THz. The main distinctive characteristic of the suggested design 

was steady birefringence over a broad frequency region. The fiber worked solely in 

fundamental mode and displayed a little favourable dispersion of less than 1.6 ps/THz/cm 

over a band of 250 GHz (0.85 THz to 1.1 THz). In addition, bending loss was about 1.6 

× 10−7 cm−1 at 1 THz, and confinement loss was also reasonably low. These favourable 

characteristics endorse this very helpful SPC-TLC-PCF for polarization maintaining as 

well as sensing applications in the THz system. The suggested design is comparatively 

easier accompanied by two-size circular air holes, that predicts that fiber manufacturing 

is possible when using verified methods.  

 

 

(a) (b) 
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(c) (d) 

 

(e) (f) 

 

(g) 

Fig. 2.4 Cross-sectional view of (a) Topas based PCF having of a conventional 

hexagonal cladding and a penta-hole elliptical structure in the core, (b) slotted porous 

core fiber, (c) slotted-core PCF having a hexagonal cladding., (d) diamond-core porous 

fiber, (e) rhombic-shaped porous-core PCF(f) PC-PCF comprising of a regular octagonal 

core, (g) COC based diamond-core PCF. 
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2.6 Decagonal Cladding  

In [86], authors have proposed a decagonal cladding along with circular core-based 

geometry (Fig. 2.5). The operating wavelength of the design is found from 1.2µm to 1.6 

µm. They have only reported dispersion of 0.15 ps.nm/km at 1.5µm while other 

important wave guiding parameters were not presented. M. Samiul Habib [87] has 

presented a decagonal structure which have similar core but having five layers of 

cladding. The operating wavelength was similar to [86]. At the operating wavelength at 

1.5µm, they have reported dispersion and confinement loss of  . / .0 6 ps nm km  and 

-210 dB/cm  respectively. Another decagonal PCF [88] has an operating wavelength from 

1460nm  to 1675nm  reported in [88]. The authors have achieved better result in 

confinement loss on the order of 510 dB /cm .  

 

[86] 

 

[87] 

 

[88] 

Fig. 2.5 Cross sectional view of decagonal PCFs 
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2.7 Octagonal cladding 

The authors in reference [89, 90, and 68] have proposed octagonal cladding base 

PCFs. They have reported some important modal parameters like confinement loss (CL), 

EML, dispersions and core power fractions. Among these designs (in Fig. 2.6) reference 

[68] operates in THz regime (1 to 10 THz). In the design they only reported EML of 

10 .0 7 c m  using topas as background material. In [89] the authors have proposed silicon 

based octagonal claddings with hollow core and the design operates around 215THz. 

They have reported only CL of 5 11 0 c m  . The authors have presented dispersion 

property of the silicon base PCF in reference [90]. They have reported dispersion 

. / .11 3 ps nm km and CL of 10 .4 5 c m  at operating frequency near about 217 THz. 

  

[89] [90] 

 

[68] 

Fig. 2.6 Cross sectional view of Octagonal PCFs 
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[86] 

 

 

[87] 

 

[71] 

Fig. 2.7 Cross sectional view of Circular PCFs 
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2.8 Circular cladding 

The circular cladding is more fabrication friendly among all PCFs. The authors have 

proposed several PCFs recently in reference [71, 91, and 92].   In [92] the authors have 

proposed five layered circular PCF operating around 220THz and achieved low 

confinement loss of 8 11 0 c m  . But they did not report other modal parameters. In [91], 

the authors have reported ultra-low loss circular hollow PCF which operates around 

1THz. They have achieved higher core power fractions of 51% with EML of 10 .0 4 c m 

. They have also presented CL of 3 11 0 c m  . From operating frequency 0.9 to 1.3THz, 

the authors have proposed [71] circular PC-PCF with EML of 10.043cm  . They used 

topas as background material. They have also reported core power fraction of 47% along 

with CL of 2 .5 11 0 c m  at 81% porosity. 

Finally, the leading complication in designing geometry of a terahertz structure is the 

elevated material absorption loss of the host material. This is one of the main focuses of 

the research work. It is likely to decrease the loss by rising the core power fraction, 

porosity and preserving compact confinement between the air holes of the core which 

has been investigated in this thesis. 

2.9 Summary of the Chapter 

In the chapter, the author has presented literature review of related papers. The next 

chapter discusses about methods of analysis, Maxwell’s and wave equations, and the 

simulation technique and finite element method.  
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CHAPTER 3 

METHODS OF ANALYSIS 

3.1 Introduction 

 The optical characteristics of a device will have a significant subject in selecting the 

correct structure in order to achieve a real-life application. For fiber optic geometric 

structure, the measurement of resources like time and money to deliver a device is a 

noteworthy factor considering total expense of the device. If the structure does not go 

through appropriate analysis, then design will not able to meet the target requirements. 

This experimental design methods are normally constrained by the asset availability [93]. 

Therefore, there is a necessity to examine and anticipate the attributes of a device before 

it is produced. In engineering, computational techniques have been created and utilized 

to validate simulations techniques. Also, massive computational techniques encourage 

the researchers for investigating structure of fiber optic. 

The computational simulation has achieved enormous development in computational 

performance. As a result, cost and time that are required to make an optical waveguide 

or device can be significantly minimized. The method needs basic computational 

simulation for testing the prototype design. After performing the simulation, the achieved 

results are further analyzed to meet design goal. There could be iterations of design until 

meet the requirements.  

The author of the thesis has presented numerical design simulation of porous core 

photonic crystal fiber and their light guiding properties. The simulation method has been 

adapted for this thesis is finite element method (FEM). It has adapted due to its 

interpolation functions can present any arbitrary refractive index profile with precision. 

Further, FEM can produce results more accurately than other numerical methods in the 

frequency domain as well. 

3.2 Introduction to Electromagnetism  

As the light is an electromagnetic radiation, the behavior of electromagnetic signal 

needs to understand by Maxwell’s equations. The differential form of Maxwell’s 

equations will be discussed than the boundary condition will be imposed. After that wave 
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equation will be derived. The solution to the wave equation will lead us to propagation 

characteristics of the guided mode in the waveguide.  

3.2.1 Maxwell’s Equations 

The differential equations for Maxwell’s equations are given below. The equation 

demonstrates how the electric and magnetic field travels in the medium together. They 

are from equation (3.1) to (3.4) [94]. 

t


  


B

E               (3.1) 

t


   


D

H J           (3.2) 

  D ρ        (3.3)  

0 B            (3.4)  

where E denotes electric field intensity in volt/meter (V /m), B denotes magnetic 

flux density / 2weber meter  ( )/ 2W b m , H is magnetic field intensity ampere/meter 

(A/m), D denotes electric flux density / /( )2 2c o u lo m b m e te r C m , J denotes electric 

current density / /( )2 2a m p e r e m e te r A m , and ρ is electric charge density 

/ /( )3 3c o u lo m b m e te r C m . 

The constitutive relations between electric flux density, electric field intensity in 

terms of permeability of the medium (µ) given in equation 3.5 [94].The  relations 

between magnetic flux density, magnetic field intensity with permeability of the medium 

(µ) presented in equation (3.6) [90]: 

0 T   B H H                                                                   (3.5) 

0 T   D E E                                                                      (3.6) 

Where  
7

0 4 10 (H/m)     and . 12
0 8 854 10 (F/m)    are  permeability and 

permittivity of vacuum, 𝜇்  along with  𝜀் are the relative permeability and permittivity, 

correspondingly. 
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3.2.2. Boundary Conditions 

The unique solution of Maxwell’s equations for physical dimension considering 

boundary continuing condition at the interfaces (in Fig. 3.1) where the surface current 

and charge is zero can be obtained [93].  If the two different mediums are denoted by 

subscript 1 and 2 respectively and n̂ is the unit vector that is perpendicular to the at the 

interface of two medium then the electric and magnetic fields tangential component   

have to be continuous shown from equation (3.8) and (3.9) respectively. 

 

Fig. 3.1 Mediums with interfaces 

ˆ ( ) 0  1 2n E E  

1 2t t E E                                                              (3.8) 

For the magnetic field, 

1 2
ˆ ( ) 0  n H H  

1 2t t H H                                                            (3.9)  

the accuracy of the physical dimensions, perpendicular component of electric and 

magnetic flux density should be continuous as well has found in equation (3.10) and 

(3.11) [89]. 

1 2
ˆ ( ) 0  n D D  

                                       1 2n n D D                                                 (3.10) 

For magnetic flux density, boundary condition is, 

1 2
ˆ ( ) 0  n B B  

1 2n n B B                                                    (3.11) 

According to equation (3.6), and the variation of permittivity between two medium 
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( )1 2  , the equation should be, 

1 1 2 2n n E E  

1 2n n E E                                                       (3.12) 

 

According to equation (3.5), and for non-magnetic materials permeability is found 1 

(
1  =

2  = 1),  

 

        
1 1 2 2n n H H  

           
1 2n nH H                                                  (3.13) 

There are still two condition have to be satisfied in nonappearance of ρ and J. One is 

vanishing tangential magnetic field component for perfect magnetic conductor. Another 

is tangential E component due to being perfect magnetic conductor. The equation are 

(3.14) and (3.15) [95].  

0 n E  or  0 n H                                  (3.14) 

 

0 n H  or 0 n E                                  (3.15) 

 

In next, the derivation of wave equation as solution to of Maxwell’s equations will 

be derived. 

3.2.3 Wave Equation Derivation 

The wave equation is second order differential equation explains how wave in terms 

of electric and magnetic fields propagate through space. From the Maxwell’s equations 

3.5 and 3.1[94]. It can be written, 

t
 

  


E H                                              (3.16) 

After putting curl  

   
t

 
    


E H                           (3.17) 

and substituting (3.2) into (3.6) we obtain, 
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 
2

2t
 

  


E E                                   (3.18) 

For frequency domain, The phasor form of the electric field component in terms of 

angular frequency ω  [95]: 

   , , , , , j tx y z t x y z e E E                            (3.19) 

The phasor form allows the alternation of time-derivative jω presented in below [90]. 

  
j t

j te
j e

t







                                                     (3.20) 

  j
t





                                                              (3.21) 

From equation (3.4) and (3.18) 

  2   E E                                                (3.22) 

The above equation is for electric field component. In the same way for the magnetic 

field, 

  21  


  H H                                          (3.23) 

According to the curl vector relation, 

·( ) ( ) 2    E E E     ,  

After reorganization of above equation on relation 

( )· ·( ) ln E E   , putting in Equation (3.22) and reorganize to get the wave 

equation for electric field: 

 2 2 ln     E E E                                    (3.24) 

Similarly, for the magnetic field: 

 2 2 ln     H H H                             (3.25) 

The above equations are vector wave equation for the electric and magnetic field 

respectively [93]. The above equation in scaler form are presented below. 

2 2E E                                                           (3.26) 

In the same way, magnetic field scalar equation is obtained. 

2 2H H                                                        (3.27) 
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 The vectoral form has been adapted to explain for the modes of the optical 

waveguide’s simulation will be discussed next.  

3.3 Numerical Technique 

The optical wave propagation analysis is a complex mathematical process to derive 

an analytical solution accurately. This process requires huge time. Using computational 

process, the time can be saved significantly. Also, this numerical analysis allows us to 

examine and analyse the results properly. Recently, the advanced efficient algorithm and 

computational performance enables to investigate optical modal characteristic accurately 

[96]. Currently, there are some numerical analysis techniques have developed. They are 

methods of moments (MOM), method of lines (MOL), finite difference method (FDM), 

finite-time finite-domain method (FDTD), and finite element method (FEM). In this 

thesis, FEM has been adapted for numerical investigations. So, the steps involve in FEM 

will be discuss next. 

3.4 Finite Element Method 

The researchers were made proposal for FEM in late nineteen forty. In 1960s, its 

applications were developed for various areas of science and engineering [93]. Still FEM 

is using in computational method for solving complex geometric structures specially in 

more advanced PCFs design. COMSOL Multiphysics is one of them [93]. 

In FEM analysis sub-domains are created equally from a domain. This sub-domain 

is also called element. In this method, each element values are approximated using basis 

function. The basis functions are polynomials [94].  This function has non-zero value in 

each sub-domain and put zero otherwise. The basis function utilizes interpolation 

function which is continuous inside sub-domains. If each sub-domain has interpolation 

function, Ψ , m being the number of nodes for each discrete domain and 
i  is specific 

interpolation function for the field value then according to [93] it can be written  

1

m
e

i i
i

N


                                                      (3.28) 

As FEM can solves initial value problem in both time and frequency domain, solution 

of those values can be achieved using two method. The first one is variational method 

also known as Rayleigh-Ritz method. The other one is weighted method or also called 
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Galerkin method. Using above mention methods, boundary value problem and their 

solution is minimized by FEM to matrix equation involving eigenvalue [97]. 

The stages to yield magnetic field formula considering the variational method are 

derived next. 

Equivalent eigenvalue equation from wave equation (3.23) is given as: 

0L M H H                                                          (3.29) 

The operators M   and self-joining operator 1L     , and the eigenvalue is 

2  . 

The L operator denotes (⟨Lφ,ψ⟩ = ⟨φ,Lψ⟩) after reducing or maximizing required 

functional provides [162]: 

  1
, ,

2 2
F H LH H MH H


                                        (3.30) 

Here, the symbol ⟨⟩ is the inner product and  ∗ means conjugate then: 

*,f g g fdV                                                          (3.31) 

The stationary value of the functional has found,  F(H ) = 0  

Therefore, 

,
. .

,

L
S V

M
 

H H

H H
                                                          (3.32) 

here S.V. denotes stationary value. So, the full vectoral magnetic field component 

gained according to the Rayleigh-Ritz method [84]: 

   * 1

2

*
. .

dV
S V

dV






  



 

 
H H

H H
                               (3.33) 

The reduction formula found as an eigenvalue problem 

[A] [B]x x                                                              (3.34) 

Here A denotes the mass matrix, B indicates the stiffness matrix, x denotes 

eigenvector and λ denotes the eigenvalue. Matrices created by the technique is 

symmetric. This technique shortens the numerical computation [93].  
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The substitute of variational process is the weighted method that do not need 

information of functional [93]. It can be obtainable as following: 

Lu v                                                                   (3.35) 

L  denotes differential Laplace operator, v  denotes source of excitation and u the 

unidentified quantity. 

The unidentified function is found by increasing this unidentified functional 

accompanied by some identified basis functions with unidentified coefficients. The 

coefficients have selected for reducing residual error, from equation 3.36, and enforced 

to 0 [94]. 

 ( )R s Lu v                                                        (3.36) 

The matrix form of above equation: 

               [ ]L u v                                                            (3.37) 

According to electromagnetism, the unknown quantity u denotes magnetic field, 

the operator  1 2L µ      , as well as source [v] = 0. 

The natural boundary conditions require additional attention because boundary 

condition does not straightforwardly fulfil as does in the variational method [93]. While 

any one of these above approaches might be pragmatic to utilize FEM. Here in this work, 

Rayleigh-Ritz method has been applied. Vector as well as scalar preparations of FEM 

have presented in following section.  

3.4.1 Scalar Formulation 

The vector as well as scalar wave equations can be solved by FEM. The wave 

equations for electric and magnetic fields derived in (equation (3.24) and (3.25)) can be 

ignored if the index difference is insignificant. 

 The confined fields in the optical waveguides neither truly transverse electric nor 

transverse magnetic. Then the confined fields are actually quasi-transverse electric (TE ) 

or quasi-transverse magnetic (TM ). ( xE ) is the dominant TE and TM modes in scalar 

form presented in equation (3.38) and (3.39) respectively [94]. 
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0
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x x

E E
L k n E E d

x y




                
                              (3.38) 

 

Fig. 3.2a Shape of the elements and mesh size 

 

 

Fig. 3.2b Shape of elements for one, two and three dimensions [93] 

Here Ω denotes cross-section area of a waveguide and L is Laplacian operator. 

In Equation (3.38) 2  represent eigenvalue of 0k  and in equation (3.39) 2
0k  indicates 

eigenvalue for β. 

22
2 2 2 2

02 2 2

1 1 1x x
x x

H H
L k n H E d

n x n y n




                
               (3.39) 
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The above two equation have continuity of 
ˆ
xE

n




 and 2

1
ˆ

xH

n n

  
    

 for the boundary 

condition, correspondingly. In next section, the domain would be discretized to sub-

domain or element to apply FEM [94].  

  

3.4.2 Elements Formation in Finite Element Method 

One of the crucial phases in FEM is meshing or discretization of domain. The 

meshing determinises the resource allocation needed for computations. These resources 

are mainly the primary memory as well as processing speed. In this literature in chapter 

four, the proposed design of decagonal structure has around 1.2 million elements which 

demands huge computation resources in an acceptable time shown in Fig. 3.2a. During 

the meshing process, the sub-domain must not overlap with neighbours. During the FEM 

process various types of element shape is possible. These elements are line elements for 

one dimensional problem, triangular and square elements for two-dimensional problem 

and for third dimensional problem the shape of the elements can be found in Fig. 3.2b 

[93]. 

 

Fig. 3.3 Meshing at the boundary edge (i) triangular (ii) rectangular elements [93] 
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Fig. 3.4 (a) First order, (b) second and (c) third order element [94] 

 

Line elements for one dimensional problem must have two end point called node. In 

case of solving two dimensional the sub-domain must be either triangular or square shape 

can be also seen in Fig. 3.2b. The triangular and square elements have three and four 

nodal point respectively. From the Fig. 3.3, it can be observed that the mapping of 

complex domain including boundary area covered by triangular shape element more 

accurately than square elements [93]. 

 

 

Fig. 3.5 View of polynomial in Pascal triangle [94] 

Nodal point of first, second and third order elements has been depicted in Fig. 3.4. 

The approximation of nodal points depends on interpolation function. The interpolation 
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function describes each nodal point as polynomial. The polynomial must have one copy 

only. A complete polynomial with unique nodal point shown in Fig. 3.5. Here, the 

polynomial has been described by Pascal’s triangle.  

The shape function assign values to these generated nodal points. A shape function 

is collection of polynomials. For the first order triangle mesh, the polynomial is given by 

[92] is (a + bx + cy). 

Elements in the field (
e ) is well-defined by, 

 ,e x y a bx cy                                           (3.48) 

where , ,a b c are constants and nodal point are : 

  ,e i i ix y     ; i=1,2,3                                                     (3.49) 

Then, for three nodal points it can be written 

 

 1 1 1 1 1,e x y a bx cy      

  2 2 2 2 2,e x y a bx cy     .                                    (3.50) 

 3 3 3 3 3,e x y a bx cy      

The above equation in matrix form 

 
1 1 1

2 2 2

3 3 3

1

1

1

x y a

x y b

x y c





     
        
         

                                              (3.51) 

The  a,b,c can be represent as below 

     1 2 3 3 2 2 3 1 1 3 3 1 2 2 1

1

2 e

a x y x y x y x y x y x y
A

           

     1 2 3 2 3 1 3 1 2

1

2 e

b y y y y y y
A

            
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     1 3 2 2 1 3 2 3

1

2 e

c x x x x x x
A

                                                  (3.52) 

where 
eA  is the area of the triangle element and expression is [93]: 

     
1 1

2 2 2 3 3 2 3 1 1 3 1 2 2 1

3 3

1
1 1

1
2 2

1
e

x y

A x y x y x y x y x y x y x y

x y

                 (3.53) 

Replacing Equation (3.52) into Equation (3.48) and reshuffling 

       1 1 2 2 3 3, , , ,e x y N x y N x y N x y                          (3.54) 

    ,e ex y N   

Where {𝑁}் denotes shape functions and expressed as: 

 
1 2 3 3 2 2 3 3 2

2 3 1 1 3 3 1 1 3

3 1 2 2 1 1 2 2 1

1
1

2
T

e

N x y x y y y x x

N N x y x y y y x x x
A

N x y x y y y x x y

       
              
            

         (3.55) 

The shape function matrix also expressed as: 

 
1 1 1 1

2 2 2 2

3 3 3 3

1

2
T

e

N a b x c y

N N a b x c y
A

N a b x c y

    
         
       

                                          (3.56) 

, , ci i ia b  and i = 1,2,3 are found as: 

1 2 3 3 2a x y x y   

1 2 3b y y   

1 3 2c x x                                                      (3.57) 

Also, 
2 2 2, , ca b ,

3 3, ba  and 
3c   will calculated by cyclical exchange of 1 → 2 → 3 in 

Equation 3.57. The shape function 
iN   has a value of 1 at node i and 0 where else [93]. 

The subsequent phase is construction of global and element matrices. The 

construction of these matrices is discussed in next. 



 

 

46 

 

 

 

 

 

3.4.3 Global Matrices Formation 

The eigenvalue equation is found from wave equation. This eigen value equation can 

be converted to matrix equation. This element matrix is generated from the eigen matrix. 

They are the global and element matrices. The magnetic field magnitude for all three 

direction can be expressed as [93], 

       
T

x y ze e ee
H H H H                                     (3.58) 

and 

 
     
     
     

0 0

0 0

0 0

T

N

N N

j N

 
   
  

                                                  (3.59) 

Here    1 2 3N N N N T as well as  0  is empty vector. 

By combining Equation 3.58 into 3.59 then, 

 

 

1

2

3

1 2 3 1

1 2 3 2

1 2 3 3

1

2

3

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

x

x

x

y

ye

y

z

z

z

H

H

H

N N N H

H N N N H

jN jN jN H

H

H

H

 
 
 
 
 

   
     
     
 
 
 
  

           

(3.60) 

The global matrices [A] and [B] can be written as [93]: 

      T

e e

0 z y

N H 0z x

0y x

     
        
     

H    (3.61) 
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Above equation can be reduce to, 

     T

e e
Q H H                                            (3.62) 

Hhere [Q] is 

 
     
     

     

0 /

0 /

/ / 0

j N N y

Q j N N x

N y N x




  
     
     

                                 (3.63) 

Therefore, mass matrix, A is specified as per 

     *1 T

e
e e ee

A A Q Q dxdy


                             (3.64) 

xx xy xz

yx yy yx

zx zy zz

A A A

A A A A

A A A

 
   
  

                                          (3.65) 

and  

        2

T
T

xx

e

N N
A N N dxdy

y y

  

  
   

                         (3.66) 

   T

xy

e

N N
A dxdy

y x

 
                                          (3.67) 

     T

xz

e

N
A N dxdy

x





                                        (3.68) 

      2

T
T

yy

e

N N
A N N dxdy

x x

  

         
                            (3.69) 

   T

yz

e

N
A N dxdy

y



                                          (3.70) 
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         T T

zz

e

N N N N
A dxdy

y y x x

    
  

     
                     (3.71) 

Stiffness matrix, B as [93]: 

   
* T

e e

B N N dxdy                                               (3.72) 

     
   
     

0 0

0 0

0 0

xx

yy

zz

B

B B

B

 
 

    
 
 

                                              (3.73) 

       
* T

xx yy zz
e e

B B B N N dxdy                                      (3.74) 

Stiffness matrix, A as well as mass matrix, B are the universal form of global matrices 

for two-dimensional problem. Here, the first order nodal matrix in terms of triangular 

shape has been constructed. The matrix size is 9 9 . Again, after few steps of 

simplification following matrix can be derived 

 

0 0 0 0 0 0
6 12 12

0 0 0 0 0 0
6 12 12

0 0 0 00 0
12 126

0 00 0 0 0
612 12

0 0 0 0 0 0
12 6 12

0 0 0 00 0
12 126

0 00 0 0 0
612 12

0 0 0 0 0 0
12 12 6

0 0 0 0 0 0
12 12 6

e

A A A

A A A

A AA

AA A

A A A
B

A AA

AA A

A A A

A A A

 
 
 
 
 
 
 
 
 
 
 
 

  
 
 
 
 
 
 
 
 
 
 
 
 

                           (3.75) 

These matrices are implemented in COMSOL to solve for a mode. 



 

 

49 

 

 

 

 

 

 

Fig. 3.6 Perfectly Matched Layer  

3.5 Perfectly Matched Layer 

In the space, the physical dimension of geometric structure is endless. Side by side, 

the computational properties are restricted. Hence, the endless physical geometric 

structure needs to build on a computer. The diagram of PML shown in Fig. 3.6. So, the 

domain must reduce to finite limit via inserting borders. This border or boundary known 

as PML. PML is an artificial boundary. It perfectly absorbs incident electric field. Also, 

due to PML no fields from outside the computational can come in [98]. This layer also 

helps during the computation of effective mode index. For this thesis, the cylindrical 

PML has been adopted due to COMSOL Multiphysics and it is chosen in between 7 to 

10 percent of the total diameter of the geometric structure of the PC-PCF. 

The pulse at the borders can reflect and result in non-physical radiation to the structure 

of geometry. So, there are two methods used in defining the border which is used to cut 

the domain to finite.  The first method is mathematical in which an operator can be 

defined: either global or local. The global mathematical method fallouts in a fully 

occupied matrix which is a disadvantage and cannot be employed in large meshes. The 

local mathematical method [93] states the local operator which abandons the field at the 

borders. Its disadvantage is that it needs trial and error to figure out the boundary location 

which cannot be placed near the foundation [93]. The other technique is to place artificial 

layer. Berenger has proposed the concept of PML in 1994 [93] and since then it has been 

implemented in numerical methods in FDTD and FEM. The idea of PML is to insert an 

absorbent layer with permittivity like the material in the core domain. The impedance of 
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both is identical thus no reflection occurs at interface. The PML boundary absorbs pulse 

traveling outwards from the main domain at any angle and frequency. The magnitude of 

the pulse declines exponentially inside PML boundary. Also, the EM radiation is 

reflected to the domain [93]. 

The first proposed PML was proposed for FDTD and it cannot be easily implemented 

in unstructured meshes which are used in FEM. The PML is implemented as stretching 

of the complex coordinate in FEM [93]. 

 
0

x

xx x s x dx                                                           (3.76) 

 xs x is complex stretching variable. 

This results in a change in the nabla operator,  , which is written as: 

1 1 1
ˆ ˆ ˆ ˆˆ ˆ

x y z

x y z x y z
x y z s x s y s z

     
      

     


  
                 (3.77) 

Then the Maxwell’s equations can be written with   instead of  , and the time 

derivative ∂/∂t is replaced with jω 

 j  E B                   (3.78) 

 j H D                  (3.79) 

  D                  (3.80) 

 . 0 B                    (3.80) 

This leads to a modification of equation (3.23). 

Finally, PML absorbs unwanted radiation and helps to measure confinement loss of the 

fiber geometry 

 

3.6 Summary of the Chapter 

The chapter started with Maxwell’s law. The scaler and vector wave equation have 

been showed. For optical waveguide boundary condition has been described. Afterward, 

meshing and development of element matrices was described. Lastly, the PML was 



 

 

51 

 

 

 

 

 

discussed. In following chapters these analyses will be applied to our proposed designs 

using FEM solver called COMSOL multiphysics.  

In the next   chapter, the first proposed PC-PCF design having decagonal cladding 

and hexagonal core will be presented along with   its mesh size and PML. 
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CHAPTER 4 

DECAGONAL CLADDING-HEXAGONAL CORE PC- PCF  

In this chapter, decagonal cladding with hexagonal core has been proposed. The 

researchers have reported some promising decagonal structures [86,87] recently. The 

wave guiding parameters like core diameter (Dcore), air filling fraction (d/A), air hole 

diameter for core and cladding are 𝑑௖ and 𝑑  respectively. The distance between two air 

holes in the same ring and adjacent ring (cladding pitch) in cladding is A1 and A 

respectively. Distance between two adjacent air holes in the core is called core pitch (𝐴௖). 

The proposed design optimized numerically to set the photonic band gap near 1 THz. So 

that the maximum power can propagates through the PC-PCF core air holes. In following 

sections, the geometry design and results will be discussed.   

 

 

Fig. 4.1 Geometry area of the proposed PC-PCF accompanied by zoomed view of 

porous core 

4.1 Introduction 

To make the guided transmission more efficient and reliable in case of terahertz 

wave, a porous core hexagonal porous core photonic crystal fiber with decagonal 

cladding structure is presented with theoretical and simulation results. The finite element 

method (FEM) as well as perfectly matched layer border condition has been adapted to 

investigate the transmission characteristics of the fiber.  
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The proposed design gives an extremely lower effective material loss of 0.049𝑐𝑚ିଵ  

while maintaining higher percentages core power 43% for an operating frequency of 1 

THz. Also, the confinement loss was achieved is 0.00135𝑐𝑚ିଵ. So, the total loss is found 

0.504 𝑐𝑚ିଵ. Other important design parameters including single mode condition, 

confinement loss, as well as dispersion are also discussed. The proposed design is 

anticipated to be fabricated using the modern fabrication method uniting the capillary 

stacking as well as sol-gel techniques. It is expected that designed structure can be engage 

in application such as long-distance fiber optics communications. 

 

 

 
Fig. 4.2 Modal field of the proposed geometry structure full view (81% porosity) and 

zoomed (a) 61.5%porosity (b) 71.5%porosity (c) 81.5%porosity 

Full View 
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Table 1: Optimized Parameter for Decagonal PC-PCF at 1 THz 

Parameter Value 

Total Number of Air holes (Clading+Core) 177(140+37) 

Radius of core 280 µm 

Cladding  air-hole radius 86 µm 

Core air-hole radius 20 µm 

AFF 0.766 

PML 7.8% 

Number of elements 1,67,505 

 

4.2 Design Methodology of Proposed Decagonal- Hexa Core PC- PCF 

The air hole arrangement of cladding made of decagonal structure and the air holes 

in the core are in hexagonal structure. Decagonal structure for the cladding is chosen 

because of its better confinement. The structure is chosen to have a pitch of A= 225μm 

and hole-to-pitch ratio of d/A= 0.776, as this results in a fundamental bandgap near 1 

THz. The term porosity which depends on the air hole size of the core is denoted as the 

fraction of the air hole area to the total area of the fiber core. If porosity is reduced, then 

most of the power will be spread into cladding. As the air holes in the core perform as a 

low index material and dry air, αmat=0 is transparent in the terahertz frequency range, the 

absorption loss of material can be significantly decreased. The cross section of the 

proposed fiber with zoomed form of the core has shown in Fig. 4.1. The distance between 

two adjacent air holes on the same ring in the cladding is A1 that is related to A by A1 

=0.766*A. The distance between air holes on the adjacent ring of the porous core is Ac 

which is related to A by Ac= 0.245*A.  The core diameter, Dcore =2(A-d/2) has been 

changed while the air filling fraction (AFF=d/A) was preserved fixed at 0.76 throughout 

the whole simulation. Here, d denoted as the diameter of cladding air holes and A is the 
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outer pitch. Such higher AFF helps to increase the core confinement and reduces the 

EML. AFF cannot be increased further because it causes overlapping the air holes in the 

cladding and hence fabrication will be challenging. For all the simulation, five rings of 

air holes in cladding and three rings of air holes in the core is utilized so that more of the 

light can be passed through the core and thus confinement is gained. Also, details 

parameters are shown in table 1. 

 

Fig. 4.3 V- parameter and Dcore at  f = 1 THz 

 

Fig. 4.4 V- parameter and frequency for Dcore = 280 µm 
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In the proposed design, TOPAS is used as the background material which is mainly 

Cyclic-olefin copolymer (COC). The reason why we choose this material as the 

background is that its lower absorption loss, about 0.1-0.2 dB cm-1. It has a lower EML 

[αmat =0.2 cm-1] at f=1 THz. It has constant refractive index, n=1.53 over the frequency 

range 0.1-1.5 THz almost zero material dispersion in this range [72]. Moreover, it offers 

low confinement loss, less dispersion and guard against water vapor absorption. 

4.3 Results and discussions of the Proposed PC-PCF 

The simulation of proposed geometry structure has done using the full vector finite 

element method (FEM) based software COMSOL. For the representation of the structure, 

a perfectly matched layer (PML) is introduced and the thickness of the PML region used 

for the numerical investigation is around 7.8% of the total fiber radius. During the 

simulation, solved mesh elements were 167505 along with 13627 numbers of boundary 

elements.  The calculation is done for different porosities. The porosities are taken as 

61.5%, 71.5% and 81.5%. The modal power distribution at various porosities has 

presented in the Fig. 4.2. It can be described from the Fig., while core porosity rises the 

amount of optical power confined in core region. Unfortunately, some of the researchers 

[80-82] put less focus to analyze the condition for single mode fiber that is one of the 

most important factors for terahertz signal application.  

The core is porous core that is why its refractive index should be equal to the effective 

refractive index, neff. For the existence of the single mode condition, the value of 

normalized frequency V-parameter must be equal to or less than 2.405. The alternation 

of the V-parameter changes with various values of Dcore and f is presented in the Fig. 4.3 

and 4.4 correspondingly. 

Before starting the design, our prime mindset was to reduce the EML and to get a 

maximum threshold value of the core power fraction. To reduce the EML, more focus is 

given to reduce the TOPAS material in the core. EML mostly rely on the quantity of host 

material in the core region well as the material in the core relay on core porosity. As the 

core porosity rises the amount of air increases at the same time the amount of material 

reduces and therefore the EML decreases. 
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Fig. 4.5 displays the EML with respect to Dcore for various core porosity at set 

frequency of 1.0 THz. It has been realized from the Fig. that for fixed values of Dcore, as 

the porosity increases the EML decreases. Porosity increases means filling more air into 

the core and it results less amount of material which is responsible for the reduction of 

the EML. It is obvious from the Fig. that at core porosity 81.5% material absorption loss 

is 0.049 cm-1 for core diameter of 280 µm. This is since the guided mode undergoes 

reduce material and the core air holes bearing majority of the power.  

Another important parameter that must be considered before designing a standard 

terahertz waveguide is the percentages total optical power travels along the fiber core air 

holes. For designing a standard fiber, it is required to increase the optical power flow 

along the fiber-core air holes. Fig. 4.6 describes the changing of EML and fraction of 

mode power together with respect to change in the frequency. If the frequency is tunes 

to higher values, then the EML increased. On the contrary, the core power fraction 

decreases while the frequency increase. The reason is the wave frequency is found 

relative to EML. Therefore, in proportion to the observed formula: α (ν) = 𝑉ଶ + 0.63V–

0.13 [dB/cm][92], it is practically determined that, the bulk material absorption loss is a 

function of frequency changes. 

 

Fig. 4.5 EML versus core radius at different porosities 
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Fig. 4.6 Characteristics of EML, core power fraction and Frequency at 

Dcore = 280 µm 

  

Fig. 4.7 Calculated confinement versus frequencies at Dcore = 280 µm 

Confinement loss represents the capability of a fiber to control light with tiniest loss. 

It is because of the inadequate amount of periodic air hole cladding. It can be found using 

the imaginary part of the complex refractive index. It determines by the number of air 

holes in the cladding. The more the number of air holes in the cladding, the less the 

confinement loss will be.  Fig. 4.7 displays the confinement loss with respect to 
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frequency. At 1 THz it is found 0.00135 𝑐𝑚ିଵ As the frequency increases the 

confinement loss constantly decreases which is much lesser than the EML. That is why 

the confinement loss can be neglected. While calculating the confinement loss, the single 

mode condition must be carefully examined. With the aim of lowering the confinement 

loss even more, the number of air holes in the cladding should be increased.  

Dispersion plays a vital role in terahertz spectrum wave propagation. The 

transmission of the wideband signal, it is expected that fiber will show flattened 

dispersion over the large span on frequency. TOPAS has used as the background material 

whose refractive index is constant over the frequency range 0.9-1.25 THz. That is why 

the material dispersion is neglected and the contribution of the waveguide dispersion can 

be taken in to account. 

 

Fig. 4.8 Dispersion Characteristics of the proposed PCF versus 

Frequencies for Dcore = 280 µm 

 

It can be seen from Fig. 4.8, the changing of β2 is less than 0.02 ps/THz/cm in the 

frequency spectrum 0.95-1.25 THz. Thus, it can be said that a flattened dispersion of 

1.58±0.02 ps/THz/cm has gained over the frequency span 0.95-1.25 THz.  

Fabrication is one of the most important factors after simulating the PCF. Recently 

the problem with the fabrication is removed and fabrication possibilities are greatly 
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improved. Stack and drilling method, capillary stacking, Sol-gel technologies and 

Extrusion techniques are most used methods. Stack and drilling method are actually used 

for honeycomb and triangular lattices and is not authenticated to fabricate circular PCFs. 

In 2005, authors have described a sol-gel technique used in micro as well as in nano-

structure manufacturing. Though Extrusion technique gives design freedom, its only 

limited to soft glasses. Researchers has proposed a capillary stacking technology that is 

appropriate and adaptable for PCF fabrication. The proposed PC-PCF can be fabricated 

via capillary stacking technology where the dimensions like air-hole diameter, shape and 

pitches can be altered properly. 

 

4.4 Concluding Remarks of the Chapter 

An extremely lower effective absorption loss, percentages of maximum optical 

power through the core, less confinement loss as well as near zero flat dispersion property 

has been introduced. In our proposed design, single mode behavior has also been satisfied 

and designed for terahertz wave guidance. For the first time decagonal cladding and 

rotate hexagonal core has been introduced which helps us to reduce the effective material 

loss and preferably for a margin of core power fraction. Besides, higher fractions of air 

filling and unique arrangement of five rings in the cladding helps to decrease the 

confinement loss. The primary implication of our proposed structure is its simplicity and 

loss minimization. Our proposed design contains attractive guiding properties which will 

be significant for terahertz wave application. For long distance communication of 

terahertz signal, our proposed design can be used relevantly. 

Based on same geometric parameters, the octagonal cladding and hexagonal core PC-

PCF will be discussed in next chapter, where the new proposed Octa-hexa design will be 

able to minimize losses and improve core power fraction. 
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CHAPTER 5 

OCTAGONAL CLADDING-HEXAGONAL CORE PC- PCF  

To minimize losses especially the EML, geometric parameters of the proposed design 

was optimized empirically to have the photonic bandgap around 1 THz.  

5.1. Introduction 

A very low loss hexagonal porous core as well as octagonally shaped circular air-

hole cladding optical fiber for low loss terahertz optical wave propagation model have 

designed and proposed. The author has attained very low material absorption loss, 

moderate percentages of power though the core as well as flat dispersion characteristics 

in the proposed structure. To explore the communication features, finite element method 

adopted for the numerical investigation of the proposed PC-PCF. On the working 

frequency of 1 THz, the PC-PCF shows low material absorption loss of 0.045𝑐𝑚ିଵ 

 while the power fraction found 58.2% setting 88% porosity. The confinement loss was 

found 0.00098 𝑐𝑚ିଵ. So, the total loss can be considered as the loss of the EML that is 

0.045𝑐𝑚ିଵ. The proposed design displays dispersion variation of 0.225 ps/THz/cm. 

Similarly, this proposed structure fiber maintains single-mode condition fruitfully. It is 

anticipated that proposed structure of the fiber is expected to work in long distance 

telecommunication. 

 

Fig. 5.1 (a) Cross section of the proposed structure (b) Zoomed core. 
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5.2 Proposed Geometry of Hexagonal PC-PCF  

The bisecting of the geometric structure has depicted in Fig. 5.1. The air holes of the 

core as well as cladding of fiber geometry have organized in octagonal and hexagonal 

structure correspondingly that gathered 49 air holes with various radii. Five rings of air 

holes in the cladding have improved the confinement features lessening the effective 

material loss. Air holes in the core function as low index and dry air is transparent in 

terahertz frequency spectrum. By introducing more and more amount of air rings in the 

core, EML can be lowered effectively. Therefore, hexagonal structure is picked up and 

it has gathered 49 air rings into the core structure would be able to lower the loss. 

Table 2 Optimized values for Hexagonal PC-PCF for Simulation 

Parameter Values 

No. of Air holes (cladding + core) 169 (120+49) 

Radius of core 324 µm 

Cladding air-hole radius 98 µm 

Core air-hole radius 21 µm 

AFF 0.76 

PML 9% 

Number of mesh elements 93,308 

 

In cladding, the distance between the air holes on two adjacent rings is denoted by Λ 

and the distance between two adjacent air holes in the same ring is denoted by Λ1. The 

formula between these two parameters is Λ1=0.76Λ. The air filling fraction has denoted 

here by d/Λ where d signifies the diameter of air rings. The value of AFF kept constant 

at 0.75 during the entire simulation. Optical mode confinement increases, and effective 

material loss minimized by maximizing air filling fraction. The relation between air 

filling fraction and core diameter is Dcore=2(Λ-d/2). The relation passively depends on 

the core porosity of the structure. 
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  During the numerical technique porosity, frequency and core radius have varied 

adapting the single mode operation of the proposed structure. In the design 41 air holes 

are of the diameter dc, 4 air holes of diameter d1c, and 4 air holes of diameter d2c have 

been gathered to deliver a multi radii hybrid hexagonal complex porous core. Throughout 

simulation the relation between d1c is 0.55 times of dc and the diameter, d2c has been 

reduced to 0.4 times of dc. The diameter of the cladding air holes is 4.57 times of dc.   

 

Fig. 5.2: Modal field at 81% porosity with 324 µm at 1 THz 

Cyclic-olefin copolymer, Topas has been selected as host material for the proposed 

PC-PCF. The motive of choosing this host material over various types of polymer 

materials are minimum material absorption loss, high glass transition temperature and 

flat refractive index profile n=1.53 in the THz frequency spectrum. In addition, null 

dispersion and negligible response to humidity. Also, its ultra-violet photosensitive and 

decent for bio-sensing.  

5.3 Simulation and Results of Proposed Design 

The main optical wave confinement features of the proposed geometry had assessed 

involving FEM method solver COMSOL Multiphysics. During the simulation process 

cylindrical perfectly matched layer had been employed. The PML had set around 9% of 

entire radius of the total proposed PC-PCF. This PML employed due to gaining 
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accurateness during numerical investigations of radiating loss. During the simulation, 

solved mesh elements were 93630 along with 8991 numbers of boundary elements. The 

percentages of core power confinement presented in Fig. 5.2 while maintaining core 

porosity of 88% indicate that the optical mode is restricted in the geometry of the core. 

In the commencement of computational investigation, V-parameter of the proposed 

PC-PCF had studied to confirm single mode condition of THz wave. The normalized 

frequency has been calculated by using the equation (1.5). Toward confirm single mode 

proliferation normalized frequency values expected less than or equal to 2.405. In case 

of fundamental mode propagation, the delivery of light power into fiber might found 

tough because of shrinking size of PC-PCF core radius. Thus, investigator has proposed 

the single mode condition for optical mode propagation.  

 

Fig. 5.3 Normalized frequency as a function of core diameter with f=1THz and 

porosity=88% 

Fig. 5.3 and Fig.5.4 displays the distinction of V- Parameter versus various values of 

fiber core diameter along with an operating frequency, f. From Fig 5.3 and Fig 5.4 it can 

be realize, normalize frequency grows as diameter of the core and frequency increases 

respectively. 
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Fig. 5.4 V parameter as a function of frequency at Dcore = 324µm and 

porosity=88%. 

 

 

Fig. 5.5 Effective material loss as a function of core diameter at different 

porosities with f=1 THz. 
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Constructing a well-organized terahertz structure, the effect of losses properties 

needs to examine appropriately. The losses are effective material loss and confinement 

loss respectively. The purpose of the investigation, at beginning design phase EML can 

be lowered significantly. The effective material loss particularly microstructured fiber is 

expressed using equation 1.1. 

It has been observed that the porosity declines the EML also declines. It is due to the 

host material reductions in the core region. Fig.5.5 depicts the the same porosity values 

causes notable change of material absorption loss while core diameter changes. After 

optimizing required parameters, the obtained result is EML 0.045 cm-1 at core diameter 

of 324µm while frequency was set to 1 THz. 

The confinement loss of the crucial performance parameter in PC-PCF structure 

development. This parameter is function of porosity as well as total amount of air-holes 

designed in the cladding region. The confinement loss is achieved by considering the 

imaginary part of the complex refractive index profile. The confinement loss should be 

found by using equation 1.3. 

 

Fig. 5.6 Confinement loss versus frequency for Dcore=324µm, porosity=88%. 
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From Fig. 5.6, The confinement loss found varying with changes in frequency. The 

Fig. validates that confinement loss declines with the escalation in frequency ranges. 

After numerical study at 1 THz, core diameter 324µm and porosity of 88% confinement 

loss has achieved  0.00098  cm-1.  

 

Fig. 5.7 EML versus frequency at Dୡ୭୰ୣ=324 µm, porosity=88%. 

 

From Fig. 5.7 EML at various frequencies has been stated.  The obtained finding 

is when the frequency increases; as a result, the EML also rises. At this point, the 

pragmatic the span of frequencies between 0.9 to 1.8 THz. Correspondingly, it is under 

single mode condition. Through seeing the above Fig., it is realized, the bulk material 

absorption loss of host material is changing along with the frequency span of 0.9-1.8 

THz. Also, the EML is rising straightly with the frequency. Observing Fig.s 5.7 and 

Fig. 5.8, it is being understood that at 88% porosity, core diameter of 324µm at 

1terahertz of frequency, the value of material absorption loss is lowest. At the above 

condition EML is found 0.045 cm-1 as well as the core power fraction is 58.2% which 

is adequate for terahertz optical transmission. 
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Fig. 5.8 Power fraction versus frequency at Dୡ୭୰ୣ=324 μm, porosity=88% 

 

Fig. 5.9 Dispersion Characteristics at Dୡ୭୰ୣ=324 μm and porosity=88% 
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The dispersion features of the designed fiber have presented. The refractive index 

profile of topas has found flat in typical terahertz frequency spectrum. Therefore, 

material dispersion can be ignored in this spectrum. For this reason, waveguide 

dispersion has been adopted.  

Dispersion characteristics have presented in the Fig. 5.9. It can be observed that 

steady dispersion has found from frequency span of 0.95 to 1.3 terahertz. Also, it is found  

𝛽ଶ < 1.25 ps/THz/cm and 𝛽ଶ > 0.8 ps/THz/cm. Therefore, the alternation of dispersion 

is less than 1±0.225 ps/THz/cm.  The measure of dimension of 𝛽ଶ  for terahertz optical 

waveguide is in ps/THz/cm, which specifies how much signal broadens in time (ps) per 

unit bandwidth (THz) for the travelling distance of one centimeter. Having closely equal 

signal spreading designed fiber should allow multiple transmission of signal at same time 

is desirable. 

5.4 Octagonal PCF Comparisons 

In this section, the proposed PCF with other reported octagonal PCFs has been 

compared critically in table 3. 

 

                                    Table 3: Octagonal PCF Comparisons 

Ref. Design Findings 

[98] Simulation Range:  

0.8 to 1.5 THz 

Material: Topas 

Core Diameter: 350µm 

Results Obtained: 

Porosity=60% 

EML=0.045𝑐𝑚ିଵ 

PF=50% 

CL= 10ିସ 𝑐𝑚ିଵ 
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[99] Simulation Range:  

0.5 THz  to 1.8 THz 

Material: Topas 

      Cld. Pitch: Λ 1 = 0.765 Λ. 

AFF= d /Λ = 0.7 

Results Obtained: 

EML=0.049 𝑐𝑚ିଵ 

PF=53.78% 

[68] Simulation Range: 0.3-1 THz 

Material: Topas 

AFF= d/ Λ =d/Λ=0.68 

Porosity=68% 

Dcore=2(Λ-d/2)=350 µm 

Results Obtained: 

EML= 0.07 𝑐𝑚ିଵ 

 

Proposed 

Design 

 

imulation Range: 0.9-1.7 THz 

Material: Topas 

AFF= d/ Λ =d/Λ=0.76 

Porosity=68% 

Dcore=2(Λ-d/2)=324 µm 

Results Obtained: 

EML= 0.045 𝑐𝑚ିଵ 

CL=9.8 × 10ିସ𝑐𝑚 

Dispersion= 1±0.225 ps/THz/cm 

 

It can be seen from the comparisons (table 3) that the proposed all of the designs have 

similar performance parameters.  It can be seen that our EML is low compared to them. 

Finally, the proposed design is better in terms EML and power fraction than presented 

designs in the table 2. This is due to the structure of the proposed design.  
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5.5 Fabrication Method of Proposed PC-PCF 

To conclude, the investigation of fabrication possibility of this proposed PC-PCF will 

be discussed. From the understanding of the proposed PC-PCF, as there is outstanding 

development in PC-PCF fabrication methods leads to in the possible scope of fabrication. 

Stack and drilling, capillary stacking, and sol-gel methods can be considered for PCF 

fabrication. In higher porosity design, the sol-gel method become effective and 

fabrication was precise while porosity was 87% [30]. The stack and draw method fail to 

create circular airhole. Drilling method does not appropriate for the proposed structure 

of PC-PCF as the procedure is restricted to small number of airholes. Since, the proposed 

structure made of a good number of micro-structured circular shape airholes, stack and 

draw methods are the top adoptions to fabricate where the dimension of the proposed 

PC-PCF can be adjusted easily. 

5.6 Summary of the Chapter  

A reasonably easier topas as a host material-based geometry having low loss property 

of 0.04 15cm  , while the achieved core power fraction  is 58.2% has been proposed in this 

chapter. Here, the proposed structure of the fiber is better compared to formerly proposed 

designs due to lessen value of EML, better core power fraction and easiness in the 

geometry. The design would be a competent candidate for the terahertz transmission.  

In the next chapter a new design has been proposed (Octa-Hybrid geometry) to 

minimize losses and to increase birefringence to maintain polarization state of the 

proposed fiber. The proposed fiber will be potential candidate in the similar field.
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CHAPTER 6 

OCTAGONAL CLADDING –HYBRID CORE PC- PCF 

In this chapter octagonal cladding and hybrid core PC-PCF has been proposed. This 

design has been chosen to break the symmetry of the core to achieve high birefringence 

to maintain polarization state of the PCF. All the parameters are optimized numerically 

to have band gap around 0.73 THz. The design methodology will be discussed in the 

following section. 

6.1. Introduction 

The numerical investigation of a low loss as well as highly birefringent hybrid 

porous core accompanied octagonal cladding geometry for terahertz optical signal 

direction is examined. The designed porous core photonic crystal fiber (PC-PCF) 

provide concurrently low effective material loss (EML) in addition to high 

birefringence in the THz frequency spectrum span of 0.6- 1.05 THz accompanied by 

single mode performance. To achieve high birefringence, the author has introduced 

asymmetry in the core region by employing elliptical and circular air holes respectively. 

The numerical outcomes gained utilizing finite element method solver. This FEM 

solver is COMSOL Multiphysics which ensures effective material loss of 

0.044 𝑐𝑚ିଵ while having high birefringence of ~0.043 at 0.73 THz. The confinement 

loss 9.7 × 10ିସ 𝑐𝑚ିଵ  was obtained. So, the total loss can be considered as the EML. 

Hence, the fiber is expected to be beneficial for various terahertz polarization 

maintaining state applications. 

6.2 Design Methodology of Octa-Hybrid PC-PCF 

  Fig. 6.1 shows the cross-section of the proposed geometric structure. Inside the 

cladding region, the separation between the air-holes on two adjacent rings is meant by 

Λ and separation between two adjacent air-holes in the same ring is symbolized by Λ1. 

The connection between these two cladding parameters stated by Λ1=0.765Λ. Two 

different sized air-holes having diameter d and d1 are exploited to fill the five layered 

cladding region. The diameter of d1 is set 0.91 times of d. The core with diameter has 

relation, 𝐷௖௢௥௘  = 2(Λ - d/2) has covered using air-holes of elliptical and circular shapes. 
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The four air holes of diameter d1c are gathered inside the core. Eight circular air holes 

of diameter d2c , six circular holes of diameter of d3c, and  holes of diameter d4c are 

being gathered accompanied by four circular air holes and fifteen elliptical shape air 

holes inside the core. The core diameters d2c, d3c and d4c are correlated to d1c 0.75 

times, 0.1 times and 0.075 times respectively. The length of the major axis of the ellipse 

is twice that of the diameter of the largest circular core air hole denoted d1c. The length 

of the minor axis is equivalent to d1c. The AFF has been kept settled at 0.76 and the 

additional increment to this value may cause unwanted overlapping of domains. Thus, 

it is set to 0.76 during the entire simulation process. 

Topas has been selected as host material for the proposed PC-PCF. The motive of 

choosing this host material over various types of polymer materials are minimum 

material absorption loss, high glass transition temperature and flat refractive index 

profile n=1.53 in the THz frequency spectrum. In addition, null dispersion and 

negligible response to humidity.  

 

 

Fig. 6.1 (a) Cross section of the proposed Geometry (b) Zoomed core 

6.3 Results and Discussions of the Proposed PC-PCF 

   The main optical wave confinement features of the proposed geometry had 

assessed involving FEM method solver COMSOL Multiphysics. During the simulation 

process cylindrical perfectly matched layer had been employed. The PML had set 

around 9% of entire radius of the total proposed PC-PCF. This PML employed due to 

gaining accurateness during numerical investigations of radiating loss. During the 
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numerical investigation, solved mesh elements were 109092 including 9683 numbers 

of boundary elements. The percentages of core power confinement presented in Fig. 

6.2 while maintaining core porosity of 76% indicate that the optical mode is restricted 

in the geometry of the core. 

Table 4 Optimize Parameter for the simulation Octa Hybrid at 0.73 THz 

Parameter Value 

No. of Air holes  165(120+45) 

Radius of core 320 µm 

Cladding  air-hole radius 9.8 x10ିହ𝑚 

Core air-hole radius 2.2 x10ିହ𝑚 

AFF 0.76 

PML 9% 

Number of elements 109,092 

 

Fig. 6.2 Modal field distributions of the PC-PCF geometry at porosity 

76%, Dୡ୭୰ୣ = 320µm, 0.73THz  



 

 

75 

 

 

 

 

 

 

Fig. 6.3 Normalized frequency with core diameter where frequency 0.73 THz, 

 porosity of 42% 

In the commencement of computational investigation, V-parameter of the proposed 

PC-PCF had studied to confirm single mode condition of THz wave. The normalized 

frequency has been calculated by using the equation 1.5. Toward confirm single mode 

proliferation normalized frequency values expected less than or equal to 2.405. 

The Fig. 6.3 depicts the fiber shall function in single mode condition as normalized 

frequency at 320 µm is 1.38 which is well underneath 2.405.  In the opening of 

numerical investigations, normalized frequency of the proposed geometry structure has 

studied to confirm single mode condition of THz waveguide. 

The birefringence arises from the asymmetry of the geometry of the fiber core or 

by breaking symmetry of the core structure intentionally. The birefringence is an 

absolute value signifies the difference between the refractive index of two degenerated 

polarization mode. They are X-polarization and Y-polarization. The linear rise and fall 

have observed in Fig. 6.4.  During the numerical investigations of this Fig. are core 

diameter 320 µm, porosity 42% and frequency is 0.73 THz. The obtained value of 

birefringence is 0.43 which is decent value for THz applications. The rise and fall in 

the Fig. 6.4 due to some reason and they are the cladding pitch is lower than the 
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wavelength, due to Faradays effect and finally the host material is biaxial property of 

material. Furthermore, the complex geometric structure where the asymmetry of the 

core broken purposefully to achieve birefringence. 

 

Fig. 6.4 Birefringence versus frequency in THz 

 

Fig. 6.5 Birefringence versus 𝐷௖௢௥௘ 

The characteristics of proposed birefringence for this proposed fiber geometry as a 

function of function of core diameter shown in Fig. 6.5. The relation between porosity 

and birefringence is found inverse relation. Similarly, the same relation has observed 

for radius of the core. The fact is the electric field strength is higher in the smaller core 

which accelerate to degeneracy of polarization state due to above mentioned factors and 
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separation is higher. When the core diameter increases the air hole radius increase as a 

result field strength decrease which results in lower birefringence value. 

 

Fig. 6.6 EML versus core diameters for 63% and 76%  at 0.73 THz 

 

 

Fig. 6.7 EML versus frequency at core diameter at 320µm while porosity 42% 

The foremost apprehension of designing geometry of the PC-PCF is the 

minimization of material absorption loss. The minimization of porosity is increases 

EML which is not desired. Similarly, minimization of porosity is increases value of 
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birefringence which as expected. The tradeoff between these two parameters should be 

optimized through geometrical structure of the proposed fiber. 

The EML for X and Y polarization have depicted in Fig. 6.6 while porosity is set 

63% and 76% for the simulation respectively. The X-polarization exhibits lower EML 

compared to Y-polarization. The optimized result for EML is achieved at 76% porosity 

which is 0.044 cm-1. The scattering of light causes when the diameter of the core 

increase. The same phenomena can be found here from the Fig. 6.6. Thus, the effective 

material loss increases while the diameter of the core increases. 

The behavior of EML for two degenerated optical mode with respect to variation of 

frequency has presented in Fig. 6.7. During the obtaining the optimize value EML, the 

porosity has set to 76%, frequency 0.73 THz and core diameter to 320 µm. Minimum 

value of EML has found in case X-polarization which is 0.044 cm-1. 

 

 

Fig. 6.8 Core power fraction versus various frequencies while porosity  42% and at core 
diameter 320 µm. 

The fixed value of porosity is 42% and diameter is 320 µm, confinement loss versus 

frequencies ranging from 0.5 THz to 1.1 THz illustrated in the Fig. 6.8 for two 

degenerated modes. From the Fig., the percentages of power confined in the core region 

for both X polarization and Y polarization are gained at 0.73 THz are 41.52% and 

0.5 0.6 0.7 0.8 0.9 1 1.1
15

20

25

30

35

40

45

Frequency (THz)

P
ow

er
 F

ra
ct

io
n
 (

%
)

 

 

X polarization
Y Polarization



 

 

79 

 

 

 

 

 

39.11% respectively. So, the X-polarization exhibits better power confinement through 

the core. 

 

Fig. 6.9 Confinement loss is changing along with frequency at 320µm while 

porosity set to 42% 

The confinement loss of the crucial performance parameter in PC-PCF structure 

development. This parameter is function of porosity as well as total amount of air-holes 

designed in the cladding region. The confinement loss is achieved by considering the 

imaginary part of the complex refractive index profile.  

The confinement loss depending on frequency has illustrated in the Fig. 6.9.  The 

Fig. exhibits when the frequency rises, the confinement loss is reduced. In this proposed 

geometry structure, at f =0.73 THz, Dcore= 320µm and 42% porosity, the confinement 

loss of 9.7 × 10ିସ 𝑐𝑚ିଵ has gained which is insignificant compared to the achieved 

effective material loss of 0.044 𝑐𝑚ିଵ.  

The Fig. 6.10 illustrates dispersion and frequency after alatering the value of 

porosity of the geometry ±5% from the optimal value. The dispersion characterists has 

been shown from 0.6 THz to 1.1 THz . The total variation of dispersion is found from 

0.6 to 1 THz is  5.3±0.05 ps/THz/cm. The ±5% variation of the porosity yeilds same 

shape preserving results.  
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Fig. 6.10 Dispersion characteristics as a function of frequency at 1 THz at core 

diameter 320µm 

 Lastly, the author has studied possible fabrication method for proposed PC-PCF. 

At the core of the geometry has air rings with various sizes. The implementation of the 

design geometry will be challenging because of its complex porous core. As expertise 

is evolving continuously, the implementation of the proposed geometry is therefore 

comprehended. The capillary stacking and sol-gel methods are the top selection toward 

fabrication process.  

6.4 Octagonal Hybrid PCF Comparisons 

In this section, the proposed PCF with other reported octagonal PCFs has been 

compared critically in table 5. 
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Table 5 Octagonal Hybrid PCF Comparisons 

Ref. Design Findings 

[58] 

 

 

Simulation Range:  

0.8 to 1.4 THz 

Material: Topas 

Results Obtained:300µm 

Dispersion= 0.85±0.05 ps/nm.cm 

BR= 0.08 

EML=0.08𝑐𝑚ିଵ 

PF=41% 

CL= 10ିଵଷ 

Not Shown:  

 V-parameter 

[80]  Simulation Range: 0.5 to 1.8Thz 

Material: Topas 

Results Obtained:350µm 

Dispersion= 0.53±0.07 ps/nm.cm 

BR= 0.086(50%porosity),  

~0.38(80% porosity) 

EML=0.05𝑐𝑚ିଵ 

CL= 10ିଽ 

 

[100] 

 

Simulation Range: 2-4 THz 

Material: Topas 

 

BR= 0.03 

EML=0.06𝑐𝑚ିଵ 

PF=30% 

CL= 0.01𝑐𝑚ିଵ 
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Proposed 

Design 

 

Simulation Range: 0.6-1.1 THz 

Material: Topas 

AFF= d/ Λ =d/Λ=0.75 

Porosity=42% 

Dcore=2(Λ-d/2)=320 µm 

Results Obtained:0.73 THz 

EML= 0.044 𝑐𝑚ିଵ 

CL=9.7 × 10ିସ 𝑐𝑚ିଵ 

BR=0.043 

 

It can be found from the comparisons (table 5), the proposed design has presented 

more performance parameters.  Also, material and geometric parameters are different 

as the operating ranges of fibers are different. The design reported in the references 

[58,80] is in our simulation range. It can be found that proposed design has higher EML 

compared to them. Finally, the proposed design exhibits competitive performance with 

references in [58, 80]. Further, better behavior over reference [100] due to greater 

number of air holes inside the core. 

6.5 Summary of the Chapter  

A novel porous geometry design having hybrid core has been proposed in the 

chapter.  This PC-PCF is significant for polarization state preserving applications in 

terahertz spectrum. It is revealed that despite of braking symmetry of the fiber core, still 

the proposed PC-PCF achieved EML of 0.044 𝑐𝑚ିଵ while the birefringence is found 

~0.043. The proposed geometry design is very complex. So, the fabrication method will 

face lots of challenges. The fabrication method could be combination of extrusion and 

sol-gel technique. For polarization maintaining as well as for long distance terahertz 

communication the proposed design may be examined.  

The circular core and circular cladding PC-PCF has been proposed in next chapter 

to minimize losses further as well as would be less complex for fabrication. The 

background material would be same that is Topas.  
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CHAPTER 7 

CIRCULAR POROUS CORE PHOTONIC CRYSTAL FIBER  

7.1 Introduction 

The author has presented a comprehensive numerical investigation of a low loss PC-

PCF with circular cladding and core structure for terahertz optical wave propagation. The 

anticipated PC-PCF exhibits low EML while having high power fraction in the frequency 

spectrum of 0.8- 1.15 THz accompanied by single mode operation at core diameter 350 

µm. The numerical outcomes attained employing finite element method (FEM) that 

established EML of 0.04 𝑐𝑚ିଵ and high core power fraction of 55.8% at 1.05 THz 

working frequency with porosity of 84%. Also, the confinement loss obtained was 

1.89 × 10ିସ𝑐𝑚ିଵ. So, the total loss can be considered as the EML. During the numerical 

investigation, solved mesh elements were 37562 including 4685 numbers of boundary 

elements.  Furthermore, the proposed porous core structure displays moderately higher 

percentages of core power fraction, and lower confinement loss. The geometry structure 

proposed here in this chapter can be fabricated utilizing capillary stacking and sol-gel 

methods. The PC-PCF can be a strong candidate in ultra-broadband communication. 

7.2 Geometry of the proposed Circular PC-PCF 

. 

Fig. 7.1: Cross-section of the proposed PC-PCF. 
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 The cross-section of the proposed circular core PC-PCF has presented in Fig. 7.1. 

The core have 21 circular air holes and radius of each air hole is correlated with the core 

diameter ( coreD  ). The five air holes in the middle have radius of .1 C o r ed 0 1 3 D , the next 

four air holes have .2 C o red 0 1 D and finally outmost air holes have .3 C o red 0 7 D of 

radius. The core pitch (
c ) is defined as the distance between two adjacent air holes in 

the core, which is chosen  0.12 coreD  . The Core pitch has carefully chosen in order to keep 

optical power inside fiber core. The cladding contains five layers of circular air-holes.  

The pitch (Λ) is separation between two adjacent air holes.  The gap between two air 

holes of same layer is Λ1. The core pitch is matched considering diameter of the core. 

The relation can be expressed as coreD  = 2 (Λ–d/2). The normalized diameter (d/Λ) was 

kept fixed at a value as high as 0.75 for a good confinement factor.  

Table 6 Optimize Parameter for Circular PCF simulations at 1.05 THz 

Parameter Values 

No. of Air holes (Cladding+ Core) 141(120+21) 

Radius of core 350 µm 

Cladding  air-hole radius 1.014 × 10ିସ𝑚 

Core air-hole radius Varies:13%, 10%, and  

7 % of 𝐷௖௢௥௘ 

AFF 0.76 

PML 10% 

Number of elements 37562 

Topas has been selected as host material for the geometry structure. The motive of 

choosing this host material over various types of polymer materials are minimum 

material absorption loss, high glass transition temperature and flat refractive index of 

1.53 in the THz frequency spectrum. In addition, null dispersion and negligible response 

to humidity.  
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7.3 Numerical results and discussions 

To calculate the optical light confinement features of the proposed geometry 

structure, FEM build commercially available COMSOL multiphysics has been adapted. 

Afterward, PML border condition is employed around the exterior part of computational 

domain for approximation of confinement losses. The numerical investigation has 

executed inside the range of 320–400 μm of core diameter with an intermission of 5 μm 

and within 0.7–1.3 THz of frequencies through break of 0.01 THz at 320 μm of coreD  for 

various porosities.    

 

 

Fig. 7.2 Electric field distributions of the proposed PCF at 84% porosity at core 

diameter Dୡ୭୰ୣ =350 µm  

In the commencement of computational investigation, V-parameter of the proposed 

PC-PCF had studied to confirm single mode condition of THz wave. The normalized 

frequency has been calculated by using the equation 1.5. Toward confirm single mode 

proliferation normalized frequency values expected less than or equal to 2.405. In case 

of fundamental mode propagation, the delivery of light power into fiber might found 

tough because of shrinking size of PC-PCF core radius. Thus, investigator has proposed 

the single mode condition for optical mode propagation. 
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Fig. 7.3 V parameter versus frequency  

The foremost concern for the fiber is minimization of EML that have to perform by 

the equation 1.8. The EML depends on operating frequency having various core 

porosities is shown in Fig. 7.4. The frequency response of EML increases with frequency 

from 1.05 THz. This behavior due to the optical frequency is proportional to EML. 

Therefore, it is found that when the frequency rises, EML rises accordingly. Also, from 

Fig. 7.4, the EML is lowest and core power fraction has found high at 1.05 THz 

frequency. It has been found that at 1.05 THz, coreD  = 350 μm, and 84% porosity optimal 

results for the design structure can be achieved. The achieved value of EML is visibly 

better than formerly reported literatures [69, 84]. 

The EML versus function of diameter of the core by means of various core porosities 

has illustrate in Fig. 7.5. At this point, EML mostly rely on the amount of background 

material available inside the porous core. The amount of material inside the core rely on 

core porosity. Higher values of core porosity results in reducing host material from the 

core and thus, the EML decreases. It can be noticed form Fig. 7.5 that lowest minimum 

value of EML is 0.04 1cm achieved at 350 µm with 84% porosity. 
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Fig. 7.4 Behavior of EML with frequency at 350µm  

 

Fig. 7.5 Behavior of EML with Core diameters at 1.05 THz  
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Fig. 7.6 Behavior of power fraction versus core diameters while frequency 

1.05THz. 

 

Fig. 7.7 Confinement loss vs frequency at 350µm using porosity of 84% 
 

For various core porosities, the core power fraction is variable of fiber core diameter 

has represented in Fig. 7.6. If the core porosity is increased, the core power fraction 

similarly rises. This happens due to increase in core porosity directly decreases the 

amount of solid material inside core area. Therefore, maximum mode power travels 
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inside air holes in absence of solid material. This helps to obtain higher value core power 

fraction. Thus, from Fig. 7.7, for 84% core porosities, uppermost value of 55.8% is 

gained while core diameter is set to 350 μm and frequency is 1.05 THz.  

The confinement loss of the crucial performance parameter in PC-PCF structure 

development. This parameter is function of porosity as well as total amount of air-holes 

designed inside cladding region. The confinement loss is found from the complex part of 

the index of refraction throughout the numerical simulation. The confinement loss should 

be found by using equation 1.3. 

 

Fig. 7.8 Dispersion as a function of frequency at 350µm using porosity of 84% 
 

The confinement loss versus frequency while 84% porosity of the core represented 

in Fig. 7.7. The Fig. displays as the confinement loss is insignificant compared to the 

gained EML. As, the confinement loss of 1.89 × 10ିସ𝑐𝑚ିଵ was achieved. The 

confinement loss is decreasing along with increasing frequency. This happens due to 

increase in frequency the maximum propagating optical power starts to tighten in the 

desired porous core region. For further minimization of confinement loss, the amount of 

air holes inside cladding region should be increased. Fabrication process might be 

challenging for further incrementation number of air-holes in both core-cladding regions. 
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Dispersion characteristics have presented in the Fig. 7.8. It can be observed that 

steady dispersion has found from frequency span of 0.95 to 1.2 terahertz. Also, it is found  

𝛽ଶ < 1.825 ps/THz/cm and 𝛽ଶ > 1.78 ps/THz/cm. Therefore, the alternation of 

dispersion is less than 1.8±0.225 ps/THz/cm.  The measure of dimension of 𝛽ଶ  for 

terahertz optical waveguide is in ps/THz/cm, which specifies how much signal broadens 

in time (ps) per unit bandwidth (THz) for the travelling distance of one centimeter. 

Having closely equal signal spreading designed fiber should allow multiple transmission 

of signal at same time is desirable. 

Finally, the investigation of fabrication feasibility of this proposed geometry 

structure shall be explored. From the understanding of the proposed PC-PCF, as there is 

outstanding development in PC-PCF fabrication methods leads to in the possible scope 

of fabrication. Stack and drilling, capillary stacking, and sol-gel methods can be 

considered for PCF fabrication. The stack and draw process fail to create circular airhole. 

Drilling method does not appropriate for the proposed structure of PC-PCF as the 

procedure is restricted to small number of airholes. Since, the proposed structure made 

of a good number of micro-structured circular shape airholes, capillary stacking as well 

as sol-gel methods are the top adoptions to fabricate where the dimension of the proposed 

geometry of PC-PCF can be tuned spontaneously. 

7.4 Circular comparisons 

In this section, the proposed PC-PCF with other reported circular designs has been 

compared critically in table 7. 

                                    Table 7 Circular PCF Comparisons 

Ref. Design Findings 

[62]  Simulation parameters:  

0.5 to 1.08THz 

Material: Topas 

Porosity=60% 

Core Diameter =300µm 

Results Obtained: 1 THz 

EML:0.066 𝑐𝑚ିଵ 
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CL=  10ିସ𝑐𝑚ିଵ 

 

[69] 

 

Simulation Range:  

9 to 1.3 THz 

Material: Topas 

Porosity:81% 

Core Diameter:  300µm 

Results Obtained: 1THz 

CL= 10ିଷ 𝑐𝑚ିଵ 

EML= 0.043 𝑐𝑚ିଵ 

PF 47% 

 

[84]  Simulation Range:  

0.3 to 1 THz 

Material: Topas 

Core Diameter:  400µm 

Results Obtained: 1THz 

CL= 10ିହ 𝑐𝑚ିଵ 

EML= 0.08 𝑐𝑚ିଵ 

Proposed 

design 

 

Range: 0.8 to 1.5 THz 

Material: Topas 

At 84% core porosity, f = 

1.05 THz frequency 

Dcore=350µm 

PF=55.8% 

EML= 0.04 1cm   

CL=1.89 × 10ିସ𝑐𝑚ିଵ 

 

 

It can be seen from the comparisons (table 7) that the proposed design has presented 

more performance parameters.  The design reported in [69,84] is in our simulation range. 
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It can be found, the EML is low compared to them. Finally, the proposed design is better 

than because of its geometric structure. 

 

7.5 Conclusion of the Chapter 

A flexible topas as host material, circular core-cladding PC-PCF has been proposed 

at 1.05 THz having material absorption loss of 0.04 𝑐𝑚ିଵ. Further, having maximum 

core power fraction of 55.8%, and low confinement loss values are achieved. 

Consequently, the proposed PC-PCF structure possibly will be the prospective applicant 

for high data rate communication in THz spectrum.
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CHAPTER 8 

CONCLUSION AND FUTURE WORK 

8.1 Conclusion of the Thesis 

The exploration conveyed in this thesis is intended to know the optical light guiding 

properties of proposed PC-PCF and how these proposed structures can be applied in the 

field of ultra-broadband communication in THz regime. The author has focused on 

designing PC-PCFs with low losses and high core power fractions. The computational 

investigation is based on modeling of the proposed PC-PCF geometric structures using 

numerical technique to achieve the light guiding properties. The technique employed 

here is FEM. FEM is selected due to its flexibility in offering random boundaries. The 

proposed PC-PCF structure has a complex boundary and needs well-organized 

discretization of domain to analyze the fiber precisely. Additionally, the perfectly 

matched layer in FEM to limit error prone solutions as well as absorb unwanted 

radiations, correspondingly. The author has proposed four PC-PCFs and the best suitable 

application for each design. In each proposed design, PC-PCF core structure has been 

modeled carefully to increase modal power propagation through higher air filling 

fraction. In order to obtain an overall satisfactory result, porosity is varied intentionally 

to a certain extent by considering existing fabrication techniques.  

Table 8 depicts the summary of results for the thesis works. It can be seen that 

comparatively better result has been found in case of circular cladding and core 

combination. In this design lower EML and CL have been found. Also, the design has 

exhibited high core power fraction which is considered good for THz communications 

compared to other proposed design. If polarization maintaining fiber is required along 

with low losses, then proposed design octa-hybrid can be taken into consideration.  

The author has observed few expected behaviors of modal parameters throughout the 

thesis work. As photonics is a quantum mechanical phenomenon, the author has also 

observed some unexpected behavior as well.  This was due to geometric structures of the 

porous core photonic crystal. But the impacts of unexpected behaviors are negligible.   In 

this thesis, it is found that EML increases along with increasing frequency. It is likewise 

found that increasing value of core diameter results in higher EML. Finally, the author 
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has concluded that porosity has an inverse relation with EML. On the other hand, a 

confinement loss was decreasing with increasing core diameters and frequencies. In this 

thesis, it is also seen that birefringence is dependent on core diameter, porosity and 

frequency. Birefringence is increased when the values of core diameter and porosity goes 

down. Similarly, it also displayed inverse relation with frequency which is expected. 

Core power fraction which is another important modal parameter increased with porosity 

and core diameter. 

Table 8 Light guiding properties of the proposed PC-PCFs in THz regime 

Modal 

Properties 
Deca-Hexa  Octa-Hexa  Octa-Hybrid  Circle-Circle  

Frequency 

(THz) 
1 1 0.73 1.05 

EML (𝑐𝑚ିଵ) 0.049 0.045 0.044 0.040 

CPF (%) 43 58.2 40 57 

CL (𝑐𝑚ିଵ) 1.35 ×  10ିଷ  9.8 × 10ିସ 7.9 ×  10ିସ 1.89 ×  10ିସ 

BR - - 0.043 - 

Dispersion  

ps/THz/cm 
1.58±0.02  1±0.225 5.3±0.05 1.8±0.225 

Total 

Loss (𝑐𝑚ିଵ) 
0.0504 0.046 0.044 0.040 

 

The proposed PC-PCF has shown several advantages over other PC-PCF in many 

applications and there are more to be explored and exposed in these unique proposed 

designs.  

8.2 Scope for Future Works 

This research is focused on the investigation of PC-PCF and to carry forward their 

exclusive modal properties over traditional fibers as well as other PCFs. PC-PCFs 
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normally have several benefits over traditional fiber optics and few of them are discussed 

in the work. High birefringence can be obtained by using dual unit based porous core and 

rotating core air holes at different angles. High birefringence with reasonable EML can 

also be achieved by using microstructure cladding air holes and elliptical core air holes. 

Effective material loss can be reduced further by increasing the porosity. Also, new type 

of materials like zeonex can be used as host material. Further, a PCF can be designed for 

optical communication and sensing. In this case, the tradeoff between EML and relative 

sensitivity should be taken care of. 

In this thesis work, the author has tried to improve some particular properties keeping 

others in a tolerable range. Hence, there are scope of improving other optical properties. 

Besides, we cannot fabricate the proposed fiber which is also a big challenge. Moreover, 

there are also some nonlinear optical properties at higher frequencies which have 

unavoidable effect. We could not find these effects because of constraints of time and 

resource. Those properties should also be taken under consideration while designing a 

THz PC-PCFs. 

The simulations of proposed PC-PCFs have established their benefits over other 

micro-structured fibers. The theoretical investigations are obtained in these works and 

articles are published. However, the obligation is to validate the obtained results using 

practical fabrication in the specified THz spectrum. The fabrication of these fibers will 

open the new horizon to researchers to examine the unique properties of proposed PC-

PCF as well as implement those designs in the relevant fields.  



 

 

96 

 

 

 

 

 

APPENDICES 

In this section the author has derived two important light guiding parameters for the 

proposed PC-PCF. They are core power fraction in Appendix A and effective material 

absorption loss in Appendix B. 

APPENDIX A: CORE POWER FRACTION 

If the waveguide has cylindrical symmetry, the modal field can be written in separable 

form in three dimensions [101].  

𝐄𝐣(𝑥, 𝑦, 𝑧) = 𝐞௝ (𝑥, 𝑦) 𝑒௜ఉೕ௭                                                         (𝑎1)  

𝐇𝐣(𝑥, 𝑦, 𝑧) = 𝐡௝ (𝑥, 𝑦) 𝑒௜ఉೕ௭                                                   (𝑎2) 

Where 𝛽௝ is denoted as propagation constant or Eigen value of   𝑗௧௛ mode. Each 

propagation mode has single value of  𝛽௝. 

If the medium has non-absorbing properties then n(x,y) is real. Then field component of 

each bound mode, 

𝐞௧௝ , 𝐡௧௝ is pure real and                                                        (a3)  

 e௭௝ , h௭௝  is pure imaginary. 

When the optical mode has excitation, the corresponding mode will convey power. If 

the waveguide is non-absorbing then power flows parallel along axis, for the 𝑗௧௛ mode, 

power flow scattered through infinite cross-section area having intensity, 𝑆௝ using equations 

(a1),(a2), (a3), 

𝑃௝ =  
ଵ

ଶ
ห𝑎௝ห

ଶ
RE{𝐄𝐣 × 𝐇𝒋

∗}  =  
ଵ

ଶ
ห𝑎௝ห

ଶ
𝐞𝐣 × 𝐡𝒋

∗. 𝒛 ෝ                    (𝑎4) 

Here 𝑎௝ is modal amplitude. Net power every guided mode obtained using integration, 

𝑆௝ across infinite area, 𝐴ஶ. Now, the 𝑗௧௛ forward and backward propagation mode we can 

write, 

 𝑃௝ =
1

2
ห𝑎௝ห

ଶ
න 𝐞𝐣 × 𝐡𝒋

∗. 𝒛ො 𝑑𝐴
 

ஶ

,                                                (𝑎5) 

𝑃 ௝ = −
ଵ

ଶ
ห𝑎௝ห

ଶ
∫ 𝐞𝐣 × 𝐡𝒋

∗. 𝒛ො 𝑑𝐴
 

ஶ
                                                             (𝑎6)  
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Where 𝑃௝ > 0 indicates power flows in positive z-direction and 𝑃 ௝ < 0 indicates power 

flows in negative z-direction. 

As the refractive index is different in two regions core and cladding leads to distinct 

behavior in waveguide. Using above equations (a5 and a6), the total power propagates 

through the core can be derived. Now we define a new parameter called core power fraction, 

𝜂௝. 

𝜂௝ =
Power flow into the core

Power flow of the mode
                                                   

𝜂௝ = 𝜂ି௝ =

1
2 ∫ 𝐞𝐣 × 𝐡𝒋

∗. 𝒛ො 𝑑𝐴
 

஼௢௥௘

1
2 ∫ 𝐞𝐣 × 𝐡𝒋

∗. 𝒛ො 𝑑𝐴
 

ஶ

                                           (𝑎7) 

For forward or backward propagation above equation (a7) [101] tells how much energy 

is propagating through the core area. 
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APPENDIX B: DERIVATION OF EML 

The material absorption loss can be derived using conjugate and non-conjugate 

reciprocity theorem of Maxell’s laws [105]. This needs two different electromagnetic 

conditions: firstly, characterize index of refraction 𝑛, current density, J, electric and 

magnetic fields E and H respectively while another characterize by 𝑛,ഥ  𝐉,ത 𝐄,ഥ  and 𝐇ഥ. All vector 

components hold the time dependence,  𝑒ି௝ఠ , where ω is angular frequency. Index 

refraction profiles 𝑛 and 𝑛 ഥ  determined spatial variables. 

Using conjugate form, we define a vector function 𝐅ୡ by 

           𝐅ୡ = 𝐄 × 𝐇ഥ ∗ +  𝐄ത ∗ × 𝐇                                                                (𝑏1)  

Here * is complex conjugate. The fields satisfy conjugate form of Maxwell’s equations 

[101]. 

𝛁 × 𝐄ത ∗ =  −𝑖 ൬
𝜇଴

𝜀଴
൰

ଵ
ଶ

𝑘𝐇ഥ ∗  

  𝛁 × 𝐇ഥ ∗ =  𝐉̅ + 𝑖 ൬
𝜇଴

𝜀଴
൰

ଵ
ଶ

𝑘 (𝑛ത ∗)ଶ 𝐄ത ∗                                   (𝑏2) 

Where  𝜇଴, 𝜀଴ and k are real. We need following vector identity to express equation (b2) 

𝛁𝒕 .(𝐀 × 𝐁) = 𝐁 .(𝛁𝒕 × 𝐀) − 𝐀 .(𝛁𝒕 × 𝐁)  

Now, equation b2 becomes: 

𝛁 .𝐅ୡ =  −𝑖 ൬
𝜇଴

𝜀଴
൰

ଵ
ଶ

𝑘 {(𝑛ത ∗)ଶ − 𝑛ଶ} 𝐄 .𝐄ത ∗ − (𝐄ത ∗ .  𝐉 + 𝐉̅ ∗  .𝐄)         (𝑏3) 

Now, applying divergence theorem. The form is 

න 𝛁 .𝐀 𝑑𝑠
 

ௌ

=
𝜕

𝜕𝑧
න 𝐀.

 

ௌ

𝒛ො 𝑑𝑠 + න 𝐀

 

௟

. 𝒏ෝ 𝑑𝑙 

The 𝐅ୡ can be written as 

 

∫ 𝛁 . 𝐅ୡ 𝑑𝐴
 

஺
=

డ

డ௭
∫ 𝐅ୡ.

 

஺
𝒛ො 𝑑𝐴 + ∫ 𝐅ୡ

 

௟
. 𝒏ෝ 𝑑𝑙                                            (𝑏4)  
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Here 𝐴 is arbitary cross-sectional area, 𝒛ො is the unit vector parallel to the z-axis. For 

optical waveguides, the line integral over the circle 𝑟 = ∞, where r represents cylindrical 

radius. So,  𝐅ୡ vanishes as 𝑟 → ∞, since the bound node amplitude falls exponentially. Thus, 

we drop the line integral equation from (b4) and obtain the reciprocity theorem  

𝜕

𝜕𝑧
න 𝐅ୡ.

 

஺ஶ

𝒛ො 𝑑𝐴 = න 𝛁. 𝐅ୡ

 

஺ஶ

𝑑𝐴                                                           (𝑏5) 

Where  𝐅ୡ defined by equation(b1) and 𝛁. 𝐅ୡ by equation(b3). This result effective 

for uninformed refractive index profile, including material absorption, when n has 

imaginary part. 

The propagation constant has the attenuation portion. Now, we will derive the integral 

expression of the propagation constant. In equation (b1) where 𝐅ୡ will be replaced by 𝐆ୡ. 

𝐆ୡ = 𝐄 × 𝐇ഥ ∗                                                                                    (𝑏6) 

The Maxwell’s equation for no-magnetic material that constitutes the waveguide [101]. 

The magnetic permeability µ is close to free space value 𝜇଴.  

𝛁 ×  𝐄 =  𝑖 ൬
𝜇଴

𝜀଴
൰

ଵ
ଶ

𝑘 𝐇 

𝛁 ×  𝐇 =  𝐉 − 𝑖 ൬
𝜇଴

𝜀଴
൰

ଵ
ଶ

𝑘𝑛ଶ 𝐄                                                  (b7) 

𝛁. (𝑛ଶ𝐄) =
𝜎

𝜀଴
 

𝛁. 𝐇 = 0 

Assume 𝑛 = 𝑛ത, 𝐉 = 𝐉̅ = 0. With the help of equation (b7) and the vector identity, we 

deduce that,  

𝛁 .𝐅ୡ =  𝑖𝑘 ൝൬
𝜇଴

𝜀଴
൰

ଵ
ଶ

𝑘  𝐇  𝐇ഥ ∗
 
. − ൬

𝜇଴

𝜀଴
൰

ଵ
ଶ

(𝑛ଶ)∗ 𝐄  𝐄ത∗
 
. ൡ                                (𝑏8) 

Replacing 𝐅ୡ with 𝐆ୡ in (b5) leads to 

𝜕

𝜕𝑧
න 𝐄

 

஺ஶ

× 𝐇ഥ ∗.  𝒛ො 𝑑𝐴 
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= න ൝൬
𝜇଴

𝜀଴
൰

ଵ
ଶ

𝑘  𝐇  𝐇ഥ ∗
 
. − ൬

𝜇଴

𝜀଴
൰

ଵ
ଶ

(𝑛ଶ)∗ 𝐄  𝐄ത∗
 
. ൡ

 

஺ஶ

𝑑𝐴                                (𝑏9) 

The fields with forward and backward propagation mode with propagation constant 𝛽௝, 

Therefore: 

𝐄 = 𝐞௝  𝑒
௜ఉೕ௭,  

𝐇 = 𝐡௝  𝑒
௜ఉೕ௭ 

𝐄ത = 𝐞ି௝  𝑒
ି௜ఉೕ௭                                                          (𝑏10) 

   𝐇ഥ = 𝐡ି௝  𝑒
ି௜ఉೕ௭ 

Now, equation (b9) can be deduced to using equation (b10) 

𝛽௝ =

௞

ଶ
∫ ቊቀ

ఓబ

ఌబ
ቁ

భ

మ
h௝ − ቀ

ఓబ

ఌబ
ቁ

భ

మ (𝑛ଶ)∗ หe୨ห
ଶ

ቋ
 

஺ஶ
𝑑𝐴

∫ 𝐞୨
 

஺ஶ
× 𝐡௝ .  𝒛ො 𝑑𝐴                           (𝑏11)

൙   

Which is valid for absorbing waveguide. For non-absorbing waveguide (b11) becomes 

𝛽௝ =
       𝑘 ቀ

𝜇଴

𝜀଴
ቁ

ଵ
ଶ

∫ ൛ 𝑛ଶ 𝐞୨ × 𝐡௝
∗ ൟ

 

஺ஶ
𝑑𝐴

∫  𝑛ଶ  หe୨ห
ଶ

 

 

஺ஶ
 𝑑𝐴                         (𝑏12)

൙  

The above equation in terms of attenuation from [169] 

𝛾௝ = 2𝑘 ቀ
ఓబ

ఌబ
ቁ

భ

మ
 

∫ ௡ೝ௡೔ 
ಲೣ

 หୣౠห
మ

ௗ஺

ோாቄ∫ 𝐞ౠ
 

ಲ೗೗
×𝐡ೕ

∗.  𝒛ො ௗ஺ቅ
                                                        (𝑏13)  

Where 𝛾௝ is the power attenuation constant. The above equation is simplified in [91] as 

effective material loss 

𝛼௘௙௙ = ൬
𝜇଴

𝜀଴
൰

ଵ
ଶ

 
∫ 𝑛  𝛼௠௔௧

 

஺೘ೌ೟
 |𝐄|ଶ𝑑𝐴

𝑅𝐸൛∫ 𝐄 
 

஺௟௟
× 𝐇 

∗.  𝒛ො 𝑑𝐴ൟ
                                            (𝑏14) 

where RE denotes the real part, 𝑛 indicates refractive index, and 𝛼௠௔௧ represents the 

material loss. E represents electric field and 𝐇 
∗ signifies complex conjugated magnetic field 

component. 𝒛ො is unit vector in z-direction.  

The numerator part carries out through solid material (𝐴௠௔௧) because the propagation 

loss of terahertz radiation in air is negligible. 
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