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ABSTRACT

A newer and efficient solid core with air holes and ring based circular photonic crystal fiber (C-PCF) design is proposed,

developed, and studied. The C-PCF structure with a ring core and three layers of air holes is developed to communicate

terahertz frequency of the range of 1 THz to 3 THz. Finite element method (FEM) is used to optimize the position, shape and

dimensions of air holes and refractive index (RI) of material for the proposed PCF design and check the efficiency to support

different orbital angular momentum (OAM) modes for communication. Our novel designed C-PCF supports multiple stable

modes with mode purity above 0.9. Confinement loss is in the range of 10−12 dB/cm, highest effective mode area in the order

of 1 mm2 is achieved in the investigated study for 3 THz transmission. The study observes that the performance of PCF is

strongly dependent on RI of core and cladding.

Introduction

Photonic Crystal fibers (PCFs) is one of the most stable and secure mode of transport to transmit optical signal for next

generation high speed communication systems. PCFs are considered as one of the most promising fiber technology that has

very important and particular features such as controlled dispersion1, multi-mode supports2, high modes numbers and low

loss3. Photonic crystal is also competent in quantum optical communication systems4. It is relatively least affected by external

factor such as air quality, atmospheric turbulence and other common challenges faced by communication medium for wireless

orbital angular momentum (OAM) based systems5. Space division multiplexing (SDM) technique using multi-mode fibers

is an alternative to cope up with ever increasing bandwidth demand6. The properties of PCF can be tuned by changing the

design of the fiber such as by changing the air hole patterns7. Photonic crystal fiber such as circular PCFs (C-PCF) has proven

to be a promising candidate for the same2, 8. Designing modern photonic crystal and fabricating them is a real challenge9,

thus designing a relatively simpler PCF both in terms of design components, materials, as well as fabrication process is an

intensive optimization process and requiring a great deal of understanding10. The successful fabrication such as the one with

hollow core silica Bragg fibers11 proves that fabrication of our C-PCF architecture feasible. Because of its wide range of

possible applications in optical manipulation12, imaging13, quantum information14, and communications15, the OAM beam has

recently sparked a lot of interest. OAM beams can be generated using different techniques16–18. Theoretically it is known OAM

carry infinite number of modes19. Recent attraction towards research in the study of OAM of light has grown manifolds20, 21.

The interminable demand of increasing data rates, inspire newer developments and scientific advancements in the field of

communication system and PCFs provide a promising component for its solution.

In our present work we address a novel circular PCF design which is efficient, simpler, relatively easy to manufacture as well

as supports higher number of modes in the THz range which are discussed and described in the results section in this paper.

The proposed C-PCF has a hollow core structure . FEM is used to numerically solve the proposed model. FEM22 is a well

established methodology used for numerical investigation of C-PCFs. The simulation was done in the range from 1 THz to 3

THz. The architecture is optimised with the design parameters such as the dimension and placement of the air holes and SF2

rings to communicate higher order OAM modes. The intensity, phase and the purity of the OAM modes23 in the PCF helps in

multiplexing24 of data and de-multiplexing to receive data for communication systems. More denser and pure modes will help

to transmit data to long distance efficiently25. The solutions are checked for convergence of the wave equations and analysed.

Effective refractive index, confinement loss, dispersion, mode purity and guiding OAM Modes are studied in our proposed

work to prove its potentiality. As best of our knowledge, this proposed C-PCF is one of the most flexible architecture reported

in literature in terms of fabrication easiness and maximum mode guiding ability.



Proposed PCF design

We propose a hollow core C-PCF design as shown in Fig. 1, which is composed of 3 set of air hole rings and Silica/SF2 layers

to communicate THz frequency. The innermost hollow core is filled with air (RI: 1.0) of radius 230 µm (r1). The next layer

(region 2) is made up of silica of radius 684 µm (r2) which consists of 15 air holes ring of radius 45 µm (h1) and another set

of 15 air holes of radius 80 µm (h2). The next layer (region 3) is composed of a complete ring with higher refractive index

(RI=1.62) which is doped with SF2 which helps to guide maximum OAM modes with low loss of radius 946 µm (r3)26. The

final and outer layer (region 4) are made up of the same background material silica of radius 1261 µm (r4). This layer also

contains 24 air holes of radius 100 µm (h3). The details of the parameter values are tabulated in Table 1. All the parameters of

each component of our proposed C-PCF are designed, optimized and analysed employing FEM.

Parameters List

Layer

radius

Value Airhole

Radius

Value Material R.I

r1 230µm h1 45µm F.Silica 1.446

r2 684µm h2 80µm SF2 1.62

r3 946µm h3 100µm Air 1

r4 1261µm

r5 1501µm

Table 1. Photonic Crystal Fiber design parameters

Figure 1. Cross section of the proposed C-PCF

FEM requires efficient meshing both for consistent result and reduced computation time27. The meshing and details about

the C-PCF geometry are shown in Fig. 2. The meshing is optimized with the input wavelength and the geometry. Tetrahedral

and triangular mesh are used for meshing the model. Triangular mesh is seen to give consistent results. The limitation of the

larger mesh (∼ λ ) is controlled by the input wavelength and architecture of the C-PCF. The largest mesh dimension should be

set according to the wavelength to reduce any inconsistency in results. In our study, given wavelength λ , minimum element size

λ /8 and maximum element size 100λ are used. Element growth of 1.3 is used along with triangular meshing to fill the model
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geometry as shown in the mesh Fig. 2. The meshing is needed to be reconfigured based on the refractive index, geometry of

C-PCF and wavelength of light to get consistent results . A 3D view of the proposed C-PCF is shown in the Fig.3. The cross

section of Fig. 3 shows the C-PCF design profile. The light is propagating along z-axis, the projection length is in the direction

of the length of the fiber along which it is being fabricated.

Figure 2. Mesh diagram of the proposed architecture (a) Mesh diagram of the C-PCF (b) Magnified view of the mesh (red

square)

Figure 3. A 3D representation of proposed C-PCF

Theory

The fundamental theory is based on basic electromagnetic equations. The Maxwell’s macroscopic property constitutive

relations28 of a medium with polarization P is related as

D = ε0E +P (1)

B = µ0 (H +M) (2)
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J = σ E (3)

Where the terms are standard terms and constants. Here, D is the electric displacement and B magnetic induction. The

generalized relation for modelling nonlinear materials, the electric field is represented as

D = ε0εrE +Dr (4)

B = u0urH +Br (5)

Where Dr is the displacement field when no electric field is present. Similarly, Br is the magnetic flux when no magnetic field

is present. In terms of scalar and vector potentials, the electric and magnetic field are represented as

B = ∇× A (6)

E =−∇ V−
∂A

∂ t
(7)

Electric and magnetic energies are defined as standard relations

We =
∫

V

(

∫ D

0
E ·dD

)

dV =
∫

V

(

∫ T

0
E ·

∂D

∂ t
dt

)

dV (8)

Wm =
∫

V

(

∫ B

0
H ·dB

)

dV =
∫

V

(

∫ T

0
H ·

∂B

∂ t
dt

)

dV (9)

To understand the full electromagnetic picture between different media it is important to specify the boundary conditions. At

interfaces between two media when no surface current is present, the equation can be represented as:

n2 × (E1 −E2) = 0 (10)

n2 × (H1 −H2) = 0 (11)

Which is followed by:

−n×

[(

1

ur

∇×E

)

I

−

(

1

ur

∇×E

)

2

]

= n× jωµ0 (H1 −H2) = 0 (12)

The wave equation in the physics can be written for the time-harmonic and eigen-frequency problems as

∇×

(

1

µr

∇×E

)

− k2
0εreE = 0 (13)

In 2-Dimensional study the electric field varies with the out-of-plane wave number kz as E(x,y,z) = Ē (x,y)exp(−ikzz), the wave

equation can therefore be written as the following

(∇− ikzz)×

[

1

µr

(∇− ik2z)×E

]

− k2
0εreE = 0 (14)

where z is the vector which is out of the plane (x-y plane) in the z direction. HE|l|+1,m and EH|l|−1,m are the basic OAM modes

with polarization in opposite directions. This can be summarized in the form of two equations

OAM±
±l,m = HEeven

l+1,m ± jHEodd
l+1,m (15)

OAM∓
±l,m = HEeven

l−1,m ± jHEodd
l−1,m (16)
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Figure 4. Intensity profile of few supported modes: (Top row) EH1,1, HE1,1, HE2,1, EH2,1 and HE3,1. (Bottom row) EH3,1,

Eh4,1, HE4,1, EH6,1 and HE6,1

Results

The 3D representation of the electric field magnitude of one of the supported mode (HE11) in the fiber is shown in Fig. 5 along

with the magnitude legend. The 3D profile clearly shows the confinement of the intensity profile along a ring structure and

minimum intensity at the center. A 2D cross section profile of (HE11) is represented in Fig. 5. The arc length represents the

diameter through the center of the fiber. The y−axis represents the intensity of the field. Few of the supported modes ( HE11,

EH11, HE21, EH21, HE31, EH31, HE41 and EH41 ) from our results are shown in Fig. 4. Higher order modes are also supported

in the fiber. One of the highest order modes HE24,1 is shown in Fig. 6. Our architecture also supports the fundamental TE and

TM modes.

Figure 5. (a) A 3D representation of the electric field profile for HE1,1 along with the electric field magnitude legend. (b) the

electric field magnitude passing the center

Supported OAM Modes
The proposed modern C-PCF configuration design supports a wide range of modes in the THz range. The C-PCF designing

specially for the THz range is crucial for next generation high bandwidth communications29. The proposed design supports a

large number of OAM modes as high as 80 or more modes. The frequency range of 1THz to 3THz is studied. The OAM modes

are expressed as follows

{

OAM±
±l,m = HEeven

l+1,m ± j H Eodd
l+1,m

OAM∓
±l,m = HEeven

l−1,m ± j H Eodd
l−1,m

(l > 1) (17)

{

OAM±
±l,m = HEeven

l+1,m ± jHEodd
l+1,m

OAM∓
±l,m = T M0,m ± jT E0,m

(l = 0) (18)

The superscript represented by ± denote the circular polarization, and the “+” sign represents right circular and “-“ represents

5/12



left circular polarization respectively. The supported modes for our model are listed below. It also supports the fundamental

eigenmodes that is T E0,1 and T M0,1. Supported modes include OAM±
±1,1

(

HE2,1

)

,OAM±
±2,1

(

HE3,1,EH1,1

)

,

OAM±
±3,1

(

HE4,1,EH2,1

)

upto OAM±
±16,1

(

HE17,1,EH15,1

)

The plot showing few of the supported modes are shown in Fig. 4

The one of the highest order mode supported by our architecture HE24,1 is shown in Fig. 6. The second order higher mode

for m = 2 is also supported by the fiber. The intensity distribution in 2D and 3D height profile for the supported mode HE3,2 are

represented in Fig. 7 (a) and (b). The C-PCF design contour is also overlapped along with the field intensity. It is seen that the

field is concentrated in the high index ring structure (SF2 doped) as expected for a high mode purity profile.

Figure 6. Field distribution of one of the high order HE24,1 mode supported in the C-PCF

Figure 7. (a) High order m = 2 mode HE3,2 profile. (b) 3D representation of intensity profile

Mode Purity

The purity of the mode is also a factor to check C-PCF transmission efficiency. Apart from seeking a greater number of

OAM modes supported in the C-PCF, the designer should pay attention to the mode quality in the fibre, because it can assure

high-quality stable OAM modes. The mode purity is calculated30 using the eqn. (19) as

η =
Ir

Ic

=

∫∫

ring |~E|
2dxdy

∫∫

cross-section |~E|2dxdy
(19)
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Figure 8. The mode purity at different signal frequency

Here Ir and Ic are the average mode intensity in the design and the intensity of the whole area of the C-PCF respectively. Ir

is the region where all the OAM modes are expected to be confined thus the ratio is crucial for the intensity distribution of the

wave. Fig.8 represents the mode purity values of few of the supported modes EH11, EH31, EH21, EH41.

Effective refractive index

Figure 9. Variation of the effective mode index with the mode numbers

The effective refractive index (ERI) of the proposed C-PCF is optimized by FEM simulation technique. Fig. 9 slows the

variation of ERI with the mode numbers. The ERI (ne f f ) is composed of complex values and the imaginary component is many

order smaller then the real part for stable modes. The values ranges from 1.66 to 1.76. The nature of the curve is exponential

and saturate at high mode numbers which is consistent with literature. The imaginary component contribute to the confinement

loss of the C-PCF. The plot data in Fig. 9 represents the real value of the mode index along with the number of detected modes

at 1.6THz and 2.8THz respectively. It can be clearly seen points occur in pairs indicating the two different polarization of the

same mode order EH and HE modes. We also found that the effective mode index or the ERI is more for higher frequencies.
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Figure 10. Confinement loss vs signal frequency

Confinement loss at THz

Confinement loss is an important parameter in any C-PCF, as it determines the loss the fiber may go through when a particular

mode is transmitted through. A very few studies are being carried out at higher frequencies in the order of 1THz or higher due

to the complexity and stability of results at higher frequencies. Here we calculate the confinement loss for THz range through31.

Fig. 10 represents the confinement loss variation with frequency from 1 THz to 3 THz. The confinement loss is calculated for

few of the modes EH2,1, EH3,1 and EH6,1. The analysis from Fig. 10 shows the confinement loss decreases with increase in

frequency. The confinement loss is calculated using the following equation.

C.L =
2π

λ

20

ln(10)
106Im

(

ne f f

)

(dB/m) (20)

Here ne f f represents the effective mode index, and Im(ne f f ) represents the imaginary part of the effective mode index. λ is the

equivalent wavelength at which the loss is measured. At 3THz the confinement loss is measured to be 9.92 x 10−11 dB/m for

EH2,1 , 4.47 x 10−10 dB/m for EH6,1 and 9.97 x 10−11 dB/m for EH3,1 respectively.

Dispersion profile of C-PCF

Dispersion is calculated for the architecture. In a C-PCF dispersion is dominated by material dispersion and waveguide

dispersion32. The dispersion of the proposed C-PCF is calculated33 through:

De f f =
2

c

(

dne f f

dω

)

+
ω

C

(

d2ne f f

dω2

)

[ps/THz/cm] (21)

In this equation De f f is the dispersion, ne f f is the effective refractive index, C is the speed of light, and ω = 2π f where f is the

frequency. The dispersion profile of the C-PCF is plotted in Fig. 11. The dispersion of four different modes HE1,1, HE2,1, HE3,1

and HE6,1 are calculated in the frequency range of 1THz to 3THz. The dispersion for HE1,1 at 1THz is 0.1485 ps/T Hz/cm,

HE2,1 at 1 THz is 0.14881 ps/T Hz/cm, HE3,1 at 1 THz is 0.14074 ps/T Hz/cm and HE6,1 at 1 THz is 0.17255 ps/T Hz/cm

respectively. The value decreases to ∼0.02 ps/T Hz/cm at 3THz.

Effective mode area calculation

The number of guided fundamental and OAM modes through C-PCF during propagation is dependent on the effective mode

area. We have designed and proposed C-PCF with largest effective mode area (> 1.0 mm2) which is much higher than the

reported literature34, 35, as best of our knowledge. The Ae f f value of a typical C-PCF ranges a maximum of few µm to 100µm.

Higher effective mode area accept higher power through C-PCF which is required for long distance transmission36. From the

literature is it known that, it is relatively easy to dope silica to get higher and lower refractive index, which intern impact the

8/12



Figure 11. Dispersion of the proposed C-PCF

Figure 12. Variation of effective area at different frequency

effective area35. The equation for standard effective mode calculations are expressed in the form:

Ae f f =

{(

|E (x,y)|2 dxdy
)}2

∫∫

|E (x,y)|4 dxdy
(22)

Fig. 12 shows the nature of the effective mode area Ae f f for four different modes EH21, EH31, EH51 and EH61. The plot in

Fig. 12 shows that Ae f f is very high for this architecture, indicating this C-PCF is capable to work at high power intensities

thus enhancing the capabilities in multimode communication systems. It is also observed the Ae f f shows an increasing trend

for higher order modes. Large mode area (LMA) C-PCFs also finds application in switching applications37, 38.

C-PCF stress analysis and deformation

This is the first time, we are reporting the stress analysis deformation of our proposed C-PCF. We have calculate the stress (in

N/m2) over all points on the 2D cross-sectional area and plot it in the Fig. 13. As C-PCF are protected with various coatings and

protective layers, it cannot avoid its own gravity and deformation due to it. At a µm scale, the deformation is quite prominent

and may led to deviation for simulation results on long distance communication. The maximum stress point is found in the

silica region of the outer most air hole ring. The maximum stress is found to be 69.3 N/m2. The material property value is used
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Figure 13. Stress analysis of proposed C-PCF

Figure 14. Relative Percentage deformation of C-PCF geometry due to gravity

to study stress analysis. Fig. 14 shows the deformation of C-PCF under the influence of gravitational force alone. From our

investigation we found the deformation due to gravity is < 1 µm which is mainly in the hollow domain containing air. For

thinner C-PCF the deformation will be in the order of few nm.

Discussion

We propose a novel C-PCF with 3 air hole ring structure which supports atleast 80 OAM modes for each tested signal in

the range from 1THz to 3THz using finite element method. Apart from higher supportable modes, this C-PCF also features

high mode purity (>8.6), low confinement loss (∼10−9dB/cm), ultra low dispersion within 10 ps/T Hz/cm. In addition, our

proposed C-PCF also support higher order modes such as HE24,1 and HE3,2. High effective mode area Ae f f along with stable

and consistent effective refractive index ne f f are also a feature of this architecture. The simplicity in geometry and use of

affordable material also indicate that it can be fabricated easily. The consistency of the fiber at various THz frequencies with
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ultra low dispersion, low confinement loss and high mode purity makes our architecture stand out among the C-PCF domains.

The result of the proposed C-PCF reveals that it can be applicable for next generation THz communication system.
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