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ABSTRACT:A gradient-indexed core photonic crystal fiber (PCF) is proposed to realize sub-wavelength field confinement in the terahertz
(THz) regime. It is verified that the gradient index (GRIN) profile PCF confirms superior field localization compared to the standard PCF.
The in-plane quality factor of the GRIN PCF is evaluated as 2.2849×109 which is 10 times greater than the conventional case. Moreover,
the power fraction is found to be 84.04% and 99.69% along with the confinement loss of 0.31 dB/cm and 0.341 × 10−7 dB/cm for the
standard and GRIN type PCF at 0.2 THz. It is significant that the designed PCF also produces radial and azimuthal polarizations with
enhanced field propagation due to the implicated triangular GRIN profile. The proposedGRIN PCF is useful for sub-THz communication,
sensing and imaging applications.

1. INTRODUCTION

Photonic crystals (PhCs) are enviable optical structures for
manipulating light flow [1]. The 2-D periodic PhCs are ac-

cessible in the form of Photonic crystal fibers (PCFs), a special
type of microstructured fiber called holey fiber comprised of an
array of air holes in a dielectric medium. PCF is an illustration
of a 2-D PhC arrangement where light propagation is nearly
at right angles to the plane. The holey fiber has stimulated an
enduring research interest in the domains of telecommunica-
tion [2], astronomy [3], metrology [4], spectroscopy [5], lasers
[6], amplifiers [7], and sensors [8–10]. The guiding mecha-
nisms exploited within hollow-core [11] and porous or solid-
core [12] PCF are (i) Photonic bandgap [13] (a range of electro-
magnetic frequencies not allowed to propagate through the pho-
tonic crystal) and (ii) index-guiding (light passing from denser
to rarer medium is internally reflected and results in the effec-
tive confinement of light). Consequently, the exceptional op-
tical characteristics of PCFs put forward an inclusive potential
to affect the core-clad refractive index contrast owed to the air-
holes configuration. Thus, PCF transcends the standard optical
fiber as it possesses various admirable properties such as ef-
fective mode area, power fraction, dispersion, and confinement
loss.
Among the research community, the concept of GRIN profile

is introduced in the PhC assembly for the applications namely
spatial beam compression [14], imaging [15, 16], coupler [17],
mode conversion [18], sensing [19], waveguide bends [20], col-
limator [21], slow-light generation [22], supercontinuum gen-
eration [23], transmission of orbital angular momentum (OAM)
modes [24], and delay line [25]. The reported research works
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on the sub-wavelength confinement are as follows: A PhC mi-
crocavity is proposed to attain field distribution of the con-
figuration etched within a silicon-on-insulator waveguide [26]
and a PhC micro-cavity to examine the effect of a near-field
probe on the confined optical modes [27]. Micro- and nano-
dielectric waveguide structures are employed for the realiza-
tion of sub-wavelength optical beams [28], and sub-wavelength
probing is studied using PhC nano-cavities [29]. Experimen-
tal demonstration of a dielectric bow-tie PhC structure assists
mode volumes and quality factors with ultralow losses [30].
An efficient mode converter is established to interface a deep-
sub-wavelength structure together with a PhC waveguide plat-
form [31]. A hybrid Bloch surface polariton waveguide struc-
ture consisting of a dielectric nanowire located on a 1-D PhC
multilayer dielectric stack reveals sub-wavelength light trans-
portation with ultra-low propagation loss [32]. A split ring-
shaped PhC unit cell maintains low loss and sub-wavelength
localization of electric field in air [33]. A graphene plasmonic
waveguide [34] and a hybrid optical waveguide comprising a
dielectric nanowire detached from a metal surface employing a
nanoscale dielectric gap are analyzed for long-range propaga-
tion [35].
In the proposed work, the employment of a triangular GRIN

profile in the porous core of the PCF is newly attempted for
the sub-wavelength confinement. The PhCs with metallic and
dielectric structures were studied for sub-wavelength confine-
ment previously. In our work, a triangular GRIN profile porous
core PCF is introduced for sub-wavelength confinement with
extreme light concentration. In addition to this sub-wavelength
confinement, the modelled GRIN PCF supports various modes
compared to the conventional PCF including radially and az-
imuthally polarized OAM modes [36–41]. The OAM modes
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FIGURE 1. (a) 2-D PCF geometry with a = 1000µm and r = 0.4a, (b) porous core with ac = 200µm and rc = 0.06a (enlarged view) showing
GRIN profile in the porous core from 8 to 1, (c) Refractive index variation for different rod’s positions.

of the GRIN PhCs are useful in plasmon excitation, high-
resolution microscopy, material processing, optical confine-
ment, acceleration of electrons, laser machining, and topology.
Additionally, the suggested triangular GRIN profile estab-

lishes effective light confinement by averting the escape of the
field towards the cladding. We demonstrate the proposed de-
sign of GRIN PCF at terahertz (THz) frequencies. In recent
years, THz wave has transfigured the entire world by its non-
ionizing trait and developed into a prominently consumed elec-
tromagnetic (EM) radiation meant for guiding purposes [42].
Henceforth, the THz source from 0.15 THz to 0.2 THz is cho-
sen for the investigation of GRIN PCF as this range affords
better possibilities. In the computational process, the resonant
modes with higher quality factors and lower confinement loss
have been achieved for communication and imaging at the THz
waveband.

2. DESIGN OF TRIANGULAR GRIN PCF
The geometry of the PCF entails a hexagonal lattice containing
six layers of air holes of radius, r = 0.4a (where clad air holes
diameter, d = 0.8a) with lattice constant, a = 1000µm, and
the core of the PCF is made up of seven layers of tiny pores of
radius, rc = 0.06a (where core air holes diameter, dc = 0.12a)
with lattice spacing ac = 200µm. The fiber material is consid-
ered Teflon due to its excellent properties in the THz regime.
The modelled PCF is shown in Fig. 1(a) with the enlarged im-
age of the microstructured core in Fig. 1(b) and a triangular
GRIN fit in Fig. 1(c) for different rod’s positions.
A triangular GRIN profile is implemented in the porous core

of the proposed PCF where ‘n’ linearly varies in the radial
direction as per the choice of gradient index coefficient α in

the triangular GRIN profile. This refractive index contrast in
the porous core alters the spatial distribution of the modes and
brings about a shift in the resonant frequency of GRIN PCF
compared to the normal PCF. The computed refractive indices
are tailored with the triangular index profile presented by the
following equation [14],

n (r) = n0

(
1− α

2
|r|

)
(1)

where n(r) is the position-dependent refractive index, n0 the
refractive index of the center rod, and α the gradient coeffi-
cient of the realized triangular index profile which is easier to
fabricate compared to the parabolic index profile. To achieve
sub-wavelength field confinement, a triangular GRIN profile is
presented in the porous core of the PCF. This particular GRIN
profile is used as per the PCF’s triangular lattice geometry, and
this refractive index profile is not similar in the porous core. It
is maximum at the centre and steadily decreases till it coincides
with the cladding (as indicated from 8 to 1 in Fig. 1(b)). Here,
the GRIN difference of 0.2 is chosen between the adjacent core
layers, and this steady change in the index lowers modal dis-
persion.

3. CONFINEMENT AND PROPAGATION CHARAC-
TERISTICS
The confinement of THzwave is examined using finite-element
method (FEM) based COMSOL Multiphysics RF Module by
solving the geometry through eigenmode analysis. The elec-
tric field map displayed in Figs. 2(a)–(d) distinguishes the lo-
calization of HE11 mode amid normal and GRIN type PCF
which is accompanied by the respective 3-D view for auxiliary
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FIGURE 2. The electric field pattern ofHE11 mode at 0.2 THz with a 3-D view, (a)–(b) normal type PCF, (c)–(d) GRIN type PCF.

FIGURE 3. Illustration of sub-wavelength confinement using GRIN PCF at 0.2 THz. Here the arc length represents the measure of the distance along
the curved line making up the arc and it is longer than the straight-line distance between its endpoints. Here, we produced the transverse or horizontal
section of the PCF geometry (x-axis) from 0 to 15000µm as the arc length.

elucidation. It can be verified that the light confinement be-
comes more intense when the GRIN profile comes into the pic-
ture of the modelled PCF. Fig. 3 illustrates the subwavelength
confinement at 0.2 THz delivering a sharp intense beam due
to the GRIN profile. The spatial full-width at half-maximum
(FWHM) for normal and GRIN type PCFs is calculated as
1.7546λ and 0.6417λwhich authenticates sub-wavelength field
localization of the proposed GRIN PCF.
Certain eigenmodes signify radial and azimuthal polariza-

tions with OAM as shown in Figs. 4(a)–(h) for normal and
GRIN PCFs at 0.2 THz. By comparing these radially and az-
imuthally polarized modes, it was found that the improved lo-
calization of light is observed for GRIN PCF. Furthermore, the
number of modes per unit volume per unit energy is higher for

the GRIN profile as it produces supplementary OAMmodes as
depicted in Figs. 5(a)–(j) compared to normal profile PCF.
The propagation of the THz wave is explored using a

Finite-Integration-Method-based CST Studio Suite EM solver
as shown in Figs. 6(a)–(b) with a 3-D view in Figs. 6(c)–(d).
From this figure, it is evident that the propagation spreads
over the cladding for the standard PCF together with back
reflection, but in the case of GRIN PCF, confined propagation
is observed at 0.2 THz.
During the simulation of PCF, probes are placed at a distance

of 0.2 cm along the length of the PCF, and the field is monitored
from 0.15 THz to 0.2 THz as seen in Fig. 7. In normal PCF, the
incident wave travels forward initially and later on shifts back-
ward indicating reflection through the incident port. In con-
trast, the incident wave propagates in the forward direction and
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FIGURE 4. (a)–(b) TM01 (radially polarized mode), (c)–(d) TE01 (azimuthally polarized mode), (e)–(f) HEeven
21 (hybrid-even mode), (g)–(h)

HEodd
21 (hybrid-odd mode) for normal and GRIN type PCF.

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

(e) (f) (g) (h)

(i) (j)

FIGURE 5. (a)HEeven
31 , (b)HEodd

31 , (c) EHeven
11 , (d) EHodd

11 , (e)HEx
12, (f)HEy

12, (g)HEeven
22 , (h)HEodd

22 , (i) TE02, (j) TM02 mode at 0.2 THz
for GRIN profile PCF.

proceeds to travel in the same direction without any reflection
delivering maximum transmission at the receiving end for the
GRIN PCF. A generalization of group velocity is achievable by
considering the evident speed of the maximum peak (marked as

a dotted line in the subsequent figure) in the wave packet. It can
be observed that the wave packet moves rightward with a posi-
tive power propagation for the realized GRIN PCF. The GRIN
PCF gives better matching between the input source and GRIN
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FIGURE 6. Propagation of EM wave at 0.2 THz, (a) normal type PCF, (b) GRIN type PCF, (c) normal PCF (3-D view), and (d) GRIN PCF (3-D
view).

(a) (b)

FIGURE 7. Dispersion characteristics, (a) normal type PCF, (b) GRIN type PCF.

PCF due to the graded index profile so that the reflection at the
input port is minimal compared to the normal PCF case. The
better matching in GRIN PCF is attributed to a two-step local-
ization process where the execution of the GRIN profile sup-
ports sub-wavelength confinement, and it gives a high-quality
factor of the GRIN PCF mode corresponding to the enhance-
ment in the localized field.

4. GUIDING CHARACTERISTICS OF THE PROPOSED
GRIN PCF

The guiding properties of the PCF such as quality factor, power
fraction, and confinement loss are determined. The quality fac-

tor is calculated using the equation [43],

Q = fr/∆f (2)

where fr is the resonant frequency, and ∆f is the full-width
at half-maximum (FWHM). To compute the quality factor nu-
merically, several data points are essential. Accordingly, when
the data points are increased from 51 to 1001, the quality factor
is nearly repeated for a few cases, and it is sufficiently con-
verged for 701 points. From Figs. 8(a)–(b), Q value is found
as 2.4598 × 108 (where fr = 0.206263THz and FWHM =
8.3853×10−10 THz) forHE11 modewith normal index profile
and 2.2849 × 109 (where fr = 0.1999966THz and FWHM =
8.7530×10−11 THz) forHE11 mode with GRIN profile which
is 10 times greater than that of the conventional case. Hence,
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FIGURE 8. Estimation of quality factor, (a) normal PCF, (b) GRIN PCF.

(a)

(b)

FIGURE 9. The values of power fraction and confinement loss for differ-
ent frequencies, (a) HE11 mode without GRIN, (b) HE11 mode with
GRIN.

this higher Q value leads to very narrow and intense in-plane
confinement in the sub-wavelength range.
The overall power transmitting through the PCF core is

termed as power fraction [44],

PF =

∫
core

Re (ExHy − EyHx)dxdy∫
overall

Re (ExHy − EyHx)dxdy
× 100% (3)

where Ex, Ey , Hx, and Hy are the x- and y-components of
the electric field and magnetic fields, respectively. The PF is
evaluated as 84.04% for normal index profile PCF and 99.69%
for GRIN profile PCF at 0.2 THz implying the maximum prop-
agation of HE11 mode along the core with the application of
triangular GRIN profile. The leakage of light outside the inter-
face of the core and cladding corresponds to the confinement
loss given as [45],

αCL (dB/cm) = 8.686
2πf

c
Im (neff) (4)

where Im(neff) is the imaginary part of the effective mode in-
dex, c the speed of light in vacuum, and f the frequency of
the incident light. At 0.2 THz, αCL is calculated as 0.31 dB/cm
for PCF without GRIN and 0.341× 10−7 dB/cm for PCF with
GRIN. This reveals lower confinement loss owed to GRIN pro-
file indicating maximum field localization in the porous core
rather than cladding of the PCF.
An optimization is executed based on the difference in GRIN

between the adjacent hole rings of the porous core. Here, the
profile with refractive index difference (∆n) from 0.1 to 0.5
is taken into consideration. Among the refractive index differ-
ences, the light confinement is maximum for 0.5 index change

TABLE 1. The values of the quality factor for GRIN (∆n) change from
0.1 to 0.5.

GRIN-Refractive
index change (∆n)

Resonant
frequency (THz)

Quality factor

0.1 0.179025 4.4473× 108

0.2 0.1999966 2.2849× 109

0.3 0.156807 3.9124× 109

0.4 0.168131 6.5787× 109

0.5 0.170921 2.1286× 1010

and minimum for 0.1 index change. The choice of gradient in-
dex results in unique confinement modes with varying quality
factors. The field confinement is maximum for all GRIN cases
at 0.2 THz, and the Q value is obtained at this range only for
0.2 GRIN difference as shown in Table 1. Hence, 0.2 GRIN is
considered as the optimum value even though the power frac-
tion obtained as 99.975% is slightly higher for 0.5 GRIN. Due
to prolonged computation of 0.4 and 0.5 GRIN cases, the power
fraction and confinement loss values are reported for 0.1 to 0.3
GRIN from 0.15 THz to 0.2 THz.
Figure 9 shows the attained values of power fraction and

confinement loss from 0.15 THz to 0.2 THz for normal PCF
(Fig. 9(a)) and GRIN PCF with three distinct cases (Fig. 9(b)).
When the energy loss is included in the layers of the PCF (the
imaginary part of the dielectric permittivity is considered in
the calculation), the medium becomes lossy, and the effective
mode index becomes imaginary indicating an increase in the
confinement loss from 0.341×10−7 dB/cm to 1.96×106 dB/cm
at 0.2 THz for a gradient index change of 0.2. Even if the con-
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TABLE 2. Comparison of the proposed GRIN porous core PCF with previous works.

Gradient features Lattice type Index profile Wavelength
(or) Frequency

Main Functionality References

graded-index clad hexagonal Parabolic 1550 nm collimator [21]
graded-index clad rectangular Triangular 1.55µm slow-light generation [22]
graded-index clad hybrid - 2.8µm supercontinuum generation [23]
graded-index clad circular Parabolic 1.55µm transmission of OAM modes [24]
graded-index clad hexagonal Parabolic 1550 nm optical delay line [25]

GRIN porous core hexagonal Triangular 0.2 THz
sub-wavelength confinement

in the sub-THz regime
with OAM modes

Proposed work

finement loss increases, the mode pattern is not affected as the
real part of the effective mode index remains the same after in-
corporating losses in the medium.
Additionally, the dependence of refractive index on temper-

ature is found using the equation [46],

nx = n0 +
dn

dT
(T − T0) (5)

where nx is the temperature-dependent refractive index, n0 the
refractive index at room temperature, dn

dT the thermo-optic co-
efficient, T the absolute temperature, and T0 the room tempera-
ture. There are no significant changes in the mode confinement
when the linear temperature dependence of the refractive index
is considered. Thus, the proposed fiber has good thermal stabil-
ity as the linear variation of a temperature-dependent refractive
index does not alter the mode confinement and mode frequency
drastically in the range of room temperature to 210◦C.
The propagation of the field can be progressive with high

power fraction, low thermal stability, and low confinement
loss through this optimization. This work regards the opti-
mum condition with the refractive index change of 0.2 for the
GRIN Profile given the quality of the propagating wave in that
profile at 0.2 THz. A comparison is made among the previ-
ously published works on graded-index PCF as shown in Table
2. Hitherto, the published works involve graded-index in the
cladding of the PCF whereas the proposed work implies GRIN
in the porous core of the PCF which becomes challenging for
sub-wavelength field confinement in the THz regime. In ad-
dition, the triangular index profile created in the hexagonal lat-
tice is easy to fabricate compared to the parabolic index profile.
Mainly in the proposed GRIN porous core PCF, 0.2 THz plays
a vital role in sub-wavelength biomedical imaging applications.

5. CONCLUSION
The GRIN PCF realized in this work manipulates the light with
the help of PhC arrays for both core and cladding, where the
core is designed with gradient PhC. The presented results open
up a new approach to finely tune the resonant modes to the sub-
wavelength scale. The confined field in the sub-wavelength
level propagates through a triangular GRIN profile with supe-
rior intensity compared to the conventional profile. In the nu-

merical analysis, a high-quality factor of 2.2849 × 109 in ad-
dition to a higher power fraction of 99.69% and lower confine-
ment loss of 0.341× 10−7 dB/cm has been accomplished with
notable dispersion characteristics. Also, this particular porous
core structure with GRIN profile is utilized to generate radially
and azimuthally polarized modes along with additional OAM
modes in the THz regime. As a result, the mode confinement
and propagation assisted by the proposed GRIN PCF suggest
the possibility of employing a sub-THz regime for communica-
tion, sensing and imaging applications. The numerically inves-
tigated PCFmight be experimentally demonstrated using recent
fabrication techniques.
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