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Abstract— In this letter, we present a novel slotted core fiber 
incorporating a slotted cladding for the terahertz band. The 
modal properties of the designed fiber are numerically inves-
tigated based on an efficient finite element method. Simulation 
results of the fiber exhibit both a low material absorption loss 
of 0.0103–0.0145 cm−1 and low dispersion below 0.5 ps/THz/cm 
within the 0.5–0.9 THz range. In addition, a number of other 
features of the fiber have been evaluated.

Index Terms— Far-infrared or terahertz, microstructures 
fibers, effective material loss, polymers, waveguide dispersion.

I. INTRODUCTION

TERAHERTZ optical fibers are a significant area of
research due to a number of potential application areas.

This promising frequency range lies between 0.1–10 THz, and
is a bridge between the microwave and optical bands [1].
Evidence of its wide range of application is seen in fields
such as sensing [2], biotechnology [3], imaging [4]–[6],
spectroscopy [7], communication [8], astronomy [9], non-
invasive imaging [10] etc. However, most dielectric materials
demonstrate extremely high material loss in this frequency
range. Additionally, most present terahertz systems still
depend on free space propagation. As a consequence, a number
of attempts to improve material loss and dispersion in the
terahertz band have been carried out [11]–[12].

In order to overcome the hurdles associated with terahertz
technology in a practical optical communication system, dif-
ferent types of fiber design have been proposed. Dry air
is a loss-less material but the mode field expands outside
of waveguide if a dielectric waveguide is bounded by dry
air [13] and this can result in a high bending loss. Using
circular air holes in a porous fiber designed by [1] gave rise
to reduced loss and a flat dispersion waveguide for terahertz
propagation from 0.98 to 1.15 THz. About the same time,
authors in [14] reported an octagonal porous fiber and the
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effective material loss (EML) findings of the design was
0.076 cm−1 at 1 THz. In 2014, Imran et al. [15] suggested
a similar structure to that presented by [14] and was able
reduce the EML further. Here, cyclic-olefin copolymer with
the trade name TOPAS was used as the fiber material with
a core porosity of 61.76% and a core diameter of 390 μm
suggested for optimum design. This porous core fiber resulted
in an ultra low absorption loss of 0.056 cm−1 and near zero flat
dispersion in the 1.0–1.8 THz frequency range. Based on the
same TOPAS material a rotated porous core hexagonal fiber
was implemented that resulted in an EML of 0.066 cm−1 [16].
Later, a highly birefringent porous-core PCF was designed
by exploiting dual asymmetry of the structure [17]; the fiber
design reduced fabrication difficulties by utilizing circular
air-holes [18]. The latest development shows that dual-hole
units can be introduced into the fiber core for attaining low
loss and high birefringence [19]. Again, the EML was reduced
by 29% [20] whereas previous work in this field resulted
in higher loss [14]. A kagome structure [21] exhibited a
low absorption loss of 0.035 cm−1 and variation of disper-
sion of 0.61 ± 0.14 ps/THz/cm. Two recent hybrid designs
demonstrated an improvement in EML of 0.037 cm−1 [22]
and 0.019 cm−1 [23], and dispersion coefficients of
0.40 ± 0.04 ps/THz/cm [22] and 0.95 ± 0.05 ps/THz/cm [23],
respectively. All of the designs reported still suffer relatively
large EML and high dispersion that is undesirable for all
terahertz applications.

In this letter, for the first time, we report a slotted-core
photonic crystal fiber (PCF) incorporating a slotted cladding.
The proposed fiber exhibits not only low EML but also low
dispersion. Slotted fibers with air-cladding [24], [25] circular
lattice cladding [26] and kagome cladding [27] were reported
earlier.

II. DESIGN PRINCIPLE

In this work, a new design is presented with the objective
to decrease the effective material loss. The geometry of the
designed rectangular slotted porous fiber is depicted in Fig. 1.
The outside diameter of the waveguide is 3.64 mm. The
design exploits a slotted core that is surrounded by a slotted
structure. The fiber consists of seven rectangular slots in the
core and another twelve in the cladding. Different lengths for
the slots of the cladding were chosen whereas the lengths of
the slots in the core are all the same. The length of the slots
immediately above and below the core in the cladding region
are L =3.2 mm. The two outermost slots have a length of
0.4L and 0.7L. Slots with length of 0.44L are positioned left
and right sides of the core in the cladding structure while the
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Fig. 1. Geometric structure of the fiber.

rest of the slots have length of 0.9L. Additionally, all the slots
in the cladding region have a width of 0.27 mm. Every slot
in the core has a length of 0.12L and a width of 0.01L. The
center-to-center distance of two adjacent slots is called pitch,
and is indicated by �c and � for the core and the cladding,
respectively. The width of the cladding and the core slots are
denoted by W and WC respectively.

Extending the length of the slots in the core would fur-
ther reduce the EML. However, considering the implications
for fabrication, the distance between the core slots and the
cladding slots is kept constant at a value of 0.01 mm.

A number of dielectric materials have been used as a
fiber material for broadband applications [28]–[30]. However,
TOPAS has been selected as the bulk material for the pre-
sented fiber for its excellent inherent characteristics such as
a constant refractive index of n = 1.53 in the 0.1–2 THz
range [31], very low bulk material absorption loss of 0.2 cm−1

at f = 1 THz [32] insensitivity to humidity [33], and the fact
that it is suited for biosensing [34]. Due to the low filling
fraction in most areas of the waveguide the choice of material
is not critical, i.e. other materials such as HDPE may be
suitable as well.

III. NUMERICAL RESULTS AND DISCUSSION

To calculate the guiding properties of the proposed fiber,
the finite element method (FEM) based on COMSOL software
is used. A circular perfectly matched layer boundary is used to
model the leakage properties. The diameter of this boundary
is 4 mm.

The distribution of the E(y)-field within the fiber is shown
in Fig. 2 for different terahertz frequencies. Here we show
the fundamental mode polarized in the vertically direction.
At 0.5 THz the effective refractive index for this mode
is 1.023. Due to the asymmetry of the design, the waveguide
will be birefringent and therefore the effective refractive index
for the fundamental mode polarized horizontally is slightly
different with neff (h) = 1.060. The simulations indicate that
other modes can exist in the waveguide structure but for
these other modes most of the intensity is propagating in the
cladding and not the core. So when a focussed, fundamental
Gaussian beam is launched at the centre of the waveguide, only
the fundamental modes will be excited, and the waveguide will
show single-mode characteristics. Figure 2 also unveils that
tight confinement occurs at higher frequency and therefore
less light escapes the core.

Fig. 2. Distribution of E(y)-field within the proposed fiber at various
frequencies (linear scale for the field).

Fig. 3. Behaviour of EML with respect to frequency.

Analysis of the absorption loss is first investigated with the
aid of an analytical expression. In order to characterize the loss
of a terahertz waveguide, the effective material loss (EML)
parameter has been introduced [35]

αeff =
√

ε0

μ0

(∫
mat nmat |E|2 αmatdA∣∣∫

all SzdA
∣∣

)
(1)

where nmat is the refractive index, αmat is the material absorp-
tion loss (in our case for TOPAS), εo is the permittivity and
μo is the permeability of vacuum, E is the mode distribution
of the E-field, and Sz is the Poynting vector in the z direction.

Effective material loss of the proposed waveguide at various
frequencies is shown in Fig. 3. Within the frequency range
0.5–0.9 THz the proposed fiber shows ultralow EML between
0.0103–0.0145cm−1, which is only between 4.9% and 7.3%
of the bulk material loss of the background material. The EML
results of this fiber are clearly lower than previously reported
values for other designs [14]–[27]. Investigation of the EML
of the terahertz radiation in Fig. 3 unveils that the EML
increases slightly with frequency, and this is explained by the
fact that stronger confinement occurs for smaller wavelengths
and that the core contains a slightly larger percentage of the
bulk material.

The percentage of transmitted power within the slotted core
of the proposed fiber is also investigated. The fraction of trans-
mitted power can be calculated using previously developed
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Fig. 4. Fraction of guided power within the core slots versus frequency.

Fig. 5. Confinement loss versus frequency.

equation [37]

η
′ =

∫
X SzdA∫
all SzdA

. (2)

The behaviour of the power fraction that propagates within
the core is shown in Fig. 4 where it is observed that even
for high frequencies only a moderate amount, about 31%
of the the power, is transmitted within the slotted air-holes.
It is possible to increase this power fraction by increasing the
width of the slots. However, that will reduce the refractive
index difference between the cladding and the core, and
delocalize most of the transmitted power into the cladding
thereby incurring additional leakage loss.

Limitation due to the finite size of the air slots in the
cladding causes another kind of loss that is called confinement
loss, and that can be evaluated by [36]

αCL = 8.686
2πf

c
Im(neff) × 10−2dB/cm (3)

where c and f are the velocity of light in free space and
the frequency of the light respectively, and Im(neff) is the
imaginary part of the complex refractive index.

From Fig. 5 it is clearly seen that the confinement loss as
a function of the frequency decays rapidly toward higher fre-
quencies. The reason behind this behaviour is that higher fre-
quencies (i.e. smaller wavelengths) are confined more tightly
as shown previously, and this results in a low confinement
loss.

Fig. 6. Frequency dependency of the waveguide dispersion.

Dispersion analysis adds another important characteristic to
the novel fiber design. TOPAS has a constant refractive index
within a frequency range of 0.1–2 THz [31], so it is expected
that waveguide dispersion will be the major contributor, and
this can be calculated with Equation 4 [37]

β2 = 2

c

dneff

dω
+ω

c

d2neff

dω2 (4)

Figure 6 clearly indicates that within the entire frequency
range from 0.5 THz to 0.9 THz, the proposed fiber exhibits a
dispersion that is always less than 0.5 ps/THz/cm and therefore
better than most of the previously reported porous core fibers
in terahertz regime.

Present fabrication technology due to its excellent progress
with PCF technology is certainly able to produce many
complex designs. However, because of the rectangular slots,
the fabrication of the proposed porous fiber may not be pos-
sible by stacking or drilling preforms. Microstructure fibers,
which are not in circular shape and are made of polymers and
soft glasses, are still feasible for fabrication by established
extrusion techniques [38]. In 2009, an asymmetric porous
fiber with rectangular slots was designed experimentally by
Atakaramians et al. using this method [24]. They took the
advantage of a two-step process to fabricate the polymer fibers.
Therefore it is expected that it is possible to fabricate the
proposed fiber using the proven methods described above.

IV. CONCLUSION

We have introduced a new type of very low EML fiber
consisting of a slotted core and a slotted cladding. The mode
of the fiber is tightly confined to the core. The design results in
a record low loss for high frequencies and very low dispersion.
Difficulties such as fabrication and related issues have also
been discussed.
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