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Abstract—A novel terahertz (THz) photonic crystal fiber (PCF)
that yields single-polarization single-mode (SPSM) propagation
over an ultra-wide bandwidth is designed and analyzed. The
PCF is based upon a triangle-based lattice of air holes in
a high resistivity silicon substrate with three selectively-filled
rectangular slots introduced into the core area. Four air holes
surrounding the core region are chosen to be loaded with an
epsilon-near-zero (ENZ) material. The configuration and the
large loss of the ENZ material establish a large loss difference
(LD) between the two fundamental propagating polarization
modes and any higher order modes. When the central slot of
the three in the core is filled with a gain material and the
adjacent two slots are air-filled, the LD values between the one
desired propagating mode and all other modes are significantly
enhanced. Consequently, essentially only the desired mode will
exist in the PCF after a short propagation distance resulting in the
SPSM behavior. The optimized design provides large LD values,
greater than 9.4 dB/cm, over a SPSM spectrum of 0.64 THz (from
1.10 to 1.74 THz), which, to the best of our knowledge, is the
widest SPSM bandwidth achieved to date in the THz regime. The
unwanted modes are 30 dB smaller than the wanted mode after
a 3.2 cm length of the PCF. This outcome is highly desired for
polarization sensitive THz communications and sensor systems
that rely on waveguiding structures.
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polarization singel-mode.
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I. INTRODUCTION

O meet the ever increasing capacity requirements of data
transfers, terahertz (THz) band systems are expected to
be the next frontier of wireless communications [1]. The THz
band, which is generally defined in the range from 0.1-10 THz
(30-3000 pm), has attracted significant world-wide attention
in the last decade. This interest arises from the availability
of wide bands of unallocated spectrum that could be used
for various sensing, imaging, security, and communication
applications [2]. Among the current waveguiding structures
that support wireless applications in the THz range, e.g.,
coplanar transmission lines, metallic waveguides, and dielec-
tric waveguides, fiber-based waveguiding systems are the most
promising candidates due to their low transmission losses and
controllable guiding characteristics [2].
Wave guiding that is polarization maintaining (PM) is a pre-
ferred or often requested characteristic in both THz and optical
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fiber applications. This feature overcomes the crosstalk and
modal dispersion between the two fundamental, orthogonal
polarization, propagating modes in a variety of communication
systems. PM fibers were first invented by forcing those two
modes to propagate with different phase velocities to the
benefit of sensitive communication systems and sensors [3],
[4]. Typical ones include PANDA (polarization-maintaining
and absorption-reducing) and elliptical-cladding fibers [4], [5].
However, their PM abilities are limited due to their low
birefringence values ( 10™%).

On the other hand, photonic crystal fibers (PCFs) have
attracted considerable attention in the last two decades as
a consequence of their outstanding advantages, e.g., tunable
dispersion, endless single mode, large nonlinearities, and
design flexibilities [6]. Moreover, PCFs can achieve higher
birefringence values, i.e., from 1072 to 10~!. To date, a variety
of THz and optical highly birefringent PCFs (HB PCFs) have
been investigated both theoretically and experimentally [7-
13]. Their enhanced PM performance has been facilitated
by introducing asymmetries into their configurations. For
instance, a circular-hole based HB PCF achieved a high
birefringence value, 0.26, at 1.55 pym with the introduction of
an asymmetrical arrangement of its holes in both its core and
cladding [7]. A fabricated rectangular HB PCF with a porous
core obtained a birefringence value of 0.012 at 0.65 THz [8]. A
dual-hole unit-based porous-core PCF yielded a birefringence
value of 0.033 at 0.85 THz [9]. Higher birefringence values
have been demonstrated with hybrid and complicated designs,
e.g., a epsilon-near-zero (ENZ) material filled PCF attained a
birefringence over 0.1 at 1 THz [10]. However, the introduc-
tion of birefringence in PCFs only reduces the crosstalk and
modal dispersion; it does not eliminate those issues.

An alternative solution to reduce crosstalk is to use another
type of PM PCF called a single-polarization-single-mode PCF
(SPSM PCF). It is designed to only support one specific
propagating polarization mode. SPSM PCFs have been suc-
cessfully deployed in the optical regime as a consequence
of the maturity of the optical fiber technologies. Reported
SPSM PCFs are mainly based on two methods. One is the
index matching coupling technique [14, 15], which employs
the introduction of index-matched cladding defects to make
the attenuation rates of the two fundamental modes different.
The second is the cut off method [16, 17], which is based
on varying the dimensions and/or shapes of the air holes and
lattice constant of the PCF design to achieve different cut-
off frequencies of the two fundamental modes. Despite the
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increasing importance of THz communications, few works on
THz SPSM PCFs have been reported. While various optical
SPSM PCFs have been realized, the larger losses in the THz
regime have hindered similar developments.

The total loss (TL) of PCFs is generally composed of the
confinement loss (CL) and the effective material absorption
loss (EML). The CL is the dominant factor for optical PCFs.
On the other hand, the EML is the dominant component
for THz PCFs. The aforementioned two SPSM approaches
focus on adjusting the geometrical configurations to introduce
asymmetries to the electric field (E-field) distributions within
the PCF. Thus, they both introduce a loss difference (LD)
between the CLs of the two fundamental modes. While both
approaches work for optical PCFs, the generally obtained LD
values in THz PCFs are not large enough to attain SPSM
operation. For example, the minimum loss difference (MLD)
between the wanted mode and all other unwanted modes of
the reported THz PCFs based on the index matching coupling
technique [15] and the cut off method [17] are only 0.036
dB/cm and 0.06 dB/cm, respectively. Consequently, one must
focus on the EML values in the THz PCFs to achieve larger
LD values between the wanted and unwanted modes. A THz
SMSP PCF has been designed by depositing ENZ material in
the cladding and doping gain material in the core to manipulate
the EML values of different modes [18]. The MLD between
the wanted and all unwanted modes was > 8.0 dB/cm across
the operational SPSM band, 0.312 THz. While the MLD
values were much larger than those obtained by manipulating
the CL values, the reported configuration was rather simplistic,
and it was found that that its performance characteristics could
be significantly improved with an innovative redesign.

An advanced THz SPSM PCF inspired by our previous work
[18] is developed in this paper. Fine control of the E-field
distributions of both fundamental and all higher order modes
is achieved by introducing appropriately dimensioned rectan-
gular slots into the core region and strategically repositioning
the ENZ ring-loaded air holes in the first ring of the cladding
region. While the overall operating principles of the design are
more sophisticated, they are not intrinsically more complex.
The combination of rectangular slots and repositioned ENZ
rings leads to fine control of the E-field distribution of both
fundamental and all higher order modes. By regulating the
differences between the E-field distributions of the wanted
and unwanted modes, the overlap of the unwanted modes with
the lossy ENZ rings is enhanced and leads to superior SPSM
performance characteristics of the wanted mode. With a final
optimization of the orientation and positions of the ENZ rings
relative to the slots and of the dimensions of the air-filled and
gain-impregnated slots, an even wider bandwidth, 0.64 THz, is
achieved along with an improved MLD value, > 9.4 dB/cm.
Compared to our previous work [18], the SPSM bandwidth
of this slightly more complex configuration is 106% wider
and the MLD value is improved by 17.5%. Finally, an overall
comparison between the developed designs and reported state-
of-the-art works will be presented to emphasize their superior
performance characteristics.

All of the simulations involved in this work were conducted
with the full-wave vector finite element method (FEM) based
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Fig. 1. Cross sectional views of the slotted SPSM PCFs.

COMSOL Multiphysics commercial software package [19].
A perfectly match layer (PML) whose thickness is 10% of
the whole diameter of the PCF was set concentrically on
the outside of the cladding to properly truncate the numer-
ical simulation space. Its eigen-mode solver was adopted
to calculate the modes with the convergence value set to
10—, With this convergence value and the software’s adaptive
meshing, the minimum mesh edge length was finally 0.12 pm,
corresponding to 0.0004 X at 1.0 THz. All of the performance
characteristics and E-field distribution of each mode reported
herein were attained with these settings. An exp(jwr) time
dependence was assumed throughout.

II. SLOTTED SPSM PCF DESIGN CHOICES

Two SPSM PCF designs are introduced as shown in Fig.
1. Both rely on a widely used, powerful approach to achieve
HB PCEFs, i.e., air slots are introduced into the core area [17].
They allow one to attain more exquisite control over the E-
field distributions of the different modes. A rectangular gain
area is set centrally between two adjacent rectangular air slots.
The size of the gain-filled center slot is L, x Wy; the size of
the air slots is L, x W,. The distance between adjacent edges
of the two air slots is D. Among these dimensions, the length
of the air slots L, and width of the gain slot W, are the ones
that has a significant coarse effect on the SPSM performance.
All of the other dimensions provide a means to fine tune that
performance.

High resistivity silicon (HRS) was selected to be the back-
ground material due to its outstanding properties in the THz
regime, e.g., a low bulk material absorption loss: < 0.05

m~! from 0.1-2.5 THz, and a flat refractive index: 3.417
from 0.5-4 THz [21]. The ENZ material was set to have a
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constant refractive index of n.,, = 0.2 — 0.15 across the
frequency range of interest. This ENZ property can be obtained
with naturally existing materials or metamaterials [22-24]. The
refractive index of the circular gain-impregnated region was
set to be ng = 3.417 - £ where £ is the gain factor. It has
the same relative permittivity as the background HRS material
since the region was assumed to be only lightly doped with
the gain material. Consequently, the gain regions are found to
have only a minor effect on the real part of the refractive index
due to the gain constant being small (i.e., only light doping
is assumed). Gain materials such as rare earth materials (e.g.,
Er31) [25] are well-established choices in optical fibers; nano-
engineered Si:Er [26] and graphene [27] have been identified
in the THz regime for loss compensation.

The performance of the SPSM PCF will be defined by two
figures of merit, i.e., the SPSM bandwidth and the MLD value.
The SPSM band is defined as the frequency range in which
the TL of the XP mode is non-positive and the TLs of the
YP and HO modes are positive. The MLD is defined as the
minimum value of the LD (YP-XP) and LD (HO-XP).

A. Type I PCF

Fig. 1 gives the cross sectional views of the SPSM PCF
candidate structures. As shown in Fig. 1(a), the general PCF
structure is a triangular lattice distribution in the cladding,
which is covered by a PML layer. As shown in Figs. 1(b)
and 1(c), the ENZ material is deposited into four selected
air holes in the first ring of the cladding, resulting in four
ENZ rings. The selected ENZ-loaded air holes have diameter
do while all the other air holes have the diameter d;. The
distance between any two air holes is lattice constant A. This
asymmetric cladding configuration can lead to different E-
field distributions of the XP and YP modes, which results in
different losses of the two fundamental modes. Two candidate
SPSM structures are considered, labeled as Type I and Type
IT PCFs. They have different core regions. Zoom-in pictures
of their core regions for both are given in Figs. 1(b) and 1(c).
The details of the slots in both cores are shown in the shared
dashed rectangular subplot.

Fig. 2(a) shows the E-field distributions of the XP, YP and
higher order (HO) modes of the Type I slotted SPSM PCF in
two cases. The lattice constant is set to be A = 70 ym. All the
dimensions are then described in terms of it. The first has a
short slot with L, = 0.5A; the second has a long slot with L,
= 0.8A. The remaining dimensions are fixed at d; = 0.95A, ds
=0.83A, Ly = 0.5A, W, = 0.14A, W, = 0.08A, D = 0.456A,
& =—0.03, and ¢t = 0.18A. The PCF is now scalable to other
frequencies by simply changing the value of A according to
the scaling property found in [20].

From Fig. 2(a), one observes that the E-field of the XP
mode is highly localized in the core area while the E-field
of the YP mode is concentrated in the air slots for both the
long and short slot cases. Because the configuration is not
symmetric along both the X and Y directions, the fundamental
X and Y polarized modes have noticeably different E-field
distributions within the first ring region. The E-field of the
XP mode is oriented primarily along the x-axis and, hence,
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Fig. 2. Electric field distribution of the (a) Type I and (b) Type II slotted
SPSM PCFs in two cases with short and long air slot lengths at 1.6 THz.

parallel to the slots while that of the YP mode is along the
y-axis and perpendicular to them. Thus, the electromagnetic
interface condition for the E-field component of the YP mode
normal to the slots forces large field values in them because
of the large permittivity difference between the background
dielectric and air [18, 20]. Moreover, the E-field distribution
of the XP mode, in contrast to that of the YP mode, is nearly
uniform and concentrated in the region of the core between
and along the slots. These E-field behaviors suggest that by
introducing a rectangular gain area in the core center oriented
the same as the air slots, a much larger amplification of the
XP mode than of the YP mode will occur. This effect will
naturally lead to larger LD values between the XP and YP
modes. Furthermore, the E-field distribution of the HO mode
shown in the figure is that of the lowest loss one among all of
the HO modes. This HO mode is more concentrated near the
lossy ENZ rings and less so in the core region. Consequently, it
will experience smaller amplification from the gain area and a
larger attenuation rate from the ENZ rings in comparison to the
XP mode. These features will lead to desired large LD values
between the XP and HO modes. With an overall optimization,
this Type I slotted SPSM PCF achieves a SPSM bandwidth of
0.53 THz with the MLD > 7.4 dB, when L, = L, = 0.5A.

Furthermore, by comparing the E-field distributions of the
long and short slot cases in Fig. 2(a), it is noticed that the
longer slots effectively push the E-fields of the YP and HO
modes away from the center of the core and into the air-
filled slots. In contrast, the E-field distribution of the XP mode
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remains quite similar for either slot length. Consequently, it
was decided that one could take advantage of very lossy ENZ
rings in the circular air holes adjacent to the core along the
long direction of the slots to introduce larger LDs between the
wanted XP mode and all of the unwanted modes.

B. Type Il PCF

The LD considerations of the Type I modes led to the Type
I slotted SPSM PCF shown in Fig. 1(c), which rotated the
cladding of the Type I configuration by 90° and the core
remains the same. However, the dimensions of the Type II PCF
had to be re-optimized to maximize its performance because
all of its modes have E-field distributions that are different
from those of the Type 1.

As shown in Fig. 2(b), the E-field distributions of the XP
and YP modes for Type 2 PCF are quite similar to their Type
1 PCF counterparts. The different configurations barely affect
their E-field distributions in the cladding region. On the other
hand, the E-field of the YP mode within the first air-hole region
is pushed closer to the ENZ rings when the longer air slots are
introduced. Because the larger E-fields of the YP modes are
distributed mainly in the region between the core and first air-
hole ring region, their apportionment changes when that first
ring region changes. Since the E-fields of the HO modes are
found to be “attracted” by the ENZ rings whether the air slots
are short or long, this Type II design was expected to produce
more losses to all of the unwanted modes. Comparing the E-
field distributions in Figs. 2(a) and 2(b), it was then expected
that the Type II PCF will exhibit both a larger LD (YP-XP)
and LD (HO-XP) than those of the Type I PCF. Therefore,
we selected the Type II slotted SPSM PCF to optimize as the
desired configuration.

III. TypE II PCF DESIGN STUDIES

Because of its expected improved performance, it was
decided to focus efforts on the Type II PCF. While the achieved
bandwidth of the Type II PCF was found to be much wider
than the value attained with the Type I PCEF, it was discovered
that different HO modes appear over this wider frequency
band and that they must be taken into consideration when
optimizing the PCF, particularly to achieve the largest MLD.
On the other hand, it was determined that an accurate MLD
value is obtained if only the three HO modes with the lowest
TL values are identified at a specific frequency. The difficulty
is the fact that those three HO modes can be different at the
lower, middle, and upper portions of the wide frequency band.

A. Higher order mode behaviors

Figs. 3(a) to 3(c) illustrate, as an example, the E-field
distributions of the three major (smallest TL value) HO modes
of the Type II slotted PCF with the long slot. Fig. 3(d) plots
TLs of the XP, YP, and all the three HO modes as functions of
the frequency. One observes immediately that there are “cross-
over” points at which each of the three identified HO modes
have lower or higher TL values. Notice that the TL curve
associated with the HOs mode does not provide the MLD
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Fig. 3. Electric field distribution of HO modes of the Type II slotted PCF
with the long slot. (a) HOq at 1.2 THz. (b) HO2 at 1.6 THz. (c) HO3 at
2.0 THz. (d) The TL values of these three HO modes as functions of the
source frequency. (e) The TL values of the XP and YP modes along with the
composite (merged) lowest TL values of these three HO modes across the
frequency band of interest. (f) The LD values between the YP and XP modes
and between the HO and XP modes.

value at every frequency in the bandwidth. In contrast, the
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HO; and HO3 modes have much higher losses in the lower
frequency portion and the HO; mode has the lowest LD values
there. On the other hand, the LD values of the HO9 mode are
the lowest in the middle portion of the band and those of the
HO3 mode are the lowest in the upper portion. Returning to
the field distributions in Figs. 3(a) to 3(c), one finds that one
of the three modes shows the lowest loss in each portion of the
bandwidth because it has some overlap with the gain region,
while the other HO modes do not since they are not well
confined in the center region. The three curves in Fig. 3(d)
representing the TLs of the three HO modes are then merged
into the single curve in Fig. 3(e). This composite curve thus
represents the lowest TL value of all of the HO modes at
each frequency in the operational band. These values will be
denoted as the TL-HO values in the associated descriptions. As
expected from the E-field distributions shown in Fig. 2(b), it is
clearly observed that the wanted XP mode has the lowest TL
compared to the unwanted YP and HO modes. Note that a TL
value can be negative due to the presence of the gain material,
i.e., the corresponding mode is amplified as it propagates. As
defined previously, the SPSM window in this case is 0.59 THz,
from 1.13 to 1.72 THz. Since the LD (HO-XP) has smaller
values than that of LD (YP-XP) across the entire band, the
MLD is determined by LD (HO-XP). In this case, the MLD
is above 9.5 dB/cm across the SPSM bandwidth.

To ensure that the MLD values were properly attained
during the parametric studies performed to determine the
optimal configuration, the LD values of the lowest 20 HO
modes were determined at each frequency in the band of
interest. To simplify the presentation of those results, their
composite (merged) result that signifies the MLD value at each
frequency will be emphasized in the following discussions.

B. Parametric Studies

The Type II slotted SPSM PCF design parameters were
investigated to optimize its performance characteristics. Since
there are many, only the parametric studies of those having
a key impact on the SPSM bandwidth and the MLD value
are presented below. These include the gain factor &, the
length of the air slots L,, and the width of the gain area
W. These studies will illustrate the effects of each parameter
on the performance characteristics of the entire structure and
the trade-off decisions made to determine their values for the
overall final optimized design.

1) Gain factor &: The gain factor ¢ is one of the most
important design parameters. It determines the amount of am-
plification the gain area can provide to the modes overlapping
with it. In practice, the size of £ is controlled by the doping
ratio of the gain material [25]. Unfortunately, a large doping
ratio increases the difficulty one would encounter in fabricating
the PCF. Consequently, the gain factor was selected to have
low values in these parameter studies.

The effects on the SPSM bandwidth and MLD value when
¢ was varied from —0.030 to —0.040 with a step size of
0.005 were studied. During this parameter sweep, the other
parameters were fixed as: d; = 0.95A, d = 0.86A, L, =
0.7A, Ly = 04A, W, = 0.14A, W, = 0.11A, D = 0.456A,
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Fig. 4. (a) Simulated TL values of the XP, YP, and HO modes of the Type II
slotted SPSM PCF as functions of the source frequency for three different
gain factor, £, values. (b) The corresponding composite curves indicating
the smallest LD values between the wanted and unwanted modes over the
frequency band of interest.

t =0.15A, and A =70 pm. The resulting simulated TL values
of the different modes in this fixed geometry for the different
¢ values are shown in Fig. 4(a) as functions of the source
frequency. The ability of the gain area to amplify the local
E-field distribution clearly strengthens as |¢| increases. As a
consequence, the TL values of the XP mode decrease because
its E-field is well confined in the gain area. The YP mode,
however, is not affected because its E-field is mainly confined
in the air slots as illustrated in Fig. 2(b). Similarly, the TL
values of the HO modes remain fairly stable at the lower
frequencies as |¢| increases. As shown in Fig. 3(a), the HO,
mode has the lowest loss at those frequencies and it only has a
small portion of its E-field distributed over the gain area. Its TL
values dominate the TL-HO ones at these lower frequencies.
On the other hand, as already noted and illustrated in Figs. 3(b)
and 3(c), the TLs of the HO, and HO3 modes dominate the
composite TL-HO values at the middle and higher frequencies,
respectively, because they have more overlap with the gain
area. Accounting for the TL variations of all of the modes, the
smallest LD values between the wanted and unwanted modes
were obtained. These composite LD values are plotted in Fig.
4(b) for the three different gain factors.

Consider now the crossover points, i.e., the frequency point
at which the TL value of the wanted mode becomes zero and
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TABLE I
CROSSOVER POINTS, SPSM BANDWIDTH, AND MLD VALUES FOR
DIFFERENT GAIN FACTORS &.

Crossover Crossover SPSM MLD
13 wanted mode  unwanted mode  Bandwidth
(THz) (THz) (THz) (dB/cm)
—0.030 1.14 1.80 0.66 > 8.8
—0.035 1.10 1.74 0.64 > 94
—0.040 1.08 1.68 0.60 > 95

the higher frequency point at which the lowest TL value of all
of the unwanted modes becomes zero. These two crossover
points define the SPSM bandwidth. As |¢| increases, they
both shift towards a lower frequency. Table I summarizes
the variations of these crossover points, the resultant SPSM
bandwidths, and the MLD value over the SPSM band with
different &. In this work, £ was selected to be —0.035. It has
a reasonable trade-off between the SPSM bandwidth and the
MLD value. Note that the unities for crossover, bandwidth,
and MLD in all tables of this paper are THz, THz and dB/cm,
respectively.

2) Length of air slots L,: Another important design param-
eter is the length of the air slots L,. As already demonstrated
in Fig. 2, the length of the air slots has a significant effect on
the E-field distributions of the unwanted modes. A parameter
study of L, was conducted by sweeping its value from 0.6A
to 0.8A and determining its impact on the SPSM bandwidth
and the MLD value. All of the other design parameters were
fixed at: di = 0.95A, do = 0.86A, L, = 0.4A, W, = 0.14A,
Wy = 0.11A, D = 0.456A, £ = —0.035, ¢t = 0.15A, and A =
70 pm.

Fig. 5(a) presents the simulated TLs of the XP, YP, and HO
modes for the different values of L, as functions of the source
frequency. The variations of the LDs between the wanted and
unwanted modes with frequency are presented in Fig. 5(b). As
shown in Fig. 5(a), the TLs of the XP mode remain quite stable
across the frequency band of interest. On the other hand, the
TLs of the YP mode increase as L, increases. This behavior
was expected from Fig. 2(b) which showed that increasing the
length of the air slots does not change the E-field distribution
of the XP mode, while the longer air slots pushed the E-field
of the YP mode into the ENZ rings. This effect clearly leads
to the observed higher TLs of the YP mode. Furthermore, L,
only has a minimal effect on the TL values of the HO modes
since the three significant ones have only very small portions
of their E-fields distributed in the air slots. The resultant
composite smallest LD values between the wanted mode and
the unwanted modes are shown in Fig. 5(b).

The crossover points, the SPSM bandwidth, and the MLD
values for different values of L, are listed in Table 2. Since
the L, = 0.7A case produced the widest SPSM bandwidth
and the highest MLD value, it was selected to be the optimal
value.

3) Width of gain area W4: As emphasized, the gain area
has to be optimized to maximize the amplification to the
wanted mode and to minimize its amplification of the un-
wanted modes. One key design parameter that impacts of the
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Fig. 5. (a) Simulated TL values of the XP, YP, and HO modes of the Type II
slotted SPSM PCF as functions of the source frequency for three different
air slots lengths, L,. (b) The corresponding composite curves indicating
the smallest LD values between the wanted and unwanted modes over the
frequency band of interest.

TABLE II
CROSSOVER POINTS, SPSM BANDWIDTH, AND MLD VALUES FOR
DIFFERENT AIR SLOT LENGTH L.

Crossover Crossover SPSM MLD
Lq wanted mode  unwanted mode  Bandwidth
(THz) (THz) (THz) (dB/cm)
0.6A 1.16 1.74 0.66 > 9.0
0.7A 1.10 1.74 0.64 > 94
0.8A 1.12 1.74 0.60 > 8.8

gain area is the width, W, of the gain impregnated slot. The
parameter W, was varied from 0.07A to 0.13A to determine
its effects on the bandwidth and MLD values. During the
parameter sweep, the other parameters were fixed as: dy =
0.95A, dy = 0.86A, L, = 0.7A, L, = 0.4A, W, = 0.14A, D
= 0.456A, £ = — 0.035, t = 0.15A, and A = 70 pm.

Figs. 6(a) and 6(b) present, respectively, the simulated TL
and LD values of the wanted and unwanted modes as functions
of the source frequency for different values of W,. As shown
in Fig. 6(a), the variation of W, leads to significant changes
to the TL values of the XP mode. Re-inspecting the E-field
distribution of the XP mode of the PCF shown in Fig. 2(b),
one finds that with a wider gain area, a larger portion of
E-field is located in it. Consequently, lower TL values are



JOURNAL OF LIGHTWAVE TECHNOLOGY, SUBMITTED SEP.2019, REVISED JUL. 2020 7

3
o
[an)
z
@
o
-
S -10F -
5 | W=007A ST
15 |- = =W =0.09A \ T
! XP
ol W_=0.11A
W _=0.13A
-25 1 1 1 1 1
1.0 1.2 14 1.6 1.8 2.0
Frequency (THz)

(a)

20

Loss Difference (dB/cm)
S
T

. _— Wg=0.07A
5 - - —Wg=0.09A
----- W =0.11A
W =0.13A

0 1 1 1 1 1

1.0 12 14 16 1.8 20
Frequency (THz)
(b)

Fig. 6. (a) Simulated TL values of the XP, YP, and HO modes of the Type
II slotted SPSM PCF as functions of the source frequency for four different
gain area widths, Wy. (b) The corresponding composite curves indicating
the smallest LD values between the wanted and unwanted modes over the
frequency band of interest.

attained. The YP mode, however, experiences less effect with
variations in W, because its E-field is mainly concentrated in
the air slots. Similarly, the increase of W, has only minimal
impact on the TL-HO values at the lower frequencies where
the HO; dominates the others HO modes. As shown in Fig.
3(a), the HO; mode has only a very small portion of its E-
field distributed overlapping the gain area. However, the TL-
HO values are affected at the higher frequencies where, as
shown in Figs. 3(b) and 3(c), the HOy or HO3 modes have
some overlap with the gain area and, hence, dominate the
TL behavior there. The TL-HO values thus decrease with
an increase of W, at those higher frequencies. Given the
variations of the TLs of all of the modes with W, the
composite smallest LD values between the wanted mode and
the unwanted modes were obtained and are plotted in Fig.
6(b).

The crossover points, the SPSM bandwidth, and the MLD
values for different values of the gain slot width, W, are
summarized in Table 3. The width of the gain slot, W, =
0.11A, was selected as the optimal value because it produced
the largest MLD while maintaining a reasonable SPSM band-
width. Note that an even larger MLD could be achieved if one
were willing to sacrifice some bandwidth.

4) Optimized results: In addition to the parametric sweeps
explicitly presented in the previous subsections, we have also

TABLE III
CROSSOVER POINTS, SPSM BANDWIDTH, AND MLD VALUES FOR
DIFFERENT GAIN AREA WIDTH Wj,.

Crossover Crossover SPSM MLD
Wy wanted mode  unwanted mode ~ Bandwidth
(THz) (THz) (THz) (dB/cm)
0.07A 1.21 1.94 0.73 > 7.8
0.09A 1.15 1.82 0.67 > 8.6
0.11A 1.10 1.74 0.64 >94
0.13A 1.07 1.68 0.61 > 94
TABLE 1V

PERFORMANCE COMPARISON BETWEEN THE PREVIOUSLY REPORTED THZ
SPSM PCFs AND THE ONES DEVELOPED IN THIS PAPER.

Works SPSM Bandwidth MLD
(THz) (dB/cm)
[15] 0.13 > 0.036
(17] 0.32 > 0.06
(18] 0.31 > 8.0
Type 1 0.53 > 74
Type 1T 0.64 > 94

conducted a set of parameter studies for several other design
parameters, e.g., the thickness of the ENZ rings ¢, the length of
the gain slot L, the width of the air slots W, and the distance
D between the slots in the core region. It was determined
that the ENZ ring thickness only has minor effects on the
performance because the E-field distributions of the various
modes are dominated by the air slots rather than the ENZ
rings. The ENZ rings introduce the largest losses into the
configuration. The associated attenuation rate of any mode
is determined primarily by the imaginary part of the relative
permittivity of the ENZ material in those rings, rather than
their thickness. The other design parameters show trade-off
effects similar to those found with W,. One may have to give
up some bandwidth (MLD) to enhance the MLD (bandwidth)
value. To streamline the presentation, these parameter studies
were not presented.

All of these parametric studies led to the final overall
optimized Type II SPSM PCF design. Its parameters are: d;
= 0.95A, d2 = 0.86A, L, = 0.7A, L, = 0.4A, W, = 0.14A,
Wy =0.11A, D = 0.456A, £ = — 0.035, ¢t = 0.15A, and A =
70 pm. This optimized PCF design has an ultra-wide SPSM
bandwidth of 0.64 THz from 1.10 to 1.74 THz and a very large
MLD > 9.4 dB/cm over its entire operational bandwidth. The
superiority of the main performance characteristics of this final
design are demonstrated by the comparisons with the state-of-
art THz SPSM PCFs reported in the literature given in Table
4. In summary, remarkable performance improvements were
achieved in comparison to previous designs. For the Type I
PCF, the bandwidth has been enhanced by 70% with only
a minor sacrifice of the MLD value compared to the design
reported in [18]. For the Type II PCF, the bandwidth was
increased by more than a factor of two and the MLD value
was increase by 17.5%.
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C. Fabrication issues

While we do not have access to the means to accomplish
and test a prototype of our design, we are nevertheless quite
confident that one can be realized with existing technologies,
particularly for the dimensions associated with a THz struc-
tured fiber. A conventional approach for optical fibers is to
construct an appropriate fiber preform which could be done
by a stacking process [6], drilling [28], or die extrusion [8].
The preform would then be put it into the fiber-drawing tower
and the PCF would be drawn under a specialized pressure
environment into the required dimensions. A more recent
approach is to use 3D printing techniques. Successful 3D
printed preforms and the corresponding drawn microstructured
optical fibers have been reported [29-31]. All of these methods
can be applied to realize a prototype of our SPSM PCF design.
In particular, the previously reported 3D printing works, e.g.,
[32], [33], have demonstrated microstructured THz fibers with
feature dimensions immediately relevant to our SPSM PCF
design.

Although the proposed PCF design itself should, there-
fore, not be too difficult to fabricate, the integration of the
ENZ rings into four specific air holes must also be accom-
plished. Hybrid optical fiber techniques involving more com-
plex structures [34] and material compositions [35], [36] are
immediately relevant. For instance, one could insert naturally
occurring bulk materials with ENZ properties such as KCL
[22] into the desired mircostructured fiber holes with direct
thermal drawing [37] or pressure-assisted melt filling [38].
Moreover, because the requisite thickness of the ENZ rings
is very small, these thin layers could also be accomplished
with the high-pressure chemical vapor deposition [39-41] of
semiconductor plasmonic materials [22]. Alternatively, specif-
ically engineered metamaterials could be integrated into the
fiber [34], [35] instead of naturally occurring ENZ materials
to attain the desired ENZ properties at the requisite frequen-
cies. Furthermore, with the increasing attention paid to ENZ
materials [42-44] and hybrid microstructured fibers [34], [35],
we believe that more naturally and artificially realized ENZ
materials, along with more advanced fabrication techniques,
will be available to successfully realize our SPSM PCF design
in the near future.

One would expect that imperfections introduced during the
fabrication of any optimized design would have an impact
on its performance characteristics. However, the parametric
studies discussed above suggest that the performance of our
optimized Type II SPSM PCF design is relatively stable even
with significant changes to its key design parameters. Further
parametric studies indicate that it is quite robust and should
have a high tolerance to any fabrication issues.

It is also fully recognized that realistic ENZ materials are
dispersive. Even though the overall percentage of material
represented by the ENZ rings in the structure is small, they
play a significant role in the operational mechanisms, notably
the losses they facilitate near the core region. A study of the
optimized design with dispersive ENZ rings was undertaken.

Recall that the optimized structure is based on the refractive
index of the ENZ material being fixed at ne,, = 0.2 —

TABLE V
CROSSOVER POINTS, SPSM BANDWIDTH, AND MLD VALUES FOR
DIFFERENT REAL PART VALUES OF Tieyn; WHEN ITS IMAGINARY PART IS
FIXED AT 0.17.

Crossover Crossover SPSM MLD
Re(nen-) wanted mode unwanted mode Bandwidth
(THz) (THz) (THz) (dB/em)
0.10 1.00 1.52 0.52 > 6.3
0.15 1.07 1.64 0.57 > 8.5
0.20 1.10 1.74 0.64 > 94
0.30 1.17 1.91 0.74 > 9.1
TABLE VI

CROSSOVER POINTS, SPSM BANDWIDTH, AND MLD VALUES FOR
DIFFERENT IMAGINARY PART VALUES OF Nep,, WHEN ITS REAL PART IS

FIXED AT 0.2.
Crossover Crossover SPSM MLD
Im(nenz) wanted mode unwanted mode Bandwidth

(THz) (THz) (THz) (dB/cm)

0.050 0.97 1.50 0.53 > 5.6
0.075 1.05 1.63 0.58 > 8.0
0.100 1.10 1.74 0.64 > 94
0.150 1.21 1.93 0.72 >93
0.200 1.29 2.08 0.79 > 8.1

0.15. However, both the real and imaginary parts of n.,, can
change with frequency over the wide bandwidth of operation,
i.e., from 1.10 to 1.74 THz. Therefore, different real and
imaginary parts of m.,., were employed to calculate the
associated variations experienced by the SPSM bandwidth and
MLD values. The results are summarized in Tables 5 and 6,
respectively. One observes that as the real or imaginary parts
of ney,. increases, the achieved SPSM bandwidth becomes
wider, but shifts to higher frequency. The MLD value generally
increases as well. These parametric studies clearly indicate that
the performance variations resulting from dispersion in the
ENZ material is reasonable and within an acceptable range.

IV. CONCLUSION

A THz SPSM PCF design was developed in this paper that
yields an ultra-wide bandwidth over which SPSM propagation
occurs with large MLD values between the wanted (XP) and
unwanted (YP and HO) modes. The significant enhancement
of the SPSM bandwidth and MLD values was facilitated by
a custom-designed core region. Three rectangular slots were
introduced in the central region of the core and the middle
slot was loaded with gain material. Furthermore, ENZ material
rings were introduced in four selected air holes surrounding the
core region. The configuration was optimized with extensive
parametric studies of the design parameters and the subsequent
behaviors of the wanted and unwanted modes. The operating
mechanisms and optimization path were illustrated with a
variety of simulation results. It was demonstrated that the
optimized design achieves an ultra-wide SPSM bandwidth of
0.64 THz, from 1.10 to 1.74 THz, with a high MLD value of
9.4 dB/cm. With these attractive performance characteristics,
the reported PCF is a competitive candidate for a variety of
THz wave guiding applications requiring polarization purity.
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In particular, it can achieve a single polarization state within
a short propagation distance, e.g., the wanted mode becomes
30 dB higher than the unwanted modes after propagating in
only a 3.2 cm long segment of the optimized SPSM PCF.
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