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Abstract—A photonic crystal fiber (PCF) based on high resis-
tivity silicon is reported that exhibits high birefringence, low loss,
and flat dispersion characteristics across a wide bandwidth in the
THz regime. Except for the center region, which remains the back-
ground dielectric, its core is occupied by a set of rectangular air
slots. The material and configuration lead to high birefringence
and low loss. The simulation results, which include the material
losses, indicate that a birefringence value of (.82 and a total loss of
0.011 cm™, including the effective material loss and confinement
losses, are achieved at 1.0 THz. These values are a factor of ten
times higher and four times lower, respectively, than many recent
designs. The numerical analyses also demonstrate that the reported
PCF can be scaled to any desired portion of the THz regime, while
maintaining a similar birefringence, simply by changing the lattice
constant. This “scalable” characteristic is shown to be applicable to
other PCF designs. It could facilitate a novel way of testing THz
fibers, i.e., it suggests that one only needs to test the preform to
validate the performance of the fiber at higher frequencies. This
outcome would significantly reduce the design complexity and the
costs of PCF testing.

Index Terms—Birefringence, confinement loss (CL), dispersion,
effective material loss (EML), photonic crystal fiber (PCF), tera-
hertz.

1. INTRODUCTION

ECAUSE wireless technologies have been enhancing

many aspects of people’s life, the demand for access to
data has dramatically increased over the last few years. It is
reported that the data rates have doubled every eighteen months
over the last three decades and are approaching the capacity
limit of current wireless communication systems [1]. To meet
the expected continuation of this growth, terahertz (THz) band
communications are envisioned as the next frontier of wireless
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communications [2]. The THz band, which covers the spectral
range from 0.1 THz to 10 THz, could effectively alleviate the
spectrum scarcity and capacity limitations of current systems.
While both frequency regions below (microwave) and above
(optical) this band have been extensively investigated, many
features of THz technology are only now being studied.

Arrays of millimeter-wave and THz sources could deliver the
highly directive beams desired for these next generation sys-
tems. However, because of large losses, the propagation of THz
waves in many user environments remains a significant chal-
lenge. Several approaches may yield practical guided wave so-
lutions to realize the feed networks associated with THz arrays.
One is the open air, quasi-optical transmission method [3]. It is
not an effective approach because the waves are not shielded and
may couple with other devices in the communication system.
Substrate integrated waveguides and metallic waveguides are
traditional millimeter-wave solutions. However, they also suf-
fer from unacceptable losses in the THz regime. Feed networks
based on graphene [4] are also a possible and have attracted
recent attention. Nonetheless, their current fabrication difficul-
ties and high costs remain as severe obstacles to their practical
application. Stainless solid wires [5], metal-coated dielectric
tubes [6], and hypodermic needles [7] can also act to guide THz
waves, but they also suffer from high propagation losses.

In contrast, optical fiber-based wave guiding systems serve
as promising candidates for the short range THz wave guiding
needed to advance THz communication systems. For instance,
signals can be suitably confined inside the fiber, thus avoiding
unwanted coupling with other devices. Moreover, fibers are flex-
ible and can be adapted to a variety of packaging requirements.
Furthermore, fiber drawing techniques are mature technologies
in the optical regime and could lead to easier fabrication and ex-
periment verification of THz components. Many polymer fibers,
including plastic fibers [8], Bragg fibers [9], and photonic crys-
tal fibers (PCFs) [10], have been reported recently for THz
applications.

Among these different fiber types, the PCFs are very suit-
able for short range THz applications. They exhibit low losses
while having structural flexibility. Typical optical PCFs uti-
lize a solid dielectric as the fiber core and insert air holes to
form its cladding [11]. This structure generates the necessary
index differences between the cladding and the core to promote
the desired wave guiding. Recent advances in THz PCFs have
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included the introduction of additional smaller air holes in the
core area [12]-[14]. The aim of these porous fiber designs is
to trap the majority of the wave energy in the air regions to
minimize the propagation loss.

When designing THz wave guides, the most stressed factors
are their loss properties, i.e., their effective material loss (EML)
and confinement loss (CL). While there are other loss mech-
anisms, e.g., bending and scattering losses, the EML and CL
losses represent the major ones in THz PCFs and are the bench-
marks of this work. Many recent PCF studies have focused on
achieving a low EML. An octagonal porous PCF was proposed
in [14]; it was shown to have alow EML, 0.07 cm ', ata 1.0 THz
operating frequency. However, the CL was not considered. An-
other design [15] achieved an ultra-low EML of 0.056 cm ™!
and a CL of 0.03 cm™! at 1.0 THz. A PCF employing a rotated
porous hexagonal core [16] was designed to have an EML of
0.066 cm™ ! and aCL of 4.73 x 10~* cm~! at 1.0 THz [16]. An
even lower EML and CL values were realized theoretically in
[17], but under an extreme assumption that cannot be realized in
practice. The loss values in [18] are generally the state-of-art for
THz PCFs, but that PCF was targeted for long range applications
and may not be suitable for short range ones.

For short range signal transmissions, PCFs are also required
to have a high birefringence in order to maintain polarization
integrity over a short distance [19]. This guided wave feature
is widely introduced by breaking the symmetry of either the
core area or the holey cladding. For example, a rectangular
porous fiber with a birefringence of 0.012 at 0.65 THz has been
achieved experimentally [12]. The birefringence was realized
by introducing rectangular slots into the core area. This PCF
exhibited a reasonable EML below 0.25 cm~! for frequencies
below 0.8 THz. Similarly, squeezed elliptical holes were etched
into the PCF core area in [20], achieving a birefringence on the
order of 1072, An asymmetric distribution of circular air-holes
was utilized in both the cladding and the core area of a PCF
in [10] to achieve a high birefringence of 0.026. Introducing a
single circular air-hole unit into the core area, an oligo porous-
core PCF has been realized with a high birefringence of 0.03
[21]. A new kind of dual-hole unit-based porous-core hexagonal
PCF was presented in [22] that yielded a low EML = 0.1 cm ™',
alow CL = 1072 cm™!, and a high birefringence =0.033 at an
operating frequency of 0.85 THz. A circular air hole PCF with
asymmetries both in the core and the cladding was proposed
in [23] and yielded an even higher birefringence =0.045 and a
lower EML = 0.08 cm~!. Other works based on slot cladding,
circular lattice cladding, and kagome cladding were presented
in [24]-[26] that also exhibited reasonable birefringence and
loss values.

While most of these published works focused on a narrow
band of frequencies around 1.0 THz, wide bandwidth fibers
are preferred for high data capacity realizations. Consequently,
another key performance factor that must be considered is dis-
persion. A rapidly-changing dispersion results in a significant
performance variation across the bandwidth and, thus, should
be avoided. Consequently, high birefringence, low loss, and flat
dispersion in a wide bandwidth are all highly desirable design
goals for THz fiber-based components. These often conflicting
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Fig. 1.

Cross sectional view of the reported PCF.

properties make achieving them all simultaneously a very chal-
lenging problem.

A THz PCF with a partially-slotted core based on high re-
sistivity silicon (HRS) [27] is presented in this paper. It is able
to simultaneously achieve high birefringence, low loss, and flat
dispersion over a broad band of frequencies. Rectangular slots
are inserted into the fiber core. These air holes destroy the sym-
metry of the core. Nonetheless, the center area of the core re-
mains a solid dielectric. The birefringence and loss performance
can be noticeably improved with this configuration. Parameter
sweeps of the key dimensions are presented to illustrate how
the design is tuned to have the best performance characteristics.
Numerical analyses will demonstrate that the reported PCF has
a high birefringence, above 0.76, and a low total loss, below
0.04 cm~! for both polarizations over a broad range from 0.9
to 1.3 THz. The dispersion variations for the two orthogonal
polarized states are 0.6 ps/THz/cm and 0.5 ps/THz/cm from 0.8
to 1.1 THz, respectively. Comparisons with an analogous de-
sign based on the popular material Topas [28] further illustrate
the significant advantages of the choice of HRS. Moreover, sil-
icon has been used successfully in a variety of fiber and THz
waveguide works [29]-[32].

Another contribution reported in this paper is the recogni-
tion of a “scaling property” of PCFs. In particular, by properly
scaling all of the dimensions of the reported PCF, the working
frequency can be shifted while maintaining its birefringence and
loss properties. It is demonstrated that this scaling is generally
true for different materials across a broad band of frequencies
where the background material shows near zero dispersion. Ad-
ditionally, another published PCF design [22] is used to illustrate
that this scaling principle is universal as long as the material dis-
persion is near zero. Furthermore, it suggests an easier means
to test PCFs in the THz regime. By only testing the preform,
the performance of the PCF can be obtained without drawing it
into the final fiber. This outcome would significantly reduce the
cost of the development and testing of THz PCFs.

II. PCF CONFIGURATION

Fig. 1 shows the cross section of the partially-slotted (PS)
PCF based on HRS. A triangular lattice distribution of five
air-hole rings is used as the cladding. The distance between
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adjacent air holes is the lattice constant A. The diameter of the
circular air holes in the cladding is set equal to d = 0.95 A.
Outside of the cladding, a matching layer is employed whose
thickness is 15% of the whole diameter of the PCF. There are
eight rectangular slot-shaped air holes distributed symmetrically
with respect to the x-axis in the core area. The center of the core
is solid, the background dielectric. The remainder of the core is
partially slotted. The lengths L of each slot in each set of four
are 0.957 A, 0.851 A, 0.745 A, and 0.638 A, respectively, from
its middle to its edge. The width of all of the slots is W = 0.04 A
and the distance between any two adjacent slots is D = 0.105 A.
The dielectric in the core center has a fixed width of 0.132 A.
Note that all the dimensions have been described in terms of the
lattice constant A. This choice is an optimal way to describe the
PCF; it facilitates the scaling property that will be introduced
below. The optimized lattice constant value was found to be
A =100 pm.

As noted, both HRS [27] and Topas [28] were considered as
the background dielectric material. On one hand, we have found
that HRS, whose material absorption loss is less than 0.015 cm ™!
below 1.5 THz and whose refractive index n = 3.417 from 0.5
to 4.5 THz, leads to superior birefringence and loss properties
across a wider band. On the other hand, a number of PCF studies
have used Topas because of its low bulk material absorption
loss <0.2 cm™! and stable refractive index n = 1.5258 below
1.0 THz. Since the refractive indexes of these two materials are
different, the Topas-based PCF parameters must be obtained
separately. It was found that the same PS design was optimized
with Topas simply by setting A = 400 ym and W = 0.078 A.

III. NUMERICAL SIMULATIONS

The simulations in this work were conducted with the com-
mercial software COMSOL Multiphysics. It is based on the full-
vector finite element method (FEM). Perfectly matched layer
(PML) boundary conditions were employed.

To demonstrate the superiority of the PS configuration over
the commonly known fully-slotted (FS) configuration [24]-[26],
simulations were performed for both HRS-based and Topas-
based PCFs with and without the center slot. For these compari-
son PCF designs to be commensurate with published works, the
lattice constant A was set to be 100 pm.

The HRS-based FS PCF is attained simply by adding a slot
with the optimized dimensions: Lx W= 1.064 A x 0.04 A to the
corresponding FS design. The electric field distributions in the
central regions of the HRS-based PS and FS PCFs are presented
in Fig. 2 for both the X-polarized (X-pol) and Y-polarized (Y-
pol) modes. As illustrated, the differences between the HRS-
based PS and FS PCFs are not significant. This is simply due to
the fact that the slot is quite narrow. Nevertheless, quantitative
comparisons based on the birefringence and loss values given
below demonstrate that the PS configuration is superior to the
FS one. On the other hand, it is clear that the X-pol fields are
more strongly confined to the core than the Y-pol ones. In fact,
more than two to three times the power is localized in the core
for the X-pol mode in comparison to the Y-pol mode over the
frequencies of interest.

(d

Fig. 2. The magnitude of the electric field distributions at 1.0 THz for the
HRS-based PCFs. (a) X- and (b) Y-pol modes of the PS PCF. (c¢) X- and (d)
Y-pol modes of the FS PCFE. (The arrows represent the direction of the electric
field vector. The color spectrum for each subplot represents the same power
levels (dark red is maximum; dark blue is minimum).)
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Fig. 3. The magnitude of the electric field distribution at 1.0 THz for the
Topas-based PCFs. (a) X- and (b) Y-pol modes of the PS PCF. (c) X- and (d)
Y-pol modes of the FS PCFE. (The arrows represent the direction of the electric
field vector. The color spectrum for each subplot represents the same power
levels (dark red is maximum; dark blue is minimum).)

Similarly, the central slot for the Topas-based FS PCF has the
optimized dimensions: Lx W = 1.064 A x 0.078 A. The electric
field distributions in the central regions of both the PS and FS
designs are presented in Fig. 3. The X- and Y-pol modes of the
FS PCF presented in Fig. 3(c) and (d) clearly show that more
power is distributed in its cladding when compared to the same
modes for the PS PCF shown in Fig. 3(a) and (b). Similarly, it
is also clear that more power is present in the central region of
the PS design.

These large differences in the behaviors of the PS and FS
Topas designs arise from their wider slots and their lower sub-
strate index contrast. These features lead to an effective index
of the core region which is relatively low and, hence, poorer
confinement there. Nonetheless, the higher percentage of the
dielectric remaining in the core of both the HRS- and Topas-
based PS structures improves the index contrast between it and
the cladding. This leads to improved field confinement in the PS
cores. Consequently, a much higher birefringence is attained, for
example, with the Topas-based PS PCF (0.069) in comparison
to the FS PCF (0.025) at 1 THz.

As is also observed in Fig. 3, the electric field of the X-
pol mode is strongly concentrated in the core. In contrast, a
noticeable proportion of the electric field appears in the cladding
for the Y-pol mode. Moreover, the electric field of the Y-pol
mode remains mainly in the air slots; very little is distributed
into the dielectric. On the other hand, the X-pol electric field
has no apparent preferences between the air slots or dielectric
in the core region.

The key performance indexes of the HRS-based PS and
FS PCFs: the CL, EML, birefringence, and dispersion val-
ues, are compared in Fig. 4 as functions of the source fre-
quency. Following [18], the CL values shown in Fig. 4(a) were
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Fig. 4.

Comparison of the simulated performance characteristics of the X- and Y-pol modes of the HRS-based PS (solid lines) and FS (dashed lines) PCFs. The

(a) CL, (b) EML, (c) total loss, (d) birefringence, and (e) dispersion values as functions of the source frequency. (Note: XP denotes X-pol; YP denotes Y-pol.)

calculated as

dn f

L. (cm’l) = x Im [neg], (1)
where c is the speed of light in vacuum and Im|[n.g] is the
imaginary part of the effective refractive index. As observed in
Fig. 4(a), the CL values for both the X- and Y-pol modes are
smaller in the PS PCF. Furthermore, the X-pol CL values are
observed to be significantly smaller than the Y-pol ones for both
the PS and FS PCFs.

The reason that the CL values in the X-pol modes are signifi-
cantly lower than the Y-pol modes arises from the much stronger
confinement in the core in the former and the presence of the
air-filled slots in the core. One finds that about half the X-pol
power in the core is associated with the slot regions which are
filled with air. This is actually discernable in Fig. 2(a) and (b).
Consequently, the values of Im[n.g] are tiny. While Fig. 2(b)
and (d) show the fields in the slots are much larger than their
surrounding dielectric, they also illustrate the much poorer con-
finement in the core. Thus, while the Y-pol values of Im[n, | are
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relatively small, they are not tiny. Moreover, because of the na-
ture of the Y-pol band-gap structure formed by the slots, the de-
fect region in the PS structure (i.e., the HRS center of the core)
causes the fields outside of the core to be lower than those
in the FS structure. This smaller confinement thus causes the
Y-pol Im|[n.g] values to be larger in the FS case. The slightly
different X-pol CL values for the PS and FS structures arise
from the slightly poorer confinement observed between Fig. 2(a)
and (c).

The EMLs of both modes and PCFs are plotted in Fig. 4(b).
They were obtained with the expression

z
(%) fmaf, Nmat Omat |E‘|2 dA
2[4y S.dA ’

where ¢y and p are the permittivity and permeability of vac-
uum, Ny, 1S the refractive index of the background material,
O at 18 the bulk material absorption loss, E is the modal electric
field, and S, is the Poynting vector projection in the Z direction.
As shown in Fig. 4(b), the EML values of the PS PCF are slightly
higher than those of the FS design for both the two polarized
modes. This outcome is simply due to the fact that the PS PCF
has a slightly larger fraction of the dielectric in the core area. It
also is observed that the X-pol EMLs are larger than the Y-pol
EMLs. This behavior is due to the fact that the Y-pol electric
field is concentrated mainly in the air slots (see Fig. 2).

Although the EML values are slightly higher for PS PCF,
its CL values are lower. The total losses, considering both the
EML and CL values, are presented in Fig. 4(c). These results
demonstrate that the PS PCF has a much smaller loss for the
Y-pol mode and a comparable loss for the X-pol mode when
compared to those of the FS PCF. Because the total loss is the
combination of the CL and EML values, we will only report the
total loss for the parameter studies below.

The birefringence, B, is calculated as

2

Qloff (cm’l) =

3)

where n, and n, are the effective modal refractive indexes for
the X- and Y-pol modes, respectively. The simulated birefrin-
gence values for both PCFs are given in Fig. 4(d). It is noted
immediately that the birefringence of both the PS and FS PCFs
is very high. Moreover, there is an enhancement of the bire-
fringence achieved by introducing the PS core. Specifically, the
birefringence is improved from 0.42 to 0.51 and from 0.83 to
0.88 at 0.7 THz and 1.3 THz, respectively. The real parts of the
indexes completely dominate the birefringence calculation (3).
The presence of the HRS dielectric in the center of the core of
the PS structure causes the value of Re(n.q ) in the X-pol case
to be larger than it is in the FS structure.

Fig. 4(e) shows the dispersion curves versus frequency for
both PCFs and their X- and Y-pol modes. Since the material
dispersion of the HRS is negligible within the 0.5-4.5 THz
frequency band, these curves basically represent the effects of
waveguide dispersion. The latter is calculated with the expres-
sion [18]:

B = |n, —n,l,

2 dneg
By = =—==

w Pnog
dw

“4)

c dw c

where n.g is specifically the effective refractive index of the
fundamental mode and w = 27fis its angular center frequency.
It can be seen that the dispersion curve of the PS PCF is much
flatter across the frequencies of interest in comparison to the
FS PCF one. In particular, the variations of the dispersion curve
for both polarization states of the PS PCF are low: —2.8 £+
0.6 ps/THz/cm for the X-pol mode and 6.0 £ 0.5 ps/THz/cm
for the Y-pol mode from 0.8 to 1.1 THz. It is found that the
values of Re(n.q) for the X-pol mode for both the PS and
FS structures are larger for than those of the Y-pol mode. The
slopes of the X-pol values for both structures are decreasing
with increasing frequency. The slopes of the Y-pol values are
positive with increasing frequency. On the other hand, the values
of Im(n.g ) are decreasing with frequency for both modes and
both structures, but they are more than two orders of magnitude
smaller than the real values. These features of the effective index
values lead to the exhibited negative dispersion values for the
X-pol case and the positive ones for the Y-pol case.

In summary, all of these performance characteristic results
clearly demonstrate the superiority of the PS configuration.

IV. PARAMETER STUDIES

Parameter sweeps were conducted to optimize the HRS-based
PS PCF design. Various compromises between the different per-
formance indexes allow one to meet different specifications. A
summary of the main design parameter results provide guide-
lines for configuring this PCF for any of its many potential
applications.

A. Effects of the Lattice Constant A

The most important design parameter is the lattice constant,
A, particularly since all of the PCF dimensions are defined
proportional to it. The simulated total loss, birefringence, and
dispersion values for different A values are plotted in Fig. 5(a) to
(c), respectively. As shown in Fig. 5(a), the total loss for the Y-
pol mode decreases rapidly with an increase of lattice constant
A. For this mode, the loss is dominated by the CL values, which
are more sensitive to the dimensions of the structure. On the
other hand, the total loss of the X-pol mode remains basically
constant. The latter occurs because its loss is dominated by the
EML, and the HRS loss value varies little across the frequencies
of interest.

Fig. 5(b) illustrates the changes in the birefringence values.
They increase as both the lattice constant A and the operating
frequency increase. As Fig. 5(c) illustrates, the dispersion values
for the different A values can exhibit rather large variations if
the lattice constant is not chosen properly.

An appropriate compromise amongst all of the performance
characteristic values is obtained by selecting A = 100 pm. This
HRS-based PS PCF has low losses, i.e., below 0.04 cm™!, for
both polarizations from 0.9 to 1.3 THz. It has birefringence
values above 0.76 across this frequency range. On the other
hand, its dispersion values for the less-confined X-pol mode are
—2.3 £ 1.0 (43%), while they are 5.7 + 0.7, i.e., only a 12%
variation for the more-confined Y-pol mode across the same
frequency range.
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Fig. 5. Simulated (a) total loss, (b) birefringence, and (c) dispersion values of

the PS PCF across a wide frequency range for different A values.

B. Effects of the Slot Width

The slot width, W, also has a significant influence on the
performance characteristics. A parameter sweep of W was con-
ducted with all of the other dimensions remaining fixed, no-
tably with A = 100 pum. The resulting variations of total loss,
birefringence, and dispersion are presented in Fig. 6(a) to (c),
respectively.

Asobserved in Fig. 6(a), the TL values are essentially constant
for the X-pol modes. Because the fields are strongly confined to
the core region, there is little TL variation encountered as the slot
size increases. On the other hand, more loss is incurred for the
Y-pol mode at lower frequencies for larger W because the fields
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Fig. 6. Simulated (a) total loss, (b) birefringence, and (c) dispersion values of
the PS PCF with A = 100 pm for different W across a wide frequency range.

in the HRS become larger as the edges of the slots are closer
together and more strongly coupled. As the frequency increases
and, hence, the wavelength decreases, this coupling decreases
and the TL values decrease. The TL values eventually saturate
at some higher frequency as this coupling becomes minor.

Fig. 6(b) demonstrates that the birefringence increases as W
decreases and the frequency increases. This effect again arises
because a higher real part of the effective n, is realized when
more HRS present for the smaller W values and a higher contrast
between the core and the cladding occurs for smaller wave-
lengths. Fig. 6(c) indicates that the dispersion values for the
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TABLE 1
PERFORMANCE COMPARISONS BETWEEN THE STATES-OF-ART PCFS AND THE PCF REPORTED IN THIS WORK
Works Confinement EM-If Total .11OSS Birefringence Dispersion variation
loss(cm™) (cm™) (cm™) (ps/THz/cm)
[14] - 0.07 - - -
[15] 0.03 0.057 0.087 - 0.18
[16] 10733 0.066 0.067 - 0.3
[18] 0.0012 0.035 0.036 - 0.09
[24] 0.008 0.07 0.078 0.075 0.5
[22] 1073 0.1 0.11 0.033 -
[23] - 0.08 - 0.045 0.5
[21] 3.5 0.1 3.51 0.03 0.3
[17] 1037 0.034 0.035 0.001 0.09
[26] 107 0.05 0.05 0.086 0.07
Topas PS YP 106 0.071 0.071 0.069 0.07
Topas PS XP 1012 0.11 0.11 ' 0.06
HRS PS YP 0.0041 0.0046 0.0087 0.92 0.5
HRS PS XP 1012 0.011 0.011 ' 0.6
X-pol mode experience only minor variations for different W 10° ‘ ‘
values, but experience larger ones for the Y-pol mode. ——XP HRS
Consequently, we elected to set W = 0.04 A (4.0 um) as the . jg ?(iis
optimized value. It produces high birefringence and low loss "2 1060 0-0-0-0-0- -9~ YP Topas
around 1.0 THz and has the smallest variations in the dispersion = (eeeee o
values. =
Finally, we note that the diameter of the circular air hole, § 102F
d, also has a direct impact on the performance characteristics.
A larger d yields a better confinement of the field, which in
turn leads to higher birefringence and lower loss values. Nev- 10‘3O 6 07 08 09 1 11 12 13
ertheless, the fabrication of the PCF is more difficult when the ' ' "Frequency (THz) ' '
difference between d and A becomes smaller. Therefore, d was (a)
chosen to be 0.95 A for the optimized design as a tradeoff be- 1 '
tween of the performance values and the anticipated fabrication 0s
complexity. . ’
;ﬁno.s —
C. Performance Comparison =
As a final comparison between the HRS- and Topas-based PS g% 041
PCFs, Fig. 7(a) and (b) present their simulated total loss and oal |
birefringence values for their optimized designs, respectively. It s _‘:?(];is

is noted that the Y-pol loss of the HRS-based PS PCF is quite
high at the lowest frequencies, but achieves much lower loss for
both two polarizations when the frequency is above 0.9 THz.
On the other hand, Fig. 7(b) demonstrates conclusively that the
birefringence values achieved by the HRS-based PS PCF are
an order of magnitude higher than those of the corresponding
Topas-based design.

In summary, the optimized HRS-based PS PCF performance
characteristics are compared with the reported state-of-art PCFs
as listed in Table I. Our design has the smallest loss, being nearly
4 times lower than the other designs. The birefringence achieved
is remarkably ~10 times higher than all of the reported designs.

0.6 0.7 0.8 0.9 1 1.1 1.2 1.3
Frequency (THz)

(b)

Fig.7. Comparison of the simulated (a) total loss and (b) birefringence values
of the optimized HRS- and TOPAS-based PS PCFs as functions of the source
frequency.

On the other hand, the variation of the dispersion values is com-
parable. Furthermore, our design also provides these superior
properties over a wide bandwidth rather than being limited to
operation in a narrow band of frequencies around 1.0 THz.

439
440
441
442



443

444
445
446
447
448
449
450
451
452
453
454
455
456
457
458

0.07
0.8
0.06
0.75
3 3
8 07 £ 0.05
on . o0
8 =}
S E
B0 2o
9
0.6 -
0.03 F —=—A=20
0.55 -6- A=400
e A=2000
0.5 0.02
0.8 1 12 1.4
MNA MNA
(@ (b)
0.8 A
---A=20 XP
M\ﬂ*ﬂ\e\ 0.7 —o-A=400 XP
0.7 ~+- A=2000 XP
0.6 -8- A=20 YP
= 0.6 = ——A=400 YP
CSE ——A=30 XP st A A=2000 YP
35 —e— A=100 XP 5 05
0.5 _
s -b- A=30 YP s
o -8- A=100YP "
= 04 = 04
9
03 b\sﬁ"‘}*‘&——m}————a ————— 5 o
0.2 0.2
3 35 4 0.8 1 1.2 1.4
MNA MNA
(c) (d

CL*\

-=-A=20 XP

10° —6—-A=400 XP
—4A=30 XP =+ A=2000 XP
10710 —o—A=100 XP [ -8-A=20 YP
-b- A=30 YP [ ——A=400 YP
-8- A=100 YP 4 %+ A=2000 YP
10-15
3 3.5 4 0.8 1 1.2 1.4
MA NA
(e ®

Fig. 8. Simulated (a), (b) birefringence, (c), (d) normalized EML, and (e),
(f) normalized CL values across THz regime as the size of the HRS and Topas
PCFs are scaled respectively. (Note that the units of A are micrometers.)

V. “ScALABLE” PCFs

During the parameter studies, it was noticed that the variations
of the CL, EML, and birefringence properties of the PS PCF with
A were very similar to those experienced with frequency. Con-
sequently, it was recognized that one could scale this design to
other frequencies while maintaining its desirable performance.
Both HRS and Topas-based PCFs were used to examine this
scaling property in the THz regime. The analysis demonstrates
the fact that, for different materials, the scaling principle would
work as long as the chosen material has near zero dispersion in
the operational frequency band. The performance indexes of the
HRS-based PS PCF with A = {30, 100} and the Topas-based PS
PCF with A = {20, 400, 2000} are shown in Fig. 8. These spe-
cific values of A were selected to examine whether this scaling
property is maintained in the beginning, middle, and end of the
THz regime. Note that the abscissa in each of the subfigures has

JOURNAL OF LIGHTWAVE TECHNOLOGY

0.036 " " ‘ . :

0.034 ¢

Birefringence
(=]
(=)
(%)
[\e)

0.03
—8—A=30
-6-A=300
e A=3000
0.028 : ‘ ‘ : ‘
0.9 1 1.1 1.2 13
MNA
(@)
0.6 — . , : :
---A=30 XP
- A=300 XP
0.55 ot A=3000 XP 1
-8- A=30  YP
5 ——A=300 YP
<5 05¢ ~d A=3000 YP
D S &
=
H045)
o
0.4+
035 ; : : :
0.9 1 1.1 1.2 13
MNA
(b)
10
10
/(
a
L”) 107
&~ ---A=30 XP
—-—-A=300 XP
10-10 w4 A=3000 XP 4
-2-A=30 YP
——A=300 YP
e A=3000 YP
-12 . . . . .
10
0.9 1 1.1 1.2 13
MNA
(©

Fig.9. Simulated (a) birefringence, (b) normalized EML, and (c) normalized
CL values across THz regime as the size of the PCF reported in [22] is scaled.

been replaced with A/A to better demonstrate these “scalable”
properties.

Fig. 8(a) and (b) clearly demonstrate that the birefringence
values of the design are scalable, i.e., one immediately discerns
that the resulting curves are identical. This outcome confirms
the fact that the scaled PS PCFs have the same birefringence
property as long as the ratio of the wavelength and lattice con-
stant is fixed for all of the operational THz frequencies. The
obvious physical explanation for this behavior is that the effec-
tive index differences of the two polarization modes for different
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A maintain the same variation. In particular, recall from Eq. (1)
that neg is determined only by the PCF dimensions. Since all
the dimensions were defined in proportion to A, ng also shares
this property.

The EML values were also examined. However, they were
found to be affected by the background material’s characteris-
tics, i.e., the material exhibits different properties at different
frequencies. Nonetheless, it was found that by introducing the
normalized quantity:

_ EML

Omat

n “)
where o, ,¢ 1s the bulk material absorption loss, one can com-
pensate for these effects. As shown in Fig. 8(c) and (d), the
corresponding normalized EML values also scale with different
A. As a consequence, one finds that the actual EML values can
be easily re-evaluated from the background material’s absorp-
tion loss properties at different frequencies.

Similarly, it was found that the CL values rise with frequency
even though A/A is kept constant. On the other hand, it was
noticed that CL+A remains constant as long as A/A is fixed. This
normalized CL behavior is demonstrated in Fig. 8(e) and (f).
Therefore, the CL value can also be predicted when the PCF is
scaled to work at different frequencies.

To demonstrate this scaling principle can also be applied
to other designs, the Topas-based PCF proposed in [22] was
selected. The birefringence, normalized EML (EML/ay, 5t ), and
normalized CL (CLxA) values are plotted in Fig. 9(a), (b), and
(c), respectively. It is observed that the “scaling” principle also
holds for this very different PCF design.

The discovery of this scaling principle for PCFs could signif-
icantly impact future PCF experiments. In particular, after the
design and optimization of a PCF in software, its preform can be
fabricated and tested before drawing it into the fiber. With this
scaling property, the test results of the preform should clearly
reveal the performance of the actual fiber. This outcome would
help to avoid unnecessary fiber drawing if the preform does not
show an acceptable performance. Subsequent efforts, includ-
ing experiments, should be pursued to validate of this preform
conjecture.

VI. CONCLUSION

A novel HRS-based PCF with a PS core was designed and op-
timized for THz frequencies. It was demonstrated that it exhibits
improved performance characteristics when compared to its FS
core counterpart. Key parameter variations were explored to ex-
plain its design principles and the tradeoffs considered in the
reported system. Guidelines for tuning its properties to achieve
enhanced properties for other choices emerged. The optimized
design was shown to have high birefringence, low loss, and
relatively flat dispersion properties across a wide band of THz
frequencies, in distinct contrast to the many narrow band THz
PCFs reported previously. Moreover, it was demonstrated that
one can scale the PS PCF design to work at different frequen-
cies while maintaining similar performance characteristics. The
birefringence and the normalized EML (EML/«_mat) and CL

(CLx\) values were shown to satisfy a scaling principle based
a fixed ratio of the wavelength and the lattice constant: A/A.
It was determined that this behavior was directly connected to
the very low dispersion properties of the background materials,
HRS from 0.5 to 4.5 THz and Topas from 0.1 to 10.0 THz. This
scaling principle was applied to and validated with an indepen-
dently reported PCF design. It was conjectured that this scaling
principle can be used to guide the redesign of similar PCF sys-
tems to other THz frequencies and could simplify future PCF
experiments by predicting the performance outcome by testing
the preform before the actual fiber is pulled.
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A Scalable THz Photonic Crystal Fiber With
Partially-Slotted Core That Exhibits Improved
Birefringence and Reduced Loss

Tianyu Yang, Can Ding ® Member, IEEE, Richard W. Ziolkowski, Fellow, IEEE, Fellow, OSA, and
Y. Jay Guo, Fellow, IEEE

Abstract—A photonic crystal fiber (PCF) based on high resis-
tivity silicon is reported that exhibits high birefringence, low loss,
and flat dispersion characteristics across a wide bandwidth in the
THz regime. Except for the center region, which remains the back-
ground dielectric, its core is occupied by a set of rectangular air
slots. The material and configuration lead to high birefringence
and low loss. The simulation results, which include the material
losses, indicate that a birefringence value of (.82 and a total loss of
0.011 ecm™!, including the effective material loss and confinement
losses, are achieved at 1.0 THz. These values are a factor of ten
times higher and four times lower, respectively, than many recent
designs. The numerical analyses also demonstrate that the reported
PCF can be scaled to any desired portion of the THz regime, while
maintaining a similar birefringence, simply by changing the lattice
constant. This ‘“scalable’ characteristic is shown to be applicable to
other PCF designs. It could facilitate a novel way of testing THz
fibers, i.e., it suggests that one only needs to test the preform to
validate the performance of the fiber at higher frequencies. This
outcome would significantly reduce the design complexity and the
costs of PCF testing.

Index Terms—Birefringence, confinement loss (CL), dispersion,
effective material loss (EML), photonic crystal fiber (PCF), tera-
hertz.

1. INTRODUCTION

ECAUSE wireless technologies have been enhancing

many aspects of people’s life, the demand for access to
data has dramatically increased over the last few years. It is
reported that the data rates have doubled every eighteen months
over the last three decades and are approaching the capacity
limit of current wireless communication systems [1]. To meet
the expected continuation of this growth, terahertz (THz) band
communications are envisioned as the next frontier of wireless
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communications [2]. The THz band, which covers the spectral
range from 0.1 THz to 10 THz, could effectively alleviate the
spectrum scarcity and capacity limitations of current systems.
While both frequency regions below (microwave) and above
(optical) this band have been extensively investigated, many
features of THz technology are only now being studied.

Arrays of millimeter-wave and THz sources could deliver the
highly directive beams desired for these next generation sys-
tems. However, because of large losses, the propagation of THz
waves in many user environments remains a significant chal-
lenge. Several approaches may yield practical guided wave so-
lutions to realize the feed networks associated with THz arrays.
One is the open air, quasi-optical transmission method [3]. It is
not an effective approach because the waves are not shielded and
may couple with other devices in the communication system.
Substrate integrated waveguides and metallic waveguides are
traditional millimeter-wave solutions. However, they also suf-
fer from unacceptable losses in the THz regime. Feed networks
based on graphene [4] are also a possible and have attracted
recent attention. Nonetheless, their current fabrication difficul-
ties and high costs remain as severe obstacles to their practical
application. Stainless solid wires [5], metal-coated dielectric
tubes [6], and hypodermic needles [7] can also act to guide THz
waves, but they also suffer from high propagation losses.

In contrast, optical fiber-based wave guiding systems serve
as promising candidates for the short range THz wave guiding
needed to advance THz communication systems. For instance,
signals can be suitably confined inside the fiber, thus avoiding
unwanted coupling with other devices. Moreover, fibers are flex-
ible and can be adapted to a variety of packaging requirements.
Furthermore, fiber drawing techniques are mature technologies
in the optical regime and could lead to easier fabrication and ex-
periment verification of THz components. Many polymer fibers,
including plastic fibers [8], Bragg fibers [9], and photonic crys-
tal fibers (PCFs) [10], have been reported recently for THz
applications.

Among these different fiber types, the PCFs are very suit-
able for short range THz applications. They exhibit low losses
while having structural flexibility. Typical optical PCFs uti-
lize a solid dielectric as the fiber core and insert air holes to
form its cladding [11]. This structure generates the necessary
index differences between the cladding and the core to promote
the desired wave guiding. Recent advances in THz PCFs have

0733-8724 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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included the introduction of additional smaller air holes in the
core area [12]-[14]. The aim of these porous fiber designs is
to trap the majority of the wave energy in the air regions to
minimize the propagation loss.

When designing THz wave guides, the most stressed factors
are their loss properties, i.e., their effective material loss (EML)
and confinement loss (CL). While there are other loss mech-
anisms, e.g., bending and scattering losses, the EML and CL
losses represent the major ones in THz PCFs and are the bench-
marks of this work. Many recent PCF studies have focused on
achieving a low EML. An octagonal porous PCF was proposed
in [14]; it was shown to have alow EML, 0.07 cm !, ata 1.0 THz
operating frequency. However, the CL was not considered. An-
other design [15] achieved an ultra-low EML of 0.056 cm™!
and a CL of 0.03 cm™! at 1.0 THz. A PCF employing a rotated
porous hexagonal core [16] was designed to have an EML of
0.066 cm~! and a CL of 4.73 x 10~* cm~! at 1.0 THz [16]. An
even lower EML and CL values were realized theoretically in
[17], but under an extreme assumption that cannot be realized in
practice. The loss values in [ 18] are generally the state-of-art for
THz PCFs, but that PCF was targeted for long range applications
and may not be suitable for short range ones.

For short range signal transmissions, PCFs are also required
to have a high birefringence in order to maintain polarization
integrity over a short distance [19]. This guided wave feature
is widely introduced by breaking the symmetry of either the
core area or the holey cladding. For example, a rectangular
porous fiber with a birefringence of 0.012 at 0.65 THz has been
achieved experimentally [12]. The birefringence was realized
by introducing rectangular slots into the core area. This PCF
exhibited a reasonable EML below 0.25 cm~! for frequencies
below 0.8 THz. Similarly, squeezed elliptical holes were etched
into the PCF core area in [20], achieving a birefringence on the
order of 1072, An asymmetric distribution of circular air-holes
was utilized in both the cladding and the core area of a PCF
in [10] to achieve a high birefringence of 0.026. Introducing a
single circular air-hole unit into the core area, an oligo porous-
core PCF has been realized with a high birefringence of 0.03
[21]. A new kind of dual-hole unit-based porous-core hexagonal
PCF was presented in [22] that yielded a low EML = 0.1 cm ™!,
alow CL = 1072 cm™!, and a high birefringence =0.033 at an
operating frequency of 0.85 THz. A circular air hole PCF with
asymmetries both in the core and the cladding was proposed
in [23] and yielded an even higher birefringence =0.045 and a
lower EML = 0.08 cm~!. Other works based on slot cladding,
circular lattice cladding, and kagome cladding were presented
in [24]-[26] that also exhibited reasonable birefringence and
loss values.

While most of these published works focused on a narrow
band of frequencies around 1.0 THz, wide bandwidth fibers
are preferred for high data capacity realizations. Consequently,
another key performance factor that must be considered is dis-
persion. A rapidly-changing dispersion results in a significant
performance variation across the bandwidth and, thus, should
be avoided. Consequently, high birefringence, low loss, and flat
dispersion in a wide bandwidth are all highly desirable design
goals for THz fiber-based components. These often conflicting

JOURNAL OF LIGHTWAVE TECHNOLOGY

Fig. 1.

Cross sectional view of the reported PCFE.

properties make achieving them all simultaneously a very chal-
lenging problem.

A THz PCF with a partially-slotted core based on high re-
sistivity silicon (HRS) [27] is presented in this paper. It is able
to simultaneously achieve high birefringence, low loss, and flat
dispersion over a broad band of frequencies. Rectangular slots
are inserted into the fiber core. These air holes destroy the sym-
metry of the core. Nonetheless, the center area of the core re-
mains a solid dielectric. The birefringence and loss performance
can be noticeably improved with this configuration. Parameter
sweeps of the key dimensions are presented to illustrate how
the design is tuned to have the best performance characteristics.
Numerical analyses will demonstrate that the reported PCF has
a high birefringence, above 0.76, and a low total loss, below
0.04 em~! for both polarizations over a broad range from 0.9
to 1.3 THz. The dispersion variations for the two orthogonal
polarized states are 0.6 ps/THz/cm and 0.5 ps/THz/cm from 0.8
to 1.1 THz, respectively. Comparisons with an analogous de-
sign based on the popular material Topas [28] further illustrate
the significant advantages of the choice of HRS. Moreover, sil-
icon has been used successfully in a variety of fiber and THz
waveguide works [29]-[32].

Another contribution reported in this paper is the recogni-
tion of a “scaling property” of PCFs. In particular, by properly
scaling all of the dimensions of the reported PCF, the working
frequency can be shifted while maintaining its birefringence and
loss properties. It is demonstrated that this scaling is generally
true for different materials across a broad band of frequencies
where the background material shows near zero dispersion. Ad-
ditionally, another published PCF design [22] is used to illustrate
that this scaling principle is universal as long as the material dis-
persion is near zero. Furthermore, it suggests an easier means
to test PCFs in the THz regime. By only testing the preform,
the performance of the PCF can be obtained without drawing it
into the final fiber. This outcome would significantly reduce the
cost of the development and testing of THz PCFs.

II. PCF CONFIGURATION

Fig. 1 shows the cross section of the partially-slotted (PS)
PCF based on HRS. A triangular lattice distribution of five
air-hole rings is used as the cladding. The distance between
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adjacent air holes is the lattice constant A. The diameter of the
circular air holes in the cladding is set equal to d = 0.95 A.
Outside of the cladding, a matching layer is employed whose
thickness is 15% of the whole diameter of the PCF. There are
eight rectangular slot-shaped air holes distributed symmetrically
with respect to the x-axis in the core area. The center of the core
is solid, the background dielectric. The remainder of the core is
partially slotted. The lengths L of each slot in each set of four
are 0.957 A, 0.851 A, 0.745 A, and 0.638 A, respectively, from
its middle to its edge. The width of all of the slots is W = 0.04 A
and the distance between any two adjacent slots is D = 0.105 A.
The dielectric in the core center has a fixed width of 0.132 A.
Note that all the dimensions have been described in terms of the
lattice constant A. This choice is an optimal way to describe the
PCF; it facilitates the scaling property that will be introduced
below. The optimized lattice constant value was found to be
A =100 pm.

As noted, both HRS [27] and Topas [28] were considered as
the background dielectric material. On one hand, we have found
that HRS, whose material absorption loss is less than 0.015 cm ™!
below 1.5 THz and whose refractive index n = 3.417 from 0.5
to 4.5 THz, leads to superior birefringence and loss properties
across a wider band. On the other hand, a number of PCF studies
have used Topas because of its low bulk material absorption
loss <0.2 cm™! and stable refractive index n = 1.5258 below
1.0 THz. Since the refractive indexes of these two materials are
different, the Topas-based PCF parameters must be obtained
separately. It was found that the same PS design was optimized
with Topas simply by setting A = 400 ym and W = 0.078 A.

III. NUMERICAL SIMULATIONS

The simulations in this work were conducted with the com-
mercial software COMSOL Multiphysics. It is based on the full-
vector finite element method (FEM). Perfectly matched layer
(PML) boundary conditions were employed.

To demonstrate the superiority of the PS configuration over
the commonly known fully-slotted (FS) configuration [24]-[26],
simulations were performed for both HRS-based and Topas-
based PCFs with and without the center slot. For these compari-
son PCF designs to be commensurate with published works, the
lattice constant A was set to be 100 pm.

The HRS-based FS PCF is attained simply by adding a slot
with the optimized dimensions: Lx W = 1.064 A x 0.04 A to the
corresponding FS design. The electric field distributions in the
central regions of the HRS-based PS and FS PCFs are presented
in Fig. 2 for both the X-polarized (X-pol) and Y-polarized (Y-
pol) modes. As illustrated, the differences between the HRS-
based PS and FS PCFs are not significant. This is simply due to
the fact that the slot is quite narrow. Nevertheless, quantitative
comparisons based on the birefringence and loss values given
below demonstrate that the PS configuration is superior to the
FS one. On the other hand, it is clear that the X-pol fields are
more strongly confined to the core than the Y-pol ones. In fact,
more than two to three times the power is localized in the core
for the X-pol mode in comparison to the Y-pol mode over the
frequencies of interest.

(d

Fig. 2. The magnitude of the electric field distributions at 1.0 THz for the
HRS-based PCFs. (a) X- and (b) Y-pol modes of the PS PCF. (c¢) X- and (d)
Y-pol modes of the FS PCF. (The arrows represent the direction of the electric
field vector. The color spectrum for each subplot represents the same power
levels (dark red is maximum; dark blue is minimum).)

Fig. 3. The magnitude of the electric field distribution at 1.0 THz for the
Topas-based PCFs. (a) X- and (b) Y-pol modes of the PS PCF. (c¢) X- and (d)
Y-pol modes of the FS PCFE. (The arrows represent the direction of the electric
field vector. The color spectrum for each subplot represents the same power
levels (dark red is maximum; dark blue is minimum).)

Similarly, the central slot for the Topas-based FS PCF has the
optimized dimensions: Lx W = 1.064 A x 0.078 A. The electric
field distributions in the central regions of both the PS and FS
designs are presented in Fig. 3. The X- and Y-pol modes of the
FS PCF presented in Fig. 3(c) and (d) clearly show that more
power is distributed in its cladding when compared to the same
modes for the PS PCF shown in Fig. 3(a) and (b). Similarly, it
is also clear that more power is present in the central region of
the PS design.

These large differences in the behaviors of the PS and FS
Topas designs arise from their wider slots and their lower sub-
strate index contrast. These features lead to an effective index
of the core region which is relatively low and, hence, poorer
confinement there. Nonetheless, the higher percentage of the
dielectric remaining in the core of both the HRS- and Topas-
based PS structures improves the index contrast between it and
the cladding. This leads to improved field confinement in the PS
cores. Consequently, a much higher birefringence is attained, for
example, with the Topas-based PS PCF (0.069) in comparison
to the FS PCF (0.025) at 1 THz.

As is also observed in Fig. 3, the electric field of the X-
pol mode is strongly concentrated in the core. In contrast, a
noticeable proportion of the electric field appears in the cladding
for the Y-pol mode. Moreover, the electric field of the Y-pol
mode remains mainly in the air slots; very little is distributed
into the dielectric. On the other hand, the X-pol electric field
has no apparent preferences between the air slots or dielectric
in the core region.

The key performance indexes of the HRS-based PS and
FS PCFs: the CL, EML, birefringence, and dispersion val-
ues, are compared in Fig. 4 as functions of the source fre-
quency. Following [18], the CL values shown in Fig. 4(a) were
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calculated as

A f

L, (cm’l) = —= x Im [nex], (D
where ¢ is the speed of light in vacuum and Im[n.g] is the
imaginary part of the effective refractive index. As observed in
Fig. 4(a), the CL values for both the X- and Y-pol modes are
smaller in the PS PCF. Furthermore, the X-pol CL values are
observed to be significantly smaller than the Y-pol ones for both

the PS and FS PCFs.

The reason that the CL values in the X-pol modes are signifi-
cantly lower than the Y-pol modes arises from the much stronger
confinement in the core in the former and the presence of the
air-filled slots in the core. One finds that about half the X-pol
power in the core is associated with the slot regions which are
filled with air. This is actually discernable in Fig. 2(a) and (b).
Consequently, the values of Im[n.g] are tiny. While Fig. 2(b)
and (d) show the fields in the slots are much larger than their
surrounding dielectric, they also illustrate the much poorer con-
finement in the core. Thus, while the Y-pol values of Im[n. | are
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relatively small, they are not tiny. Moreover, because of the na-
ture of the Y-pol band-gap structure formed by the slots, the de-
fect region in the PS structure (i.e., the HRS center of the core)
causes the fields outside of the core to be lower than those
in the FS structure. This smaller confinement thus causes the
Y-pol Im|[n.g] values to be larger in the FS case. The slightly
different X-pol CL values for the PS and FS structures arise
from the slightly poorer confinement observed between Fig. 2(a)
and (¢).

The EMLs of both modes and PCFs are plotted in Fig. 4(b).
They were obtained with the expression

1

’ 2
(;%) fmat Nmat Qmat |E| dA
2[au 5. dA ’

where € and p are the permittivity and permeability of vac-
uum, Ny, 1S the refractive index of the background material,
Qimat 18 the bulk material absorption loss, E is the modal electric
field, and S, is the Poynting vector projection in the Z direction.
As shown in Fig. 4(b), the EML values of the PS PCF are slightly
higher than those of the FS design for both the two polarized
modes. This outcome is simply due to the fact that the PS PCF
has a slightly larger fraction of the dielectric in the core area. It
also is observed that the X-pol EMLs are larger than the Y-pol
EMLs. This behavior is due to the fact that the Y-pol electric
field is concentrated mainly in the air slots (see Fig. 2).

Although the EML values are slightly higher for PS PCF,
its CL values are lower. The total losses, considering both the
EML and CL values, are presented in Fig. 4(c). These results
demonstrate that the PS PCF has a much smaller loss for the
Y-pol mode and a comparable loss for the X-pol mode when
compared to those of the FS PCF. Because the total loss is the
combination of the CL and EML values, we will only report the
total loss for the parameter studies below.

The birefringence, B, is calculated as

B =|n,

Qloff (cm’l) =

2

3)

where n, and n, are the effective modal refractive indexes for
the X- and Y-pol modes, respectively. The simulated birefrin-
gence values for both PCFs are given in Fig. 4(d). It is noted
immediately that the birefringence of both the PS and FS PCFs
is very high. Moreover, there is an enhancement of the bire-
fringence achieved by introducing the PS core. Specifically, the
birefringence is improved from 0.42 to 0.51 and from 0.83 to
0.88 at 0.7 THz and 1.3 THz, respectively. The real parts of the
indexes completely dominate the birefringence calculation (3).
The presence of the HRS dielectric in the center of the core of
the PS structure causes the value of Re(n.f ) in the X-pol case
to be larger than it is in the FS structure.

Fig. 4(e) shows the dispersion curves versus frequency for
both PCFs and their X- and Y-pol modes. Since the material
dispersion of the HRS is negligible within the 0.5-4.5 THz
frequency band, these curves basically represent the effects of
waveguide dispersion. The latter is calculated with the expres-
sion [18]:

_ny|7

_ 2dney | w B eg

dw

fa “4)

c dw c

where n.g is specifically the effective refractive index of the
fundamental mode and w = 27fis its angular center frequency.
It can be seen that the dispersion curve of the PS PCF is much
flatter across the frequencies of interest in comparison to the
FS PCF one. In particular, the variations of the dispersion curve
for both polarization states of the PS PCF are low: —2.8 +
0.6 ps/THz/cm for the X-pol mode and 6.0 £ 0.5 ps/THz/cm
for the Y-pol mode from 0.8 to 1.1 THz. It is found that the
values of Re(n.g) for the X-pol mode for both the PS and
FS structures are larger for than those of the Y-pol mode. The
slopes of the X-pol values for both structures are decreasing
with increasing frequency. The slopes of the Y-pol values are
positive with increasing frequency. On the other hand, the values
of Im(n.g ) are decreasing with frequency for both modes and
both structures, but they are more than two orders of magnitude
smaller than the real values. These features of the effective index
values lead to the exhibited negative dispersion values for the
X-pol case and the positive ones for the Y-pol case.

In summary, all of these performance characteristic results
clearly demonstrate the superiority of the PS configuration.

IV. PARAMETER STUDIES

Parameter sweeps were conducted to optimize the HRS-based
PS PCF design. Various compromises between the different per-
formance indexes allow one to meet different specifications. A
summary of the main design parameter results provide guide-
lines for configuring this PCF for any of its many potential
applications.

A. Effects of the Lattice Constant A

The most important design parameter is the lattice constant,
A, particularly since all of the PCF dimensions are defined
proportional to it. The simulated total loss, birefringence, and
dispersion values for different A values are plotted in Fig. 5(a) to
(c), respectively. As shown in Fig. 5(a), the total loss for the Y-
pol mode decreases rapidly with an increase of lattice constant
A. For this mode, the loss is dominated by the CL values, which
are more sensitive to the dimensions of the structure. On the
other hand, the total loss of the X-pol mode remains basically
constant. The latter occurs because its loss is dominated by the
EML, and the HRS loss value varies little across the frequencies
of interest.

Fig. 5(b) illustrates the changes in the birefringence values.
They increase as both the lattice constant A and the operating
frequency increase. As Fig. 5(c) illustrates, the dispersion values
for the different A values can exhibit rather large variations if
the lattice constant is not chosen properly.

An appropriate compromise amongst all of the performance
characteristic values is obtained by selecting A = 100 pm. This
HRS-based PS PCF has low losses, i.e., below 0.04 cm™!, for
both polarizations from 0.9 to 1.3 THz. It has birefringence
values above .76 across this frequency range. On the other
hand, its dispersion values for the less-confined X-pol mode are
—2.3 £ 1.0 (43%), while they are 5.7 £ 0.7, i.e., only a 12%
variation for the more-confined Y-pol mode across the same
frequency range.
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Fig. 5. Simulated (a) total loss, (b) birefringence, and (c) dispersion values of
the PS PCF across a wide frequency range for different A values.

B. Effects of the Slot Width

The slot width, W, also has a significant influence on the
performance characteristics. A parameter sweep of W was con-
ducted with all of the other dimensions remaining fixed, no-
tably with A = 100 pum. The resulting variations of total loss,
birefringence, and dispersion are presented in Fig. 6(a) to (c),
respectively.

Asobservedin Fig. 6(a), the TL values are essentially constant
for the X-pol modes. Because the fields are strongly confined to
the core region, there is little TL variation encountered as the slot
size increases. On the other hand, more loss is incurred for the
Y-pol mode at lower frequencies for larger W because the fields

Fig. 6.

in the HRS become larger as the edges of the slots are closer
together and more strongly coupled. As the frequency increases
and, hence, the wavelength decreases, this coupling decreases
and the TL values decrease. The TL values eventually saturate
at some higher frequency as this coupling becomes minor.

Fig. 6(b) demonstrates that the birefringence increases as W
decreases and the frequency increases. This effect again arises
because a higher real part of the effective n, is realized when
more HRS present for the smaller W values and a higher contrast
between the core and the cladding occurs for smaller wave-
lengths. Fig. 6(c) indicates that the dispersion values for the
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the PS PCF with A = 100 pm for different W across a wide frequency range.
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TABLE I
PERFORMANCE COMPARISONS BETWEEN THE STATES-OF-ART PCFS AND THE PCF REPORTED IN THIS WORK
EML Total loss e i i iati
Works Cl(z)nsfsi(ljzemn??)nt (cm) (™) Birefringence D]SIESS"II?I;Z\ZESUOH

[14] - 0.07 - - -

[15] 0.03 0.057 0.087 - 0.18

[16] 10733 0.066 0.067 - 0.3

[18] 0.0012 0.035 0.036 - 0.09

[24] 0.008 0.07 0.078 0.075 0.5

[22] 1073 0.1 0.11 0.033 -

[23] - 0.08 - 0.045 0.5

[21] 3.5 0.1 3.51 0.03 0.3

[17] 1037 0.034 0.035 0.001 0.09

[26] 107 0.05 0.05 0.086 0.07
Topas PS YP 10°¢ 0.071 0.071 0.069 0.07
Topas PS XP 10712 0.11 0.11 0.06
HRS PS YP 0.0041 0.0046 0.0087 0.82 0.5
HRS PS XP 1012 0.011 0.011 0.6

X-pol mode experience only minor variations for different W
values, but experience larger ones for the Y-pol mode.

Consequently, we elected to set W = 0.04 A (4.0 pm) as the
optimized value. It produces high birefringence and low loss
around 1.0 THz and has the smallest variations in the dispersion
values.

Finally, we note that the diameter of the circular air hole,
d, also has a direct impact on the performance characteristics.
A larger d yields a better confinement of the field, which in
turn leads to higher birefringence and lower loss values. Nev-
ertheless, the fabrication of the PCF is more difficult when the
difference between d and A becomes smaller. Therefore, d was
chosen to be 0.95 A for the optimized design as a tradeoff be-
tween of the performance values and the anticipated fabrication
complexity.

C. Performance Comparison

As a final comparison between the HRS- and Topas-based PS
PCFs, Fig. 7(a) and (b) present their simulated total loss and
birefringence values for their optimized designs, respectively. It
is noted that the Y-pol loss of the HRS-based PS PCF is quite
high at the lowest frequencies, but achieves much lower loss for
both two polarizations when the frequency is above 0.9 THz.
On the other hand, Fig. 7(b) demonstrates conclusively that the
birefringence values achieved by the HRS-based PS PCF are
an order of magnitude higher than those of the corresponding
Topas-based design.

In summary, the optimized HRS-based PS PCF performance
characteristics are compared with the reported state-of-art PCFs
as listed in Table I. Our design has the smallest loss, being nearly
4 times lower than the other designs. The birefringence achieved
is remarkably ~10 times higher than all of the reported designs.
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Fig.7. Comparison of the simulated (a) total loss and (b) birefringence values
of the optimized HRS- and TOPAS-based PS PCFs as functions of the source
frequency.

On the other hand, the variation of the dispersion values is com-
parable. Furthermore, our design also provides these superior
properties over a wide bandwidth rather than being limited to
operation in a narrow band of frequencies around 1.0 THz.
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Fig. 8. Simulated (a), (b) birefringence, (c), (d) normalized EML, and (e),

(f) normalized CL values across THz regime as the size of the HRS and Topas
PCFs are scaled respectively. (Note that the units of A are micrometers.)

V. “ScALABLE” PCFs

During the parameter studies, it was noticed that the variations
of the CL, EML, and birefringence properties of the PS PCF with
A were very similar to those experienced with frequency. Con-
sequently, it was recognized that one could scale this design to
other frequencies while maintaining its desirable performance.
Both HRS and Topas-based PCFs were used to examine this
scaling property in the THz regime. The analysis demonstrates
the fact that, for different materials, the scaling principle would
work as long as the chosen material has near zero dispersion in
the operational frequency band. The performance indexes of the
HRS-based PS PCF with A = {30, 100} and the Topas-based PS
PCF with A = {20, 400, 2000} are shown in Fig. 8. These spe-
cific values of A were selected to examine whether this scaling
property is maintained in the beginning, middle, and end of the
THz regime. Note that the abscissa in each of the subfigures has
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Fig.9. Simulated (a) birefringence, (b) normalized EML, and (c) normalized
CL values across THz regime as the size of the PCF reported in [22] is scaled.

been replaced with A/A to better demonstrate these “scalable”
properties.

Fig. 8(a) and (b) clearly demonstrate that the birefringence
values of the design are scalable, i.e., one immediately discerns
that the resulting curves are identical. This outcome confirms
the fact that the scaled PS PCFs have the same birefringence
property as long as the ratio of the wavelength and lattice con-
stant is fixed for all of the operational THz frequencies. The
obvious physical explanation for this behavior is that the effec-
tive index differences of the two polarization modes for different
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A maintain the same variation. In particular, recall from Eq. (1)
that neg is determined only by the PCF dimensions. Since all
the dimensions were defined in proportion to A, n.g also shares
this property.

The EML values were also examined. However, they were
found to be affected by the background material’s characteris-
tics, i.e., the material exhibits different properties at different
frequencies. Nonetheless, it was found that by introducing the
normalized quantity:

_ EML

Omat

n “)
where oy ,¢ 1S the bulk material absorption loss, one can com-
pensate for these effects. As shown in Fig. 8(c) and (d), the
corresponding normalized EML values also scale with different
A. As a consequence, one finds that the actual EML values can
be easily re-evaluated from the background material’s absorp-
tion loss properties at different frequencies.

Similarly, it was found that the CL values rise with frequency
even though A/A is kept constant. On the other hand, it was
noticed that CLxA remains constant as long as A/A is fixed. This
normalized CL behavior is demonstrated in Fig. 8(e) and (f).
Therefore, the CL value can also be predicted when the PCF is
scaled to work at different frequencies.

To demonstrate this scaling principle can also be applied
to other designs, the Topas-based PCF proposed in [22] was
selected. The birefringence, normalized EML (EML/ayy, 5t ), and
normalized CL (CLxA) values are plotted in Fig. 9(a), (b), and
(c), respectively. It is observed that the “scaling” principle also
holds for this very different PCF design.

The discovery of this scaling principle for PCFs could signif-
icantly impact future PCF experiments. In particular, after the
design and optimization of a PCF in software, its preform can be
fabricated and tested before drawing it into the fiber. With this
scaling property, the test results of the preform should clearly
reveal the performance of the actual fiber. This outcome would
help to avoid unnecessary fiber drawing if the preform does not
show an acceptable performance. Subsequent efforts, includ-
ing experiments, should be pursued to validate of this preform
conjecture.

VI. CONCLUSION

A novel HRS-based PCF with a PS core was designed and op-
timized for THz frequencies. It was demonstrated that it exhibits
improved performance characteristics when compared to its FS
core counterpart. Key parameter variations were explored to ex-
plain its design principles and the tradeoffs considered in the
reported system. Guidelines for tuning its properties to achieve
enhanced properties for other choices emerged. The optimized
design was shown to have high birefringence, low loss, and
relatively flat dispersion properties across a wide band of THz
frequencies, in distinct contrast to the many narrow band THz
PCFs reported previously. Moreover, it was demonstrated that
one can scale the PS PCF design to work at different frequen-
cies while maintaining similar performance characteristics. The
birefringence and the normalized EML (EML/a_mat) and CL

(CLx*A) values were shown to satisfy a scaling principle based
a fixed ratio of the wavelength and the lattice constant: A/A.
It was determined that this behavior was directly connected to
the very low dispersion properties of the background materials,
HRS from 0.5 to 4.5 THz and Topas from 0.1 to 10.0 THz. This
scaling principle was applied to and validated with an indepen-
dently reported PCF design. It was conjectured that this scaling
principle can be used to guide the redesign of similar PCF sys-
tems to other THz frequencies and could simplify future PCF
experiments by predicting the performance outcome by testing
the preform before the actual fiber is pulled.
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