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Abstract: Two terahertz (THz) polarization splitters based on dual slotted core polymer
fiber are proposed and numerically investigated. The splitter structures are based on dual
cores composed of subwavelength-scale air slots that are independently suspended within
the fiber, which not only allows for single-mode propagation for the two orthogonal polariza-
tion modes with low absorption losses but enables them to couple with each other as well.
Polarization splitters based on both symmetric and asymmetric dual slotted core structures,
respectively, based on total and partial coupling are proposed and analyzed. The transmis-
sion modes, splitting lengths, and pertinent performance parameters of the two polarization
splitters are investigated and numerically analyzed at a center-frequency of 1.0 THz. Com-
parisons of the two splitters with similar structural parameters are also carried out, which
shows a comparably short splitting length of ~1 cm and an ultra-low transmission loss of
0.4 dB with the asymmetric structure having a broader bandwidth and better extinction ratios.

Index Terms: Optical fiber devices, plastic optical fiber, polarization splitter, terahertz (THz).

1. Introduction

Terahertz radiation [1], which is located between microwaves and optical waves in the electromag-
netic spectrum, has many potential applications in a large range of technical areas, such as infrared
fingerprint spectral detection of explosives [2], biomedical imaging and tomography [3], label-free
biological sensing [4], ultrasensitive THz-plasmonics gaseous sensing [5], and high speed and high
data rate communications [6]. However, most dielectric materials have high absorption loss in the
THz frequency range, which greatly complicates remote THz delivery. To suppress material absorp-
tion THz waveguide design, the key strategy is to maximize the fraction of power that is guided in dry
air, which is almost transparent in the THz frequency range [7]. Many types of polymer waveguides
have been designed and fabricated using relatively low absorption loss polymers (e.g., PE, Teflon,
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and TOPAS), examples being subwavelength plastic fibers [8], porous fibers with subwavelength
holes [7], [9], hollow core fibers with triangular lattices [10], honeycomb [11] photonic bandgap
claddings, and THz surface-plasmon-coupled waveguide with 1-D photonic crystal structure [12].
Benefiting from the development of low-loss structures for THz polymer waveguides, some THz
fiber devices have also been proposed and studied, such as THz fiber filters [13], [14] and THz fiber
couplers [15], [16]. Functional THz fiber devices promise the development of an innovative field for
compact and robust THz systems.

A fiber-based polarization splitter is one of the essential components in a THz system and
to design an effective such, the operational bandwidth and transmission loss properties are key
considerations. Due to the design flexibility, the compactness, and the outstanding performance
of microstructured fibers, a lot of focus has been of developing dual-core fiber-based polarization
splitters. Such designs can roughly be divided into two classes: symmetric coupler structures with
two identical birefringent cores, and asymmetric couplers structure with non-identical cores. In the
former, both parallel and perpendicular polarizations can be totally coupled between the two cores,
albeit at different coupling lengths and thus, by manipulation of the transmission length, the two
polarizations can be easily separated [17]-[19]. In the latter, only one polarization can be totally
coupled between the two cores, while the coupling of the other polarization is effectively prohibited;
the polarization splitting can thus be achieved by a single coupling process [20]-[22]. Recently,
THz fiber polarization splitters based on microstructured dual-core photonic crystal fibers [23],
two closely located porous fibers [24] and suspended dual rectangular core fibers [25], [26], have
been reported. Porous core and photonic crystal cladding structures are effective for suppression
of the absorption loss of the polymer material, however, the complicated structures makes actual
fabrication challenging. To date, the realization of a simple structure polarization splitter with a short
splitting length and low transmission loss remains a practical challenge.

In this paper, we present two THz fiber polarization splitters (PS) based on a symmetric and an
asymmetric fiber coupler structure respectively. The guided mode of a polymer fiber with a single
subwavelength-scale slotted core was first investigated, which showed a low absorption loss and
a high birefringence property. Using the same core structure but extending this to a dual-core
fiber, we find the fiber to exhibit strong polarization-dependent coupling behavior. A PS having
two non-identical slotted cores supports total coupling between the two cores for only one of the
two polarizations. Simulation results indicate that a 0.95 cm long splitter with an ultra-low loss of
0.26 dB, a high extinction ratio (ER) (better than —18 dB), and a bandwidth of 0.18 THz can be
obtained at an operation frequency of 1.0 THz. For comparison, we also study a directional coupler
with two identical slotted cores in which both of the two polarizations can be totally coupled between
the two cores with different coupling lengths. Simulation results indicate that a 1.023 cm long splitter
with a low loss of 0.32 dB, a high ER (better than —13 dB), and a bandwidth of 0.05 THz can be
obtained at an operation frequency of 1.0 THz. Moreover, the outer polymer tube, serving as a
protective enclosure to prevent undesirable external perturbation to the transmitted THz radiation,
makes our configurations easier to manipulate and more suitable for real practical applications.
The paper includes details of the design of the subwavelength-scale air slot core, simulation results
on the characteristics of the two dual-core polarization structures, a comparison between the two
structures, as well as a discussion on the possible fabrication methods.

2. Design of the Dual Slotted Core Polymer Fiber
2.1 Polymer fiber With Subwavelength Air Slot Core

As the basic structure of the dual-core fiber [see Fig. 5(a)], each suspended core can be considered
as a single polymer fiber. To ensure high performance of polarization splitters to be proposed, each
of the single cores need to display high birefringence and low material absorption loss. For this
purpose we first design and analyze a polymer fiber with a single subwavelength-scale slotted
core. Fig. 1 shows the schematic cross-section of the slotted core fiber. The core consists of six
parallel air slots, supported by two parallel thin membranes extended in x- and y-directions with
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Fig. 1. Cross-section of the polymer fiber with a single suspended subwavelength-scale slotted core
discussed in Section 2.1.

a height and thickness (T) of 3 mm and 20 um, respectively. The outer large tube, which serves
as a protective enclosure for the slotted core structure, has a diameter and thickness of 3.6 mm
and 300 um, respectively. In our study, the spacing distance A and height d of the air slots are 40
um and 24 um, respectively, yielding an air filling fraction, defined as f = d/A is, to be 0.6. D is
the core ‘diameter’ (technically the side length of the square shaped core), D = 5A + Af +2T. The
surrounding air serves as the fiber cladding. TOPAS, which is a nonpolar cyclic-olefin copolymer
with a nearly constant refractive index of 1.53 in a broad THz frequency range, is used as the
dielectric material of the fiber [27]. The frequency dependent absorption loss of bulk TOPAS is
presented as blue-dashed line in Fig. 2(c). Bulk absorption loss is 0.7dB/cm at 1.0 THz, and
increases from 0.1 dB/cm to 2.5dB/cm in the frequency from 0.8 THz to 1.4 THz.

The characteristics of the guided mode are obtained through the finite element method (FEM)
with perfectly matched layer using commercial software COMSOL4.2. The computational region
covers the whole fiber structure as shown in Fig. 1, including the slotted core, the supporting
membranes and the outer polymer tube. The results are shown in Fig. 2 where we can see that due
to the asymmetric structure of the slotted core, the x- and y-polarized modes exhibit high modal
birefringence. As shown in Fig. 2(a), the dispersion curves of both x- and y-polarized modes increase
with increasing frequency. A large birefringence of ~0.047 occurs at 1.0 THz. The corresponding
mode profiles in the core area are shown in the inset of Fig. 2(a) indicating a high polarization
dependence. It is worth noting that the modal birefringence can reach a value of 0.04 for operation
frequencies higher than 0.8 THz, which ensures short coupling lengths for directional coupling
applications. In these calculations we simplified the slotted core fiber as a traditional circular step
index fiber by using the radial effective index method. The accuracy and applicability of this method
have been verified using the finite element method [28]-[30]. The single mode condition for a
step-index fiber is determined by the normalized frequency V, which is expressed as

7D fff
V= —; /n2,, —1 <2405 (1)

where Dor; = +/2D is the effective core diameter, f is the frequency, ¢ is the speed of light in
vacuum, and ng¢; is the effective refractive index of the fiber core, which can be calculated by
averaging the refractive indexes of the polymer material and air in a circle with the diameter D o¢.
Thus the cut-off frequency can be calculated to be 1.2 THz, which actually should be even smaller
due to the existence of dielectric strips in the cladding make the cladding index actually larger than
1 [30].

The fraction of the modal power in the air is an essential parameter for low loss THz waveguide for
the obvious reason that, since dry air is a transparent medium for THz radiation, the straightforward
way to suppress the absorption loss of polymer materials is to keep as large a fraction as possible
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Fig. 2. Guided-mode analysis of the slotted core polymer fiber. (a) Dispersion curves and modal
birefringence (Inset) Modal field profiles in the slotted fiber core for x- (left) and y- (right) polar-
izations at 1.0 THz, respectively. (b) Total fraction of the modal powers in air (air slots plus air
cladding) and fraction in air slots only. (c) Effective material loss and confinement loss for x- and
y-polarized modes, as well as the bulk polymer absorption loss as a function of frequency.

of the guided mode power in the air. Fig. 2(b) shows the total fraction of modal power in the air
(i.e. in the air slots plus in the air cladding) as well as the fraction in the air slots only as a function
of THz frequency. We can see that the total fraction of the modal power in the air monotonically
decreases with increasing operation frequency, while the opposite is trend for the fraction in the
air slots alone. In the other words, the propagation mode gradually transfers from the air regime
outside the fiber core to strong confinement in the air slots inside the fiber core. This is because, at
lower frequencies, the operation wavelength is far larger than the size of the fiber core, i.e., the fiber
core acts as a subwavelength polymer fiber and the guided mode is in the subwavelength guidance
regime. However, with increasing operation frequency, the wavelength becomes comparable in
size to the slotted core and the confinement effect of the slotted core plays an increasingly important
role thus confining the mode power more and more in the air slots. In a deep subwavelength
guidance regime, the mode guidance will be very sensitive to the environment, and the light guidance
can be easily lost due to leaky mode which can induce strong radiation [31]. The confinement
loss in this fiber is caused by the power leakage through the polymer membranes between the
slotted core and outer polymer tube. From a practical point of view, the designed polymer fiber
should simultaneously display high birefringence and low material absorption loss, so the suitable
operation frequency is around 1.0 THz, at which 64% and 75.4% of the x- and y-polarized modes
distribute in the air, respectively. The effective material absorption loss «, ¢ of the guided fiber mode
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can be calculated according to [32]:

(e0/10) fpolymer n(l’)am(l’)|E|2dA
Re (/. E x H2dA)

where gg and o are the permittivity and the permeability in vacuum, respectively, and n(r) and an(r)
are the refractive index and material absorption loss of TOPAS, respectively. The confinement loss
due to leaky mode also needs to be considered, and this can be derived from the imaginary part of
the complex refractive index of the fundamental mode, with an(r) set to zero, to be:

)

Ueff =

4nf
Qgon = 2k Im (neff) = Tlm (neff) (3)

where c is the speed of light in vacuum, and Im (ne¢¢) is the imaginary part of the effective index of
the guided mode

Fig. 2(c) shows the effective material loss and the confinement loss for x- and y-polarized modes
as a function of frequency. We see that throughout the whole frequency range, the confinement
loss is suppressed to a very low level, while the effective absorption loss increases significantly
with frequency, which is due to the increase of the power fraction confined in the fiber material and
the increase of the bulk polymer absorption loss [see the blue-dashed line in Fig. 2(c)]. Taking the
x-polarized mode as an example: although the modal confinement value only reduces from 0.4 to
0.3 (a 25% reduction) as the operating frequency decreases from 1.4 THz to 0.8 THz, the more
strongly frequency dependent material absorption which reduces from 2.52 dB/cm to 0.074 dB/cm
(a 97% reduction). Furthermore, according to (2), we see that the effective absorption loss of the
x-polarized mode reduces from 1.1 dB/cm to 0.025 dB/cm (a 77% reduction). For the confinement
loss, there is an increasing trend when the operation frequency is below 0.6 THz. This is due to
the fact mentioned above, i.e., that in this deep subwavelength guidance regime, the modal field
becomes too large and is easily coupled to the leaky mode through the polymer membranes and
outer polymer tube, resulting in an increased loss. At frequencies above 1.2 THz, the single mode
operation ceases, and the fiber becomes multimode. Based on an overall consideration of the
birefringence and absorption loss, the operation frequency of the proposed structure is chosen as
1.0 THz. Itis, however, obviously possible to, by modifying the parameters of the slotted core, easily
tune the optimal operation frequency.

2.2 Dual Slotted Core Polymer Fiber

Above we demonstrated that a slotted core polymer fiber can achieve low absorption loss and high
birefringence. By extending the single slotted core polymer fiber to a dual core structure, we can
easily realize a polarization splitter. Fig. 5(a) shows the schematic cross-section of our proposed
dual slotted core fiber, which we label Splitter-1. This consists of two asymmetrical slotted cores A
and B. In our design, we optimize the parameters of two slotted cores to minimize the transmission
loss of the device. For a polarization splitter with lossless or low loss material, achieving a ratio
of coupling lengths for the x- and y-polarization to be 1/2 or 2/3 could also be used as a design
method. However, for a THz polarization splitter, the material absorption loss is high and due to this
a primarily design aim is for the length of the splitter as short as possible and as using the coupling
length ratio as a design criteria may not yield the shortest coupling length, the lowest transmission
loss can not be guaranteed.

We design the dual core fiber using the Index Converse Matching Coupling (ICMC) method [23].
The dual slotted core fiber is in essence a combination of two single slotted core fibers A and B
with the core distance L = pD, where D is the core diameter and p is defined as the normalized
core separation, here set to p = 1.5. The core areas of the fibers A and B are shown in Fig. 3,
with fiber A has the same parameters as the that proposed and discussed in the Section 2.1. We
should adopt two steps to adjust the dispersion curves of fiber A for that of fiber B by using the
ICMC method, namely rotating and overlapping. |.e. fiber B is obtained by firstly rotating fiber A by
90 degrees and secondly by decreasing the parameter dg of the air slots until the x-polarized mode
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Fig. 4. Dispersion curves for fibers A and B obtained by using the ICMC method discussed in Section 2.2.

dispersion curve for fiber B overlaps with that of fiber A (see Fig. 4). Thus, the core parameters of
the fiber B are Ag = A, = A =40 um and dg = 16.16 um, and the air filling fraction of the fiber B
is fg = dg/Ap = 0.404.

Fig. 4 shows the dispersion curves of fibers A and B designed above. ns; and ng; are defined as
the effective refractive index of the i-polarized mode of the suspended single slotted core fibers A
and B. We can see that the condition nsx, = ngy can be satisfied throughout the operation frequency
band. Thus, coupling between the x-polarized modes of the two fibers can be realized, while at
the same time coupling between the y-polarized modes is effectively prohibited due to the large
effective refractive index difference between them. Fig. 5(b) shows the electric field distributions
of the even and odd supermodes for the x- and y-polarizations in the dual slotted core fiber at
1.0 THz. The even and odd supermodes are superpositioned of the individual single core modes,
which have symmetric and anti-symmetric electric field distributions. It is clear that, in the dual
slotted core fiber, there is a strong coupling between the x-polarized even and odd modes, while
the coupling behavior of the y-polarized modes is very weak. Consequently, a polarization splitter
based on partial coupling of the two orthogonal polarizations can be achieved.

For comparison, we also propose another polarization splitter based on dual slotted core fiber,
which we label Splitter-2. Splitter-2 has a symmetric coupling structure, which we obtain by com-
bining two identical fibers A into a dual core structure with the same core separation L, as
Splitter-1 [see Fig. 5(c)]. Fig. 5(d) shows typical electric field distributions of the four transmission
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Fig. 6. Dispersion curves of the four supermodes for the Splitter-1 (a) and Splitter-2 (b) as a function of
frequency.

supermodes of Splitter-2 at 1.0 THz. Although both the x- and y-polarized states can be totally
coupled between the two cores of Splitter-2, the two polarization states have different coupling
lengths due to the high birefringence of the slotted core structure. The two polarizations can there-
fore be easily separated at certain propagating distances making a polarization splitter based on
total coupling possible by choice of the transmission length.

Fig. 6(a) and (b) shows numerically calculated dispersion curves of the four transmission su-
permodes of Splitter-1 and Splitter-2. We see the same trend for all the dispersion curves of the
two splitters in that they increase with frequency in the range around the operating frequency of
1.0 THz. For Splitter-1, the effective refractive index difference for x-polarized supermodes is ob-
viously smaller than that of y-polarized supermodes, while that difference for the two polarized
supermodes is comparable for Splitter-2. According to mode coupling theory, the maximum cou-
pling efficiency for x- and y-polarizations can be calculated though use of (4) [33]

S

i
E+07 (] — )+ (na; — ngi)?

n = ?iZX’y (4)

where « is defined as the coupling coefficient, and §; is defined as the phase mismatch constant for
i-polarization. k; = ﬁ’@%ﬁ"’ = ’x’(nﬁa —nl), where B, and g are the propagation constants of i-polarized
even and odd modes, respectively. n’, and n’ are the effective refractive indices of i-polarized even
and odd modes, respectively.
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Fig. 8. Electric field distributions of the x- and y-polarized modes in Splitter-1, at z = 0, 0.300 cm,
0.600 cm, and 0.950 cm, respectively. Top and bottom rows correspond to the x- and y-polarized
modes, respectively.

Fig. 7 shows the maximum coupling efficiency of the x- and y-polarizations for Splitter-1 as a
function of the normalized two core distances p. It shows that the maximum coupling efficiency
is close to 100% for the x-polarized supermodes, while for the y-polarization supermodes, it de-
creases from 10% to nearly zero as the p value increases from 1.2 to 1.8. To verify the calculated
results of maximum coupling efficiency from (4), a 3-D model was built with the parameters above
by using a full vectorial beam propagation method (BPM) based on FEM with an anisotropic per-
fectly matched layers boundary condition. Fig. 8 shows the transmission evolution of the x- and
y-polarized modes in the two cores of the splitter, depicting the distribution of both polarizations at
z = 0, 0.300cm, 0.600cm, and 0.950cm. We can see that the x-polarized mode is almost com-
pletely coupled from one core to the other in one coupling length, while most of the y-polarized mode
remains in one core. These simulation results of the maximum coupling efficiency are also shown in
Fig. 7 and the results agree well with those calculated according to (4). l.e. only the x-polarized su-
permodes exhibit strong coupling behavior, and the coupling between the y-polarized supermodes
is effectively prohibited. For Splitter-2, the maximum coupling efficiency for the two polarizations
are both 100% since the x- and y-polarized modes of fibers A and B are both index-matched in the
symmetric dual core structure.
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It is known from mode coupling theory that in a symmetric directional coupler, the even mode
always exists, but there is a cutoff frequency for the anti-symmetric mode or odd mode, which can
be estimated by in an asymptotic form to be [34]

. 172
{ RERARED) } c

fo~ ; R

(5)

In order to achieve a high extinction ratio in polarization splitting applications, one should ensure
the existence of the odd modes. For example, in [15], the operation frequency of a two-fiber-based
coupler is below the cutoff frequency of the odd mode, making the even mode the only guided
mode however the fact that there is no oscillation behavior between the two fibers leads to severe
crosstalk for the coupler. In contrast, for our symmetric dual slotted core fiber, i.e., Splitter-2, the
cutoff frequencies for the x- and y-polarized odd modes are the same because of the square
shape of the fiber cores. Fig. 9 plots the cutoff frequency of the odd mode as a function of the
normalized core separation p. We can see that the calculated cutoff frequency for the odd mode
is about 0.49 THz (as indicated by red dashed line in Fig. 9) for p = 1.5. As a validation for this
approximation, we examine the dispersion curves of the splitters at p = 1.5 in Fig. 6, and find the
cutoff frequency of Splitter-2 to be 0.5 THz [indicated by the blue dashed line in Fig. 6(b)]. There is
a very small discrepancy between the calculation value (0.49 THz) and the simulated value (0.50
THz), which is reasonable. This as, due to the existence of the dielectric strips in the cladding,
the cladding index is actually larger than 1, so the actual cutoff frequency should slightly larger.
Thus, as the working frequency for our designed Splitter-2 is 1.0 THz, the odd modes of both
polarization directions are well supported. Meanwhile, it still allows us to optimize the proposed
splitter by modifying p in a reasonable range (see Section 3.2 for further discussion).

3. Performance Characterizations of the Proposed Polarization Splitters
3.1 Coupling

Coupling behavior can be characterized by use of the even and odd supermodes. For each polar-
ization the coupling length is the basic parameter, which is defined as the length required to achieve
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a phase change = between the even and odd modes and which can be calculated as [11]

; T A ,
A T R ©
where B, and g, are the propagation constants of i-polarized even and odd modes, respectively; n',
and n!, are the effective refractive indices of i-polarized even and odd modes, respectively.

The transmission loss is also a key feature for evaluation of the performance of polarization
splitters in the THz regime. This is mainly derived from the material absorption of the THz radiation
and the leakage of the mode field to infinity, i.e. the confinement loss. In Section 2.1, we showed
that at an operation frequency of 1.0 THz, the confinement loss is nearly zero and thus in our
simulation, the transmission loss Ts can be expressed as

Tle=Lsxal,i=xy (7)

where ol is the effective material absorption loss of the i-polarized mode i = x, y. Noting that
the polarized light beam propagates in the fiber by the way of supermode-coupling, a;,, is here
considered to be the average value of the effective material absorption loss of the even and odd
modes for the corresponding i-polarization direction.

The coupling behavior of the dual core fiber can be simulated based on the directional coupling
theory. Numerical calculations was first carried out based on the four simulated supermodes with
A =40pum, fs = 0.6, fg = 0.404, p = 1.5 at 1.0 THz [see Fig. 5(b)] for Splitter-1. When a funda-
mental mode with power of Pj, is launched into core A, the output power from core A (Pou:4) and
core B (P,ut.5) can be expressed as follows [35]:

For core A:
nz
Pgut,A = Pi); e cos® <2L)é> - eXp (_a%ssz) (8)
pY pY o 72 y
outA = Tin (1 - nY) + 1y - COS ﬂ 'exp(_alossz) . (9)
For core B:
. nz
Pgut,B = P/?;v “Mx sm2 (2Lx ) : exp(_a%ssz) (10)
c
. nz
Plig =Pl -n - sin? (ﬂ) - exp(—al,2) (11)

where z is the propagation length.

The normalized transferred power of x- and y-polarized modes along the propagation distance
in core A is illustrated in Fig. 10(a) when the THz radiation was launched into core A. We can see
that the power of the x-polarized mode changes periodically in core A as a result of its coupling
with core B. However, the power of the y-polarization mode just shows a tiny fluctuation, and most
of the power remains in core A. Thus, separation of the two polarizations can be achieved in one
coupling length of the x-polarization (indicated by the red dashed line), which is the splitting length
of Splitter-1, and which here is 0.950 cm.

The coupling behavior of the Splitter-2 can also be calculated by (8)—(11) by setting n, =, = 1.
We also carried of a numerical calculation for Splitter-2 with parameters A =40 um,f =0.6,p =15
at 1.0 THz [see Fig. 5(d)]. The normalized power transformation of x- and y-polarized modes along
the propagation distance in core A is illustrated in Fig. 10(b). We can see that the power of each
polarization mode changes periodically in core A, and due to high birefringence of the dual slotted
core fiber, the coupling lengths L ¥ and L § are different and are determined to be 0.893 cm and 0.551
cm, respectively [see Fig. 10(b)]. In this case, the splitting length L 5 is a selected length at which
the powers of the x- and y-polarized modes have the first maximum value difference. As indicated
by the red dashed line marked in Fig. 10(b), the two polarizations are effectively separated from
each other at a separation distance L ; of 1.023 cm.
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Fig. 10. (a) Normalized power transfer of x- and y-polarization as functions of fiber length for Splitter-1
in core A. (b) Normalized power transfer of x- and y-polarization as functions of fiber length for Splitter-2
in core A.

3.2 Transmission Loss

In order to compare the performances of the two splitters, we keep A = 40 um, f4 = 0.6, f5 = 0.404
for Splitter-1and A = 40 um, f = 0.6 for Splitter-2. By adjusting the normalized core separation p,
the transmission losses of the two polarization splitters are investigated.

Fig. 11(a) shows the splitting length for the two splitters at 1.0 THz as p increases from 1.2 to
1.8. The results indicate that, for Splitter-1, the splitting length L ¢ increases with the increasing
p, Which is a result of a decrease of the overlap between the two x-polarization supermodes. For
Splitter-2, the splitting length L ; does not display a monotonic change, which is determined by the
selection process of the transmission length based on the total coupling principle as discussed in
Section 3.1. When p is between 1.5 or 1.8, the splitting length is about two times L}, however when
p decreases to 1.4, the splitting length increases to about three times L%. This is due to the fact
that the difference between the x- and y-coupling lengths is getting smaller, a longer transmission
length is needed to realize the splitting of two polarizations. Fig. 11(b) shows the effective material
absorption loss o, as a function of p. We find that for both x- and y-polarized modes, the effective
material absorption loss ag, ¢ decreases gradually with increasing p; the relatively large decreasing
trend of the y-polarized mode for Splitter-1is due to the fact that the y-polarized mode power is
mostly confined to one of the cores and its surrounding air region, while the x-polarized mode is
distributed across both cores and the corresponding air regions. With increasing p the distance
between the two cores becomes large, which only affects the mode field position for the x-polarized
mode but the obvious decrease of polymer material in the surrounding air region of one core
for the y-polarized mode. Thus, there is a relatively large decrease of the material absorption
loss for the y-polarized mode but little decrease of that for x-polarized mode for Splitter-1 as
p increases. The transmission loss of the device for varying p is dependent on L and ag,, as
plotted in Fig. 11(c). We notice that when p is 1.5, the transmission losses for both devices are
below 0.4 dB.

In summary we find the optimal structural parameters for our dual slotted core fibers to
be A =40um, f, =0.6, fg =0.404, p = 1.5 for Splitter-1 and A =40um, f =06 p=1.5 for
Splitter-2.

3.3 Extinction Ratio

The final key performance parameter used to evaluate the performance of a polarization splitter we
examine is the extinction ratio (ER). This is defined as the power ratio between the undesired and
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Fig. 11. (a) Splitting length, (b) material absorption loss of the four supermodes, and (c) transmission
loss for x- and y-polarizations of the two splitters at 1.0 THz for varying normalized core separation p.

the desired polarized modes in each output core, i.e. for core A and core B, we can define the ERs
as [36]

_ P(})/ut,B
ERy = 10l0g;g=r— (12)

Pout,B

_ Pgut,A
ERy =10log g 57— (13)

'Dout,A

Fig. 12 plots the ERs of x- and y-polarized modes as a function of the launching THz frequency
for the two splitters with the optimal structural parameters discussed in the section above as well as
lengths being 0.95cm for Splitter-1 and 1.023 cm for Splitter-2. For Splitter-1, the ER, and ER), at
center frequency 1.0 THz are ~—18 dB and ~—90 dB, respectively. For Splitter-2, the ER, and ER),
at center frequency 1.0 THz are both ~—13 dB. The bandwidth of the polarization splitter is defined
as the frequency range, within which the ERs of both x- and y-polarized light are better than —10
dB. From Fig. 12(a), it is clear that the ER of x-polarization for the Splitter-1 remains lower than —10
dB throughout the operational frequency range and thus, the bandwidth of Splitter-1 is determined
by the bandwidth of y-polarized mode, which can be calculated to be about 0.18 THz, from 0.92
THz to 1.1 THz. The bandwidth of Splitter-2 is on the other hand the overlapped bandwidths of the
two polarizations, which can be calculated to be about 0.05 THz, from 0.98 THz to 1.03 THz.
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Fig. 12. Extinction ratios of x- and y-polarizations for (a) Splitter-1 and (b) Splitter-2 as a function of

frequency at a fixed splitter lengths of 0.95 cm and 1.023 cm, respectively.

TABLE 1
Comparison of the Characteristics of Splitter-1 and Splitter-2

Device  Ls(cm) Loss(dB) BW (THz) ER (dB)

Splitter-1 ~ 0.950  0.261(X) 0.18 ~17.66(X)
0.194(Y) —90.66(Y)
Splitter-2 ~ 1.023  0.318(X) 0.05 ~12.76(X)
0.190(Y) —12.77(Y)

Table 1 summarizes and compares the characteristics of the two splitters and we can see that
they have comparable splitting lengths and transmission losses. Due to partial coupling behavior of
the asymmetric dual core structure, x-polarized mode can be more or less completely kept almost
in one core in Splitter-1, and polarization splitting can be realized by just one coupling length of
the x-polarized mode. While for Splitter-2 the two polarizations can be simultaneously coupled
between the two cores albeit at different coupling lengths so that selection of a particular fiber
length (not necessarily the coupling length), at which the x- and y-polarized mode powers have the
first difference maximum realizes polarization splitting. Thus, the near zero coupling efficiency of
the x-polarization in Splitter-1 provides very low background noise for the ER of the y-polarization
mode, compared to that of Splitter-2. Therefore, we can find that Splitter-1 has a broader operational
bandwidth and better ERs than Splitter-2.

4. Discussion

Compared to previously reported structures [23]-[26], the two proposed based dual slotted core
polymer fiber polarization splitters exhibit lower transmission losses at 0.4 dB and also are more
compact, having device lengths of about 1 cm. With regards to the extinction ratio, the values of the
Splitter-1 are better than the ERs in [23] and [24]; however, those of Splitter-2 are not as good as
those of [25] and [26]. It should be noted that the two splitters proposed here are not suitable for
broadband THz splitting systems due to the relative narrowband operation frequency however, with
the emergence of the narrow linewidth terahertz sources [37] and an increasing demand in imaging
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and sensing applications [3], [4], we believe that the proposed Splitter-2 has promising applicability
in narrowband THz transmission systems.

From the practical point of view, the biggest challenge for these splitters is the fabrication of the
proposed dual slotted core polymer fiber. Due to the non-circular air slot structure, it is difficult to
control the air pressure in the fiber perform by using the traditional drawing method. However, due
to the short lengths of the devices and the regular shape of the cross-section structure, some other
techniques, such as the extrusion technique [38], [39] and the highly precise 3-D printing technique
[40], may have potential to realize this device.

5. Conclusion

In summary, in this paper we have proposed two types of THz polarization splitters based on dual
slotted core polymer fibers. Two different polarization splitting mechanisms, with partial coupling
and total coupling of the two orthogonal polarizations, have been numerically investigated and
compared. At 1.0 THz, with optimal structural parameters A = 40 um, f4 = 0.6, fg = 0.404, and
p = 1.5 for Splitter-1 and A =40um, f =0.6, and p = 1.5 for Splitter-2, numerical simulations
were carried out and the results show comparably short splitting lengths of about 1 cm and lower
transmission losses of 0.4 dB of both structures. For Splitter-1, the index matched coupling of one
polarization is realized in an asymmetric dual core structure by the ICMC method, which ensures a
relatively broad operational bandwidth as compared to Splitter-2.The ERs of the x- and y-polarized
modes of Splitter-1 are —18 dB and —90 dB, while those of Splitter-2 both —13dB. Overall, the
performance of Splitter-1, which is based on partial coupling has better performance than that of
Splitter-2, which based on total coupling. The simple structure and short lengths of the proposed
splitters means that is realistic to that fabrication by using extrusion techniques or 3-D printing
methods.
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