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Abstract: We report the design and fabrication of a polarization-maintaining fiber for appli-
cations in fiber-assisted THz communications. The fiber features a subwavelength square core
suspended in the middle of a hexagonal over-cladding tube by four bridges. The fiber is designed
to have low transmission losses, high birefringence, high flexibility, and near-zero dispersion
at the carrier frequency of 128 GHz. An infinity 3D printing technique is used to continuously
fabricate a 5 m-long polypropylene fiber of ~6.8 mm diameter. The fiber transmission losses
are furthermore reduced by as high as ~4.4 dB/m via post-fabrication annealing. Cutback
measurements using 3 m-long annealed fibers show ~6.5-11 dB/m and ~6.9-13.5 dB/m losses
(by power) over a 110-150 GHz window for the two orthogonally polarized modes. Signal
transmission with bit error rates of ~10711-107> is achieved at 128 GHz for 1-6 Gbps data
rates using a 1.6 m-long fiber link. The average polarization crosstalk values of ~14.5 dB and
~12.7 dB are demonstrated for the two orthogonal polarizations in fiber lengths of 1.6-2 m, which
confirms the polarization-maintaining property of the fiber at ~1-2 meter lengths. Finally, THz
imaging of the fiber near-field is performed and shows strong modal confinement of the two
orthogonal modes in the suspended-core region well inside of the hexagonal over-cladding. We
believe that this work shows a strong potential of the infinity 3D printing technique augmented
with post-fabrication annealing to continuously produce high-performance fibers of complex
geometries for demanding THz communications applications.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

In the past two decades, the terahertz (THz) spectral range (0.1 THz-10 THz) positioned between
microwave and infrared spectral ranges has been a research hotspot with potential applications in
many fields, such as imaging [1-4], sensing [5-8], security [9-11], communications [12—-14], and
biomedicine [15-19]. THz communications, in particular, have attracted strong attention due to
the unique properties of THz waves that offer higher bandwidths and higher directivities compared
to microwaves. Moreover, THz waves feature lower scattering losses, and higher diffuse reflection
losses and are safer than infrared waves [20-22]. To date, THz wireless communications have
experienced the most rapid development due to the convenience of wireless links between the
end-users and base stations. At the same time, successful deployment of THz wireless systems
requires solutions to many technical challenges including high atmospheric absorption under
severe weather conditions [23-25], high free space path loss due to self-diffraction [26], tight
alignment tolerance between the transmitting and receiving antennas [27-29], security against
eavesdropping [30-32], etc. To mitigate these challenges, THz fibers and fiber-based components
can aid in building high-fidelity THz communication systems due to their advantages of flexibility,
small footprint, high integrability, ease of handling, and immunity to external perturbations when
properly encapsulated. To date, a variety of THz fibers have been designed, fabricated, and tested
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in THz communication links, including photonic crystal waveguides [33-35], topological valley
photonic crystal waveguides [36], effective-medium-added dielectric waveguides [37], dielectric
waveguides with rectangular or square cross-sections [38—44], metal waveguide [45], dielectric
and metalized hollow-core fibers [46—49], subwavelength rod-in-air fibers [S0-53], suspended core
fibers [54,55], porous fibers [56], etc. Moreover, various functional fiber/waveguide-based devices
have been realized for signal processing in THz communication applications, such as dielectric
fiber/waveguide-based couplers and multiplexers [57—60], two-wire waveguide-based splitters,
and multiplexers [61-63], metalized hollow-core waveguide-based dispersion compensators [64],
etc. The above-mentioned developments in fiber-assisted THz communications were recently
reviewed in Ref. [65], which reveals strong prospects for fiber/waveguide-assisted devices in the
field of THz communications.

To increase the THz fiber link length and to boost the data rates supported by the fiber links
one has to reduce the link transmission losses, which is often achieved by compelling a large
fraction of the modal fields to propagate in the low-loss air region of the fiber. Another important
feature of the THz fiber design is judicial dispersion management, including operation near
zero dispersion wavelength, adopting dispersion flattened fiber designs [66,67], or utilizing
pre/post-dispersion compensation [64]. Moreover, by employing multiplexing techniques, such
as frequency/polarization-division multiplexing, multi-channel communications over broader
bandwidth are achievable. Recently, several devices using frequency-division multiplexing have
been demonstrated for THz communications, such as the four-port THz add-drop multiplexers
based on two-wire plasmonic waveguides [63], as well as the silicon-based frequency differen-
tiation coupler and multiplexers [59,60]. In addition, a silicon-in-air waveguide with a square
cross-section [39] and a four-wire waveguide with a square arrangement [62] have been proposed
for polarization-division multiplexing.

To date, most of the emitters, receivers, and signal processing devices in the THz range are
polarization sensitive. When propagating along the non-polarization maintaining fiber, THz
waves could change their state of polarization, thus making the reliable signal detection at
the receiver end problematic. For example, during operation the fiber might be subjected to
changing environmental conditions (temperature, pressure, etc.), as well as direct mechanical
action (bending, stretching, etc.), thus resulting in a change in the THz wave polarization state
at the fiber output end. Therefore, there is currently a strong need for polarization-maintaining
fibers (PMF) in the THz spectral range capable of maintaining a predictable polarization state
of the guided modes. PMFs can be designed by introducing high modal birefringence through
asymmetric core and cladding structures. Modal birefringence is defined as the difference in the
effective refractive index between two orthogonal linear-polarization modes [68]. Additionally,
the ability of such fibers to maintain a given polarization state can be quantitatively expressed
using polarization crosstalk defined as the ratio of the output power in the input polarization to
that in the orthogonal polarization [68,69] at the end of the fiber link.

Various designs of polarization-maintaining waveguides and fibers for the THz range have
been proposed. Photonic crystal fibers (PCFs), in particular, have received significant attention
for realizing PMFs due to the high tunability of their structure. Among many designs of the
PCF-assisted PMFs, we note fibers featuring asymmetric porous cores [70-81], suspended
asymmetric porous cores [82,83], inclination-optimized asymmetric cores [84,85], asymmetric
air cores [86—89], and anisotropic porous/solid cores [90-94]. Such PMFs were designed for
0.1-5 THz, and they feature relatively high birefringence of ~1073-10~!. Moreover, porous THz
fibers with asymmetric features have also been used to achieve high birefringence (~1073-1072
in ~0.3-2 THz) by employing slotted rectangular pores [95], lattice elliptical pores [96,97], and
asymmetric distribution of pore lattices [98]. Unfortunately, both PCFs and porous fibers feature
high porosities and require precise control over the shapes of the air inclusions, which poses
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significant challenges for fiber fabrication, thus limiting most studies to the theoretical domain
(only Ref. [94] was experimentally realized).

A simpler way to implement PMFs is using polymer elliptical tubes (ARROW waveguides)
which have been demonstrated to achieve high birefringence of ~1072 (~0.8-2 THz) [99-101].
Although such PMFs have a simple structure, the poor mechanical strength makes them susceptible
to deformation, thus limiting the practical applications of such fibers. Furthermore, several
hollow-core anti-resonant THz fibers [102—105] have been theoretically proposed to achieve a
moderate birefringence of ~107-10~* in the frequency range of ~0.5-2 THz. The birefringence
of hollow-core fibers can be greatly increased to ~1073-1072 (~0.2-1.5 THz) by using an elliptical
hollow-core [106] or metalized elliptical hollow core [107]. However, to ensure low-loss
propagation, the size of the hollow core has to be relatively large, which makes such fibers large,
inflexible, and inconvenient to deploy.

In contrast to hollow-core fibers, solid-core fibers typically feature higher flexibility and smaller
dimensions, and they are much easier to fabricate. Solid core fibers have been theoretically shown
to achieve a birefringence of ~1073-1072 in the range of 0.5-1 THz by using rectangular/elliptical
rod-in-air designs [108]. As the optical performance of rod-in-air fibers is susceptible to
environmental variations, encapsulated suspended core fibers were proposed to address this
problem. Thus, solid core fibers with birefringence of ~1072 over 0.6-1.4 THz were reported in
[109,110] for applications in polarization filtering.

Among the above-mentioned PMFs, only three have been experimentally realized with lengths
of ~0.02-0.29 cm and birefringence in the range of ~1073-1072[94,106,107], while two of the three
PMFs are quite lossy (~tens to hundreds dB/m) [94,106]. The other one has been demonstrated
to have a transmission loss smaller than ~2 dB/m at 0.65 THz by utilizing a silver-coated elliptical
hollow core fiber [107], however, this design also makes it less cost-effective and less resistant
to bending. Moreover, to date, the majority of work on polarization-maintaining fibers in the
THz spectral range mostly concentrates on achieving high modal birefringence, while dispersion
management is often missing from the fiber design. Given the relatively high dispersions of
unoptimized solid core THz fibers, the transmission data rates of even short several-meter-long
THz fiber communication links can be severely limited without proper dispersion management.

In this work, we report the design, fabrication, and optical characterization of a suspended
subwavelength core polarization maintaining THz fiber that features high birefringence, small size,
relatively high flexibility, relatively low transmission loss, and optimized dispersion characteristics
for applications in fiber-assisted THz communications. The fiber features a square subwavelength
core suspended in the air by four thin bridges in the middle of a hexagonal encapsulation tube
that serves to isolate the fiber core mode from the environment. The dimensions (width and
length) and inclinations of the four bridges were optimized to result in high birefringence of the
two fundamental guided modes. Moreover, the group velocity dispersions (GVD) of the two
PMF modes were minimized to support high communication bit rates at the carrier frequency of
128 GHz. Then, owing to the recent development of additive manufacturing technique [111],
a novel infinity 3D printing technique was used to continuously fabricate the proposed fiber
without limitation in the fiber length and without the need for any supporting structure. Finally,
we demonstrate that the transmission loss of the infinity 3D printed fibers could be significantly
reduced via post-fabrication annealing. As summarized in Table 1, compared to other fused
deposition modeling (FDM) printed fibers reported in the literature [5,54,112—116], our infinity
printed fiber features a smaller diameter (thus higher flexibility), longer lengths, and relatively
low transmission loss, which highlights the strong potential of this technique for the fabrication
of THz fibers of complex transverse geometries.

The paper is organized as follows: In Section 2, we first introduce the design and optimization
strategy of the PMF followed by the details of the fiber fabrication process. Section 3 presents
the theoretical analysis of the optical properties of the two orthogonally polarized fundamental
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Table 1. Comparison of FDM-based 3D Printed THz Fibers

Fiber Structure Diameter (mm) | Length (cm) | Loss (dB/m) | Frequency (THz) Ref.
Hollow core ~36.5 ~5-12.5 ~100-500 0.18-0.32 [5]
Hollow core ~25 ~10 ~30-150 0.1-0.4 [112]
Hollow core ~24 ~8.7 ~102-104 0.15-0.5 [113]
Hollow core ~23 ~9.3 ~60-160 0.1-0.3 [114]
Hollow core ~45 ~90 ~13 0.1 [115]
Hollow core ~12 ~2-5 ~40-500 0.35-0.9 [116]

Suspended core ~8 ~140-250 ~3-24 0.11-0.15 [54]

Suspended core ~6.8 ~300 ~6-14 0.11-0.15 This work

modes of the PMF, including their absorption losses in straight fibers, radiation losses in bent
fibers, modal excitation efficiencies, group velocity dispersion, and projected bit rate capacities
of the PMF links. Section 4 presents the experimental characterization of the PMF before and
after annealing, which includes transmission losses, polarization crosstalk, data communication
performance, and near-field modal imaging.

2. Fiber design and fabrication with infinity 3D printer

The schematic of the proposed PMF fiber cross-section is shown in Fig. 1(a), where the blue
and white regions represent the polypropylene (PP) material and air respectively. The fiber
structure is optimized to feature near-zero dispersion for the X-polarized fundamental mode
at the optimal carrier frequency (128 GHz) of our THz communication system [50]. At the
same time, the design aims at achieving high modal birefringence, and small fiber size, while
minimizing leakage loss from the core to the cladding encapsulation tube (see Supplement 1 Sec.
S1 for details of the optimization process). An optimized fiber features a square solid core of
size d.=1.6 mm, suspended by four bridges of width W;=0.5 mm. The inclination angle of the
four bridges with respect to the Y-axis is 6, = 8°. The size of the hexagonal cladding tube is
D, = 6.8 mm, and its thickness is W, = 0.4 mm.

Thus optimized fiber was fabricated using the infinity fused deposition modeling IFDM) 3D
printing technique using polypropylene polymer that features one of the lowest losses in the THz
range. Within the IFDM technique, the fiber is continuously printed on a sliding belt using an
inclined extrusion nozzle [Fig. 1(b)], thus allowing the printing of unlimited in-length waveguides
of the arbitrarily complex geometric cross-sections. In this work, we used a Powerbelt3D Zero
IFDM that features a 35° inclined extrusion nozzle of 0.2 mm diameter. The printing parameters,
including infill flow rate, infill speed, layer height, etc. were first optimized by minimizing the
amount of air trapped in solid bulk regions following the methodology described in ref. [54].
After a comprehensive printing parameter optimization, the optimal settings for the IFDM and
polypropylene used in this work were found to be: infill flowrate of 150%, layer height of 0.16
mm, infill speed of 25 mm/s, outer(inner) shell speeds of 25(5) mm/s, the overlap of 10% and
extrusion temperature of 240 °C. Then, a 5 m-long fiber was fabricated after a total of ~50 hours
of uninterrupted printing. To enhance the stability of the printing process, the fiber was chosen
to lay flat on the belt on one of the sides of its hexagonal cladding.

The microscopy image of the printed fiber cross-section and the photo of a coiled 5 m-long
fiber are shown in Figs. 1(c) and 1(d). The resultant fiber features a suspended trapezoidal core of
sizes that vary in the ~1.45-1.65 mm range. The widths of the four bridges are ~0.45-0.55 mm,
the thickness of the cladding shell is ~0.4-0.5 mm, and the fiber size is ~6.8 mm. The uniformity
of the fabricated fiber was verified during the cut-back measurements by dissecting a ~3 m fiber
section every ~25 cm while observing almost identical cross-sections. The surface roughness of
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(d)

Fig. 1. (a) Schematic of the PMF cross-section. (b) Schematic of the PMF fabrication
process with an infinity 3D printer. (c) Microscopy image of the fabricated PMF cross-section,
as well as (d) the side view of the infinity-printed continuous 5 m-long PMF.

the fiber core walls along the fiber direction is estimated to be ~35 um (see Supplement 1 Sec.
S3). The sizes of the features in the fiber cross-section deviate somewhat from the design by
~50-100 um, which we attribute to the printer resolution.

3. Theoretical analysis of the polarization-maintaining fiber

In this section, we study theoretically the key optical properties of the optimized polarization-
maintaining fiber, including their modal loss, excitation efficiency, bending loss, and group
velocity dispersion that directly impact the maximal transmission length and bit rate of the
communication links.

3.1.  Modal structure of the straight PMF

The theoretical studies were conducted using the finite element COMSOL Multiphysics software
and the ideal cross-section of the PMF shown in Fig. 1(a). The outer cladding of the fiber
was lossless air with n,;,= 1, while the effective refractive index npp and absorption coefficient
app (by power) of the printed Polypropylene were taken as npp= 1.485 and app [dB/m] =
236.31 v*> — 37.75 v + 3.32 in the frequency range of (0.11-0.15 THz) as found in our prior
experimental study [50].

The normalized electric field distributions and electric field directions (red arrows) of the
two orthogonally polarized (X-pol and Y-pol) fundamental modes of the optimized PMF are
presented in Fig. 2(a) in the frequency range of 110-150 GHz. In the numerical simulations, the
half computational cell and the perfect electric conductor (PEC) boundary condition along the
symmetry plane [ZOY defined in Fig. 1(a)] was used for calculating the X-polarized mode, while
the perfect magnetic conductor (PMC) boundary was used for the Y-polarized mode.

In Fig. 2(b), we present the effective refractive indexes of the two modes that show monotonic
increases at higher frequencies. This is due to the stronger confinement of the modal fields in the
fiber core at higher frequencies, which is seen from the normalized electric field distributions in
Fig. 2(a). Furthermore, the Y-polarized mode shows higher effective refractive indices than the
X-polarized mode due to the presence of the bridges in the Y direction, thus effectively leading to
a larger core size in this direction. At the same time, both modes have effective refractive indices
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Fig. 2. (a) Normalized electric field distributions and electric field directions (red arrows)
of the two orthogonally polarized fundamental modes for the PMF at various frequencies.
(b) Theoretical effective refractive indexes and (c) transmission losses (by power) of the two
orthogonally polarized fundamental modes for the PMF as a function of frequency. The
dotted lines show corresponding effective material losses.

that are much smaller than that of the bulk polypropylene, thus signifying that a large part of
their modal fields propagates in the lossless air cladding. The computed modal birefringence is
high, and it is ~0.03-0.05 in the 110-150 GHz range.

We now discuss the modal transmission losses of the PMF. These comprise the material
absorption losses of the printed Polypropylene, the radiation scattering losses on the imperfect
fiber interfaces (e.g., core roughness due to the printing process), as well as radiation loss due to
modal leakage from the core through the bridges and into the fiber cladding. A proper simulation
of each of those loss mechanisms is a complicated task, which requires detailed knowledge of
the statistical distributions of the geometric and material imperfections, and as such deserves
a separate study beyond the scope of this work. Instead, to match the numerical losses of the
PMF modes to the experimental ones we use a much simpler, albeit less physically motivated
concept of the effective material loss. In such a model one lumps all the loss mechanisms into
an effective material absorption loss, which is then found separately for each polarization by
fitting the numerical data to the experimentally measured one [49]. One way of parametrizing an
effective material loss is by assuming that it is simply proportional to the Polypropylene bulk
material loss app up to a multiplicative factor (that is larger than 1). Such a factor is then found
to best reproduce the experimentally measured transmission losses. If the multiplicative factor is
close to 1, it means that bulk material losses dominate transmission losses. On the other hand, if
a multiplicative factor is much larger than one, it would mean that other sources of loss beyond
material absorption dominate.

For the case of a PMF considered in this work, we find that experimental transmission losses of
the two orthogonally polarized modes are best reproduced numerically by assuming the effective
material losses of ~5.11-app for the X-polarized mode, and ~5.76-app for the Y-polarized mode.
The multiplicative factors were calculated using the least-squares method for minimizing the
fitting error between the theoretical and experimental losses (shown in Fig. 5). As seen in
Fig. 2(c), the transmission loss of the Y-polarized mode is somewhat higher than that of the
X-polarized mode. This is because the Y-polarized mode has a larger modal field presence in the
transitional region between the core and the bridges [see Fig. 2(a)] which shows a high degree of
geometrical imperfections in the printed structure. The transmission losses of the X-polarized
and Y-polarized modes are estimated to be ~8.7-14.7 dB/m and ~10.8-16.9 dB/m in the range
of 110-150 GHz, with the corresponding losses of ~11.1 dB/m and ~13.1 dB/m at the carrier
frequency of 128 GHz.
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Furthermore, the numerical simulations of the bent PMF in two orthogonal fiber bending
directions reveal that the PMF can readily tolerate tight bends with radii as small as ~2 cm at the
carrier frequency of 128 GHz, resulting in only a small loss increase of less than 0.01 dB per 90°
bend for both polarizations (see Supplement 1 Sec. S2 for the modal properties of the bent PMF).

3.2. Excitation efficiencies of the two orthogonally polarized modes

Next, the excitation efficiencies of the two orthogonally polarized modes excited with a WR-6
waveguide flange are studied. The flange supports a single linearly polarized mode with transverse
electric field direction along the shorter side of a rectangular metallic waveguide [see panels
III and IV in Fig. 3(c)]. The complex modal excitation coeflicient can be computed using the
following expression [117]:

— ././(E;;wde X HWS + EW8 X H:;wde)dXdy
VST 2Re(Es, X Hyg)dxdy | [[2Re(E:, ,, X Hyode)dxdy

ey

where E,,, and H,, are the transverse electric and magnetic fields of the WR-6 rectangular
metallic waveguide, while E,;,,4. and H,,,4. are the transverse electric and magnetic fields of a
given fiber mode. Then, the relative power of the fiber modes excited with the WR-6 waveguide
mode is given by |C,,|*> which we refer to as excitation efficiency in the rest of the paper. It should
be noted that expression (1) is derived assuming lossless waveguides/fibers. However, even in
the case of lossy waveguides, expression (1) is an excellent approximation to coupling efficiency
as long as the imaginary part of the modal propagation constant is much smaller than the real
one, which holds for the fiber modes in our study.

/

— X-pol(WR6-Xpol)
==Y -pol(WR6-Ypol)

2
IS

110 115 120 125 130 135 140 145 150
Frequency (GHz)

X (mm)

Fig. 3. (a) Excitation efficiencies of the X-polarized (panel I) and Y-polarized (panel
II) modes as a function of the center position of the WR-6 waveguide at 128 GHz. The
white solid lines, black rectangles, and red arrows represent fiber boundaries, optimized
(both the orientation and position) WR-6 waveguide, and the electric field directions of the
two fiber modes, respectively. Panels III and IV show maps of parasitic coupling to the
other polarization due to spatial misalignment from the optimal coupling arrangement. (b)
Excitation efficiencies of the X-polarized and Y-polarized modes versus frequency for the
optimal coupling arrangement. (c) Normalized electric field distributions and electric field
directions (red arrows) of the two fiber modes (I and II) and the WR-6 waveguide mode
(II and IV) at 128 GHz. Black rectangles show the orientations and positions of the WR-6
waveguide presented in panels III and I'V.

To maximize the excitation efficiencies of the X-polarized and Y-polarized modes, one has
to optimize both the relative electric field direction and position between the fiber and WR-6
waveguide modes. In our experiment, both the orientation and position of the WR-6 waveguide
flange are optimized relative to the fixed PMF. Therefore, in the simulations, the excitation
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efficiencies of the X-polarized and Y-polarized modes are firstly optimized by aligning the modal
polarization of the WR-6 waveguide mode with the principal polarization directions of the
two orthogonally polarized modes, which are theoretically and experimentally found to be the
directions along X and Y axes as defined in Fig. 1(a). Then, by scanning the fiber profile with
a WR-6 waveguide, the relative position between the fiber and WR-6 waveguide maximizes
excitation efficiency can be identified. As a result, the maps of excitation efficiencies for the
X-polarized and Y-polarized modes versus the center position of the WR-6 waveguide operating
at 128 GHz are presented in Fig. 3(a) panels I and II, in which the orientation of the WR-6
waveguide is also optimized with respect to a fixed PMF represented by the white solid lines.
The maximum excitation efficiencies of ~57% and ~44% can be obtained for the X-polarized and
Y-polarized modes at 128 GHz, respectively. Subsequently, the excitation efficiencies of the two
modes over the frequency range of 110-150 GHz with the WR-6 optimized for either X-polarized
or Y-polarized mode are shown in Fig. 3(b). The excitation efficiencies range between ~54%-61%
and ~42%-48% for X-polarized and Y-polarized modes when the electric field direction of the
WR-6 waveguide is correctly aligned with that of the two fundamental PMF modes [see I and 11
in Figs. 3(b) and 3(c)]. Note also that from the symmetry considerations it follows that for the
optimal coupling conditions for the X or Y polarized modes [see panels I and II in Fig. 3(a)],
parasitic coupling to the other polarizations is exactly zero. Alternatively, in case of misalignment
from the optimal coupling arrangement, the parasitic coupling is indeed possible but it stays very
small (below 0.1%) even for spatial deflections from the optimal position as large as ~1 mm [see
panels III and IV in Fig. 3(a)].

3.3.  Modal group velocity dispersion and maximum bit rates

Dispersion management is an important issue for THz fiber links and is commonly employed
to reduce signal distortion and increase data transmission rates. One approach is to employ
a dispersion compensator to negate the effect of the total dispersion incurred over the whole
transmission link [64], while another alternative is to directly reduce the GVD of the transmission
link by properly optimizing the fiber geometry [54,66], which is also the strategy used in this
work. GVD of a fiber mode in the vicinity of a carrier angular frequency wq can be inferred from
the Taylor expansion of the modal dispersion S(w) as follows:

Blw) = Blwo) + B lwn)(w — wn) + 58" @o)w ~ wol + - - - o

where modal dispersion is defined as the second-order derivative of the modal propagation
constant 8" (wg) [118].

The dispersion of the X-polarized and Y-polarized modes as a function of frequency are
presented in Fig. 4(a) for our optimized dispersion-managed fiber. In fact, the fiber geometrical
parameters were chosen to result in the X-polarized mode featuring a zero dispersion at the
carrier frequency of 128 GHz. For the Y-polarized mode, the dispersion varies between ~-1-4
ps/THz/cm in the frequency range of 110-150 GHz, with the near-zero dispersion frequency
shifted to ~140 GHz. Then the maximum bit rate support by the two modes for the link length of
L=2 m is estimated with the following expression [119]:

BRuax = 1/(4VIB"(@0)IL) 3)

Moreover, the upper limit of the maximum error-free bit rate near zero dispersion frequency is
estimated using the third-order modal dispersion [119]:

BRzp = 0.324/~/|8”"(wo)IL “

where B’ is the third-order derivative of the modal propagation constant. The frequency-
dependent maximum bit rates BR,,,, supported by the two modes for the link length of 2 m are

7
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presented in Fig. 4(b), in which the maximal value at the vicinity of the near-zero dispersion
frequencies (128 GHz and 140 GHz) are capped with BRzp. It can be seen that the maximum
error-free transmission bit rate of ~17 Gbps can be supported by the X-polarized mode at
128 GHz, meanwhile, the Y-polarized mode can also support a bit rate of ~19 Gbps at 128 GHz.
More interestingly, for the Y-polarized mode, the maximum error-free transmission bit rate of
~26 Gbps can be obtained in the vicinity of the corresponding near-zero dispersion frequency
(140 GHz). The excellent performance of the Y-polarized mode in terms of the achievable
maximum bit rate is due to its smaller dispersion slope (compared to the X-polarization) as
seen from the dispersion curve in Fig. 4(a). In general, for the transmission fiber, the dispersion
should be designed to be small and its dispersion slope should be constant (the curvature of
the dispersion curve is close to zero), while the dispersion-compensating fiber should have a
high dispersion value and a dispersion slope matching that of the transmission fiber in order to
broaden the channel bandwidth [120].
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Fig. 4. (a) Second-order dispersion of the X-polarized and Y-polarized modes as a function
of frequency. (b) Maximum bit rate supported by the X-polarized and Y-polarized modes for
the link length of 2 m.

4. Experimental characterization of the PMF communication link

The experimental characterization of the two orthogonally polarized fundamental modes for
the PMF was carried out using the photonics-based THz communication system detailed in
our previous work [50]. For the transmission loss and the crosstalk measurements, and the
near-field imaging, the system was used in the continuous wave (CW) THz spectroscopy mode
(see Supplement 1 Sec. S4) by disabling the communication unit. The bit error rate (BER)
measurements for the two modes were carried out with the system in the THz communication
mode (see Supplement | Sec. S5) by activating the communication unit.

4.1. Transmission loss and crosstalk measurements

The transmission losses of the two orthogonally polarized fundamental modes for the PMF were
measured using a cut-back method with the CW THz spectroscopy system. The PMF input
facet was fixed during the measurements, while the orientation and position of the transmitter
were first optimized to excite either X-polarized or Y-polarized mode and kept unchanged during
the following measurements. After each fiber cut, the position and orientation of the receiver
were optimized to detect maximal power (see Supplement 1 Sec. S4). As a result, a total
of 7 transmission spectra in the range of 110-150 GHz were obtained for each polarization
and the PMF lengths of 1.6-3 m [see Figs. 5(a) and 5(b)]. The frequency (v) dependent fiber
losses aﬁ?(v), (i =7x” or ”’y”) for the two modes are estimated by minimizing the least-squares
deviation of the experimentally measured transmission spectra P%’: from their theoretical fit in the
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following form:

Ri Ri
Py, = Pg - exp(—agi(v)L)
aﬁ?(v) =ayv’+av+ag, i=7"x or ”y” 5)

The experimental transmission losses and their theoretical fits for the X-polarized and Y-
polarized modes are shown as the blue and red solid curves in Figs. 5(c) and 5(d). Additionally,
in red dashed curves we show theoretically computed modal losses found using COMSOL mode
solver while choosing the effective fiber material losses as ~5.11-app for the X-polarized mode,
and ~5.76-app for the Y-polarized mode in order to best match the experimental losses. A
good agreement between the experimental and theoretical transmission losses is found for both
polarizations. In the 110-150 GHz spectral range, the experimental losses of the PMF are found
to vary between ~7.7-15.5 dB/m and ~9.4-17.9 dB/m for the X-polarized and Y-polarized modes
respectively. At the optimal operating frequency of our THz communication system of 128 GHz,
the corresponding losses are ~10.9 dB/m and ~12.9 dB/m.

Next, we study crosstalk in our polarization-maintaining fiber. The crosstalk figure of merit
can be used to judge the efficacy of a PMF to maintain a given linear polarization state. It was
measured for fibers of lengths between 1.6-2 m that were later used in the data transmission
measurements. The crosstalk is measured by comparing the received power in the mode of
undesired polarization (Pl;f) to the power in the mode of the principal polarization (PI;l’f ) [Figs. 5(a)
and 5(b)]: _ '

Crosstalké = 1O*log10(P1;f/PI;f)

iL,j=Xory
i#] (6)
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Fig. 5. (a) Transmission spectra (P%’C‘) of the X-polarized mode under optimal excitation

conditions using a WR-6 waveguide. (b) Transmission spectra (Pl;yy ) of the Y-polarized mode
under optimal excitation conditions using a WR-6 waveguide. Experimental transmission
losses (by power) of the (c) X-polarized and (d) Y-polarized mode. Experimental crosstalk
when transmitting (e) X-polarized and (f) Y-polarized modes in the PMFs of different
lengths.
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The measured crosstalk is presented in Figs. 5(e) and 5(f). From the figures, we observe
that the crosstalk value when operating in the X-polarized mode of a several-meter-long fiber is
~14.5+5.2 dB, which is somewhat higher than ~12.7+4.5 dB when operating in the Y-polarized
mode. The polarization crosstalk in our fibers is mainly caused by the imperfections and shape
variations of the internal structures (core and bridges) along the fiber length (see Supplement
1 Sec. S3). The crosstalk is somewhat higher for the Y-polarized mode as the mode has a
significant presence in thin bridges for which the effect of imperfections is more pronounced
than for the case of a relatively large core where most of the X-polarized mode is concentrated.
Nevertheless, the relatively low average crosstalk values of ~14.5dB and ~12.7dB for X and Y
polarizations, respectively, demonstrate that our PMF can successfully maintain the polarization
state over practically useful fiber lengths of ~2 m.

4.2. Improvement of the fiber transmission loss by annealing

Next, we studied the effects of annealing on the fiber’s optical properties. Particularly, three
25 cm-long fiber sections obtained during the cut-back measurement were annealed in a vacuum
furnace at a temperature close to the melting point (~ 150 °C) of the fiber material (PP), thus
allowing the fiber to soften enough to achieve surface relaxation and defect closure driven by the
polymer surface tension while avoiding structural deformation (see Supplement 1 Sec. S3). The
fiber transmission losses of the X- and Y-polarized modes of the three fiber sections (Fibers I-11I)
before and after annealing (1-5 days) are presented in Fig. 6. They were measured by comparing
the reference signal at the fiber input end with the signal at the fiber output end as in a standard
cut-back measurement. Namely, to eliminate the effect of coupling losses, the 25 cm-long fiber
sections were mechanically spliced with a 10 cm-long reference fiber section (not annealed) using
a hexagonal connector/holder, while the out-coupling conditions were optimized by rotating the
detector and scanning the fiber with the WR6 waveguide at the fiber output facet (see Supplement
1 Sec. S4 for details).
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Fig. 6. Experimental transmission losses of the 0.25 m-long fiber sections for the X and
Y polarizations. Data for the fiber section (a)(b) I, (c)(d) II, and (e)(f) IIT after 1-5 days of
annealing.
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The reference signals (for the X and Y polarizations) were recorded at the output end of a
10 cm-long reference section which was fixed throughout the experiment, while the position
and inclination of the emitter were maintained at the optimal excitation conditions for each
polarization.

The differences in transmission losses of the three fiber sections as seen in Fig. 6 are mainly
due to somewhat different excitation conditions at the fiber input facets (see Supplement 1 Sec.
S3) during measurements. In Fig. 6, we can see that the transmission losses of the X-polarized
and Y-polarized modes are reduced by ~2.7-4.4 dB/m and ~3.8-5.6 dB/m in the 110-150 GHz
range for all three fiber sections after ~2 days of annealing, while longer annealing times do not
contribute significantly to the further loss reduction.

While the further investigation of the effect of annealing on the 3D-printed fiber performance
is in order, from these preliminary results we conclude that annealing is indeed a potent technique
that could significantly reduce the printed waveguide transmission losses. In the case of the
infinity 3D printers, further work is still required to combine printing and annealing into a single
continuous process.

4.3. Communication demonstration using PMF before and after annealing

Next, the communication performance of the 1.6 m-long PMF before and after annealing was
evaluated using a photonics-based THz communication system (see Supplement 1 Sec. S5) by
measuring the BER for various data rates at the carrier frequency of 128 GHz. The maximal fiber
length for communication experiments was limited by the relatively low emitter output power
(~218 uW), as well as relatively high fiber transmission losses. The fiber length of 1.6 m was
chosen so that the signal strength in the X polarization of a non-annealed fiber is high enough to
result in the BER at the level of a forward error correction (FEC) limit of ~1073. Then, after
annealing, it was found that the signal strengths in both the X and Y polarizations were improved
greatly, and BER measurements were repeated. The measured BERs of the X-polarized and
Y-polarized modes for both annealed and non-annealed fibers are presented in Fig. 7(a). From the
figure, we observe that before annealing the BER of the Y-polarized mode cannot be measured
due to the weak strength of the received signal [see the corresponding eye pattern in Fig. 7(b)].
Meanwhile, the BER when

using the X-polarized mode of the non-annealed fiber is measurable and it is in the ~107>-1072
range with the received power ~10 times higher than the noise floor. Next, the BER measurements
were repeated after annealing the fiber at ~140°C using an ~80 cm-long tubular furnace (Model:
PS205-208-(3)25-P-K from Mellen Inc.) with fiberglass insulation placed at both ends. The
annealing process was conducted on the continuous 1.6 m-long fiber in 4 steps by threading
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Fig. 7. (a) Measured Bit Error Rate versus Bit Rate and (b) Recorded Eye Pattern versus
Bit Rates for the X-polarized and Y-polarized modes of the 1.6 m-long PMF before and after
annealing at the carrier frequency of 128 GHz. (c) Experimental transmission losses of the
PMF before and after annealing were measured using the cut-back method.
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the fiber through the furnace in 0.4 m intervals and individually annealing each section. As a
result, the communication performance of the fiber was greatly improved due to significantly
reduced transmission losses for both polarizations [see the eye patterns and transmission losses
of the PMF after annealing in Figs. 7(b) and 7(c)]. Thus, the BER of the Y-polarized mode
became measurable and reached ~1074-1072, while the BER of the X-polarized mode was greatly
improved to ~107'1-1073 for the data rates of 1-6 Gbps.

4.4. Mode field imaging of the two orthogonally polarized modes of the PMF

Finally, the near-field modal imaging has been carried out at the PMF output end using the CW
THz spectroscopy system (see Supplement 1 Sections S4 and S6) to visualize field amplitude
distributions of the two orthogonally polarized modes of the fabricated PMF (see Fig. 8). The
PMF was fixed throughout the measurements, while the polarization directions of the transmitter
and receiver were rotated horizontally or vertically to visualize the X- or Y-polarized modes. The
theoretical modal field distributions were computed by importing the microscopy photo of a
real waveguide cross-section into COMSOL Multiphysics and then computing the modes of a
corresponding waveguide. The red arrows in the theoretical modal field distributions indicate
the electric field directions of the fundamental modes, while the red arrows in the experimental
images are the electric field directions of the fundamental modes in the WR-6 waveguide. Overall,
we observe a reasonable correspondence between the theoretical and experimental modal images,
especially for the X-polarized mode, while the difference between theory and experiment is more
significant for the Y-polarized mode. Remarkably, experimental images do not show a significant
presence of the modal fields in the four thin bridges that support the core, while theoretical images
do. This difference can be justified by noting that numerical images are obtained assuming that
the waveguide cross-section is constant along the fiber length, while in practice it is not the case
due to the nature of the layer-by-layer printing process. We, therefore, believe that the modal
fields in the thin bridges are strongly irradiated by the periodic imperfections (along the fiber
length) imposed by the printing process, while their effect on the modal field in a much larger
core is significantly less pronounced.

X-pol Y-pol

Experiment

“loGHz | 128 GHz 150 GHz 110 GHz 128 GHz 150 GHz

Fig. 8. Comparison of the numerically computed and experimentally measured electric
field distributions of the X-polarized and Y-polarized modes at the end of the 1.6 m-long
PMF. Red arrows represent the electric field directions. In experimental measurements, the
electric field direction is defined by the orientation of the WR-6 waveguide flange.

5. Conclusion

In this work, we studied numerically and experimentally polarization maintaining THz fibers
designed to have low group velocity dispersion and high inter-modal birefringence. By utilizing
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the novel infinity 3D printing technique, the 5 m-long fiber was fabricated in a continuous printing
process with losses of ~7.7-15.5 dB/m for X polarization and ~9.4-17.9 dB/m for Y polarization
in the 110-150 GHz spectral range.

Moreover, a significant reduction of the fiber transmission losses was demonstrated after
annealing the printed fiber at a temperature close to the fiber material melting point, resulting in
improved transmission losses of ~6.5-11 dB/m for the X polarization and ~6.9-13.5 dB/m for
the Y polarization in the 110-150 GHz range. Significant improvement in the fiber quality after
annealing was also verified by characterizing BER in the real-time data transmission links using
a 1.6 m-long PMF. For X polarization, in particular, the measurements show improved BERs of
~107"1-1073 after annealing compared to ~1074-1072 before annealing for the 1-6 Gbps data
rates at 128 GHz carrier frequency.

Furthermore, the ability of the PMF to maintain a linear polarization state during transmission
was evaluated by experimentally measuring the inter-polarization crosstalk. The measured
average crosstalk was ~14.5dB for X polarization and ~12.7dB for Y polarization, which
demonstrates good polarization-maintaining properties of the infinity 3D printed PMF even in
the presence of manufacturing imperfections.

The results of this work show that infinity 3D printing supplemented with post-fabrication
annealing is a powerful technique for the continuous fabrication of the THz fibers of complex
transverse geometries and advanced optical properties.
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