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Abstract: We present a numerical and experimental investigation of a low-
loss porous-core honeycomb fiber for terahertz wave guiding. The
introduction of a porous core with hole size of the same dimension as the
holes in the surrounding honeycomb cladding results in a fiber that can be
drawn with much higher precision and reproducibility than a corresponding
air-core fiber. The high-precision hole structure provides very clear bandgap
guidance and the location of the two measured bandgaps agree well with
simulations based on finite-element modeling. Fiber loss measurements
reveal the frequency-dependent coupling loss and propagation loss, and we
find that the fiber propagation loss is much lower than the bulk material loss
within the first band gap between 0.75 and 1.05 THz.

©2012 Optical Society of America
OCIS codes: (060.5295) Photonic crystal fibers; (230.7370) Waveguides.
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1. Introduction

Waveguides and functional devices for terahertz (THz) operational frequencies have been
extensively investigated recently, both based on metals [1-4] and dielectrics [5-31].
However, THz waveguides still demonstrate orders of magnitude higher loss than their near-
infrared counterparts, and thus common to most waveguide studies is the quest for lower
propagation loss, typically limited by finite metallic conductivity or dielectric losses.

It is well known that dry air is the most transparent medium in the THz regime. In order to
lower the propagation loss of a THz waveguide, an effective approach is therefore to
maximize the fraction of the power propagating in air, while at the same time maintaining a
tight confinement of the propagating mode. Several methods towards this have been
proposed. One strategy first demonstrated by Chen ef al is to use a subwavelength core
surrounded by an air cladding [7,8]. In order to further reduce the loss, a porous structure of
sub-wavelength holes can be introduced into the already sub-wavelength solid core of the
fiber [10-14,28-30], as first predicted numerically by Hassani et al. [10,28] and then
demonstrated by Dupuis ef al. [29] and later Atakaramians et al. [13]. Due to the boundary
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conditions in the electric flux density the refractive index step between material and air in the
sub-wavelength holes pushes the field into the lower index holes, thereby increasing the
fraction of power in air and reducing the absorption losses [30]. Propagation losses as low as
0.04 dB/cm near 0.3THz have been reported [29].

However, irrespective of the fine details of the design, such sub-wavelength air-clad fibers
are still limited in their practical applicability due to their susceptibility to perturbations. One
way to shield the fiber from external perturbations is to have it be the core of a so-called
suspended core fiber, as reported by Rozé ef al. [26], who demonstrated losses less than 0.09
dB/cm in the 0.28-0.48 THz range. This design has the added advantage that the three large
holes constituting the air cladding may be purged with dry air to avoid losses due to moisture.
The suspended core type THz fiber can be made to have a porous core, but this has only been
demonstrated for relatively large cores [26]. One disadvantage of the suspended-core THz
fiber is that it is rather difficult to cleave.

Another strategy is to use hollow-core waveguides. In this type of waveguides most of the
THz field is guided within the air-core region, and consequently propagation loss and
environmental disturbance can be significantly reduced. Different designs have been realized,
such as pipe waveguides [15-18] and photonic bandgap (PBG) fibers with a hexagonal
cladding hole structure [19,23] or an omnidirectional Bragg-stack type cladding with rings of
hole structures [20] or continuous layers of alternating materials [20-22]. PBG fibers are
particularly versatile candidates for THz waveguiding due to the flexibility in the design of
critical parameters such as center frequency, bandwidth, and dispersion. Here we focus on the
PBG THz fiber.

The fabrication of the first PBG THz fiber was reported in 2008 by Lu et al. [19], who
stacked 20 cm long Teflon tubes with inner/outer diameters from 0.81/1.11 mm to 1.68/2.08
mm in a close hexagonal structure with lattice constant A = 2.08 mm and used thin heat-
shrinkable polyethylene tubes to keep the Teflon tubes together. After stacking the central 7
Teflon tubes were removed to form the hollow core. This preform was used directly as a THz
fiber without drawing or fusing to reduce the diameter and thus the fiber outer diameters were
very large (~20 mm). A minimum loss of 0.01 dB/cm was reported, but this was in an
extremely narrow frequency band less than 20 GHz wide around 770 GHz. In fact no real
bandgaps were observed and the authors instead attributed the guiding mechanism to
antiresonant reflecting optical waveguiding (ARROW). Not surprisingly the demonstrated
hole structures were close to perfect, but evidently this type of large diameter PBG fiber is not
practical and cannot be cleaved or bent.

Later in 2008 Ponseca et al. [20] reported the first Bragg-type PBG THz fiber fabricated
by drilling one large center hole and 5 rings of small holes around it into a 7 cm in diameter
PMMA polymer rod and drawing it down to a THz fiber with approximately 6 mm diameter.
The fiber with the lowest loss of 0.9 dB/cm at 1.3 THz had a core diameter of 670 um and
hole diameters of 65um. The distance or pitch between holes in the same ring and in
neighbouring rings was A; = 86 um and A, = 93 pum, respectively. Importantly, the difficulties
in maintaining the preform structure when drawing structures with such different sizes of
airholes were very apparent. Thus draw-induced deformations resulted in elliptical holes and a
chirp in both hole diameters and A, with values that varied by 15% from the innermost to the
outermost ring. Such deformations are well-known also from the more developed technology
of microstructured Polymer Optical Fibers (mPOFs) for transmission in the visible [32].

In 2011 Wu et al. used polymer jetting rapid prototyping to make 5-15 cm long PBG THz
fibers with a large hollow core and hexagonal cladding hole structure [23]. A minimum loss
of 0.3 dB/cm at 105 GHz was reported in a fiber with outer diameter 40 mm, core diameter
8.4 mm, pitch 3 mm, and hole diameter 2.6 mm. This special fabrication technique gave
perfect hole structures, but imposes a minimum feature size of 0.1-0.15 mm. Due to the huge
structure the transmission displayed no real bandgaps, but narrow resonances below 240 GHz.
As with the simple stacking the large structures achieved with the polymer jetting technique
does not provide practical THz fibers working above 1 THz that may be easily bent, cleaved,
and mass fabricated in long lengths.
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In the same year, Anthony et al. reported the fabrication of a PMMA kagome hollow-core
fiber using standard fiber drawing [31]. A loss of around 2.6 dB/cm over 0.65-1.0 THz with a
minimum loss of approximately 1 dB/cm around 1 THz was reported in a fiber with outer
diameter of 6.8 mm and core diameter of 2.2 mm. The vastly different hole sizes in the
preform makes the kagome fiber difficult to draw and consequently the drawn fiber structure
was strongly perturbed.

Finally, in 2011, Dupuis et al. [21] and Ung et al. [22] reported on the fabrication of
Bragg-type PBG fibers consisting of alternating layers of polymer and air and of polymer and
polymer composite. The preform was rolled from thin sheets of polymer and solidified in an
oven to give 22.5 cm long fibers with an inner hollow core diameter of 6.6 mm. Several broad
transmission bands with loss below 1 dB/cm were observed in the 0.1-2.0 THz regime with
the minimum loss being less than 0.12 dB/cm (0.18 dB/cm) for the polymer/air
(polymer/polymer) Bragg fiber in the region 0.7-0.8 THz. However, the fibers were so fragile
that they could not be cleaved or bent.

Looking at the state-of-the-art in fabricated THz PBG fibers [19-23], no fiber has yet been
reported, which has good broadband transmission around 1 THz, may be bent and cleaved,
and which can be (mass) fabricated in long length. The stacking + tubing [19] and polymer
jetting [23] techniques provide good periodic (hexagonal) hollow-core PBG structures, but at
the expense of very thick fibers that do not display broadband low loss guiding and do not
easily allow bending, cleaving and fabrication of long lengths. The rolling + solidification
technique [21,22] can make low loss PBG Bragg fibers, but the fibers are very big and
extremely fragile. The only technique that allows mass fabrication of long lengths of THz
fiber is conventional fiber drawing [20] (see also [10,27] for solid-core THz fibers). However,
good-quality hollow-core PBG THz fibers have so far been difficult to draw due to the
different expansion rates of holes of different diameter at elevated temperatures, which leads
to deformation of the smaller holes during the drawing process, unless special precautions are
taken. The imbalance of hole dimensions can to some extent be alleviated by applying
pressure to the holes during drawing. However, such a procedure can only be applied to a
limited extent and obviously adds to the complexity of fabrication

In 2011 we used numerical modeling to propose a PBG THz fiber type, which combined
PBG guidance with the concept of porous waveguides, to provide preforms consisting of
identical holes with the same diameter. Basically it consists of a hollow-core PBG THz fiber
cladding structure with a porous core inserted into the hollow core [24]. This allows PBG
guidance, while still keeping the loss low due to the porous core. Due to the increased
effective index of the core, the cladding PBG structure is a honeycomb structure, which from
optical fibers is known to more easily allow broad bandgaps [33,34].

Here we present the first fabrication and experimental characterization of such a PBG THz
fiber made of the polymer TOPAS and confirm that it allows to fabricate long lengths of fiber
with a near-perfect periodic structure and thus very clear bandgap guidance. The fundamental
bandgap at 0.75-1.05 THz is found to have losses lower than 1.5 dB/cm, whereas the loss is
below 1.0 dB/cm in the reduced bandgap 0.78-1.02 THz. The particular fiber we present has
an outer diameter of 3.65 mm, and is thus already flexible. The outer diameter can be further
reduced and thus these fibers may also be bent and cleaved. The polymer TOPAS used as
fiber material, is chosen because of its many advantageous properties, which include low loss
and dispersion at THz frequencies [5] and the fact that it is humidity insensitive [35] and
chemically inert with special biosensing properties [36].

2. Fiber fabrication

Figure 1(a) shows the idealized structure of the proposed porous-core honeycomb bandgap
terahertz fiber for simulation and Fig. 1(b) shows a microscope image of the end facet of the
fabricated fiber. The fiber consists of a honeycomb lattice of air holes with hole diameter d,
and lattice pitch A, D, is the effective core diameter, and D is the outer diameter of the whole
fiber.
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The low-index porous core (indicated by green circle in Fig. 1(a)) is formed by
introducing a hexagonal array of air holes with the same diameter as the holes in the cladding.
We fabricated the proposed fiber by using a cyclic olefin copolymer (COC) with the trade
name TOPAS® COC 8007, obtained from Topas Advanced Polymers, Inc. The polymer
granulates were cased into cylinders and then used as preforms. The desired photonic crystal
hole structure was drilled into the polymer preform, and this structure was then preserved
throughout the drawing process.

(a)
K, 9%°0%%e%%
£0%0%0%0%¢%%
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Fig. 1. (a) Idealized structure used in the simulation. (b) Microscope image of the actual fiber.
Dark regions represent air and green central region in (a) represents the low index porous core
region. d = 165 pm, A =360 pm, D. = 0.8 mm.

The bulk dielectric properties (absorption coefficient and refractive index) of TOPAS®
were characterized by THz time-domain spectroscopy (THz-TDS) [37] on a disk with a
thickness of 0.9992 c¢cm and a diameter of 6 cm. The absorption coefficient and index of
refraction are shown in Fig. 2.
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Fig. 2. Refractive index (red curve) and material loss (black curve) of the TOPAS® polymer
used for fiber fabrication, measured on a disk with a thickness of 0.9992 ¢cm and a diameter of
6.0 cm. Blue dashed curve is a phenomenological quadratic fit to the loss used in Fig. 8.

The material has an almost constant refractive index in the 0.2-2 THz range (near 1.5235,
in excellent agreement with previously reported values [5]) and low loss (<1 dB/cm up to 0.8
THz, and <4 dB/cm up to 2 THz).
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The honeycomb-cladding, limited to three rings by the diameter of the preform, and the
porous core structure was drilled into the preform and then drawn to the final diameter. The
structure is preserved during the drawing process and Fig. 1(b) shows a cross-sectional image
of the fabricated THz fiber. The following parameters describe the fabricated THz fiber: D =
3.65 mm, d = 165 um, A = 360 pum, and D, = 0.8 mm. These are average values, with very
small fluctuations across the fiber, as evident from Fig. 1(b).

3. Simulation and experimental results

Simulation of the fabricated fiber were carried out by using commercial software based on the
plane-wave method (BandSolve, RSoft Design) for the band gap of the cladding unit cell and
the commercially available FEM solver (COMSOLZ3.5a) for the fundamental core mode of the
fiber. The resulting two band gaps are shown in gray in Fig. 3. The full geometry of the fiber
was considered, including the finite outer diameter D. A 1 mm thick layer of air was placed
around the fiber, again surrounded by a perfectly matched layer (PML) to be able to calculate
the confinement loss. The resulting frequency-dependent effective refractive index of the
fundamental mode in the two band gaps is shown in Fig. 3 (black curve), and the frequency-
dependent fraction of the total power of the fundamental mode that is localized within the
core region is shown in Fig. 4 (red curve). The small insets in Fig. 3 show the S, energy flux
distribution of the fundamental mode of the fiber at four different frequencies (0.7, 0.9, 1.4
and 1.6 THz). Numerous sharp resonant features are visible in the core power ratio, indicative
(as will be discussed below) of resonant coupling between the reflected field from the outer
interface of the fiber and the core mode. To illustrate this coupling, the two insets in Fig. 4
show the S, energy flux distribution of the fundamental modes at two nearby frequencies at
0.80 THz (with low core power ratio) and at 0.82 THz (high core power ratio). Comparison of
these two insets shows that at specific resonant frequencies, a large fraction of the power is
located near the outer perimeter of the fiber, while the mode profile away from these
resonances is confined to the core region.

1.4 —————m—m———rr 7T
c 0.9 THz 1st
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S 13} -
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Fig. 3. Calculated bandgaps (grey zones) and effective index of the fundamental mode (black
curves). Insets show the S, energy flux distribution of the fundamental mode at four different
frequencies (0.7, 0.9, 1.4 and 1.6 THz). The scale of each inset is 885 x 960 um.

To shed further light on the effect of a finite fiber diameter and the effect of the reflection
at the fiber/air interface we performed simulations where we eliminated the reflective
polymer/air interface by applying a PML directly to the outer surface of the TOPAS fiber,
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thereby effectively modeling an infinitely large fiber. The calculated frequency dependent
core power ratio of the fundamental mode is shown in Fig. 4 (blue curve). The band gaps are
identical to the finite fiber simulation discussed previously (red curve). However, the infinite
fiber simulation lacks the resonant coupling between the core mode and the outer diameter of
the fiber, resulting in a consistent high power fraction in the core region within the two band

gaps.
10 T T T T ¥ )

0.82 THz
08

04

ool 0.80 THz

Fraction of power in core

0.0 . ] N 1 R 1
0.8 1.2 1.6

Frequency [THZz]

Fig. 4. Calculated fraction of power localized in the core of the honeycomb fiber with TOPAS
(blue curve) and air (red curve) surrounding the fiber surface. The two insets to the right show
the S, energy flux distribution of the fundamental modes at nearby frequencies. One is at a
resonant frequency due to reflection from the fiber/air interface (0.80 THz) and the other shows
a well-confined mode (0.82 THz). The dimensions of the insets are 3.65 X 3.65 mm.

For experimental characterization of the fabricated fibers we performed transmission
measurements with a commercial fiber-coupled THz-TDS system (Picometrix T-Ray 4000)
with an effective spectral range 0.1-2.0 THz, determined by losses in the 1-in. focal length
polymer lenses used for focusing of the THz pulses into the TOPAS fibers. The entrance facet
of the fiber was placed immediately behind a small, variable aperture (~0.8-0.9 mm diameter)
in the focal plane of the tightly focused THz beam. The aperture ensured a preferential
excitation of core modes in the fiber. The THz signal transmitted through the fiber was
detected by the THz receiver head of the Picometrix system, aligned with the fiber exit facet
in its focal plane.

The reference pulse transmitted through the aperture is shown in Fig. 5(a), and consists
mainly of a single cycle of the electric field. The time trace of THz pulses after propagation
through a 5-cm long segment of fiber is shown in Fig. 5(b) (blue curve). The THz waveform
transmitted through the fiber is dispersed in the time domain. As discussed above, we see
numerical indication of strong interaction between cladding modes and core modes for finite-
diameter fibers. In order to get more detailed information on this coupling we repeated the
transmission experiment while adding some water (a strong absorber at THz frequencies)
around the fiber surface. The transmitted pulse in this situation is shown as the red curve in
Fig. 5(b). We observe significantly less pronounced oscillations at times later than 20 ps,
while the initial part of the transmitted pulse is much less influenced by the absorbing water
layer around the fiber. Further insight is obtained by performing a short-time Fourier
transform (STFT) of the two time-domain traces in Fig. 5(b), as shown in Fig. 5(c) and 5(d),
representing the transmission through the fiber surrounded by air and water, respectively. The
frequencies below approximately 0.6 THz are attenuated by adding a layer of water, while the
transmission in the two band gaps in the 0.7-1.1 THz and 1.3-1.7 THz regions are unaffected
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by the water, clearly demonstrating that the absorptive water layer effectively strips the
cladding modes from the fiber.

Based on the effective index shown in Fig. 3 we can calculate the arrival time of the
various frequency components within the two band gaps after propagation through the 50-mm
fiber section. The group delay is given by 7, =n,L/c, where the group index is calculated

from the effective propagation index as n, =n,; +v-dn,, /dv . This group delay is shown in

Fig. 5(c) and 5(d) as black squares (identical data sets). There is excellent agreement between
the simulated and the observed arrival time of the frequency components, and in particular the
experiment reproduces the steep dispersion at the lowest frequencies of the first band gap as
well as the delayed arrival of the signal in the second band gap.
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Fig. 5. Measured THz pulse for (a) reference signal (black curve) and (b) transmitted pulse
through a 5 cm long honeycomb fiber with water (red curve) and air (blue curve) around the
surface. Short-time Fourier transforms of the transmitted waveforms in (b) are shown in (c) and
(d), respectively, with simulated group velocity arrival times of the spectral components
overlaid.

Figure 6 quantifies the experimental transmission spectrum after transmission through the
5 cm long fiber segment, calculated as the ratio of the Fourier transforms of the signals in Fig.
5(b) and 5(a). After adding water around the fiber surface to attenuate cladding modes,
transmission in the regions outside the band gaps (below 0.6 THz and between 1.1 and 1.3
THz) is reduced (red curve compared to black curve), as already indicated in the STFT trace
in Fig. 5(d). The location of the two transmission band are in good agreement with the
simulation (blue curve), which shows the fraction of the power residing on the core region,
and thus indicates confinement of the field by the bandgap effect. The small discrepancy
between predicted and observed bandgap positions may be caused by the small non-
uniformity along the fiber length and imperfect uniformity of air-hole diameters across the
fiber.
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Fig. 6. Calculated fraction of power localized in the core of the honeycomb fiber with the
TOPAS PML (blue curve). Measured relative transmission of the honeycomb fiber with air
(red curve) and with water (black curve) around the fiber surface.

Importantly the experimental transmission spectra in Fig. 6 (red and black curves) show
that transmission in the second band gap is much lower (approximately 9.5 dB) than that of
the first band gap. To investigate this strong attenuation we calculated the fraction of power in
the polymer material (green circles in Fig. 7) and multiplied this fraction with the measured
material absorption coefficient (Fig. 2) to obtain the effective material loss due to absorption
of light in the polymer (red circles in Fig. 7). As indicated in Fig. 7 we see that the fiber
displays much higher material absorption loss (approximately 1.5 dB/cm, corresponding to
7.5 dB for the 5 cm fiber length) in the second band gap compared to the first band gap. The
fact that the fraction of power in the polymer and thus the effective material loss is seen to
increase with frequency is because of the porous core of our honeycomb bandgap fiber, which
confines more and more of the light into the solid material between the holes as the
wavelength gets smaller [10,11]. Additional attenuation may be caused by the smaller overlap
integral between the free-space mode and the mode profile in the second band (see Fig. 3)
compared to the first band gap.
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Fig. 7. Calculated fraction of power in the fiber material (green half-solid circle) and material
loss in fiber (red half-solid circle), respectively.
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The dips in the transmission spectrum in the second band gap may be caused by
interference between the fundamental mode and higher order modes. Such interference is not
observed in the first band gap. This may be due to the fact that coupling to the fundamental
mode in the second band gap is more sensitive to alignment than in the first band gap, and
slight off-center coupling could lead to an increased fraction of power being coupled into
higher order modes.

Finally we discuss fiber loss measurements. The measurements were performed with a
cutback method where transmission was measured on the same piece of fiber (initially 15 cm
long), sequentially cut shorter in steps of 2.5 cm and repositioned in the experimental setup.
Gentle milling after cleaving assured a uniform and high quality of the cleaved facet at each
measurement. Care was taken to assure the same rotational orientation of the fiber at each
measurement. Figure 8(a) shows the transmission at selected frequencies in the first band gap
as function of fiber length. The slopes of the linear fits to these loss data give the propagation
loss, as shown in Fig. 8(b), and the interception with the ordinate axis at zero propagation
distance of the fit curve gives the coupling loss, as shown in Fig. 8(c). The error bars indicate
the standard deviation of the fit parameters.
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Fig. 8. (a) Relative transmission of the fiber with different lengths together with linear fits at
four frequencies (0.8, 0.88, 0.95, 1.03 THz). (b) Frequency dependent propagation loss of the
fiber (blue data markers) and material loss of TOPAS (quadratic fit - dashed line). (¢) Coupling
loss (red symbols) and solid line to guide the eye (running average of 5 data points).

We find a propagation loss, which is lower than the bulk material loss, as can be expected
for the fundamental mode with a significant fraction of power residing within the air holes of
the fiber. The modulation of the loss across the band gap is most probably caused by
interference with cladding modes also observed in simulation (cf. Figure 4), as the cutback
measurements were performed without attempting to attenuate the cladding modes. The
frequency-dependent coupling loss shows a maximum of 5 dB at 0.88 THz, coinciding with
the small dip in transmission seen in Fig. 6. Outside this region the coupling loss is 2-3 dB,
consistent with the overlap integral between a free-space Gaussian beam profile and the
fundamental mode of the first band gap (Fig. 3).

4. Conclusion

In conclusion, we have fabricated a low-loss porous-core honeycomb PBG THz fiber with a
near perfect hole structure by drill-and-draw technology, and characterized the optical
properties of the fiber with experimental THz-TDS techniques and numerical modelling. We
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demonstrated that the fiber had a fundamental transmission band of 0.78-1.02 THz in which
the loss is below 1.0 dB/cm, with the minimum loss of 0.7 dB/cm being at 0.88 THz. The
manufactured fiber is not based on an optimized geometry, so we expect that the performance
can be improved through optimizing fiber parameters, such as pitch and air-hole diameter.
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