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Abstract

The mechanism for electromagnetic (EM) mode transition and filtering in an asymptotically single-HE;-mode
hollow THz Bragg fibre is investigated. We designed, fabricated, and measured Bragg fibres with an asymptotically
single-mode pattern, achieving measured signal propagation loss of better than 3 dB/m at 0.265 THz and with an
operating frequency range from 0.246 to 0.276 THz. Mode transition and filtering effects are both verified by 3D
full-wave simulations using measured material properties, with geometrical parameters extracted from the fabricated
Bragg fibre prototypes. By optimizing the coupling efficiency between the free-space Gaussian beam and the guided
Bessel function mode, the optimum distance of mode transition from the Gaussian-beam excitation into the guided
mode is calculated to be ~13.7 free-space wavelengths in our fibre, to ensure fast EM-field convergence to the desired
asymptotically single-mode mode pattern in the Bragg fibre. After this mode transition region, the electric field
amplitude ratio between the desired HE;; mode and the main competing HE > mode is approximately 7 times, with
the HE ;> mode attenuation being more than 10 dB/m larger than the fundamental HE;; mode; the results indicate that
our fibre is one of the best candidates for low-loss asymptotically single-mode terahertz signal interconnections.

Keywords: Bragg fibre, electromagnetic propagation, single-mode, mode transition, modal-filtering effect

1. Introduction

Low-loss and single-mode THz waveguides are vital
interconnects between different functional components in
THz systems. The requirement of low propagation loss has
seen recent developments in hollow THz waveguides, such
as Bragg fibres [1-3], hexagonal photonic crystal fibres [4,5],
tube-lattice fibres [ 6,7 ], dielectric tubes [ 8,9 ], and
metal-coated dielectric tubes [10,11]. To minimise the
propagation loss and group velocity dispersion, the
above-mentioned THz waveguides generally operate in a
highly multimode regime, resulting in mode competition
problems [12]. A modal-filtering effect [13-15], achievable
by exploiting loss-discrimination between the nominal
operating mode and other competing modes, can allow such
waveguides to operate in an asymptotically single-mode
pattern, however.

In asymptotically single-mode THz waveguides, a certain
propagation distance is required to ensure the transition from
multimode operating pattern to the effectively single-mode
pattern. However, most previously published works on THz
waveguides [1-14] only focus on the steady state of the
supported propagating modes in the fibre. A rigorous
investigation of the EM-field mode transition and filtering

processes prior to steady-state propagation is largely lacking.
Specifically, it is essential to know the mode transition
distance since this determines whether the THz waveguide is
suitable for certain applications. For example, due to the
small loss discrimination between the desired mode and the
unwanted modes, the conventional design principles [15-17]
for optical Bragg fibre require several kilometres to eliminate
the unwanted modes, and are therefore unsuitable for THz
Bragg fibres, which are mainly considered in applications
that require much shorter waveguiding distance, such as
biological and security imaging [18,19].

In this paper, we investigate the mode transition and
filtering phenomenon by using a 3D full-wave simulation of
the EM wave propagation inside and along the length of a
hollow all-polymer THz Bragg fibre, using directly measured
material dielectric properties and with real geometric
parameters [2]. The THz Bragg fibre discussed here can
achieve asymptotical single-mode pattern propagation with
large loss discrimination between the fundamental and other
higher-order modes. Two different excitation methods
(waveguide-port excitation and Gaussian-beam excitation)
are considered in our full-wave simulations, representing
multimode excitation and quasi-single mode excitation
conditions, respectively. Using a multimode waveguide port
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Figure 1. The hollow THz Bragg fibre in this work. (a) The fabricated Bragg fibre prototypes; (b) The zoomed view of the fibre
at the junction of the dielectric layer and the support bridges; (c) The radial refractive index profile of the Bragg fibre along the
red dashed arrow in (a). (d) Calculated (lines) and numerically simulated (asterisks) propagation losses of selected lowest-loss

supported propagating modes in the fibre without support bridges. Here, n, = 1.644 + 0.0293i,n, = n, = 1, a = 0.667
mm, b = 3.877 mm, r, = 4681 mm, t = 4.544 mm, and the width of the support bridges is w = 0.652 mm.

excitation method, the filtering of different high-order modes,
which correspond to different radiation angles, is clearly
observed, indicating a good mode selectivity of the proposed
Bragg fibre. With appropriate Gaussian-beam excitation,
most high-order competing modes can be quickly and
effectively filtered out after a distance of approximately 13.7
free-space wavelengths, and beyond this point, the electric
field amplitude of the desired HE;; mode is observed to be
approximately 7 times larger than the main competing HE»
mode’s. Additionally, the propagation loss of the HE;» mode
is more than 10 dB/m higher than that of the fundamental
HE;; mode. Therefore, the asymptotically single-mode
propagation of the desired operational mode can be formed
inside the fibre. The simulated propagation loss of the Bragg
fibre is approximately 5 dB/m, which is in a good agreement
with the experimental result of 3 dB/m, recently published by
the authors [2].

2. Design of the fibre

Figs. 1 (a) and (c) shows the geometry and refractive index

profile of the fabricated all-polymer Bragg fibre prototype.
The Fig. 1 (b) shows the zoomed view of the fibre taken by
using an optical microscope. The dents on the surface of the
fibre shown in the figure are much narrower than the
free-space waveguide at the central operating frequency,
namely 1.131 mm at 0.265 GHz, and thereby they are
believed to have negligible impact on the performance of the
fibre. The Bragg fibre consists of an air core (n,=1)
cladded by periodic concentric dielectric layers of
alternatively high (n,) and low (n,) refractive index
materials, the thickness of which are a and b respectively,
while 7, is the core radius and A = a + b is the period of the
radial photonic crystal. The outermost layer is a thick
protective polymer layer which absorbs residual outgoing
EM waves and isolates the fibre from external perturbation.
The thickness of the outermost layer is t, while the width of
the support bridges which mechanically support the air gap
between concentric rings is w.

The design principles of the fabricated Bragg fibre were
reported in our previous works [13,20] and is briefly
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Figure 2. Cutaway views of the proposed Bragg fibre for CST simulation using different excitation schemes. (a) Hollow cylindrical metallic
waveguide excitation scheme. The core radius of HMCW is the same as the core radius of the Bragg fibre, namely 4.681 mm. The length of
the HMCW is 1.131 mm. (b) Gaussian beam excitation scheme. The distance between the source plane and the input port of the Bragg fibre is
25.4 mm. The focal length and the beam waist of the Gaussian beam are 25.4 mm and 3.604 mm, respectively. The length of the Bragg fibre
in both (a) and (b) is 125 mm. The origins of the coordinate in both schemes are placed at the centre of input port of the Bragg fibre.

summarized as follows: 1) Among several available
photopolyers for the EnvisionTEC Perfactory 3 Mini 3D
printer, HTM140 is chosen as the material for the high
refractive index regions for the proposed hollow-core
single-polymer Bragg fibre due to its relatively high
refractive index and low material loss. 2) The values of a and
b are subsequently chosen based on a generalized
half-wavelength condition [13] to provide a wide photonic
bandgap centred around 0.27 THz which covers the
frequency of interest. 3) The core radius 7, is carefully
chosen to place the dispersion curve of the desired HE;,
mode in the low confinement loss photonic bandgap region. 4)
Both the width of the support bridges w and the thickness of
the outermost protective layer t have little influence on the
performance of the proposed high-porosity Bragg fibre, and
they are chosen based on simulation optimization results.
Here, the 3D printing technique that was used to fabricate the
proposed Bragg fibre employs digital light processing
technology, which is cost-effective, fast and convenient to
fabricate high-porosity air-core Bragg fibre. However, it is
challenging to fabricate extreme thin dielectric layer and long
fibre using this technique, mainly limited by the printing
resolution and the overall building space of the 3D printer.
The complex refractive index of HTM 140 used in this paper
is based on the measurement results shown in [2].

Using a transfer matrix method [21, 22], the propogation
losses of the several selected lowest-loss supported modes of
the fabricated Bragg fibre can be calculated analytically. The
analytical results (lines) based on the transfer matrix method
with the simulation results (asterisks) based on COMSOL are
shown in Fig. 1 (d). The HE;; mode is selected as the

fundamental mode as it has the lowest propagation loss over
the frequency range from 0.24 to 0.3 THz. Since the HE;;
mode is a linearly polarized mode which can barely couple
with the circularly polarized TE; mode, the main competing
mode of HEy; is thus HE), rather than TEg;. The minimum
loss discrimination between the HE;; and HE;» modes over
the frequencies of interest occurs at 0.265 THz, where they
show a difference in their propagation loss of approximately
10 dB/m. As the only artificially engineered material, the
mateiral properties of HTM140 could potentially affect the
performance of the fibre, if the complex refractive index of
HTM140 varies significantly over the operating frequency
range and has a large uncertainty about the exactly value of
the complex refractive index. According to the measuremnd
result shown in [2], the difference between the measured
results and the fitted data for the refractive index and
extinction coefficnet is up to 0.009 and 0.012, respectively.
According to our theoretically analysis, the uncertainty of the
complex refractive index of HTM 140 contributes up to 0.005%
and 0.025% variances of the dispersion curves of HE;; and
HE)\», respectively, and also contributes up to 15% and 12%
variances of the propagation loss of HE;; and HEi,,
respectively. Therefore, the impact of the refractive index
uncertainty on the perfermances of the fibre, e.g. the
dispersion relation and the propagation loss, is reasonable
small, and is believed to be negligible.

3. 3D Full-wave EM simulation

Unlike standard hollow metallic rectangular or circular
waveguides, the Bragg fibre is a non-standard waveguide
structure which, in practice, requires signal feeding from the



other types of waveguide port or from free-space signal
sources. In this work, we consider two different excitation
methods, conventional waveguide-port excitation and
Gaussian-beam excitation, as shown in Fig. 2.

3.1. Multi-mode hollow cylindrical metallic waveguide
excitation

From Fig. 1(d), at the operational frequency of 0.265 THz,
the propagation loss of the HE{; mode is lowest. Moreover,
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the loss discrimination between the HE;; mode and the HE»
mode is highest as compared to the other frequencies in the
operational bandwidth of 0.24 to 0.3 THz. Therefore, we
choose to analyze the fibre at 0.265THz, as indicated by the
vertical dashed line in the figure. The 3D full-wave model
of the proposed Bragg fibre using the measured geometrical
parameters and material dielectric properties, shown in Fig. 2
(a), is simulated using the CST Studio Suite®. All boundaries
are set as radiation boundaries in order to absorb any
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Figure 3. Absolute electric field with HMCW excitation at 0.265 THz using a log scale colour map. The coordinate scheme is the same as that
in Fig. 2. (a) z = 0 mm plane. Vertical dashed lines represent the positions of different transverse cut planes. Solid red arrows represent the
different radiation angles of the electromagnetic field which correspond to different modes. (b) Plane I (x = 1 mm). (c) Plane I (x = 5 mm).
(d) Plane III (x = 9 mm). (e) Plane IV (x = 16 mm). (f) Plane V (x = 63 mm). (g) Plane VI (x = 91 mm).



outgoing EM waves preventing the reflection of EM waves at
the boudnaries. A hollow metallic circular waveguide
(HMCW) is used to excite an EM field at x = 0 mm. The
core radius the feeding waveguide 7, = 7, = 4.681 mm,
and its length [, = 1.131 mm which is the same as the
free-space wavelength A, at 0.265 THz. Given the operating
frequency f, the criteria allowing a HMCW to work in
single-mode pattern is [23]

c <r< c
341f | S 262f

where c is the speed of light and r is the core radius. If f =
0.265 THz, then the criteria becomes 0.332 mm <7r <
0.432 mm. Since the core radius of the feeding waveguide
T = 4.681 mm > 0.432 mm, the feeding waveguide is
highly multimode. Therefore, at the end of the feeding
waveguide, the output field pattern is a superposition mode
composed from many supported modes. Using a multimode
excitation scheme allows better understanding of the filtering
of higher-order competing modes in the proposed Bragg
fibre.

The absolute electric field at 0.265 THz at the z = 0 plane,
one of the longitudinal symmetry planes of the fibre, is
shown in Fig. 3 (a). Overall, the EM field is substantially
confined to the core of the fibre. However, the fibre does not
work in a strictly single-mode pattern, requiring a certain
distance before a relatively steady asymptotically
single-mode state is obtained. We divide the fibre into two
zones, as shown in Fig. 3 (a).

In zone I, which extends between 0 mm < x < 16 mm
(0 <x <14.14), the EM modes transition from HMCW
multi-modes to Bragg fibre modes. In this region, several
radiation angles can be clearly observed, indicating a
relatively strong radiation of electromagnetic field from the
air core to the cladding layers. The radiation angles
correspond to different supported propagating modes in the
Bragg fibre; they are mainly lossy high-order competing
modes. Figs. 3(b)—(g) show the transverse mode patterns of
several representative points. In zone I, Figs. 3 (b)—(e), the
gradual changes of the guided mode from a highly
superposition mode to a relatively pure HE;; mode is
achieved. Most higher-order competing modes are filtered
out in this zone, allowing the Bragg fibre to operate in a
relatively pure EM mode pattern thereafter. However, due to
the relatively low loss among the competing modes, a small
portion of the main competing mode HE > may still exist in
the fibre; it will also be gradually filtered out in the next zone
by a modal-filtering effect.

In zone II, for x = 16 mm (x> 14.14,), a periodic pattern
with a period of approximately 61 mm or 53.94, is observed.
This periodic pattern is caused by mode-beating [24,25],
from the interference between two modes of slightly different

propagation constant. In our case, the two modes are the
desired HE;; mode and its main competing mode HE,. Fig.
3(f) and (g) show the mode pattern at one representative peak
and valley, corresponding to the situation when the two
modes are approximately in phase and 180 degrees out of
phase, respectively. Fig. 3(f) shows that at the valley, the
overall mode pattern behaves similarly to the desired HE,
mode, though the slight distortion of the mode pattern also
indicates the existence of a small portion of the competing
mode. Fig. 3 (g) shows clearly the mode pattern of HE,; at
the beat peak. The residual competing mode in zone II can be
gradually filtered out from the fibre by propagation loss,
allowing the Bragg fibre to be operated in asymptotically
single-mode pattern in this zone and beyond.

3.2. Single-mode free-space Gaussian excitation

Like conventional optical fibre and other hollow core THz
microstructure fibres [26-28], Bragg fibres can be excited
using a focused Gaussian beam. The EM mode transitions
from the free-space Gaussian mode into a guided
Bessel-function mode within the Bragg fibre. The mode
transition process is closely related to the mode coupling at
the input port. An efficient input coupling leads to a smooth
mode transition process, consequently reducing the overall
losses of the fibre [28, 29].

As the mode pattern of the desired HE;; mode in the Bragg
fibre is similar to that of the TE;; mode in HMCW. The
mode-coupling theory [30, 31], which describes the coupling
coefficient of TE;; mode in HMCW when excited by a
Gaussian beam can be used to estimate the efficiency of
coupling from free-space Gaussian beam into the Bragg
fibre, as shown in Fig. 4. When the ratio of the Gaussian
beam waist to the core radius wy /7, is equal to 0.77, the
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Figure 4. Calculated coupling coefficient between the free-space
Gaussian beam and the HE11 mode in the proposed Bragg fibre,
assuming the mode pattern of the HE11 mode in Bragg fibre is the
same as that of the TEi1 mode in HMCW.
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Figure 5. Absolute electric field with focused Gaussian beam excitation at 0.265 THz using log scale colour map. The Gaussian beam is
excited at the x = —25.4 mm plane and focused at the input port of the fibre with a beam width at beam waist wy = 7,.. The coordinate scheme
is the same in Fig. 2. (a) z = 0 mm plane. (b) Plane I (x = —25 mm). (c) Plane II (x = 1 mm). (d) Plane III (x = 11 mm). (e) Plane IV (x =

15.5). (f) Plane V (x = 62 mm). (g) Plane VI (x = 94 mm).

coupling coefficient is as high as 90%. This ratio can be also
used to maximize the coupling coefficient of the HE;; mode
in Bragg fibre, as well as to suppress the coupling of
Gaussian beam to other competing modes.

Since the core radius of the Bragg fibre 7, = 4.681 mm, a
Gaussian beam waist wy = 0.777, = 3.604 mm is set in the
full-wave simulation to maximise the coupling coefficient.
The absolute electric field at the operating frequency of 0.265
THz at the z = 0 mm plane is shown in Fig. 5 (a), while
Figs. 5 (b)—(g) show the transverse mode patterns at several
representative points. From Fig. 5, when using free-space
Gaussian beam as the feeding source (Plane I), the mode

pattern at the input port of the fibre (Plane II) is relatively
pure and close to the mode pattern of the desired HE;; mode.
Additionally, compared with the strong radiation of
electromagnetic field at the input of the fibre in the previous
excitation scheme using HMCW, the radiation of the wave at
the same part of the fibre in this excitation scheme is much
weaker, and only very few radiation angles are observed.
However, due to the impedance mismatch at the input
interface of the fibre, a small amount of EM energy of the
main competing mode HE; is excited and causes a slight
distortion on the overall mode pattern at Plane III, but the
mode pattern quickly converges to the HE;; mode at x =
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Figure 7. Plot of Ey along the x-axis of the fibre. In zone I (—25.4 mm < x < 0 mm), the wave travels in free space. Zone II (0 mm < x <
15.5 mm) is a mode transition region where the free-space Gaussian beam transitions into a Bessel function. In zone III (15.5 mm < x <
125 mm), the proposed Bragg fibre operates in an asymptotically single-mode pattern.

15.5 mm (Plane 1V), which is approximately 13.71,. After
this point, although the phenomenon of mode beating also
exists, the amplitude of the mode beat is relatively weak,
compared with the previous multi-mode excitation scheme
using HMCW. Besides, the mode pattern at the beat valley
(Plane V) is still well maintained as the desired HE;; mode
and we can barely observe the distortion caused by the HE»
mode, suggesting that the amplitude of the competing HE»
mode is much weaker than that of the desired HE;; mode.

Therefore, compared with the previous excitation scheme
using HMCW, the excitation scheme using a proper Gaussian
beam in this design can lead to a better mode transition
process and a shorter transition distance, and the fibre can
operate in effectively asymptotically single-mode pattern
after the transition point at around 13.7 operating
wavelengths. When comparing the Bragg fibre with a
conventional HMCW which uses the same radius as the air
core, the single mode selection in Bragg fibre is much more
obvious. Fig. 6 shows the EM-wave propagation in HMCW
with Gaussian beam source excited from the left. The mode
pattern in the HMCW is highly multimode, while, under the
same excitation condition, the Bragg fibre works in
effectively asymptotically single-mode pattern.

4. Mode Competing and filtering

4.1. Mode beat

When two competing modes with slightly different
propagation constants simultaneously exist in the Bragg fibre,
a periodic variation in the amplitude of the electric field can
be observed, which is also known as mode beating [32].
Considering two EM waves of significantly different
amplitudes added together linearly:

Acos(2mé x) + B cos(2mé,x) =
(A — B) cos(2mé;x) + 2B cos(ZnSzlz;fzx) cos(Znslz;sz)
ey
Here, A and B are the amplitudes of the two waves, where
A»>B . §=1/A4 =Pr/2n(mE€N) is the spatial
frequency of a wave, where n is an identifier associated with
different waves, A, is the guide wavelength and f§ is the
longitudinal wave propagation number. &; and &, are quite
close to each other. In the second term of the right side of eqn.

(1), the frequency (&, — &,)/2 is perceived as a periodic
variation in the amplitude of the tone (& +¢&,)/2. In



addition, since A > B, the overall amplitude of the
superposition mode is mainly dominated by the first term of
the right side of the equation (1), while beat amplitude is
mainly dominated by the second term.

To quantitatively understand the mode competition in the
Bragg fibre, based on Fig. 5 (a), we plot Ey along the x-axis of
the fibre in Fig. 7. x ranges from -25 mm to 125 mm, with a
step size of 0.25 mm, which is about 22% of the guide
wavelength of the HE;; mode, making it an appropriate step
size to observe the high-frequency changes within one
wavelength. In zone I, the wave propagates in the free-space
region. In zone II, the free-space Gaussian beam transitions
into Bessel function modes supported by the Bragg fibre. A
sharp reduction of the amplitude of Ey at around x = 11mm
or x = 9.7, is mainly attributed to the rapid increase of the
higher-order competing modes due to the structure
discontinuity at the input port of the fibre. In zone III, the
amplitude of Ey varies periodically and decays as a result of
both mode beating and propagation loss. The amplitude of
the envelope for the beat is relatively small, however,
compared with the amplitude of the signal.

To compare the EM-field strength of the main HE;; mode
and its competing mode in zone III, we use a discrete Fourier
transform to transform the Ey signal in zone III from the
spatial domain to the spatial-frequency domain (Fig. 8). The
spatial spectrum is relatively clean compared to that of the
multimode excitation method, indicating a good mode
selectivity of the Bragg fibre. The main peak at 894.5 m™!
corresponds to the desired HE; mode. The secondary peak at
848.9 m™!' corresponds to the main competing HE > mode.
The amplitude of the main peak is about 7 times of the
amplitude of the secondary peak. This agrees well with the
previous analyses as in eqn. (1) and Fig. 7. The superposition
of HE; and HE, creates the mode beating in zone III, and
the overall amplitude of the signal in zone III is dominated by
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Figure 8. Discrete Fourier transform of the Ey signal in zone III of
fig. 7.
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Figure 9. The attenuation of the desired HE11 mode and its main
competing modes as a function of the propagation distance at 0.265
THz.

the desired HE; mode, while the HE;» mode dominates the
amplitude of the envelope of the beat. The large differences
between the amplitudes and the propagation losses of the
desired mode HE; and the main competing mode HE, allow
the fibre to operate in effectively asymptotically single-mode
pattern in zone III.

Based on the cut-back method by comparing the amplitude
of Ey at the start (x = 15.5 mm) and the end (x = 125 mm)
of the zone III, the propagation loss of the fibre is estimated
to be 4.78 dB/m, which is comparable to the experimental
result of 3 dB/m in our previous experimental work [2].

4.2. Mode filtering

In addition to the significant differences of the amplitude of
the electromagnetic fields between the desired HE;; mode
and its competing modes when the fibre has an efficient
Gaussian-beam excitation source, substantial differences in
the attenuation rate between fundamental HE;; and
higher-order modes also contribute to the mode selection,
creating a modal-filtering effect. Based on the theoretical
results shown in Fig. 1(d), Fig. 9 shows the attenuation of the
HE;; mode and its competing modes as a function of the
propagation distance. At the distance of 200 mm, the power
of the main competing mode HE, drops by one half (-3 dB),
while the attenuation of the HE;; mode is only 0.62 dB, and
the difference of the propagation loss of these two modes is
as large as 10 dB/m. Therefore, significant differences in the
amplitude and the attenuation rate between the HE{; mode
and its competing modes allow the fibre to operate in
effectively asymptotically single-mode pattern with low
propagation loss.



5. CONCLUSION

In this paper, 3D full-wave simulations have been used to
study the mode transition and filtering in an asymptotically
single-mode hollow THz Bragg fibre. The Bragg fibre was
designed to support asymptotically single-mode operation
centred at 0.265 THz. With multimode excitation using
HMCW, good suppression of the higher-order competing
modes was observed in the mode transition zone of the fibre.
Using a Gaussian beam excitation source, a smoother and
shorter transition zone was achieved, which is highly
desirable in practical applications. The phenomenon of mode
beating, caused by the superposition of the desired HEi;
mode and its main competing mode HE,, was also observed.
However, due to the large discrimination between the
amplitudes and the propagation losses of the modes, the
proposed Bragg fibre can still operate in an effectively
asymptotically single-mode pattern, making it a strong
candidate as a low-loss interconnects for THz systems.
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