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Abstract

A single-mode hollow-core anti-resonant (HC-AR) waveguide designed for low-loss
terahertz (THz) wave propagation is fabricated by three-dimensional (3D) printing.
Compared to similar structures reported recently, the rotating-nested semi-elliptical
tubes (SETs) in the HC-AR THz waveguide cladding suppress multiple high-order
modes (LP,;, LP,,, and LP;, modes) at the same time giving rise to enhanced sin-
gle-mode transmission and low losses. Three HC-AR THz waveguides with differ-
ent wall thicknesses are produced using two photosensitive resins and analyzed by
THz time-domain spectroscopy (THz-TDS). The experimental results show that
the electric field distributions at the output end of these waveguides have a Gauss-
ian-like distribution reflecting that of the single mode. The smallest transmission
losses determined by the ‘cut-back’ method are 0.03 cm™! at 0.31 THz for sample
A, 0.02 cm™! at 0.4 THz for sample B, and 0.01 cm™' at 0.23 THz for sample C.
The consistent experimental and simulated results reveal that the HC-AR THz wave-
guide has many advantages over current ones by achieving low losses and single-
mode operation simultaneously.

Keywords Single mode - Hollow-core anti-resonant THz waveguide - THz time-
domain spectroscopy

1 Introduction

The rapid development of terahertz (THz) technology is spurring the use of THz
wave in the information transmission, imaging, sensing, security, and detection
fields [1, 2]. As an important transmission medium of THz waves, THz waveguides
have the advantages of low loss, wide bandwidth, and strong resistance to exter-
nal interference. Various forms of THz waveguides have been reported and they can
be generally divided into two categories, metallic waveguides and dielectric wave-
guides [3]. Metallic waveguides tend to have high intrinsic Ohmic losses and it is
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difficult to couple THz waves into the waveguide, resulting in unavoidable dissipated
heat and increased transmission losses [4—6]. With regard to dielectric waveguides,
solid-core waveguides suffer from high absorption losses because of the large con-
finement of the modal power of the dielectrics [7—11]. Porous-core waveguides
show reduced losses, but their complex structures render commercial manufactur-
ing difficult [12—14]. Hollow-core waveguides offer an effective approach to real-
ize low losses by confining most of the power in the air core to reduce the material
loss [15—17]. Hence, hollow-core waveguides have received increasing attention in
recent years due to the smaller transmission losses.

According to the guidance mechanism, there are two types of THz hollow-core
waveguides. The first type is the hollow-core photonic bandgap (HC-PBG) THz
waveguide, in which the light is guided inside the hollow core by the photonic band-
gap effect [18]. In 2008, the first HC-PBG THz waveguide was composed of a set of
concentric layers suspended in air by a network of circular bridges [19], and the total
loss is less than 0.012 cm™! (5 dB/m) at 0.8 THz. Xiao et al. have reported a quasi-
elliptical-core HC-PBG THz waveguide with a confinement loss of 3x 107> cm™!
at 0.9 THz [18]. However, the development of HC-PBG THz waveguides has been
restricted by their narrow bandwidth, complex structure, low design flexibility, and
manufacturing difficulty. Fortunately, these drawbacks plaguing HC-PBG THz
waveguides can be overcome by another type of hollow-core THz waveguides, i.e.,
the hollow-core anti-resonant (HC-AR) THz waveguides, also known as inhibited-
coupling hollow-core THz waveguides [20, 21]. The HC-AR THz waveguides have
several distinct advantages such as a wider transmission window, lower loss, and
manufacturing simplicity. In 2008, Lu et al. proposed the first Kagome HC-AR THz
waveguide with a loss of less than 0.002 cm™ at 0. 77 THz [22]. Recently, Talatai-
song et al. have fabricated an HC-AR THz waveguide with the Topas polymer by 3D
printing showing a loss of 0.12 dB/cm (0.028 cm™Y) at 0.7 THz [20].

Besides low losses, the single-mode characteristics are important to THz
waveguides for the transmission of THz waves. The losses can be further miti-
gated by increasing the core size. However, this optimization strategy introduces
drawbacks such as the large total size, lower flexibility, and multimode regimes
of operation. Therefore, when designing the geometry and dimensions of HC-AR
THz waveguides, care must be taken to suppress the multiple high-order modes
(HOMs) and improve the single-mode properties. For example, HC-AR THz
waveguides can suppress the LPy, mode (HE;, mode) when eight polypropyl-
ene capillaries are introduced to the cladding [23] and the corresponding loss of
the fundamental mode (FM) is 3.8 dB/m (8.7x 107 cm™") at 2.15 THz. Sultana
et al. have demonstrated a low-loss single-mode HC-AR THz waveguide with a
nested cladding tube structure [24]. The loss of the FM is as low as 0.05 dB/m
(1.2x107* cm™!) at 1 THz, and multiple HOMs are suppressed. However, small
fluctuations in the cladding tube size have a significant impact on the single-mode
characteristics and increase the manufacturing difficulty. A Zeonex-based single-
mode 7-tube HC-AR THz waveguide with an FM loss of 1.86x 10™* cm™ at 1
THz has been proposed [25]. However, it is still in the research stage and has
not been fabricated. Recently, our group designed a single-mode low-loss HC-AR
THz waveguide with 6-semi-elliptical tubes to only suppress the LP,; mode [26].
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Fig. 1 a Cross-section of the HC- AR THz waveguide used in the simulation, b, ¢ Cross-sections of the
fabricated waveguides, and d Picture of the 3D-printed samples

The experimental results showed that the average loss was 0.048 cm™! in the fre-
quency range between 0.2 and 1 THz. Nonetheless, it is still important to improve
the single-mode and low-loss transmission characteristics of HC-AR THz wave-
guides by optimizing the internal structure while also considering the manufac-
turing flexibility and reliability.

Herein, we design and demonstrate a low-loss single-mode transmission
HC-AR THz waveguide comprising the rotating nested semi-elliptical tubes
(SETs) as the cladding for simultaneous suppression of multiple HOMs (LP,,
LP,,, and LPy, modes). During three-dimensional (3D) printing, two photosensi-
tive resins are adopted to fabricate three HC-AR THz waveguides with different
wall thicknesses of SETs. The samples are characterized by THz time-domain
spectroscopy (THz-TDS). The electric field measured at the output end of these
waveguides exhibits a Gaussian-like distribution confirming single-mode propa-
gation. And the low transmission losses can be obtained for these samples. The
experimental and theoretical results are in good agreement.

2 Waveguide Structure and Parameters

Figure la depicts the cross-section of the HC-AR THz waveguide with the ideal
5-tube nested semi-elliptical tubes (SETs), in which the grey regions represent
the dielectric materials and the white regions denote air. The nested SETs rotate
at an angle @ relative to the outer SETs. The core diameter of the waveguide is D,
and the major and minor axes of the SETs and nested SETs are R, R, R, and R,
respectively. The thickness of SETs is ¢, and the wall thickness of the outer circu-
lar tube as a mechanical protective layer is A.
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Table 1 Dimensions of the

fabricated HC-AR THz Samples A B c
waveguides Materials Material A Material B
D, (mm) 5.62 5.62 5.62
t (mm) 0.3 0.39 0.3
R, (mm) 6 6 6
R, (mm) 4 4 4
R, (mm) 3.4 3.4 3.4
R; (mm) 2.6 2.6 2.6
0 9° 7° 9°
h (mm) 0.89 0.8 0.89
Outside diameter (mm) 20 20 20
Length (mm) 50, 100 150, 190 100, 150

The HC-AR THz waveguides are fabricated with two photosensitive resins by 3D
printing and the corresponding cross-sections are displayed in Fig. 1b and c. The
yellow photosensitive resin is material A. The other is a transparent photosensitive
resin designated as material B. The three HC-AR THz waveguides are prepared with
material A with wall thicknesses ¢ of 0.3 and 0.39 mm and material B with a wall
thickness =0.3 mm. For simplicity, the HC-AR THz waveguides made of material
A are labeled sample A (#=0.3 mm) and sample B (#=0.39 mm), while the ones
fabricated with material B are designated sample C (r=0.3 mm). The dimensions
of the three waveguides are summarized in Table 1. Each sample has two different
lengths in order to form longer waveguides, which will be discussed later. Further-
more, we analyze the selection of the two key parameters in Table 1, namely the
wall thickness ¢ and angle 0, which are introduced in Section 3.

3 Simulation

The finite element method (FEM) incorporating the perfect match layer (PML) is
implemented to analyze the losses and single-mode characteristics of the wave-
guides. To guarantee convergence of the simulated results, both the mesh sizes
and PML parameters are optimized. The mesh element size is not greater than
0.05 mm in the region of the photosensitive resin and air core, and less than
0.08 mm in the hollow regions of the cladding. The thickness of PML is 2.0 mm
with a maximum mesh size of less than 0.2 mm.

The resonant frequencies of an anti-resonant waveguide are determined as fol-
lows [16]:

Tn= M
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where c is the speed of light in vacuum, ¢ is the wall thickness of the anti-resonant
waveguide, n is the real part of the refractive index of the photosensitive resin, and
m is an integer. The transmission loss includes the effective material loss (o) and
confinement loss () and a g can be estimated as follows [3]:

1/2
(&g / Ho) /Ama[ notg, |E |2dA

, @)
2 [, SzdA

et

where ¢, and y,, are the permittivity and permeability in vacuum, respectively, a,,,,
is the bulk absorption loss of the photosensitive resin, and »n is the real part of the
refractive index of the photosensitive resin. The properties of the photosensitive
resin will be discussed in Section 4.1. Here, S, is defined as the Poynting vector in
the propagation direction z and equal to 1/2xRe(ExH) z, in which E is the electric
field component and H is the magnetic field component. Integration of the numera-
tor in Eq. (2) is performed over the region of the photosensitive resin and integration
of the denominator is done for all the waveguide regions. a, can be calculated by the
following expression [3],

4
@, = ( %‘f )Im(neﬁ‘) > (3)

where fis the operating frequency and Im(n.g) is the imaginary part of the effective
index n of the guided mode. In theory, the wall thickness ¢ should be as small as
possible to achieve a broad transmission band.

In our case, the wall thickness is limited to 0.3 mm by our 3D printer. Therefore,
we chose the wall thickness ¢ of 0.3 mm for the low loss and relatively wide trans-
mission band. In addition, in order to compare the transmission characteristics of
waveguides with different wall thicknesses, another waveguide with a wall thickness
of 0.39 mm is printed and analyzed.

To keep the nested SETs inside the cladding tubes, € is changed from 0° to 9°.
The lowest confinement loss of the HOMs, confinement loss of FM, and HOMER as
a function of the rotation angle € are shown in Fig. 2. The high-order mode extinc-
tion ratio (HOMER), which is defined as the ratio of the lowest confinement loss
of HOMs to the confinement loss of FM, is employed to evaluate the single-mode
transmission performance of the waveguides. A higher HOMER indicates better
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Fig.3 Mode field distributions and confinement losses of the LPy;, LP;;, LP,; and LPj, modes at the
rotation angles € of 0°, 4°, and 9° at 0.6 THz, respectively

single-mode characteristics. It can be seen that the confinement loss of FM is nearly
constant for 0 between 0° and 9°. The lowest confinement loss of HOMs is 3 orders
of magnitude higher than that of FM and therefore, a high HOMER is ensured. The
HOMER increases rapidly from 1894 at 6=0° to 8413 at §=9°, as shown in Fig. 2.
The mode field distributions and confinement losses of FM (LP,,; mode) and HOMs
(LPy;, LP,; and LPy, modes) are shown in Fig. 3 for #=0°, 4° and 9° at 0.6 THz,
respectively. It is remarkable that the energy of FM is confined in the hollow core
very well, while the energy of HOMs partly expands into the cladding tubes. There
represents a distinctive enhancement in the intensity profile of the cladding tubes
for HOMs at #=9° due to strong coupling between the HOMs and cladding modes
(CMs). Therefore, we choose 8=9° for the single-mode low-loss guidance.

The structures shown in Table 1 are used to simulate the transmission character-
istics of the waveguides. The refractive index ny of material B is measured by the
THz-TDS system and will be discussed in Section 4.1. Figure 4 shows the simulated
effective refractive index (n.4) and loss of FM of sample C when f is scanned from
0.15 to 1.0 THz. As expected, there are two loss peaks at 0.39 THz and 0.75 THz in
the frequency range between 0.15 and 1.0 THz, which are consistent with the theo-
retical resonant frequencies for m=1 and m=2 in the grey region from Eq. (1) when
t=0.3 mm and ng = 1.6778. The corresponding changes around the resonant frequen-
cies can also be observed from the effective refractive index curve in Fig. 4b. Similar
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Table2 Structures of the four THz waveguides

Waveguide D, (mm) D d(mm) ¢(mm) R,(mm) R,(mm) R, (mm) R;(mm) Refs.
1 5.6 - - 0.3 6 4 34 2.9 -

I 5.6 0.68*D, - 0.3 - - - - [28]
I 5.6 - - 0.3 3.75 221 - - [26]
v 5.6 1.09% D, 4.17 0.3 - - - - [24]

transmission characteristics are observed from samples A and B. At the same time, the
FM is confined in the hollow core of the three samples, as shown in Fig. 5.

The bending characteristics of waveguides are important in practical applications.
Bending produces anisotropy in the waveguides and so the characteristics of waveguides
can be affected. In the simulation, a bent waveguide is typically equivalent to a straight
waveguide with an equivalent refractive index distribution expressed as follows [24]:

n(x,y) = no(x, )1 +v/Rye,), “

where (x, y) are the coordinates with the origin at the center of the waveguide, n (x,
y) is the equivalent refractive index distribution of the bent waveguide, n, (x, y) is
the original refractive index distribution of the straight waveguide, and Ry, is the
bending radius toward the v-direction, and v stands for the x and y bending direc-
tions shown in Fig. 6a.
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Fig. 6 a Bending direction, b Loss as a function of the bending radius of sample C in the x and y bending
directions at 0.6 THz, and ¢ Electric filed distributions and loss of the FM at 0.6 THz for different bend-
ing radii in the x and y bending directions

Figure 6b displays the transmission loss of sample C as a function of the bending
radius at a frequency of 0.6 THz. According to numerical simulation, for Ry 4 <
30 cm, the waveguide exhibits high bending losses in different bending directions.
For ease of visualization, Fig. 6¢ includes the mode field distributions of the FM
at Ry .,q = 20 cm for the x and y bending directions at 0.6 THz. For 30 cm <R, .4
< 150 cm, the FM loss decreases with bending radius. However, the bending loss
spectra of the FM show undesired high loss peaks when 30 cm <R, 4 < 150 cm.
For example, the high loss peaks of 0.022 cm™!, 0.029 cm™!, and 0.021 cm™" appear
at about R4 = 42 cm, 62 cm, and 102 cm for the x bending direction at 0.6 THz,
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Fig.7 a Cross-sections, b Confinement losses of FM, ¢ Lowest confinement losses of HOMs,
d HOMER, and e Mode field distributions and confinement losses of the LPy;, LP;;, LP,; and LPy,
modes at 0.6 THz of the five SM HC-AR THz waveguides

respectively. The high-loss peaks of 0.026 cm™!, 0.031 cm™, and 0.02 cm™! appear
at around Ry, = 36 cm, 54 cm, and 90 cm for the y bending directions at 0.6 THz,
respectively. The mode field distributions corresponding to these high-loss peaks are
shown in Fig. 6¢, and it can be clearly seen that the core mode leaks into the semiel-
liptical cladding tube gap.

Several types of single-mode HC-AR THz waveguides have been reported
[23-27]. In order to evaluate the performance of our structure, we compare four sin-
gle-mode HC-AR THz waveguides as shown in Fig. 7a, namely, the 5-tube nested
SETs HC-AR THz waveguide with #=0°, 6-tube HC-AR THz waveguide [28],
6-tube SETs HC-AR THz waveguide [26, 27], and 5-tube nested HC-AR THz wave-
guide [24]. The geometries of four single-mode HC-AR THz waveguides are shown
in Fig. 7a and referred to as waveguide I, waveguide II, waveguide III, and wave-
guide IV. The diameter of the core is D, and the outer cladding tube diameter and
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Fig.8 Schematic of the THz-TDS setup

nested cladding tube diameter are D and d, respectively. The wall thickness of the
cladding tube is ¢. The refractive index n, of material A is 1.6265 (to be discussed in
Section 4.1) and the structural parameters are listed in Table 2.

The transmission properties of our 5-nested SETs HC-AR THz waveguide and four
other structures are shown in Fig. 7. Figure 7b presents the confinement loss spec-
tra of FM for the different structures as a function of frequencies. Our HC-AR THz
waveguide has a similar low confinement loss of FM as waveguides I and IV within
the transmission bandwidth due to the inner nested tube elements. On the other hand,
waveguides II and III have higher confinement losses of FM than our waveguide
because there are no inner nested tube elements. As shown in Fig. 7c, within the
transmission bandwidth, the lowest confinement loss of HOMs (LP,;, LP,,, and LP,
modes) of our waveguide is the highest. Therefore, the 5-nested SETs HC-AR THz
waveguide has the biggest HOMER as shown in Fig. 7d. A higher HOMER indicates
better single-mode characteristics and thence, our HC-AR THz waveguide delivers
excellent single-mode performance in the transmission bandwidth. Figure 7e displays
the mode field distributions and confinement losses of the LP,;, LP,;, LP,;, and LPg,
modes for the different single-mode HC-AR THz waveguides at 0.6 THz. Figure 7e
shows that the LP; mode can be confined in the hollow core giving rise to low con-
finement loss of the LP); mode for all the HC-AR THz waveguides. However, the
LP,,, LP,,, and LP, modes show high confinement losses at the same time for our
THz waveguide due to the strong coupling with the corresponding cladding modes.

4 Experimental Results
4.1 Properties of the Waveguide Material
In order to make a precise and quantitative comparison between the experi-

mental and simulation results, the bulk dielectric properties (attenuation coeffi-
cient and refractive index) of material A and material B are determined by THz
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Fig.9 Dielectric properties of a Material A and b Material B as a function of frequencies

time-domain spectroscopy (THz-TDS). The standard free-space THz-TDS setup
depicted in Fig. 8 is used to measure the properties of the photosensitive resin
materials and waveguides. To ensure that a constant amount of light is coupled
to the sample, the THz beam is collimated and focused with polymer symmetric-
pass (s-p) lenses. The sample is mounted on a customized holder which includes
two apertures and clamps to fix the sample at the focal point of the s-p lenses.

The samples with a thickness of 1.08 mm and a diameter of 13 mm are pre-
pared by a 3D printer. A reference comparison method is used to obtain the
dielectric properties (7 = n + ik) of the materials, where n is the real part corre-
sponding to the refractive index and k is the imaginary part related to the attenu-
ation coefficient a,,,, of the materials. In the THz-TDS system, the time-domain
pulse signals with and without the sample are measured first, and then the fre-
quency-domain signals are deduced by performing fast Fourier transform (FFT)
to the time-domain signals. Therefore, both the signal phase ¢ and the electric
field component E as a function of the frequencies are resolved. By comparing
the signal phase delay A¢ and intensity change with the reference signal, the real
part n and the attenuation coefficient a,,,, of the materials can be determined as
below [15]:

Agc
"= (&)
=L/ P ©

where Ap =@ -, indicates the phase difference between the sample and refer-
ence signal, L is the thickness of the sample, c is the speed of light in vacuum, f is
the frequency of the THz signal, E,,, and E,.; are the electric field component of the
sample and reference signal, respectively. The imaginary part k refers to the extinc-
tion coefficient calculated in terms of the attenuation coefficient a,,,, as follows [15]:
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Figure 9 shows the dielectric properties of materials A and B. The refractive indexes
n of both materials are nearly constant, and the extinction coefficients k increase mono-
tonically with frequencies. The refractive indexes n measured from the materials 7,
and ny are 1.6265 and 1.6778, respectively. The extinction coefficients k are smoothed
by fitting the experimental data with a simple polynomial represented by the blue solid
curves in Fig. 9. The fitted expressions and parameters shown in the corresponding fig-
ures are used in the simulation, and R? of k, and kg are 0.993 and 0.980, respectively.

4.2 Temporal Evolution

To confirm the THz guidance in the HC-AR THz waveguides, they are characterized by
THz-TDS. While keeping a constant distance between the detector and transmiitter, the ref-
erence signal is scanned without the optical waveguide. The time domain reference signals
are shown in Fig. 10a and the spectrograms in Fig. 10b are derived from the measured time
traces of the electric field of the THz output pulses using the continuous wavelet transform.
The spectrogram of the THz emitter indicates that the THz pulse aggregates at about the
arrival time of 50 ps. The strongest intensity appears at f~0.4 THz and the effective band-
width of the THz emitter covers the frequency range between 0.1 THz and 1.3 THz.
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Since the maximum length of the waveguide is restricted by the working distance of
the 3D printer, it is difficult to make long waveguides. However, long waveguides can
be made by connecting two of them in series as shown in Fig. 11. Figure 12 presents
the temporal THz waveforms of sample B for #=0.39 mm and three different lengths of
150 mm, 190 mm, and 340 mm. The THz pulse passes through the longer waveguide
(340 mm long), arrives at the detector at 1,189 ps, and propagates along the shorter

Fig. 12 Temporal profiles of - -9
THz waves after propagation S | =
i ample B 5
through different lengths in 1=0.39 mm p L1 &
L
sample B g
=) E
-
Z
o2
7o g;—j_
Table 3 Comparison of different THz waveguides reported recently
. Core Simulated  Experimental Operating
Wixggl;:de Mode Purity ~ Materials ~ Diameter Loss Loss Frequencies Refs.
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waveguide (150 mm long) at about 563 ps. When the waveguide is longer, the signal
amplitude drops, and no additional pulses appear behind the main one, indicating the
absence of HOMs in our waveguide. The temporal waveforms of the other show similar
features as sample B. The quantitative discussion of the HOMs of the waveguide will
be discussed later in the following sections.

4.3 Single-Mode Characteristics

The electric field distribution, which is an important basis to verify the single-mode
operation of waveguides, is determined by the ‘knife-edge’ method [26]. The metal
plate fixed on the displacement platform is placed at the waveguide output end and
moved by 0.25 mm per step. The electric field amplitude in each step can be obtained
by the difference of the THz amplitudes after and before each step. By this method,
the normalized electric field distributions at the output end of the long samples A, B,
and C are measured and displayed in Fig. 13. The label X on the coordinate axis is the
displacement distance of the metal plate. The square dots are the experimental data
acquired from samples A, B, and C. Nonlinear fitting is performed on the experimen-
tal data and shown by the red solid curves in Fig. 13, and the fitted expressions and
parameters are shown in the corresponding figures. There are three non-linear regions
with R? of 0.968, 0.927, and 0.963 respectively. The electric field profiles of the three
samples are Gaussian-like. The normalized electric field distributions of samples A, B,
and C obtained by simulation are shown by the blue dash curves in Fig. 13. The experi-
mental data are in good agreement with the simulated results as both have the Gaussian

shape, indicating that all the three waveguide samples have the effective single-mode
operation.

4.4 Transmission Losses

The transmission losses of the three waveguides are assessed by the standard ‘cut-
back’ method. The waveguides are lengthened by connecting two short ones in
series as aforementioned. The lengths are 100 and 150 mm for sample A, 190 and
340 mm for sample B, and 150 and 250 mm for sample C. Three measurements

7=(x+0.183)/0.507 7=(x+0.135)10.525 7=(5-0.0038)/0.648
y=0.0196+4*0.9304%exp(-z)/(1+exp(-2))"2  y=0.035+4%0.952%exp(-2)/(1+exp(-2))"2 y=0.0349+4*0.9397*exp(-z)/( 1 +exp(-z))"2
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é { R*=0.968% Eos 2 06 R*=0.963
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g | 8 E
= ) = 02 0.2
. . E° e
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Fig. 13 Experimental and simulation results of the normalized electric field distributions at the output
end of a Sample A, b Sample B, and ¢ Sample C
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are carried out and the average values are adopted to reduce the effect of the dif-
ference in coupling for each measurement. The comparison between the measured
(red dotted line) and simulated (black soild line) losses of the three waveguides
is exhibited in Fig. 14. Compared to the numerical results, the experimental loss
peaks appear to red-shift because the wall thickness is slightly larger than the
intentional value.

The effects of the wall thickness ¢ of the waveguide made of material A on
losses are investigated as shown in Fig. 14a and b. When ¢ is increased from
0.3 to 0.39 mm, the loss peaks shift to lower frequencies, causing a shift in the
transmission window. The resonant frequencies corresponding to the loss peaks
are inversely proportional to the wall thickness 7. Hence, to achieve low losses
at specific frequencies, different wall thicknesses are evaluated. The measured
transmission bandwidths with losses less than 0.1 cm™! are 0.4 THz for sample
A (t=0.3 mm) and 0.55 THz for sample B (#=0.39 mm). The smallest losses
are 0.03 cm™! at 0.31 THz for sample A (r=0.3 mm) and 0.02 cm~! at 0.4 THz
for sample B (#=0.39 mm), all of which are about three orders of magnitude less
than that of the bulk materials (10 cm™"). The simulated transmission bandwidths
with losses less than 0.1 cm™! are 0.75 THz for sample A (r=0.3 mm) and 0.76
THz for sample B (=0.39 mm). The simulated smallest losses are 0.003 cm™!
and 0.06 cm™' at 1 THz for +=0.3 and 0.39 mm, respectively.

We then investigate the effects of the materials on the losses. As shown in Fig. 14a
(Material A) and Fig. 14c (Material B), as n increases from 1.6265 to 1.6778, the
loss peaks shift slightly to lower frequencies thus altering the transmission window.
The resonant frequencies corresponding to the loss peaks are also inversely propor-
tional to n. Therefore, in order to accomplish low losses at different frequencies,
besides changing the wall thickness ¢, different materials can be chosen. Similarly,
the measured and simulated transmission bandwidths with losses less than 0.1 cm™
are 0.45 THz and 0.73 THz for sample C (Material B), respectively. The measured
and simulated lowest losses are 0.01 cm™' at 0.23 THz and 0.004 cm™! at 1 THz for
sample C (Material B). The results are consistent with the observed losses found
from sample A, because the k values of the two materials are basically consistent.
The measured losses are less than the losses of the fabricated materials. The absorp-
tion range of the materials is from 1 cm™ to 30 cm™! between 0.15 THz and 1 THz.
Therefore, by comparing the absorption losses of the materials, the losses of the
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Fig. 14 Transmission losses of the experimental and simulation results for a Sample A, b Sample B, and

¢ Sample C
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Fig. 15 Losses of a Sample A, b Sample B, and ¢ Sample C using different cascade methods measured
by THz-TDS experimentally

HC-AR THz waveguide can be reduced by at least an order of magnitude since the
guided mode is confined in the air core region. In future research, it is advisable to
choose materials with lower absorption losses to fabricate waveguides [29] in order
to further reduce the transmission losses. There is some mismatch in some resonant
frequencies between the simulated and experimental results attributable to the cou-
pling loss in the experimental measurement and imperfect sample preparation.

Since the long sample is formed by connecting two short samples, the effects of
misalignment on losses are evaluated. The two short samples are aligned but offset at
angles of 0°, 30°, and 60°. The corresponding losses are shown in Fig. 15. In spite of
the misalignment, samples A, B, and C only show small changes at frequencies less
than 0.7 THz. This is because the waveguides with different structures and materials
confine most of the THz waves in the hollow core, and there is almost no leakage to
the cladding. Therefore, the dislocation of the cladding has little effect on the losses.
Moreover, the deviation between the aligned angle (0°) and misaligned angles (30° and
60°) at high frequencies increases, perhaps because the signal drops to the noise level.

4.5 Dispersion

The effective refractive indexes and dispersion of the experimental and simulation
results for sample A as a function of frequencies are shown in Fig. 16. As shown in

” 1.000 _— ol (b) 0.3 mm  ——Numerical
"té ‘,--"""- E Sample A _._. gxperimental
5 0.995 v - = -Experimental| N at
= —Numerical =
g o3 z
q‘: 0,990 .3 mMm & 0
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E 0.985 i ¥
3 &
& ]
& 0.980 il
0.2 0.4 0.6 0.8 1.0 0.2 0.4 0.6 0.8 1.0
Frequency (THz) Frequency (THz)

Fig. 16 a Effective refractive indexes and b Dispersion of the experimental and simulation results of
Sample A

@ Springer



Journal of Infrared, Millimeter, and Terahertz Waves (2023) 44:673-692 689

Fig. 16a, the effective refractive index increases smoothly as the frequency increases
and approaches the air index except for a sudden change at the resonance frequen-
cies due to energy leakage. The second derivative of the effective refractive index is
related to the dispersion. We adopt the dispersion parameters commonly used in the
optics regime to describe pulse broadening to reflect the significance of ultra-wide-
band propagation of THz waves. As shown in Fig. 16b, the experimental data show,
on average, a dispersion magnitude on the order of +2 ps/THz/cm in the frequency
range of 0.2 to 1.0 THz. The comparison between the experimental and simulated
results is presented in Fig. 16 and the simulated results are in good agreement with
the experimental results, validating the appropriateness of the tests and simulations.
Furthermore, similar dispersion characteristics are observed from samples B and C.
More importantly, the data strongly indicate comparable low dispersion propagation
in our hollow core configurations.

4.6 Comparison

A comparison of recently reported THz waveguides that have been fabricated is
shown in Table 3. Among the different THz waveguides, those described in Refs.
[16, 20, 23, 30] have relatively low losses, but these waveguides either do not oper-
ate in the single mode or lack experimental confirmation of the single-mode char-
acteristics. Although the THz waveguides in Refs. [5, 31] are operated in the single
mode, the metals make manufacturing complicated. Although the 6 SETs THz wave-
guides described in Refs. [26, 27] exhibit lower losses and can enable single-mode
propagation by efficient coupling, the structure offers limited flexibility to optimize
the loss differentiation between the FM and HOMs, resulting in multimode interfer-
ences. Hence, only the LP,; and LP;, modes are suppressed, but not the LP,; mode.
This is verified by our simulation shown in Fig. 7. In contrast, the geometry of the
nested SETs HC-AR THz waveguide offers more leeway to manipulate mode trans-
mission, thereby realizing low propagation losses of the FM and large loss discrimi-
nation between the FM and its HOMs simultaneously and resulting in strong mode
selectivity. The experimental results demonstrate that our HC-AR THz waveguide
indeed has many advantages pertaining to low-loss and single-mode operations.

5 Conclusion

A single-mode HC-AR THz waveguide is designed and fabricated by 3D printing
using two types of photosensitive resins. Compared to similar structures reported
recently, the rotating-nested SETs in the HC-AR THz waveguide cladding suppress
multiple HOMs (LP,,, LP,,, and LP,, modes) at the same time to improve the sin-
gle-mode transmission performance and lower the losses. To overcome the limita-
tion of 3D printer, long samples are constructed by connecting two short ones in
series. The electric field distributions at the output end of the waveguides exhibit the
Gaussian-like distribution of the FM, thus verifying the single-mode characteristics.
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The transmission losses determined by the standard ‘cut-back’ method between 0.15
and 1 THz indicate that the wall thickness and materials are the main factors affect-
ing the anti-resonant frequencies and most of the THz power is confined in the core
region. The transmission bandwidths with losses of less than 0.1 cm™ of samples A,
B, and C are 0.4 THz, 0.55 THz, and 0.45 THz, respectively. Furthermore, the low-
est transmission losses are 0.03 cm™ at 0.31 THz for sample A, 0.02 cm™ at 0.4 THz
for sample B, and 0.01 cm™ at 0.23 THz for sample C. The measured transmission
losses are in good agreement with simulated values across the entire bandwidth of
our THz-TDS setup.
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