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Abstract: One terahertz (THz) waveguide based on the metal rod array (MRA) structure is
numerically demonstrated in 0.1–1 THz, including the fundamental and high-order transverse
magnetic (TM) modes. The high-order TM-mode THz waves are strictly confined inside the MRA
structure and are thus sensitive to the metal rod interspace for their spectral positions, bandwidths,
transmittances, and attenuation coefficients. Arranging metal rods with fine-tuning the interspaces
across the optic axis is presented as the critical stratagem to optimize the transportation efficiency
of THz waves through an MRA structure. The maximum propagation length of MRA-confined
THz waves is over 30mm with the lowest attenuation coefficients of approximately 0.05–0.1
cm−1. The MRA is, therefore, applicable as one deformable artificial structure in THz frequency
region because simply one-axial adjustment of the metal-rod interspace enables the modulation
purpose without uniform adjustment on the two-dimensional metal rod interspace.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Periodic metal structures are adopted to manipulate electromagnetic (EM) waves at different
frequency regions on chips [1]. For the waves at ultraviolet, visible and infrared (IR) spectra,
the metal structures with approximate interspace sizes enhance the coupling efficiency from the
EM wave into surface plasmon polaritons (SPPs) or plasmonic surface waves (PSWs) [2,3]. The
PSWs are specified as the propagation waves on the metal surfaces, consisting of SPPs and the
waveguide modes bound in the periodic structures [4]. For PSWs on metal surface structures with
extremely low frequencies at far IR, terahertz (THz), and microwave spectra, their waveguide
dispersion features approximate those of pure metal SPPs, which are called spoof SPPs [5].
The periodic metal structures used for the optical chip system can thus confine EM waves and
transport certain photons as waveguide channels [6–9].
EM waves in 0.1–1 THz frequency can be easily obtained with high signal-to-noise power

ratios (>105) based on the mature technology of high-peak power lasers and time-domain
spectroscopic systems. Given that subwavelength-scale metal structures of 0.1–1 THz waves
are easily fabricated by laser scribing or photolithography, diverse metal patterns are developed
as THz metasurfaces due to the abnormal optical properties in THz frequency spectrum [10].
Schemes of multi-stacked metasurfaces have also been presented, although their waveguide
capabilities are hindered from dielectric substrates and inappropriate metal patterns without
waveguide modes for long-distance propagation [11]. Transverse magnetic (TM) waveguide
modes exist at periodic metal slits (or slots) when the input THz wave polarization is perpendicular
to the long axis of slit [12]. Such TM waveguide modes of slits transport the input THz waves
without being limited by the subwavelength-scaled slit widths [13]. Conversely, THz waves are
strongly reflected from the subwavelength-scaled metal slits for input THz waves with polarization
parallel to the long axes of slits, which corresponds to the transverse electric (TE) polarization
[14]. To apply the TM waveguide modes of metal slit array for long-distance propagation, the
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free-standing metal rod array (MRA) structure has been experimentally demonstrated in 0.1–1
THz for a photonic crystal (PC) waveguide [15,16]. Experimental investigation has indicated that
0.1–1 THz waves that input an MRA can be divided as the fundamental and high-order waveguide
modes by one apparent rejection band [16]. Such an MRA-rejected spectrum is resulted from the
Bragg reflection and consistent to the equation of the 1st-order Bragg law. This is the proof to
reveal that an MRA has a PC bandgap, resembling one kind of PC in THz frequency region.

Using oneMRA structure to guide THz waves should work via the edge coupling configurations
as dielectric slab waveguides, which is different from those corrugated metal waveguides with
normal coupling configuration [17,18]. The excited transverse fields on the corrugated metal
waveguides, i.e., spoof SPPs, cannot propagate long distances due to their strong confinement
with high loss. The MRA-guided waves with THz frequency above the 1st-order Bragg band
are approved in experiments with high lateral confinement at the metal-rod tips and the long
distances over 12mm [16]. The MRA slab waveguide is thus better than those corrugated
metal waveguides to guide surface-confined THz waves. However, for the concept of waveguide
subwavelength structures [19], the high-frequency transmission bands of PC are the radiation
modes without significant modal fields to guide for a long distance. Therefore, the theoretical
waveguide properties of MRA-PC dependent on the geometry and THz frequency should be
further figured out when the MRA structures would be applied for waveguides. The interspace
sizes of MRAs have been uniformly adjusted, e.g., Gx=Gy, in the experiments to observe various
photonic bandgaps within 0.6 THz [15,16], but the adaptability of asymmetric interspaces, e.g.,
Gx,Gy, for waveguide modes is not revealed.

In this study, the spectral properties of waveguide entrance and rejected band are first calculated
by the finite-difference time-domain (FDTD) method to, respectively, determine the wave
polarization and metal-rod length for the MRA waveguide modes. Based on the TM modes of the
parallel metal plate waveguides (PPWGs) and the effective medium concept, the FDTD simulation
illustrates that the metal rod interspace across the optic axis enables one modulation method for
0.40–0.70 THz wave transmission through anMRA, including the bandwidth, lateral confinement,
and attenuation. The simulation results finally indicate that MRA-based THz artificial medium is
deformable simply via one axial control and can be realized as one optomechanical modulators
for modal-field confinement or spectral filters. Such one axial control of MRA structure is
robust and precise on a microelectromechanical system because two-axial adjustment on the
MRA-interspace is very difficult to achieve the engineering requests of high-uniformity and
high-speed.

2. Deformable scheme of MRA waveguide

The MRA configuration is schematically depicted in Fig. 1 (a) and consists of uniform metal rods
to form 13 lines and 30 layers of rod array along the X- and Y-axes, respectively. The 13-line
width makes the MRA structure resemble one slab waveguide to receive one THz beam size
with a diffraction limit in 0.1–1 THz. The 30-layer length is specially considered as a workable
propagation length to perform the PC waveguide properties [16]. The metal rod has a distinct
aspect ratio with 1mm length and 0.16mm diameter (D), which are obtained from the mature
fabrication parameters in the micro-stereolithography and sputter coating methods [15,16]. It
represents that the uniformity of a 0.16mm diameter can be sustained along one 1 mm-rod length
during the micro-stereolithography construction. Based on a 0.16 mm-rod diameter and a 13×30
array dimension, this simulation work presents one stratagem to adjust the X-axial interspace
(Gx) but maintains the Y-axial interspace (Gy) to modify the waveguide capability along an
MRA structure. Gy is fixed at 0.26mm, whereas Gx is adjusted in the range of 0.08–0.50mm.
Figure 1(b) illustrates that the fine-tuning stratagem of Gx can be considered as the deformable
property of MRA. Each MRA line structure along Y axis can be fabricated as one module and
periodically assembled along X-axis with piezo actuators on the substrate. The Gx value thus can
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be adjusted by various driving voltages, which is denoted as Gx(V) in Fig. 1(b). The interacted
layer number and the Gy value are the constants based on the scheme of MRA-line structural
module.

The Gx value thus can be adjusted by various driving voltages, which is denoted as Gx(V) in 
Fig. 1(b). The interacted layer number and the Gy value are the constants based on the scheme 
of MRA-line structural module. 

 
Fig. 1. (a) Waveguide configuration based on an MRA structure. (b) The deformable concept 

of an MRA. 

3. Numerical results 

 
Fig. 2. (a) Transmittance spectra of TE and TM modes through one-layer MRA. Electric field distribution 

of TE and TM modes outputted from one-layer MRA for (b) 0.2 and (c) 0.8 THz waves.  

In the FDTD simulation of MRA waveguides, the material of the rod is considered a perfect electronic 
conductor (PEC) and the input wavefronts belong to the Gaussian beams. The theoretical transmission 

Fig. 1. (a) Waveguide configuration based on an MRA structure. (b) The deformable
concept of an MRA.

3. Numerical results

In the FDTD simulation of MRA waveguides, the material of the rod is considered a perfect
electronic conductor (PEC) and the input wavefronts belong to the Gaussian beams. The
theoretical transmission spectra and field distributions are presented in the numerical results to
observe the MRA-geometry-dependent waveguide properties. The waveguide modes of one-layer
MRA is initially discussed to reveal the existence of TM waveguide modes at the array entrance
layer [i.e., the 1st MRA layer in Fig. 1(a)]. The waveguide spectrum and confinement of MRA
are then discussed.

3.1. Waveguide modes of one-layer MRA

For the PEC material of the metal rod, THz waves cannot penetrate the rods and only distribute
outside the rods. Thus, the MRA-guided THz field is simply distributed in the rod interspace
or on the metal rod surface but not inside the metal rod. When TE- and TM-polarized THz
waves irradiate the interspace among the metal rods in the X–Z plane (i.e., the Gx interspace
in one-layer MRA; Fig. 1(a)), their transmittance spectra are different. One interspace of Gx in
one-layer MRA is thus the structural unit to determine the MRA transmission spectrum.

The 0.26mm Gx is taken as an example to express the characteristics of TE- and TM-polarized
waves through the interspace of one-layer MRA. The electric/magnetic field directions of TE,
TM waves, and the corresponding transmittance spectra are presented in Fig. 2(a). The calculated
transmittance involves the coupling loss of a Gaussian beam spot with a 1mm diameter and the
propagation loss along one layer of MRA. The transmittance spectra of one-layer MRA have the
same features with those of a metal slit [14]. The common features of TE wave transmission for
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The Gx value thus can be adjusted by various driving voltages, which is denoted as Gx(V) in 
Fig. 1(b). The interacted layer number and the Gy value are the constants based on the scheme 
of MRA-line structural module. 
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Fig. 2. (a) Transmittance spectra of TE and TM modes through one-layer MRA. Electric
field distribution of TE and TM modes outputted from one-layer MRA for (b) 0.2 and (c) 0.8
THz waves.

the metal slit and metal rod interspace are the high-frequency pass spectrum and one apparent
spectral peak due to across-resonance effect. The spectral peak of MRA with 0.26mm Gx is at
0.7 THz, and Gx is approximately one-half wavelength of the 0.7 THz wave [14].

The TM-mode transmission of MRA with 0.26mm Gx performs a wide bandwidth. As shown
in Fig. 2(a), such a wide bandwidth certainly covers the range of at least 0.1–1 THz; however, one
discontinuous transmittance at 0.7 THz exists, which is also resulted from the across-resonance
effect of the X-axis for the TM wave transmission. The transmittance difference between the
TE and TM modes in 0.1–0.7 THz originates from the existence of the waveguide mode. For
example, the electric field of the TM wave can be accumulated on the metal rod surface and
observed in the X–Y plane of the rod tip, as shown in the 0.2 THz wave in Fig. 2(b). However, the
electric field of 0.2 THz TE wave is stopped by the MRA layer without apparent field observed at
the output X–Z plane. [Figure 2(b)].

For THz frequencies above 0.7 THz, TE wave can pass through the MRA layer and perform the
approximate transmittance with that of the TM waves [Fig. 2(a)]. The electric field distribution
of TE waves above the 0.7 THz frequency is different from that of TM waves. For example, the
0.8 THz TE wave performs the high field density at the rod interspace, as shown in the X–Y
plane in Fig. 2(c); however, the field of TM wave accumulates on the metal surface. Along the
rod or the Z-axis, a 0.8 THz TM field accumulation is separated as three spots, in contrast to
the uniform distribution of the TE wave shown in the X–Z plane of Fig. 2(c). The TM field
accumulation along the rod and in the X–Z plane represents the waveguide modal pattern of the
across interspace. The TM field at 0.8 THz thus has the high-order waveguide mode [Fig. 2(c)].
By contrast, the 0.2 THz TM wave in Fig. 2(b) has a single field spot in the Z-axis and is indicated
as one fundamental waveguide mode. The experiments also show the TE wave propagation
length of MRA is only three layers, much shorter than that of the TM wave [15,16].

3.2. Waveguide spectrum of MRA

The output TM waves from one-layer MRA with 0.26mm Gx is further investigated to interact
with the other multiple layers. In this case, additional 29 MRA layers with 0.26mm Gx are
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periodically integrated with the Y-axial interspace (Gy) of 0.26mm [i.e., Gx=Gy=0.26mm,
Fig. 1(a)]. Figure 3(a) shows the transmission spectra for the 30 MRA layers using 2D and 3D
frameworks of FDTD calculation, denoted as red and blue curves, respectively. All the structural
dimensions of the MRA are consistent between the conditions of 2D- and 3D-FDTD calculations;
however, the Z-axial rod lengths are different, which are infinite and 1mm, respectively.calculations; however, the Z-axial rod lengths are different, which are infinite and 1 mm, 

respectively. 

 
Fig. 3. (a) Transmission spectra for a measured result [16], 2D- and 3D-FDTD calculations. (b) Calculated 

transmittance spectra based on 3D-FDTD for different metal rod lengths of MRAs 

The 3D-FDTD spectrum is approximate to the measured one in the literature [16] [Fig. 3(a)]. Thus, 
one rejection band is contributed by the added 29 MRA layers to divide the wide bandwidth of the 1st 
MRA layer [Fig. 2(a)]. The rejection band in the 3D-FDTD calculation is at 0.32–0.42 THz, which is 
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Bragg-like waves is performed at 0.65, 0.80, and 0.9 THz by the infinite metal rod length, as presented 
in the result of the 2D-FDTD calculation [Fig. 3(a)]. The 3D-FDTD results indicate that the waves higher 
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THz wave power at the cross section of the MRA output end is integrated from the X-Y plane 
and presented as a function of Z factor in the range of 0.85–1.15 mm. Given that the bottom 
and tip of the rod are 0 mm and 1.0 mm at the Z-axis, respectively [Fig. 1(a)], the Z-axial power 
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surrounding the metal-rod tips.  

The waves in 0.15–0.25 THz are deliverable through the 30 MRA layers [Fig. 3(a)]; 
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that of the waves in 0.45–0.58 THz. For the waves in 0.25–0.32 THz, the waveguide power 
fraction higher than 0.6 is guided near the rod tips but still outside the MRA structure, that is, 
in the air cladding for Z>1.0 mm. The calculation result of the power fraction shows that the 
TM waves lower than the Bragg rejection band in 0.15–0.32 THz cannot be confined inside the 
MRA structure; these waves are called the leaky waveguide modes via TM wave irradiation on 
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Fig. 3. (a) Transmission spectra for a measured result [16], 2D- and 3D-FDTD calculations.
(b) Calculated transmittance spectra based on 3D-FDTD for different metal rod lengths of
MRAs

The 3D-FDTD spectrum is approximate to the measured one in the literature [16] [Fig. 3(a)].
Thus, one rejection band is contributed by the added 29 MRA layers to divide the wide bandwidth
of the 1st MRA layer [Fig. 2(a)]. The rejection band in the 3D-FDTD calculation is at 0.32–0.42
THz, which is close to that obtained in the 2D-FDTD calculation. The 2D- and 3D-FDTD results
follow the Bragg law when various equidistant interspaces integrating the 0.16mm D rod (i.e.,
various structural periods and Gx=Gy) are considered in the FDTD calculation. However, only
the 1st Bragg order occurs for 3D-FDTD calculation result on the basis of the 1-mm-long metal
rods [16]. The high-order reflection of the Bragg-like waves is performed at 0.65, 0.80, and
0.9 THz by the infinite metal rod length, as presented in the result of the 2D-FDTD calculation
[Fig. 3(a)]. The 3D-FDTD results indicate that the waves higher than 0.58 THz and without
Bragg-like reflection strongly radiate away from the 1-mm-long metal rods. In other words, TM
waves above 0.58 THz are not guided through the 30 MRA layers with 1-mm-long metal rods.
The 3D-FDTD simulation of Fig. 3(b) reveals that the high-order reflection of Bragg-like waves,
>0.58 THz, only occurs for the metal rod length longer than 2mm, but their transmittance is
considerably low with narrow bandwidths. For the waveguide modes with frequency less than
0.58 THz [Fig. 3(b)], the corresponding waveguide transmittance obviously increases with metal
rod length.

3.3. Modal field confinement of MRA-based waveguide

In this section, the electric field distributions of TM waves in the X–Z plane behind the 30th
MRA layer are calculated by 3D-FDTD to characterize the frequency-dependent modal fields,
where the MRA interspaces are equidistant at 0.26mm. As shown in Fig. 4(a), the detected THz
wave power at the cross section of the MRA output end is integrated from the X-Y plane and
presented as a function of Z factor in the range of 0.85–1.15mm. Given that the bottom and
tip of the rod are 0mm and 1.0mm at the Z-axis, respectively [Fig. 1(a)], the Z-axial power
observation at 0.85–1.15mm can confirm the lateral-field confinement of waveguide surrounding
the metal-rod tips.
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distribution in the Y–Z planes at the center of the X-axial MRA and the waveguide output 
modal pattern in the X–Z plane. Most of 0.20 THz field radiates out of the MRA between the 
1st and 4th MRA layers. Consequently, the transmission power fraction inside the MRA is 
lower than 0.33 [Fig. 4(a)]. In comparison with the waveguide modal pattern through the 
entrance layer [Fig. 2(b)], the waveguide modal pattern through the 30-layer MRA propagation 
can be preserved, as shown in the X–Z plane in Fig. 4(b).  

 
Fig. 4. (a)  Frequency-dependent modal power fraction of the 30-layer MRA waveguide (Gx=Gy=0.26 

mm). Electric field distributions of (b) 0.2 and (c) 0.5 THz waves in the Y–Z and X–Z planes. 

For 0.45–0.58 THz waves, the power fraction over 0.6 is confined inside the MRA, as 
shown in Fig. 4(a). We take 0.5 THz wave as an example in Fig. 4(c) to observe the electric 
field distributions in the Y–Z plane at the MRA X-axial center and the waveguide output modal 
pattern in the X–Z plane. The MRA-confined field is found in the Gy interspaces along the 30-
layer MRA propagation and performs a larger area on the waveguide modal pattern than that 
of the 0.2 THz wave in the X–Z plane [Fig. 4(b)]. The calculation result of the power fraction 
reveals that the TM waves with EM frequencies higher than the Bragg rejection band in 0.45–
0.58 THz are exactly confined inside the MRA structure; these TM waves are called the 
confined waveguide modes. The spectral peak with the highest transmittance at 0.50–0.58 THz 
[Fig. 3(a)] has the largest power fraction, >0.6, around Z-axis position of 0.85 mm; thus, the 
high-order TM waveguide modes of MRA are not only confined but also have very high 
transmittance, obviously distinct from the waveguide properties of spoof SPPs on the 
corrugated metal waveguides [17, 18]. 
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discontinuous, they mainly modulate the Y-axial propagation constants of the TM waveguide 
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of each Gx interspace channel. 
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 / 2 ,                           c eff xmC n G=  (1) 

Fig. 4. (a) Frequency-dependent modal power fraction of the 30-layer MRA waveguide
(Gx=Gy=0.26mm). Electric field distributions of (b) 0.2 and (c) 0.5 THz waves in the Y–Z
and X–Z planes.

The waves in 0.15–0.25 THz are deliverable through the 30 MRA layers [Fig. 3(a)]; however,
the fractional power inside the MRA is only 0.33, which is considerably lower than that of the
waves in 0.45–0.58 THz. For the waves in 0.25–0.32 THz, the waveguide power fraction higher
than 0.6 is guided near the rod tips but still outside the MRA structure, that is, in the air cladding
for Z> 1.0mm. The calculation result of the power fraction shows that the TM waves lower than
the Bragg rejection band in 0.15–0.32 THz cannot be confined inside the MRA structure; these
waves are called the leaky waveguide modes via TM wave irradiation on the entrance layer of the
MRA. Figure 4(b) shows a 0.2 THz wave for its electric field distribution in the Y–Z planes at the
center of the X-axial MRA and the waveguide output modal pattern in the X–Z plane. Most of
0.20 THz field radiates out of the MRA between the 1st and 4th MRA layers. Consequently, the
transmission power fraction inside the MRA is lower than 0.33 [Fig. 4(a)]. In comparison with
the waveguide modal pattern through the entrance layer [Fig. 2(b)], the waveguide modal pattern
through the 30-layer MRA propagation can be preserved, as shown in the X–Z plane in Fig. 4(b).
For 0.45–0.58 THz waves, the power fraction over 0.6 is confined inside the MRA, as shown

in Fig. 4(a). We take 0.5 THz wave as an example in Fig. 4(c) to observe the electric field
distributions in the Y–Z plane at the MRA X-axial center and the waveguide output modal pattern
in the X–Z plane. The MRA-confined field is found in the Gy interspaces along the 30-layer MRA
propagation and performs a larger area on the waveguide modal pattern than that of the 0.2 THz
wave in the X–Z plane [Fig. 4(b)]. The calculation result of the power fraction reveals that the TM
waves with EM frequencies higher than the Bragg rejection band in 0.45–0.58 THz are exactly
confined inside the MRA structure; these TM waves are called the confined waveguide modes.
The spectral peak with the highest transmittance at 0.50–0.58 THz [Fig. 3(a)] has the largest
power fraction, >0.6, around Z-axis position of 0.85mm; thus, the high-order TM waveguide
modes of MRA are not only confined but also have very high transmittance, obviously distinct
from the waveguide properties of spoof SPPs on the corrugated metal waveguides [17,18].

3.4. Modal field properties dependent on the asymmetrical interspaces

The MRA waveguide irradiated by TM waves through 30 MRA layers with equidistant interspace
of 0.26mm are theoretically characterized in the transmission spectrum [the blue curve in
Fig. 3(a)] and the Z-axial power confinement [Fig. 4(a)]. The 12 channels constructed by the 13
lines of MRA [Fig. 1(a)] with a uniform interspace width Gx resemble 12 channels of PPWGs.
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Although the periodic Gy interspaces exist to make the metal reflection surface discontinuous,
they mainly modulate the Y-axial propagation constants of the TM waveguide modes to generate
the Bragg rejection band. Gx is one of the geometric parameters that controls the TM mode
spectrum, bandwidth, and transmittance to manipulate the TM waveguide modes of each Gx
interspace channel.

On the basis of the effective medium concept, the cutoff frequency of the TM waveguide mode
along one Gx interspace channel is assumed as follows:

νc = mC/2neffGx, (1)

where νc, m, C, and neff are the cutoff frequency, number of TM waveguide mode, light speed
in vacuum, and effective waveguide refractive index, respectively. For the case of 0.26-mm-Gx
MRA in Fig. 3(a), the fundamental mode (m= 1) is in the range of 0.15–0.32 THz, and the one
high-order mode (m= 2) occurs in 0.42–0.58 THz.
On the basis of the fixed Gy value at 0.26mm, various Gx interspaces are calculated by the

3D-FDTD method for the transmission spectra of 30-layer MRA (Fig. 5(a)–(d)). Fundamental
waveguide modes constantly exist for 0.08–0.50mm Gx. The fundamental waveguide mode
is also called the 1st TM waveguide mode. However, the high-order modes within 1 THz are
critical to the Gx values for their spectral formation and positions. For a small Gx (0.08–0.14mm)
[Fig. 5(a)], two high-order modes, which are the 2nd and 3rd TMwaveguide modes, i.e., m= 2 and
3, respectively, are performed around 0.6 THz and 0.8 THz. When Gx increases to 0.16–0.22mm,
the 2nd and 3rd TM waveguide modes approximately combine around 0.6 THz because of the
strong redshift of the 3rd mode [Fig. 5(b)]. The 3rd TM waveguide mode finally disappears
when Gx increases to 0.26–0.36mm [Fig. 5(c)]. For the Gx in 0.38–0.50mm [Fig. 5(d)], several
waveguide modes randomly occur above the frequency of the 2nd mode without correlating to
the Gx interspaces. Additionally, the transmittance spectra between the two cases of Gx=Gy
and Gx,Gy are compared in Fig. 5(e). The fundamental mode spectra are approximate when
the symmetric interspace becomes the asymmetric one; contrarily, the spectra of the 2nd TM
(high-order) modes can be modified by the asymmetric interspaces. Therefore, only modifyingGx
interspaces on MRAs can realize THz wave modulation at the 2nd TM mode, thereby replacing
the uniform adjustment of MRA interspace [16].
The cutoff frequencies of the 1st and 2nd TM waveguide modes in Fig. 5(a)–(d) are further

observed in their low frequency ranges, whose transmittances are 10% of the peak values
and presented in Fig. 6(a). The cutoff frequencies of the TM waveguide modes are inversely
proportional to Gx. That is, the cutoff frequencies of the fundamental and high-order modes
the fundamental mode (m=1) is in the range of 0.15–0.32 THz, and the one high-order mode (m=2) 

occurs in 0.42–0.58 THz. 

 

Fig. 5. Transmittance spectra for 30 MRA layers with the same 0.26 mm Gy but different Gx values: (a) 

0.08–0.14, (b) 0.16–0.22, (c) 0.26–0.36, and (d) 0.38–0.50 mm. (e) The comparison of transmittance 

spectrum between two cases of Gx=Gy and Gx≠Gy. 
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originates from the narrow interspace of Gx due to the strong phase retardation of THz waves 
among the metal rods. 

 
Fig. 6. Gx-dependent waveguide parameters of (a) cutoff frequency, (b) effective refractive index, (c) 

bandwidth, and (d) peak transmittance. 

The effective medium concept successfully expresses the spectral shift [Fig. 6(a)] and 
waveguide dispersion [Fig. 6(b)] when the 12 Gx interspace channels are defined as one PPWG-
like waveguide that is integrated by 13 MRA lines. The waveguide-mode bandwidths based on 
the full width at half maximum (FWHM) and the corresponding peak transmittance that 
depends on Gx are further observed from Fig. 5 (a)–(d), as shown in Figs. 6(c) and 6(d), 
respectively. The Gx-dependent performances between the 1st and 2nd TM waveguide modes 
are distinct and shown as the black and red squares for the FDTD calculation results, 
respectively. For the 1st TM waveguide mode, the FWHM bandwidth is proportional to Gx in 
the range of 0.08–0.22 mm, which is illustrated as the fitting curve [black line in Fig. 6(c)] and 
saturated around 60 GHz. The highest transmittance (i.e., the peak transmittance) of the 1st TM 
mode also increases for the increment of Gx, which is denoted as Tr. and fit by the black curve 
in Fig. 6(d). The Tr. trend of the 1st MRA–TM mode is proportional to Gx or Gx

3, which is 
consistent to that of one PPWG that depends on its hollow core space [20]. Therefore, 
increasing Gx interspace enables the widest bandwidth and highest peak transmittance for the 
1st TM mode. However, the 2nd TM mode has abnormal transportation properties when Gx 
interspace is increased; these properties are opposite to those of the 1st TM mode and 
summarized as the red squares in Figs. 6(c) and 6(d). The 0.20–0.22 mm Gx performs the widest 
bandwidth and peak transmittance for the 2nd TM mode. When Gx increases from 0.08 mm to 
0.2 mm, the peak transmittance and bandwidth of the 2nd TM mode evidently increase due to 
the reduction of metal cross section, thereby decreasing the waveguide loss of the THz waves. 
Conversely, further increasing the interspace of Gx to over 0.20–0.22 mm decays the bandwidth 
and peak transmittance of the 2nd TM mode because the Z-axial confinement of the TM high-

Fig. 6. Gx-dependent waveguide parameters of (a) cutoff frequency, (b) effective refractive
index, (c) bandwidth, and (d) peak transmittance.

perform the redshift effect with the increased Gx, thereby approaching to a PPWG that depends
on the gap size between two metal reflection plates [17]. However, the refractive index of a Gx
interspace channel is not as simple as the PPWG hollow core with an air refractive index (i.e.,
1.0), because the inner reflection walls are constructed from the MRA line structures [i.e., the
metal rods in the Y–Z plane in Fig. 1(a)] instead of uniform metal surfaces.

Thewaveguide refractive indices of TMmodes (neff ) that depend on differentGx (0.08–0.50mm)
can therefore be estimated on the basis of the effective medium concept in Eq. (1) and the cutoff
frequencies in Fig. 6(a). Figure 6(b) shows the estimation results of neff and indicates that a small
Gx performs the high neff given the apparent phase delay of THz wave reflection from the MRA
line structures. When Gx extends nearly or larger than 0.50mm to deliver the 2nd TM modes,
the related neff approaches 1.0 and resembles the hollow core space of a PPWG. The high neff
values imply that the high waveguide dispersion of MRA–TM modes originates from the narrow
interspace of Gx due to the strong phase retardation of THz waves among the metal rods.

The effectivemedium concept successfully expresses the spectral shift [Fig. 6(a)] andwaveguide
dispersion [Fig. 6(b)] when the 12Gx interspace channels are defined as one PPWG-like waveguide
that is integrated by 13 MRA lines. The waveguide-mode bandwidths based on the full width at
half maximum (FWHM) and the corresponding peak transmittance that depends onGx are further
observed from Fig. 5 (a)–(d), as shown in Figs. 6(c) and 6(d), respectively. The Gx-dependent
performances between the 1st and 2nd TM waveguide modes are distinct and shown as the black
and red squares for the FDTD calculation results, respectively. For the 1st TM waveguide mode,
the FWHM bandwidth is proportional to Gx in the range of 0.08–0.22mm, which is illustrated as
the fitting curve [black line in Fig. 6(c)] and saturated around 60GHz. The highest transmittance
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(i.e., the peak transmittance) of the 1st TM mode also increases for the increment of Gx, which is
denoted as Tr. and fit by the black curve in Fig. 6(d). The Tr. trend of the 1st MRA–TM mode is
proportional to Gx or Gx

3, which is consistent to that of one PPWG that depends on its hollow
core space [20]. Therefore, increasing Gx interspace enables the widest bandwidth and highest
peak transmittance for the 1st TMmode. However, the 2nd TMmode has abnormal transportation
properties when Gx interspace is increased; these properties are opposite to those of the 1st TM
mode and summarized as the red squares in Figs. 6(c) and 6(d). The 0.20–0.22mm Gx performs
the widest bandwidth and peak transmittance for the 2nd TM mode. When Gx increases from
0.08mm to 0.20mm, the peak transmittance and bandwidth of the 2nd TM mode evidently
increase due to the reduction of metal cross section, thereby decreasing the waveguide loss of the
THz waves. Conversely, further increasing the interspace of Gx to over 0.20–0.22mm decays
the bandwidth and peak transmittance of the 2nd TM mode because the Z-axial confinement
of the TM high-order modes is destroyed [Fig. 4(a)]. It indicates that the MRA structure with
the exact Gx values can promote the waveguide capabilities both on the transmission and lateral
confinement. The fitting curves of the red lines in Figs. 6(c) and 6(d) illustrate that the theoretical
waveguide capabilities of the 2nd TMmode for the bandwidth and spectral peak transmittance are
proportional to 0.08–0.22mm Gx. For Gx larger than 0.20–0.22mm, the trend of the 2nd-mode
bandwidth is different from that on the peak transmittance. The bandwidth of the 2nd TM mode
is inversely proportional to 0.22–0.50mm Gx, which is illustrated as the linear fitting curve of the
blue line in Fig. 6(c). The peak transmittance of the 2nd TM mode seriously decays when Gx
increases from 0.20mm to 0.22mm, as shown in Fig. 6(d).

Figure 7(a) presents the Gx-dependent modal patterns of the 2nd TM waveguide modes at the
corresponding spectral peak frequencies. Four Gx interspaces taken as examples in the modal
pattern calculation are 0.12, 0.20, 0.30, and 0.46mm [Fig. 7(a)] with spectral peak frequencies of
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Fig. 7. (a) Electric field distributions at the 30th MRA layer for the transmission peaks of the 2nd TM 

modes dependent on Gx. (b) Frequency-dependent modal power fraction of the 30-layer MRA waveguide 
(Gx=0.2 mm, Gy=0.26 mm). 

Figure 7(a) presents the Gx-dependent modal patterns of the 2nd TM waveguide modes at 
the corresponding spectral peak frequencies. Four Gx interspaces taken as examples in the 
modal pattern calculation are 0.12, 0.20, 0.30, and 0.46 mm [Fig. 7(a)] with spectral peak 
frequencies of 0.620, 0.610, 0.484, and 0.437 THz for the 30-layer MRA propagation, 
respectively. For the 0.12 mm Gx, the 0.620 THz wave is strongly bound on the metal rod 
surface along the Y-axial propagation or inside the Gx interspace channels. The field of 0.610 
THz wave strongly bound by metal rods still occurs for the large Gx interspace at 0.2 mm. When 
Gx is increased to 0.30 mm and 0.46 mm, the metal surface-bound fields of the 2nd spectral 
peak are apparently separated inside the Gx interspaces with low amplitude distribution. From 
Figs. 6(d) and 7(a), the 0.20 mm Gx makes the 2nd TM mode wave have the highest 
transmittance and the strongest confinement. The frequency-dependent modal power fraction 
of the 30-layer propagation is illustrated in Fig. 7(b) for the 0.20 mm Gx MRA. Obviously, the 
spectral width shrinks for the MRA-confined THz waves with high power fractions (>0.6) 
inside the MRA, which is compared by that of the MRA waveguide with a symmetric 
interspace, Gx=Gy=0.26 mm [Fig. 4(a)]. It represents that THz waves with one narrow 
bandwidth in 0.60–0.62 THz can be confined to be guided, corresponding to the spectral peak 

Fig. 7. (a) Electric field distributions at the 30th MRA layer for the transmission peaks of
the 2nd TM modes dependent on Gx. (b) Frequency-dependent modal power fraction of the
30-layer MRA waveguide (Gx=0.20mm, Gy=0.26mm).
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0.620, 0.610, 0.484, and 0.437 THz for the 30-layer MRA propagation, respectively. For the
0.12mm Gx, the 0.620 THz wave is strongly bound on the metal rod surface along the Y-axial
propagation or inside the Gx interspace channels. The field of 0.610 THz wave strongly bound by
metal rods still occurs for the large Gx interspace at 0.20mm. When Gx is increased to 0.30mm
and 0.46mm, the metal surface-bound fields of the 2nd spectral peak are apparently separated
inside the Gx interspaces with low amplitude distribution. From Figs. 6(d) and 7(a), the 0.20mm
Gx makes the 2nd TM mode wave have the highest transmittance and the strongest confinement.
The frequency-dependent modal power fraction of the 30-layer propagation is illustrated in
Fig. 7(b) for the 0.20mm Gx MRA. Obviously, the spectral width shrinks for the MRA-confined
THz waves with high power fractions (>0.6) inside the MRA, which is compared by that of
the MRA waveguide with a symmetric interspace, Gx=Gy=0.26mm [Fig. 4(a)]. It represents
that THz waves with one narrow bandwidth in 0.60–0.62 THz can be confined to be guided,
corresponding to the spectral peak transmittance of the 2nd TM waveguide mode [Fig. 5(b)].
Other waves with frequencies in 0.10–0.60 THz and higher than 0.62 THz, as shown in Fig. 7(b),
are not confined to be guided by the MRA because the power fraction is approximately constant
along the Z-axis. The high distinctions of lateral confinement and waveguide transmittance at the
2nd TM mode spectrum is consequently derived from the asymmetric interspaces, which are
0.20mm Gx and 0.26mm Gy.

Figure 8(a) shows the spectral peak transmittances of the 2nd TMmodes for the 0.12, 0.20, 0.30,
and 0.46mm Gx and their propagation lengths with 30–70 MRA layers. The peak transmittances
of the 2nd TM modes for small Gx interspaces at 0.12, 0.20, and 0.30mm are exponentially
decayed by the added MRA layers, which are illustrated as the fitting curves of the red lines in
Fig. 8(a). For a large Gx interspace at 0.46mm, the peak transmittance of the 2nd TM mode
fluctuates around 0.3 without the trend of exponential decay with the added MRA layers. As
shown by the modal field observation in Fig. 7(a), such transmittance fluctuation with the given
MRA propagation length results from the low fractional power of 0.437 THz wave inside the
0.46mm Gx MRA structure. The sufficiently small Gx interspaces at 0.12, 0.20, and 0.30mm
make theMRA structure have the same attenuation characteristic of a normal dielectric waveguide.
Among these four Gx interspaces, 0.20mm Gx performs the highest transmittance of the 2nd TM
mode, and the longest propagation length can be extended up to 105 MRA layers as the peak
transmittance reduces to 0.1. The propagation length with 105 MRA layers, which is estimated
from the fitting curves in Fig. 8(a), is approximately 30mm.
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Fig. 8. (a) Relationship between the peak transmittance of the 2nd TM mode and the number of 

transmitted MRA layer. (b) Relationship between the attenuation coefficients of the 2nd TM mode and the 
waveguide intervals behind the 30th MRA layer. 

We consider 10 MRA layers as one waveguide interval from Fig. 8(a) and analyze the 
peak attenuation coefficients of four different waveguide intervals behind the 30th MRA layer 
[Fig. 8(b)]. The 10 MRA layers equal a 3.94 mm-long propagation length, corresponding to 5–
9  of the spectral peak frequency of the 2nd TM mode in Fig. 7(a). The propagation loss, 
resulted from the beam divergency without being confined by the MRA, can thus be observed 
along the 10-MRA-layer interval because the interval length is much larger than the Raleigh 
ranges of those waves in Fig. 7(a). Because the across section of waveguide medium is not 
continuous like a metal-wire-grid or a slit array, i.e., one MRA layer in X-Z plane, different Gx 
interspaces certainly cause different beam divergency, thereby leading different delivery 
performance or propagation loss of THz waves among the 10 MRA layers. The attenuation 
coefficients are obtained from the equation [ln(Tr.1/Tr.2)]/[2(L2−L1)], where L1, 2 indicates two 
waveguide lengths for different numbers of MRA layer, and Tr.1, 2 indicates the related 
transmittance at different numbers of MRA layer. Figure 8(b) shows that the coefficients of 
waveguide attenuation evidently vary among these intervals because of the variations of the 
average beam divergency and spatial confinement. Therefore, an MRA is absolutely different 
from those isotropic or uniform dielectric media when an MRA waveguide performance is 
defined by the propagation loss. The analysis in Fig. 8(b) shows that the waveguide intervals 
between the 40th and 50th MRA layers for these four Gx interspaces [Fig. 7(a)] have the lowest 

Fig. 8. (a) Relationship between the peak transmittance of the 2nd TM mode and the
number of transmitted MRA layer. (b) Relationship between the attenuation coefficients of
the 2nd TM mode and the waveguide intervals behind the 30th MRA layer.

We consider 10 MRA layers as one waveguide interval from Fig. 8(a) and analyze the
peak attenuation coefficients of four different waveguide intervals behind the 30th MRA layer
[Fig. 8(b)]. The 10 MRA layers equal a 3.94 mm-long propagation length, corresponding to 5–9
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λ of the spectral peak frequency for the 2nd TM mode in Fig. 7(a). The propagation loss, resulted
from the beam divergency without being confined by the MRA, can thus be observed along the
10-MRA-layer interval because the interval length is much larger than the Raleigh ranges of those
waves in Fig. 7(a). Because the across section of waveguide medium is not continuous like a
metal-wire-grid or a slit array, i.e., one MRA layer in X-Z plane, different Gx interspaces certainly
cause different beam divergency, thereby leading different delivery performance or propagation
loss of THz waves among the 10 MRA layers. The attenuation coefficients are obtained from
the equation [ln(Tr.1/Tr.2)]/ [2(L2−L1)], where L1, 2 indicates two waveguide lengths for different
numbers of MRA layer, and Tr.1, 2 indicates the related transmittance at different numbers of
MRA layer. Figure 8(b) shows that the coefficients of waveguide attenuation evidently vary
among these intervals because of the variations of the average beam divergency and spatial
confinement. Therefore, an MRA is absolutely different from those isotropic or uniform dielectric
media when an MRA waveguide performance is defined by the propagation loss. The analysis
in Fig. 8(b) shows that the waveguide intervals between the 40th and 50th MRA layers for
these four Gx interspaces [Fig. 7(a)] have the lowest metal rod attenuation and the coefficients
are less than 0.05 cm−1. To sustain the 2nd TM mode for the longest propagation length of
up to 70 MRA layers, the Gx interspace around 0.20mm is ideal for the MRA waveguide and
performs attenuation of less than 0.1 cm−1. For Gx smaller than 0.20mm, a long waveguide is
not performed because of the large cross section of metal, thereby causing an extremely high
waveguide loss of THz waves. Although the large Gx values above 0.20mm have relatively lower
attenuation than that of 0.12mm Gx, the MRA cannot well control the 2nd TM waveguide mode
on the lateral confinement.

4. Conclusion

The MRA structure is numerically demonstrated by FDTD calculation as one THz waveguide.
The fundamental and high-order TM waveguide modes are distinctly found in 0.1–1 THz along
the 30-layer MRA propagation. For the uniform metal rod interspace, the high-order waveguide
modes divided by the Bragg-like reflection originate from the sufficiently long metal rod length.
For 1-mm-long rod in an MRA, assembling the metal rods with an asymmetric interspace (i.e.,
Gx,Gy) is presented as the critical stratagem to tailor the high-order TM waveguide mode with
optimal transportation efficiency of THz waves. We consider the 0.16mm D, 0.26mm Gy, and
1-mm-long rod length as the geometrical basis to adjust Gx in 0.08–0.50mm and find apparent
spectral redshift by increasing Gx for the MRA–TM modes. Such a spectral shift that is inversely
proportional to the Gx interspace resembles the PPWG performance on the TM waveguide modes
that depend on the hollow core spaces. The Gx interspace channel constructed by two MRA lines
is thus the structural unit for determining the modal properties of TM–THz waves based on the
effective medium concept. On the basis of 0.16mm D, 0.26mm Gy, and 1-mm-long rod, the 2nd
TM waveguide mode through 30-layer MRA propagation is stably performed in 0.4–0.7 THz
for 0.08–0.50mm Gx. Based on the observation of Gx-dependent modal field properties, the
MRA-guided THz field is exactly bound on the metal rod surface with the lowest waveguide loss
or the high transmittance; thus, when Gx approaches 0.20mm, the efficiency of THz waveguide,
which is defined by the transmittance, bandwidth, and attenuation, can be optimized. The longest
waveguide length and widest bandwidth can consequently be obtained when the symmetric
interspace of 0.26mm is modified as the asymmetric one with 0.20mm Gx and 0.26mm Gy. The
natural confinement performance of the 2nd TM mode at the MRA–air interface enables the
MRA structure to be feasible for a THz slab dielectric waveguides.
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