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Abstract—This paper proposes a novel terahertz demultiplexer based on metamaterials. Its surface
metal structure comprises double U-shaped structures and a rectangular wire. The demultiplexer can
separate terahertz of 0.225 THz and 0.410 THz, with high isolations of 41 dB and 38 dB, low insertion
losses of 0.07dB and 0.11dB, and stable group delays of 3.5ps and 3.8 ps at the center frequency,
respectively. The equivalent parameters of metamaterials are simulated, and the electric field, current,
and power distribution characteristics at operating frequency points are analyzed. This metamaterial
is easy to process and is expected to be applied in future 6G wavelength division multiplexing systems.

1. INTRODUCTION

6G communication technology will become the focus of future communication systems due to its wider
frequency band and faster transmission rate. As the frequency band is wider, the number of channels
will be more, so the technology that can handle multiple channels efficiently is also required. In the
field of optical communications, wavelength division multiplexing (WDM) technology that separates and
integrates signals solves the problem of largecapacity transmission. In the terahertz band, we can also
use WDM technology to multiplex and demultiplex terahertz waves. For WDM systems, in addition to
the optical fiber for signal transmission, multiplexers and demultiplexers are vital components. However,
because there is no complete communication protocol and system in the terahertz frequency band, a
few researches on demultiplexers are applied to the terahertz frequency band.

In the microwave frequency band, a waveguide structure [1,2] is the main structure of the wave
demultiplexers or the power dividers, and good progress has been made. In the terahertz band, the
current research on demultiplexers is mainly based on photonic crystal waveguides. Li et al. proposed
a terahertz wavelength division multiplexer based on defect-coupled photonic crystal waveguides [3].
There are three transmission peaks in the frequency range of 1.07 to 1.16 THz, and the insertion losses
are 1.92dB, 0.96 dB, and 1.93 dB. The insertion loss of this demultiplexer is greater than 1dB for both
channels. Wu et al. proposed and designed a high-performance three-wavelength terahertz wavelength
division multiplexer based on the graphene structure [4]. The center frequencies work at 8.2 THz,
8.6 THz, and 9.3 THz; the insertion losses are 0.81 dB, 0.04 dB, and 0.37 dB; isolation is about 15dB;
transmittance is greater than 50%. The insertion loss of this demultiplexer is small, but the isolation is
not large enough. The other demultiplexers are summarized in Table 1. We can see that the insertion
loss and isolation of the metamaterial demultiplexers are better. Because the terahertz wave has weak
diffraction ability and is easily absorbed by rain, sand, and dust, it has a large attenuation in the natural
environment. It is necessary to reduce the loss as much as possible in the 6G communication system,
so the smaller the device’s loss, the better. Otherwise, the photonic crystal is difficult to manufacture
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Table 1. Current work compared to other demultiplexers.

Refs. Structure Channels (THz) Insertion Loss (dB) | Isolation (dB)

[5] photonic crystal waveguides 0.323, 0.335 3 40, 15

3] photonic crystal waveguides | 1.0385, 1.1125, 1.135 1.92, 0.96, 1.93 >1

[6] photonic crystal waveguides 0.325, 0.335 - 15

f surf 1
[7] SPOOE SUTIACE Pastion 0.637, 0.667 < 0.46 > 19
polariton waveguides

Thlli Metamaterial 0.225, 0.410 0.07, 0.11 41, 38
wor

and expensive, not conducive to large-scale production and promotion, which causes a high cost in the
communication system.

This paper proposes a terahertz wave demultiplexer based on metamaterials used in terahertz
communication windows. Metamaterials are artificial periodic materials [8], flexible, and adjustable,
and have characteristics that natural materials do not have. For terahertz waves, we can modulate
the phase [9], amplitude [10], and polarization state [11] of the terahertz wave by selecting a suitable
metal pattern. Metamaterials’ processing and production are easier than photonic crystals, conducive
to large-scale promotion and use in the future. The demultiplexer proposed in this paper can separate
terahertz waves with center frequencies of 0.225 THz and 0.410 THz. The isolations of the metamaterial
at the center frequency are 41 dB and 38 dB, and the insertion losses are 0.07 dB and 0.11 dB. It has great
application prospects in 6G wavelength division multiplexing systems. Firstly, we design a terahertz
demultiplexer based on metamaterials. Secondly, we introduce metamaterials’ theory and study the
working mechanism of terahertz demultiplexers based on metamaterials. Finally, we summarize the
main contents of this article.

2. METAMATERIAL AND DESIGN

When the metamaterial’s periodicity length scale is smaller than the incident wavelengths of the
electromagnetic band of operation, metamaterial can be regarded as a homogeneous material [12]. Like
the material in nature, the homogeneous material has permittivity and permeability, which describe
metamaterials’ electromagnetic properties. Generally, ¢, is the effective permittivity and u, the effective
permeability, which can be described by:

g = & —ig” (1)
pr =y —ip” (2)
According to the equivalent medium theory, the equivalent impedance of metamaterials can be

expressed as [13]:
Z Loy
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The effective impedance of the metamaterial can be obtained by .S parameter, namely
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By designing corresponding metal patterns, we can adjust the metamaterial’s equivalent
permittivity and permeability to change the metamaterial properties of the metamaterial [14].

3. SIMULATION AND RESULTS

Figure 1(a) shows the basic unit structure of the metamaterial. Figure 1(b) shows the array of the
metamaterial. The surface metal pattern is gold, composed of a U-shaped metal ring and a rectangular
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Figure 1. (a) Unit cell of metamaterial. The yellow part is metallic gold, and the blue part is polyimide.
(b) The array of metamaterial. the terahertz wave is obliquely incident on the metamaterial surface
from the xoz plane, and the angle with the z-axis is 10°.

metal wire. Since polyimide has high transmittance in the terahertz band, we select polyimide as the
metamaterial substrate. The permittivity of polyimide is 3.4. Its dielectric loss angle is 0.0027. The cell
size P is 420 um, the U-shaped metal line length | = 244 um, the line width w = 50 um, the rectangular
metal line width ¢ = 40 um, h; = 40 um, he = 85 um. Simulating this structure in CST, setting the z
and y directions as the unit cell boundary, the z-direction is the open boundary condition. For receiving
convenience, the terahertz wave is incident on the metamaterial surface at an oblique angle of 10°.

Many methods have been proposed to obtain the effective parameters of metamaterials [15, 16]. By
simulating the metamaterial in Computer Simulation Technology (CST), we can get the S parameters
and then use the S parameters to retrieve the metamaterial’s effective parameters. Figure 2(a)
shows the normalized magnitude transmissivity and reflectivity of metamaterials. Both 0.225 THz and
0.410 THz are terahertz communication windows with the lowest points of transmissivity and reflectivity,
respectively. The isolations at the two center frequency points are 41 dB and 38 dB, and the insertion
losses are 0.07dB and 0.11 dB.

Figure 2(b) shows the effective impedance curve of the metamaterial. At 0.225 THz, the real part of
the effective impedance is close to 1 and the imaginary part close to 0, indicating that the metamaterial
impedance matches the free space, so the reflected wave reaches the minimum. In the range of 0.300 THz
~ 0.420 THz, the effective impedance of metamaterials is close to zero. Electromagnetic waves could
stop or be stored when the real part of the impedance is near zero [17]. Figure 2(c) is the effective
permittivity of the metamaterial, and Fig. 2(d) is the effective permeability of metamaterials. We can
see that at 0.225 THz, the effective permittivity is 0.12—0.0027, and the permeability is 0.114-0.0014, so
the effective impedance is close to 1. In the range of 0.23 THz ~ 0.24 THz, the effective permittivity and
permeability are close to zero, as shown in the shaded part, and some scholars have found that near-zero
refractive index materials have the characteristics of high transmittance [18]. There are zero refractive
indexes near 0.225 THz, which is the representation for the maximum transmittance of metamaterials.
At 0.410 THz, the permittivity has a resonance peak, indicating that resonance has occurred at this
frequency.

some scholars have found that near-zero refractive index materials have the characteristics of high
transmittance.

There is an essential change in the 6G communication system, which has a higher transmission
rate than 5G’s 100 Gb/s, estimated to reach 1Th/s [19]. As the transmission rate increases, the group
delay becomes smaller and smaller. The group delay is defined as:
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Figure 2. (a) Transmissivity and reflectivity of metamaterial. The black line is transmissivity and
the red line is reflectivity (b) Effective impedance of metamaterial. The black line is the real part of
the effective impedance, and the red line is the imaginary part of the effective impedance. (c¢) Effective
permittivity of metamaterial. The black line is the real part of the effective permittivity, and the red
line is the imaginary part of the effective permittivity. (d) Effective permeability of metamaterial. The
black line is the real part of the effective permeability, and the red line is the imaginary part of the
effective permeability.

In the above formula, ¢ represents the phase, and w is the angular frequency. It is used for
characterizing the distortion of information transmission. The more stable the group delay is, the
less distortion the information will be. The group delay is obtained by calculating the phase of the
metamaterial. Figures 3(a) and (b) show the group delay of metamaterials around 0.225 THz and
0.410 THz. The group delay at 0.225 THz is very stable and remains at around 3.5 ps. In the range of
0.200 ~ 0.300 THz, the maximum group delay is 3.55 Ps; the minimum is 3.37 Ps; and the difference in
group delay is 0.18 Ps. At 0.410 THz, the group delay of the metamaterial is stable at around 3.8 ps. In
the range of 0.300 ~ 0.450 THz, the maximum group delay is 4.22 Ps; the minimum is 3.39 Ps; and the
difference in group delay is 0.83 Ps. We can see that the group delay near the two frequency points is
very stable from the group delay’s small difference. The group delay of metamaterials is in the Ps level,
which can satisfy the low group delay requirements of future communication systems.

In order to further study the working mechanism of the metamaterial demultiplexer, we observe
the electric field intensity, current density, and power distribution of the metamaterial at 0.225 THz and
0.410 THz. Figures 4(a) and (b) show the electric field distributions of metamaterials at 0.225 THz and
0.410 THz, respectively. At 0.225 THz, the electric field’s energy is distributed in the area outside the
metal, and there is no high-intensity electric field in the gap of the metal. At 0.410 THz, the electric field
is mainly concentrated in the four regions adjacent to the double U-shaped structure and the rectangular
line with no electric field around the metal pattern. The U-shaped structure and rectangular wire form
an SRR with double gaps. This ring-shaped structure with gaps can form an LC mode [20] where
inductance and capacitance exist. The direction of the ring electric field is normal to the gap of the
capacitor. At this time, only the electric field can be coupled into the metamaterial [21]. According
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Figure 3. (a) Group delay at 0.225 THz and (b) Group delay at 0.410 THz.
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Figure 4. (a) Electric field distribution at 0.225 THz and (b) Electric field distribution at 0.410 THz.
The electric field intensity in the yellow area is the largest, and the electric field intensity in the black
area is the smallest. (c) Current distribution at 0.225 THz and (d) Current distribution at 0.410 THz.
The red area has the highest current intensity and the blue area has the smallest current intensity. (e)

Energy distribution at 0.225 THz and (f) Energy distribution at 0.410 THz. The black box in the middle
is the cross-section of the metamaterial in zoz.
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to Figure 2(c), there is an obvious electric resonance. Due to electrical resonance, it is difficult for
the terahertz wave to pass through the metamaterial, and the metamaterial will reflect most of the
terahertz wave. Therefore, the terahertz wave can be separated by the path. Figures 4(c) and (d)
show the metamaterial’s surface current distributions at 0.225 THz and 0.410 THz. It seems that the U-
shaped structure and rectangular wire constitute a circular current, but the current on the rectangular
wire at the gap does not appear suddenly reduced due to coupling. Therefore, no resonance occurs here,
which is in good agreement with the above results. At 0.410 THz, due to the electric field’s coupling,
the current density at the gap is apparently reduced. It is worth mentioning that the current direction
in the center of the rectangular line is opposite to that at the rest of the rectangular line. Since the
terahertz wave is obliquely incident on the metamaterial surface, there will be a phase difference on the
rectangular metal surface. The current flows from the high potential on the left to at the low potential
on the right. As shown in Figure 4(b), the electric field intensity of the left gap is stronger than that
of the right gap. Figures 4(e) and (f) are the energy distributions of the terahertz wave in xoz at
0.225 THz and 0.410 THz, respectively. At 0.225 THz, energy exists above and below the metamaterial,
which means that the energy can pass through the metamaterial. At 0.410 THz, the energy is mainly
distributed above the metamaterial, and there is also some energy below. There is no energy in the
back, indicating that most terahertz waves do not pass through the metamaterial.

4. CONCLUSION

The demultiplexer based on metamaterials proposed in this paper can separate the 0.225THz and
0.410 THz terahertz waves of the terahertz communication window with considerable isolation and
small insertion loss in the working frequency band. The metamaterial achieves impedance matching at
0.225 THz, and resonance occurs at 0.410 THz to separate the two operating frequencies. Finally, we
observe the metamaterial’s electric field and surface current distribution. We find that in the 0.225 THz,
there is no apparent resonance, but in the 0.410 THz, an electric resonance exists, which stops the
transmission of the terahertz wave. This demultiplexer is expected to be applied to 6G wavelength
division multiplexing systems due to its advantages, such as easy manufacture and flexible design.
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