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Abstract 

Because the toroidal dipole has unique electromagnetic propertybe in the Terahertz 
frequency band, the radial type toroidal dipole metamaterial is designed. By the help of 
the CST Microwave Studio, it is investigated that the effectiveness of substrate thickness 
on the resonance of toroidal dipole resonance, and the resonance frequencies, the 
transmission as well as magnetic field distribution were analyzed simultaneouly. This 
research suggest that the red shift of resonant frequency and the decrease of magnetic 
field distribution was determined as increase of substrate thickness. 
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1. Introduction 

In recent years, with the continuous development of the world's science and technology, 
scientists have gradually deepened their research on electromagnetic waves. Since James Clerk 
Maxwell put forward the electromagnetic wave theory in 1865, the study of electromagnetic 
wave entered a prosperous period, and the electromagnetic spectrum gradually became more 
and more complete [1]. As scientists study electromagnetic waves, they had named the band 
between microwave and infrared waves as terahertz waves [2]. After the terahertz wave was 
proposed, the scientists started research it, but the degree of research was slight, so the 
achievement was relatively small. Because of the lack of effective terahertz wave radiation 
sources and detection methods for a long time, scientists had not enough understood about the 
electromagnetic and physical properties of this band, so this band is also called terahertz gap 
[3]. With the emergence of a series of new technologies and new materials in the 1980s, the gap 
in terahertz research was filled, so terahertz technology began to enter the research boom. In 
the 1990s, with the in-depth study of scientists, we finally made major breakthroughs in 
effective terahertz wave radiation sources and detection methods, which led scientists to 
devote themselves to the study of terahertz waves. Although the terahertz wave is close to the 
microwave and infrared waves in the electromagnetic spectrum, the terahertz wave has a 
unique electromagnetic characteristic. Terahertz waves have strong anti-interference, 
complementarity and coherence in time and space, so terahertz waves can be applied to safety, 
medical and material property analysis. Because terahertz waves have some unique 
characteristics, combining them with the electromagnetic properties of toroidal dipole, such as 
high Q, medium and environmental sensitivity, will produce new electromagnetic and physical 
phenomena [4]. 

The toroidal multipole is reflected in the eyes of scientists because of its unique physical 
properties, and the toroidal dipole as the most basic member of the toroidal multipole family 
has become the focus of research. In 1957, Zel'dovich first proposed the concept of toroidal 
dipole and called "anapole" [5]. Researchers found that the toroidal dipole has distinct 
characteristics from the electric and magnetic dipoles, which makes the toroidal dipole having 
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very high research value. At the same time, the toroidal dipoles also have excellent prospects 
for applications such as medical, health, satellite and many other industries [4]. Although the 
toroidal dipole can observed in some natural materials, it is invisible due to its weak intensity. 
Therefore, the study of the toroidal dipole was conducted by metamaterials, which enhances 
the strength of the toroidal dipole so that it can be observed. Metamaterials are composite 
arrays of artificially structured materials, where the dimensions of the unit cell are sufficiently 
smaller than the wavelength of the incident radiation. In such a composite material, the 
researcher can easily obtain the toroidal dipole desired by the researcher, and the purpose of 
toroidal dipole modulation can be achieved by adjusting the model structure. 

With the development of metamaterials, their structures are also diverse, but the most of design 
structure of metamaterials are mostly the split rings and the derivative model of the split ring 
[6-10], so the split ring model is continuously improved. Of course, there are also a small 
number of non-split rings and their derivative models [11-13]. The common split ring models 
are mostly square split rings and circular split rings. In this paper, we design a radial type 
toroidal dipole metamaterial, and the model structure is composed of some metal strips and 
substrate. In order to study the electromagnetic properties of the toroidal dipole in the 
terahertz band, the substrate thickness will be changed so that achieves the purpose of 
modulation. Since the structure of the model is composed of a simple metal strip, the 
adjustment of the resonant frequency is advantageous. 

2. Model Structure 

In this paper, the structure of metamaterial model is metal-medium-metal, where the medium 
is Polyimide, which has a relative dielectric constant of 3.5 and a relative permeability of 1. 
Because the relative dielectric constant of Polymide is very small and even reaches the level of 
insulating medium, the loss of energy is extremely small and can be applied in the terahertz 
band. The metallic structure is made of aluminum with length of 95μm and a width of 6μm as 
well as a thickness of 0.2μm. The aluminum has good electrical conductivity, so the current loss 
is extremely small, and the magnetic field generated is relatively strong, which is convenient 
for researching toroidal dipole. The first layer of metal is composed of four uniform metallic 
strips and the four metallic strips can be divided into two groups. The one is distributed in a 
manner of plus or minus 30° with the Y axis. The other one is composed of the rest metallic 
strips and is rotationally symmetric about the Z axis with the previous. The second metallic 
layer is obtained by translating the first metallic layer along the Z-axis direction by the unit 
thickness of the medium [14-16]. The model structure is shown in Figure 1. 

 
Figure 1. Metamaterial structure 
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3. Simulation Result Analysis 

In order to study the effect of metamaterial substrate thickness (z1) on toroidal dipole, we must 
confirm the other parameters so that z1 becomes the only variable. Other parameters were as 
follows: metal strip length l = 95μm, metal strip width w = 6μm, metal strip thickness z = 0.4μm, 
substrate length x1 = 240μm, substrate width y1 = 240μm. We set the substrate thickness z1 = 
10μm, 15μm, 20μm, 25μm. This study is achieved in the time domain, so the time domain 
transmission curve can be obtained as shown in Figure 2. 

  Figure 2 shows the simulated transmission curves for metamaterials with different z1. We can 
find that the resonant frequency and transmission intensity of the toroidal dipole change with 
the increasing of the structural parameter z1 of the metamaterial. As shown in Fig. 2, the 
resonance frequency decreases from 0.82 THz to 0.7564 THz, as z1 increases, so the red shift is 
observed. The transmission intensity was changed from 0.1525 to 0.0642. When z1=25μm, the 
variation of the resonant frequency of the toroidal dipole reaches a maximum value (0.0636 
THz), and the transmission intensity decreases by 0.0883. In the simulation, the metal part of 
this metamaterial can be described by the Drude model [17], where the angular frequency 
dependent permittivity is given by ε(ω) = ε∞ − [ωp

2/ω(ω + iΓ)], with the plasma frequency 

ωp set as 22.43× 1015 rads−1 and the damping rate Γ =124.34×1012 rads−1. By observing 

Figure 2, we can find that it is feasible to modulate the toroidal dipole resonance frequency by 
z1, but the result of this modulation is not linear. 
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Figure 2. Toroidal dipole transmission curves 

 

 
Figure 3. Metamaterial surface current distribution 
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Figure 3 shows the surface current distribution of the metamaterial. It can be seen that the first 
group metal strips (AB) constitute the current flowing in the clockwise direction, and the 
second group metal strips (CD) constitute the current flowing in the counterclockwise direction, 
so the two currents flowing in opposite directions are formed on the XOY plane of the substrate. 
Similarly, the above phenomenon can also occur on the other side of the substrate, and the red 
arrow is shown in figure 3. It is known from Ampere's rule that the ring current on the XOY 
surface can generate a magnetic field in the Z direction, so that four magnetic dipoles can be 
formed on two sides of the substrate, and the four magnetic dipoles are connected end to end 
in sequence to form a toroidal dipole along the X axis. However, in this paper, as the z1 increases, 
the surface current distribution of the metamaterial does not change significantly, so only one 
surface current distribution figure is given. 

Figure 4 shows the magnetic field distribution of the metamaterial. It can be seen from the 
figure that with the increase of z1, the magnetic field distribution of the toroidal dipole 
metamaterial changes significantly, and the annular magnetic field distribution of the 
metamaterial is formed. As the z1 increases, the magnetic field distribution of the metamaterial 
gradually decreases, which indicates that the substrate thickness z1 of the metamaterial can 
modulate the toroidal dipole, and this modulation phenomenon has a large influence on the 
magnetic field distribution. 

 
Figure 4. Metamaterial magnetic field distribution 

 

In order to further investigation the toroidal dipole phenomenon, we also calculated the 
multipole energy of metamaterials with different substrate thicknesses. However, because 
some multipoles in the multipole family have relatively small energy, the effect on the toroidal 
dipole is also very small, so it can be ignored. Considering that our main research object is the 
toroidal dipole, and in our research we usually only do qualitative analysis instead of 
quantitative analysis, so only the electric toroidal dipole (G), magnetic dipole (M) and the 
magnetic toroidal dipole (T) are calculated. The specific G, M and T calculations have the 
following equations [18]: 

Electric dipole (P): 
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P jd r
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                                                                        (1) 
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Magnetic dipole (M): 

  31

2
M r j d r

c
                                                                  (2) 

 

Electric toroidal dipole (G): 

 

  31

2
G r p d r                                                                   (3) 

 

Magnetic toroidal dipole (T): 

 

  2 31
2

10
T r j r r j d r

c
                                                             (4) 

 

Where: j is the current density; ω is the angular frequency; c is the speed of light; r is the vector 
connecting the dipole position and the observer. 

Figure 4 shows the variation curves of G, M, and T, and the thickness z1 of the metamaterial 
substrate is gradually increased. From the figure we can find that when z1 is increased from 
10μm to 25μm, the intensity of T is much larger than G and M, so the toroidal dipole dominates 
in the multipole family with the metamaterial excited. 
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Figure 5. Multipole scattering energy 

4. Conclusion 

In this paper, a metamaterial with radial structure is studied, and its simulation and data 
analysis are carried out by CST software. Through CST simulation, we studied the surface 
current distribution, magnetic field distribution and transmittance curve of metamaterials with 
different substrate thicknesses. In addition, in order to further study the toroidal dipole 
phenomenon, we also calculated the multipoles scattering energy of metamaterials with 
different substrate thicknesses, and confirmed the existence of toroidal dipole. 

  In this paper, the metamaterial model has a simple structure, which is very convenient to 
adjust the resonant frequency relative to the split ring, and the model has excellent 
electromagnetic properties, such as a large modulation width. Therefore, the metamaterial 
model can be apply to terahertz functional devices such as terahertz sensors, frequency 
modulators and filters. 
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