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Broadband terahertz radar cross-section (RCS) reduction is achieved via a 1-bit coding metasurface. The proposed 

electromagnetic metasurface consists of two basic digital elements. The 180° phase difference between the neighboring 

elements can realize the reduction of RCS by a non-directional low-scattering of the broadband THz frequency. The 

calculated results show that the RCS reduction can be up to 15-26 dB in most of the wide frequency range of 0.7-1.6 THz. 

Compared to the existing research results, the metasurface for RCS reduction is non-directional and has the characteristics 

of broad-band and low-scattering. 
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1. Introduction 

 

Terahertz (THz) waves, located in the gap between 

microwaves and infrared optics [1], have many advantages 

including high resolution, non-ionizing radiation and good 

penetration into non-conducting materials. Compared with 

other frequency bands, THz can also carry and transmit 

more information [2-4]. Therefore, the application of THz 

in high performance broadband transmission equipment 

(such as beam scanning equipment, insulators and plasma 

lenses) has been put forward with higher requirements [5]. 

In these applications, THz radar presents more advantages 

than microwave radar systems in terms of aviation and 

military security because of its extremely wide band and 

high spatial resolution [6-9]. Considering these 

applications also need to effectively control the EM wave 

energy using a low reflection metasurface [10-14], the 

innovative research and design of low-scattering 

metasurfaces have been promoted. In order to reduce the 

RCS, some kinds of designs have been proposed to absorb 

broadband EM waves in the THz range [15-18]. Liu et al. 

proposed a broadband THz absorber by multi-layers [19], 

while Ye et al. proposed a polarization-insensitive and 

broadband THz absorber using I-shaped resonators [20]. 

Though the EM wave is easily consumed by the metallic 

surface and dielectric isolation layer and transformed into 

thermal radiation, the possibility of detection by an 

infrared detector will inevitably increase [21], with the 

temperature of the object increases. Hence, it is an 

important challenge to design a broadband, low-scattering, 

non-absorptive metasurface in the THz range. 

Metasurface is an artificial layered material that 

consists of periodic or quasi-periodic two-dimensional 

planar arrays of sub-wavelength elements. These materials 

have special electromagnetic properties that cannot be 

normally found in natural materials that exit in nature 

[22-25]. It can be employed to control the polarization, 

amplitude, phase, propagation modes of the EM wave. In 

2008, Liu et al. designed a kind of metasurface that covers 

the metal plate to appear diffuse reflection of reflected 

wave, which is successfully suppressed backward 

scattering [26].  

In 2014, Professor Cui Tiejun proposed a 

phase-encoded metamaterial based on phase mutation 

control, which uses discrete digital coding to characterize 

each sub-wavelength unit structure, it can be combined 

with optimization algorithms, and have more freedom to 

regulate the EM waves [27]. These particular metasurfaces 

may greatly simplify the design and enhance the 

all-around flexibility to regulate the EM waves. Therefore, 

metasurfaces are meaningful for designing various devices 

in different frequencies band (i.e., from microwaves to the 

visible region), especially within the THz gap [28]. 

In this paper, we designed a non-directional, 

broadband low-scattering metasurface by coding the “0” 

and “1” digital elements at THz frequencies. The 

wideband low-scattering is attributed to the reflection 

phase differences between the two basic digital elements, 
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which makes it different from the traditional metamaterial 

devices. Though optimizing the structure of the basic 

element, the energy reflected from the metasurface can be 

scattered into various directions, resulting in the low 

intensity and uniform distribution of the reflected wave. 

The simulation results show that the RCS reduction of the 

metasurface relative to the same size metal plate is more 

than 10 dB from 0.7 THz to 1.6 THz. Therefore, it can 

achieve a wider bandwidth and a larger RCS reduction, 

and it presents considerable prospects in THz radar, 

broadband communication, military security and other 

applications. 

 

 

2. Theory 

 

RCS is a physical quantity used to represent the echo 

intensity of a target under the irradiation of radar waves 

[29], it has important guiding significance for radar 

systems design, target recognition, tracking point selection 

and stealth technology [30]. The RCS is defined as: 

 

σ= lim
R→

4πR2 |
Es

Ei
|
2

              (1) 

where 𝐸𝑖  represents the intensity of the electric field 

projected on the target, 𝐸𝑠 represents the intensity of the 

radar target scattering wave, R represents the distance 

from the radar to the target scatter. The smaller the target’s 

RCS is, the less echo energy the radar receives, thus 

achieving the goal of stealth [31]. The basic principle is 

based on the theory of reflection array antenna of the 

metasurface proposed in this paper [32]. Through the 

design of coding arrangement, the incident EM wave is 

diffusely reflected, that is, it is not absorbed or lost, but 

scattered in all directions, forming numerous scattered 

waves. Assuming that there is a coding metasurface 

composed of N × N array elements as shown in Fig. 1, 

each of the array consists of two basic elements, “0” and 

“1”. In the case of normal incidence of electromagnetic 

waves, the far-field scattering of the surface can be 

expressed as: 

f(θ,φ)=fe(θ,φ) ∑ ∑ exp

N

n=1

N

m=1
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where θ and φ are the angle of incidence and azimuth 

respectively; 𝑘 = 2𝜋/𝜆; 𝑑 is the distance between each 

unit; 𝑓𝑒(θ, φ)  is the radiation intensity of each element, 

the directional graph function can be expressed as: 

Dir(θ-φ)=
4π|f(θ,φ)

2|

∫ ∫ |f(θ,φ)
2| sin θdθdφ

π/2

0

2π

0

        (3) 

 

Fig. 1. The diagram of the electromagnetic metasurface, 

which contains N × N lattices with size D, in which each 

lattice is occupied by a “0” and “1” elements  

(color online) 

 

Due to a phase gradient of 180° can be formed by the 

element 0 and 1, the scattering characteristics can cancel 

each other out, which makes the radiation characteristics 

of the 𝑓e(θ, φ) be zero basically. From the above two 

formulas, it can be found that the far-field scattering 

properties of the metasurface will change with the 

arrangements of the coding array. 

The proposed 1-bit coding metasurface is shown in 

Fig. 2(a). As it is illustrated in the figure, the digital 

elements are randomly arranged to diverse 0-1 sequence to 

achieve the desired diffuse scattering. The size of the total 

metasurface unit structure is 1.1 mm × 1.1 mm, which 

includes 10 × 10 coding particles. The basic digital 

elements of the 1-bit coding metasurface are “0” and “1”, 

and the distance between two adjacent elements is P=110 

𝜇𝑚 as shown in Fig. 2(b). The “0” element was realized 

using no metallic structure, while “1” was realized using a 

three-layer structure which was composed of the metal 

ring surface, dielectric polyimide (PI) and the metal 

substrate from top to bottom. Among them, polyimide is a 

lightweight, high temperature resistant structural material 

and an excellent insulating dielectric material, and 

according to the needs of the experiment, it can be formed 

into a thin film or a thick film. Both the substrate and 

surface metals were gold with a thickness of 0.2 𝜇𝑚, and 

the PI has a thickness of h = 40 𝜇𝑚 with a dielectric 

constant 3.1 and a loss tangent 0.05. For the “1” element, 

𝑤 = 5.5 𝜇𝑚, r1=37 𝜇𝑚 and r2=31.5 𝜇𝑚 as shown in Fig. 

2(c). 

 

 

Fig. 2. (a) Schematic of a 1-bit coding metasurface. (b) 

Schematic of adjacent metal square ring. (c) Dimension 

drawing of unit structure (color online) 
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In order to understand the properties of the basic 

digital elements more intuitively, numerical simulation 

results were performed by CST Microwave Studio, as 

shown in Fig. 3(a). Simulation software is used to 

calculate the reflection phase of the structure, the 

reflection phase difference of the “0” and “1” structures is 

close to 180° between the 1.0 THz ~1.6 THz, the range of 

variation is 180° ± 30°. The proposed 1-bit coding 

metasurface structure is composed of the aperiodic coding 

sequence "0001101101 ...". It is assumed that the coded 

metasurface is a one-dimensional code sequence along the 

x-axis in order to calculate the scattering field of different 

sequence coded metasurfaces and analyze the scattered 

waves more clearly, as shown in Fig. 3(b).  

 

 

 

Fig. 3. (a)The reflected phase difference of the “0” and “1” 

element in a range THz frequency. (b) Schematic of the 1D 

coding metasurface (color online) 

 

 

The scattering behaviors can also be interpreted by 
simple theory, by Treating “0” and “1” elements as the 
dipole radiation source, the far-field radiation in the top 
half space is given by, where A is the complex scattering 
amplitude vector. The overall electric field at a far field 
position r can be expressed as the sum of the sources 
(neglecting the factor the e

-iωt
): 

 

E= ∑ Aneik(r-rn
' )

n = ∑ Anei 2π sin θ(x-xn
' )+2π cos θ⋅z

λn   (4) 

where n indicates the nth dipole radiation source and 𝑥𝑛
′  is 

the position coordinate of the nth dipole radiation source. 
This may be caused by the assumption of spherical 
radiation of the sources. The formula (3) implies that 
anomalous behaviors come from the superposition of 
radiation from each “0” and “1” digital element. The 
broadband of the low-scattering coefficient of the coding 
metasurface was realized by optimizing the sequences of 
the basic elements, and the proposed metasurface was 
constructed with a single metallic structure layer. Thus, the 
proposed metasurface is easier to fabricate than other 
multi-layer metasurfaces. 

 

 

3. Results and discussion 

 
Full-wave simulation of coded 1-bit electromagnetic 

metasurface is carried out using electromagnetic field CST 
Microwave Studio. In the case of normal incidence, the 
relationship between frequency and reflection of the 
metasurface THz wave designed in this paper is shown in 
Fig. 4. The reflection is lower than -10 dB in the 
bandwidth from 1.0 THz to 1.6 THz, this result is 
consistent with the bandwidth range of the fundamental 
phase difference between the two basic digital elements of 
“0” and “1”, and the reflection even reached -25 dB at 
f=1.3 THz. Therefore, the designed 1-bit coded 
metasurface implements the low reflection effect of the 
broadband image. 

 

 
Fig. 4. The simulation curve for 1-bit coding metasurface THz 

wave frequency and reflection under the normal incidence 

 
 
In order to understand the scattering properties of the 

electromagnetic coding metasurface, formula (4) is used to 
calculate the scattering characteristics of the coded 
metasurface by different sequences of “000111000111...” 
and “001001001...” at f = 1.3 THz, as shown in Fig. 5(a), 
for “000111000111...” coded metasurface, the number of 
scattered waves is two, while for “001001001...” coded 
metasurface, the number is three. In addition, the angle at 
which the two scattered waves is determined by 𝜃 = ± 
arcsin (λ/4P) for the “000111000111...”, where λ is 
wavelength, the angle of the three scattered waves is 
determined by 𝜃 = 0 and 𝜃 = ± arc sin(λ/3P), and the 
far-field scattering characteristics of “000111000111...” 
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and “001001001...” period coded metasurface at f = 1.3 
THz are shown in Fig. 6. It can be seen from it that the 
THz coded metasurface scattering beams are 2 and 3 
beams respectively. In this paper, the proposed 1-bit coded 
metasurface structure is composed of the quasi-periodic 
coding sequence "0001101101 ...". Formula (4) is used to 
calculate the scattering characteristics of the coded 
metasurface. As shown in Fig. 7. It is known that the 
coded metasurface structure has countless scattering 
beams, and the scattering is non-directional, so the 
reduction of RCS can be achieved. The far-field scattering 
characteristics of aperiodic coding metasurface at different 
frequencies are shown in Fig. 8. It can be seen from it that 
the bandwidth range of the reflection below -10 dB is 1.0 
THz ~1.6 THz, the backward RCS distributed on the 
metasurface in spray shape, and the beam of the scattered 
wave is innumerable. At the same time, the energy of the 
electromagnetic wave is dispersed in all directions, and the 
energy of each wave is very low. The simulation results 
are basically consistent with the theoretical calculation, 
which further proves the accuracy of theoretical 
calculation. Therefore, it can achieve the goal of reducing 
RCS. 

 
 

 

 

 

Fig. 5. (a) 1d “000111000111...” coding sequence metasurface 

scattering characteristics. (b) 1d “001001001...” encoding 

sequence metasurface scattering characteristics 

 

 
Fig. 6. Simulation far-field patterns of the scattering 

results of: (a) “000111000111…” (b) “001001001…” at 

1.3 THz for coding metasurface (color online) 

 

Fig. 7. 1d “0001101101...” coding sequence metasurface 

scattering characteristics (color online) 

 

 

Fig. 8. Simulation far-field patterns of the scattering 

results of coding metasurface at (a) 0.6 THz; (b) 1.0 THz; 

(c) 1.3 THz; (d) 1.6 THz (color online) 
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The backward RCS is conical at f = 0.6 THz and f = 

1.6 THz in Fig. 8, and the scattered waves are not 

dispersed to all directions, the effect of diffuse reflection is 

not achieved. This is because the reflection phase 

difference between the two structures of “0” and “1” at 

these two frequencies deviated by 180°, so the scattering 

characteristics of the two structures are mutually offset and 

weaken. 

In order to more clearly observe the far-field 

transparency effect of the coded metasurface, the 

transparency properties of the metasurface and metal plate 

were compared quantitatively. The transparency patterns in 

the x z-plane obtained along a line passing through the 

middle of the surfaces (i.e., y = 0 [the x o z-plane]) were 

obtained by simulation at 0.6 THz, 1.0 THz, 1.3 THz, and 

1.6 THz, and the patterns for the metasurface and the 

metal plate as shown in Fig. 9. According to the law of 

energy conservation, The RCS reduction of the 

metasurface must have a repressed the main lobe and 

enforced side lobes to maintain the overall scattering 

energy. Indeed, it can be observed in Fig. 9(e-h) that a 

strong main lobe appears in the backward direction for the 

metal plate at the full working band. It can be observed in 

Fig. 9(c, d, g, h) that the metasurface is suppressed the 

main lobe energy and uniformly scattered energy to the 

side lobes at 1.3 THz and 1.6 THz relative to the metal 

plate. Therefore, the simulation results further indicate that 

the coded metasurface achieves the effect of reducing 

RCS. 

 

 

Fig. 9. Scattering patterns of the coding metasurface in 

the XOZ-plane at (a) 0.6 THz, (b) 1 THz, (c) 1.3 THz, (d) 

1.6 THz. Scattering patterns of the metal plate in the 

XOZ-plane at (e) 0.6 THz, (f) 1 THz, (g) 1.3 THz, (h) 

1.6THz (color online) 

 

 

Fig. 10 shows the RCS reduction of the coded 

metasurface relative to the same size metal plate when the 

electromagnetic wave is incident vertically. It can be found 

that the RCS reduction of the coded metasurface relative 

to the metal plate exceeds 10 dB at the 0.7 THz ~1.6 THz, 

so it has broadband features, and these features are 

basically the same as the bandwidth of the reflection phase 

difference between the “0” and “1” units. The RCS 

reduction can be up to 26 dB when f = 1.3 THz, with an 

extremely low reflectivity. 

 

 

Fig. 10. The RCS reduction of the coded metasurface 

relative to the same size metal plate when the 

electromagnatic wave is incident vertically 

 

 

4. Conclusion 

 

In our paper, we proposed a non-directional 

low-scattering 1-bit coding metasurface that can reduce 

the RCS in THz band. The numerical simulated results 

indicate that the scattering wave of the coded metasurface 

possesses the diffuse reflection effect with a reflection 

lower than -10 dB in the frequency range of 0.7-1.6 THz. 

Compared with metal plates of the same size, the RCS 

reduction of the coded metasurface reaches 15-26 dB at 

0.7 ~ 1.6 THz. The operating bandwidth of the coded 

metasurface is practically the same as the bandwidth of the 

reflection phase difference between the “0” and “1” 

elements. Therefore, the proposed coded-metasurface is an 

efficient broadband backward RCS reduction structure, 

and it is expected to present considerable application 

prospects in THz radar stealth, military security and 

biomedical imaging. 
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