
 

  

Abstract— The metal structure on a reflective metasurface 

significantly impacts its performance as a reflector, 

particularly in supporting future wireless networks in the 

smart radio environment (SRE). This paper presents two 

configuration designs aimed at achieving a multiband response 

and compares their performance in terms of reflection value, 

reflection phase, and radar cross section (RCS) when the metal 

structure is rotated to 0° and 90°. The first design utilizes a 

multi-ring resonator, which is a symmetrical structure, while 

the second design employs multi split-ring resonators (SRRs), 

forming an asymmetrical structure. The results indicate that 

the symmetrical structure demonstrates slightly better 

performance than the asymmetrical structure, especially when 

rotated to 90°. Both structures achieve reflection values above 

0.75 and RCS values of at least 19.2 dB(m²) at all desired 

frequencies when positioned at 0°. 

 
Index Terms— multiband reflective metasurface, ring 

resonator, split ring resonators (SRRs), symmetrical structure, 

unsymmetrical structure 

I. INTRODUCTION 

UTURE wireless networks envision a smart radio 

environment (SRE) that enhances communication links 

by enabling devices to intelligently adapt to their 

environments, thereby improving efficiency, connectivity, 

and overall performance. This advancement can be realized 
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through the use of intelligent reflecting surfaces (IRSs), also 

known as reconfigurable intelligent surfaces (RISs), which 

redirect incoming electromagnetic waves from the 

transmitter to the receiver—effectively mitigating obstacles 

along the transmission path. Moreover, RISs offer several 

advantages, including ease of deployment, improved 

spectral efficiency, environmental sustainability, and system 

compatibility, as demonstrated in [1]–[2]. 

Reconfigurable intelligent surfaces (RISs) are typically 

implemented in three configurations: reflective, 

transmissive, and hybrid, as described in [3]–[4]. In the 

reflective configuration, each unit element reflects the 

incident signal, enabled by the presence of a copper 

backplane. In contrast, in the transmissive configuration, the 

copper backplane is omitted, allowing electromagnetic 

waves to pass through the elements. The hybrid 

configuration combines both functionalities, splitting the 

signal power between reflection and transmission. Similar to 

the transmissive type, hybrid RISs do not employ a copper 

backplane in their structure. 

The core component of RISs [5] is the reconfigurable 

metasurface (RMS), which consists of a thin 

electromagnetic sheet composed of elementary elements—

referred to as unit cells or meta-atoms—that can be 

dynamically configured. The RMS exhibits three key 

features: configurability, near-passive implementation, and 

multifunctional wave shaping. This multifunctionality 

enables the metasurface to simultaneously perform various 

operations, such as reflection, refraction, and blocking of 

incident radio waves. For reflective applications, the RMS is 

typically composed of multiple reflective metasurface unit 

cells, in which both the incident and reflected signals reside 

on the same side of the surface, as reported in [6]. 

The physically based modeling of RISs accounts for 

several key characteristics, including reconfigurability, 

oblique incidence effects (spatial dispersion), mutual 

coupling between closely spaced unit cells, and reflection 

losses, as reviewed in [7]. The impacts of reflection losses 

and oblique incidence are further explored at the unit cell 

level in [8] and [9]. Specifically, [8] presents a comparative 

analysis of reflection losses between circular and hexagonal 

geometries, while [9] investigates the oblique incidence 

behavior of circular-shaped unit cells. 

Several structures have been designed and demonstrated 

to manipulate electromagnetic waves using PIN or varactor 

diodes, as reported in [10]–[14]. A binary tunable design in 

[10] features a rectangular patch serving as a reflector and a 

parasitic strip with a single PIN diode, enabling tunable 
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resonance between two states: 0 and π. Similarly, [11] 

presents a microwave structure incorporating a PIN diode to 

achieve binary switching between the same two states. In 

[12], a varactor diode is integrated into a rectangular patch 

with two gaps, each hosting a varactor diode to control both 

the amplitude and phase of the reflected signal. The design 

in [13] introduces a reconfigurable intelligent surface (RIS) 

composed of two D-shaped patches connected by a varactor 

diode. Furthermore, [14] demonstrates a dual-band RIS 

using a PIN diode operating at 5.8 GHz and 7.3 GHz, with 

each unit cell incorporating an integrated RF choke to 

minimize losses. However, none of these referenced works 

report on the effects or performance of rotating structures. 

This paper presents a performance comparison between 

symmetrical and unsymmetrical structures in terms of the 

multiband response of both unit cells and macrocells. The 

symmetrical structure is represented by the multi-ring 

resonator, while the unsymmetrical structure is realized 

using split-ring resonators (SRRs). A key objective is to 

evaluate whether the rotation of these structures impacts the 

performance of multiband reflective metasurfaces in real 

environments.  

II. DESIGN CONCEPT 

The proposed design consists of two configurations 

implemented on the top layer, as illustrated in Fig. 1. The 

first configuration features a symmetrical structure 

composed of multiple ring resonators (Fig. 1a and 1c), while 

the second employs an unsymmetrical structure comprising 

multiple split-ring resonators (SRRs) (Fig. 1b and 1d). Both 

configurations are designed on F4BMX220 substrate with a 

thickness of 1.5 mm, a dielectric constant of 2.2, and a loss 

tangent of 0.001. A full ground plane is incorporated on the 

bottom layer of the substrate to ensure effective signal 

reflection. The targeted resonance frequencies for both 

structures are 8, 10, and 12 GHz. 

The first proposed design, which incorporates multi-ring 

resonators, employs the following equations to determine 

the physical dimensions of each ring [15], [16]: 

For , 

(1) 

 (2) 

 (3) 

where fo is the resonance frequency, re is the effective 

dielectric constant, wr is the width of the ring, h is the 

substrate height, and R is the ring radius. 

The second proposed design, which consists of multiple 

split-ring resonators (SRRs), uses the following equations to 

determine the physical dimensions of each ring [17]: 

 (4) 

 (5) 

 (5.a) 

 (6) 

 (6.a) 

 (6.b) 

where fr is the resonance frequency, R is the radius of the 

SRR, L is the inductance of the resonator, CT is total 

capacitance resulting from the parallel combination of the 

gap capacitance (Cgap) and the capacitance surface (Csurface), 

and gap is the gap width in the resonator. 

 

 
(a) 

  
(b) 

 
(c) 

 
(d) 

Fig. 1.  Proposed design of a multiband reflective metasurface at the 0° 

structural position: (a) symmetrical structure, (b) unsymmetrical structure, 
(c) dimensions of the symmetrical structure, and (d) dimensions of the 

unsymmetrical structure. 

 

The optimized dimensions of both structures, as presented 

in Table I, were obtained through CST optimization to 
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achieve the optimal performance. The unsymmetrical 

structure, consisting of multiple SRRs, features a larger ring 

radius and width compared to the symmetrical structure. 

However, both structures occupy the same substrate area of 

11.43 x 11.43 mm² for one unit cell. 

 
TABLE I 

OPTIMIZED DIMENSIONS OF THE SYMMETRICAL AND UNSYMMETRICAL 

STRUCTURES 

 
 

Fig. 2 illustrates the equivalent circuit model of the 

reflective metasurface, which includes the free-space 

impedance (Z₀), the surface impedance (Zₛ), and the 

dielectric slab. The surface impedance (Zₛ) represents the 

impedance of the metasurface structure and can be 

calculated using the following equation, as presented in 

[13]: 

 (7) 

 (8) 

where  

 

 

Fig. 2. The equivalent circuit model of the reflective metasurface. 

III. RESULTS AND DISCUSSION 

The multi-SRRs with an unsymmetrical structure are 

designed to rotate, as illustrate in Fig. 3. In the 0 position, 

the gapis oriented horizontally, while in the 90 position, the 

gap is oriented vertically. In contrast, the multi-ring 

resonators, with a symmetrical structure, remain unaffected 

by rotation and perform identically in both the 0 and 90 

positions. 

The results present the S-parameters, reflection phase, and 

radiation pattern graphs for both proposed designs, as shown 

in Fig. 4 to 5. These results illustrate the comparative 

performance of the designs as their structures are rotated at 

0 and 90. 

 

 
Fig. 3.  Unsymmetrical structure at 0and 90. 

 

 
Fig. 4. S-Parameters and reflection phase of the symmetrical structure for 

rotating structures at 0 and 90.  

 

 
Fig. 5. S-Parameters and reflection phase of the unsymmetrical structure for 

rotating structures at 0 and 90. 

 

In the symmetrical structure, as shown in Fig. 4, the S11 

parameter exhibits three resonance frequencies for the 

rotating structures at 0 and 90, with slight shifts in both 

frequency and amplitude. The reflection phase for these 

angles shows a minor shift towards lower frequencies. 

However, the S21 value at all resonance frequencies 
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indicates that the signal cannot pass through the proposed 

design and is reflected back, resulting in an S21 value of 

zero. 

The unsymmetrical structure, shown in Fig. 5, 

demonstrates that the S11 parameter exhibits three resonance 

frequencies at 0° position, but no resonance frequency is 

observed at 90° position. Similarly, the reflection phase 

graph shows resonance frequencies at 8, 10, and 12 GHz at 

0° position, while these frequencies do not appear at 90° 

position. The S21 parameter remains at zero, indicating that 

incoming signals are reflected back. 

Using the equation (7) and (8), the surface impedance (Zs) 

for both structures at the 0 rotation is calculated as follows: 

−j0.946 Ω at 8 GHz, -j1.179  at 10 GHz, and -j1.419  at 

12 GHz. For the symmetrical structure at the 90 rotation, 

the Zs value has −j0.947 Ω at 8 GHz, -j1.184  at 10 GHz, 

and -j1.418  at 12 GHz, showing no significant change due 

to the symmetry of the structure. However, for the 

unsymmetrical structure at a 90° rotation, the Zs value 

cannot be calculated due to the lack of resonance at all 

frequencies. 

 

 
Fig. 6. Electromagnetic wave properties of the multiple-ring resonator 
structure (symmetrical structure). 

 

 
Fig. 7. Electromagnetic wave properties of the multiple-split ring resonator 

structure (unsymmetrical structure). 

Fig. 6 and 7 present the electromagnetic wave properties 

of both symmetrical and unsymmetrical structures, indicated 

by the intensities of the E-field, H-field, and surface current. 

In the symmetrical structure, shown in Fig. 6a, the E-field 

intensity is highest at the resonance frequency of 8 GHz, 

though it is distributed both above and below each ring 

depending on the resonance frequency. Meanwhile, the H-

field and surface current intensities, shown in Fig. 6b and 

6c, are strongest at the resonance frequency of 10 GHz due 

to the coupling among the rings. Additionally, the H-field 

intensity is observed on both the right and left sides of each 

ring at this resonance frequency.  

On the other hand, the E-field intensity is highest at 12 

GHz, as shown in Fig. 7a, with the intensity distributed both 

above and below each ring. The H-field intensity, shown in 

Fig. 7b, is highest at 10 GHz, with distribution on both the 

right and left sides of the ring due to the stronger coupling 

of the middle ring compared to the others. This behavior is 

similar to the surface current intensity, shown in Fig. 7c, 

where the surface current intensity is also highest at 10 GHz. 

Based on Fig. 7, the gap in the unsymmetrical structure 

contributes to the higher intensity of the E-field. 

 

 

 

 
Fig. 8. Radiation pattern for the symmetrical structure at each desired 

frequency when the structure is rotated to 0 and 90. 
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The full structure of the multiband reflective metasurface 

consists of 26 x 26-unit cells, covering an area of 297.18 x 

297.18 mm². The radiation pattern in Fig. 8 shows similar 

results for the symmetrical structure at both 0° and 90°, with 

RCS values of 24.3 dB(m²) at 8 GHz, 22.2 dB(m²) at 10 

GHz, and 24.7 dB(m²) at 12 GHz. In contrast, the radiation 

pattern of the unsymmetrical structure depicted in Fig. 9 and 

10 indicate that the RCS values for the 0° and 90° structural 

positions differ. 

 

 

 

 
Fig. 9. Radiation pattern for the unsymmetrical structure at each desired 

frequency when the structure is rotated to 0. 

 

At the normal position of the multi SRRs (0°), the RCS 

value reaches 23.4 dB(m²) at 8 GHz, 19.4 dB(m²) at 10 

GHz, and 24.7 dB(m²) at 12 GHz, as shown in Fig. 9. In 

contrast, when the structure is rotated to 90° as shown in 

Fig. 10, the RCS values are -28.8 dB(m²) at 8 GHz, 7.68 

dB(m²) at 10 GHz, and 18.2 dB(m²) at 12 GHz. This 

indicates that the structure does not achieve optimal 

performance when positioned away from 0°, due to the  

differences  in  structure orientation between 0° and 90°. In 

other words, the symmetrical structure with multi-ring 

resonators can be placed at any rotation angle in the real 

environments without reducing the performance of the 

multiband reflective metasurface. However, the 

asymmetrical structure with multi SRRs should be 

positioned at the 0° orientation in the real environments to 

achieve optimal performance. 

Based on Table II, the multi SRRs at the 0° position show 

a slightly better response in the S11 (reflection) value 

compared to the multi rings, particularly at the higher 

frequencies of 10 and 12 GHz. Both structures, multi rings 

and SRRs, exhibit a zero value for S21 at all desired 

frequencies, indicating that the incoming signal is reflected 

back due to the full ground plane at the back of both 

structures. The RCS value for both structures exceeds 20 

dB(m²), except at 10 GHz for the multi SRRs structure. 

The multi rings structure at the 90° position shows results 

similar to those at the 0° position. However, the multi SRRs 

structure at the 90° position does not perform well in terms 

of the S11 value due to structural changes. The RCS value at 

the 90° position for the multi SRRs is negative only at 8 

GHz and positive at 10 and 12 GHz, but overall 

performance is not satisfactory. 

 

 

 

 
Fig. 10. Radiation pattern for the unsymmetrical structure at each desired 

frequency when the structure is rotated to 90. 

 
TABLE II 

COMPARISON OF S-PARAMETERS, REFLECTION PHASE AND RCS BETWEEN 

SYMMETRICAL AND UNSYMMETRICAL STRUCTURES 
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Table III presents the bandwidth comparison between the 

symmetrical and unsymmetrical structures at the 0° and 90° 

positions. For the symmetrical structure, represented by 

multiple rings, the bandwidth values at 8 GHz and 10 GHz 

are nearly identical for both orientations, 0.613 GHz and 

0.24 GHz, respectively. At 12 GHz, the bandwidth differs 

slightly between the 0° and 90° positions: 0.267 GHz and 

0.29 GHz, respectively. For the unsymmetrical structure, 

represented by multiple SRRs, the bandwidth is considered 

only at the 0° position, yielding 0.613 GHz at 8 GHz, 0.19 

GHz at 10 GHz, and 0.29 GHz at 12 GHz. At 90 position, 

the bandwidth cannot be calculated due to no resonance 

frequencies. 

 
TABLE III 

BANDWIDTH COMPARISON BETWEEN SYMMETRICAL AND 

UNSYMMETRICAL STRUCTURES 

 
 

When comparing the bandwidths of the symmetrical and 

unsymmetrical structures at 10 GHz, the symmetrical 

structure exhibits a slightly wider bandwidth, with a 

difference of approximately 0.05 GHz. This difference is 

attributed to stronger coupling effects in the unsymmetrical 

structure, caused by the presence of gaps within and 

between the rings. 

IV. CONCLUSION 

The symmetrical and unsymmetrical structures were 

designed to operate at multiple frequencies: 8, 10, and 12 

GHz. The symmetrical structure employs multi-ring 

resonators, while the unsymmetrical structure uses multi-

split ring resonators (SRRs). Based on the results, both 

structures demonstrate good performance in terms of S11 and 

radar cross-section (RCS) values at the normal (0°) position, 

with S11 values above 0.79 and RCS values exceeding 20 

dB(m²) across all target frequencies. However, the 

performance of the multi-SRRs degrades significantly when 

the structure is rotated to 90°. Overall, the multi-ring 

resonators exhibit superior performance compared to the 

multi-SRRs, as their functionality remains consistent 

regardless of the orientation. 
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