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 Metamaterials possess the capability to enhance fifth-generation (5G) 
communication technology. This article proposes an innovative construction 

of a miniature metamaterial absorber (MMA) with a dramatically improved 

effective medium ratio (EMR) characterized by utilizing a multi-square 

split-ring resonator (MSSRR) MMA unit cell specifically designed for 
operation in the 5G sub-7 GHz and Sub-8 GHz frequency bands. The unit 

cell of the MMA is designed using a commercially available FR-4 material 

with εr=4.3, which is cost-effective. The proposed MMA achieves a 

remarkably high EMR of 9.83, indicating superior compactness and design 
efficiency. The MMA of interest operates with absorbance peaks of 

70.632%, 96.936%, and 79.930% within the frequencies of 3.554 GHz, 

4.940 GHz, and 8.335 GHz, respectively. Along with the absorption 

analysis, our examination also includes E-field, H-field, surface current, and 

power flow. The expected MMA has proven potential for application in 

some frequency bands related to 5G, released absorption signal, and specific 

absorption rate (SAR) assistance. 

Keywords: 

5G communication technology 

Effective medium ratio 

Miniature metamaterial 

absorber  

Multi-square split-ring 

resonator  

This is an open access article under the CC BY-SA license. 

 

Corresponding Author: 

Mohammad Jakir Hossain 

Department of Electrical and Electronic Engineering 

Dhaka University of Engineering and Technology (DUET) 

Gazipur, Bangladesh 

Email: jakir@duet.ac.bd 

 

 

1. INTRODUCTION 

Metamaterials are engineered materials that have unique electromagnetic properties. They are used 

in various applications such as energy harvesting, filtration, sensing, polarization conversion, invisibility 

cloaks, antenna design, and the creation of photonic devices. Metamaterials have the potential to improve 

fifth-generation (5G) communication technology and are becoming more common in the manufacturing of 

5G devices [1]. Currently, 5G communication is creating new development. The lower frequency bands are 

widely used for LTE/4G, and the even higher frequency millimeter-wave band is still a hot topic of research. 

5G communication [2] will use the midband, the sub-7 GHz spectrum. The FCC opened up new bands for 5G 

below 7 GHz and this frequency range was reserved and assigned by the Ministry of Industry and 

Information Technology (MIIT) of the PRC Some B41/N41 frequencies at 2.5/2.6 GHz; 3.7–3.98 GHz; 4.94-

4.99 GHz (licensed) All 5.9-7.1 GHz (Unlicensed) B41/N41 at 2.5/2.6 GHz; 3.3-3.6 GHz; 4.8–5 GHz [B1-3] 

This frequency was some recommended by researchers have been Note 40–100 MHz bandwidth [2]-[4]. 

Ideal handling is essential for an metamaterial absorber (MMA) in this range. Absorber's overall bands have 

been developed, or mostly some are not limited to where the absorption reached [5]. Pickle the type of 

devices in which random energy absorption influences their functions, broadband absorbers using 

https://creativecommons.org/licenses/by-sa/4.0/
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metamaterials [3], [6]. These absorbers operate at frequencies of 3.2-11 GHz and 2.2-5.83 GHz. The article 

suggests a broadband MMA at 7.18-8.8 GHz using a broadband sectional resonator [7]. One MMA with a 

mandarin line was reported to exhibit broadband in the line direction with the working frequency range of 

1.84–5.96 GHz [8], also are reported devices having similar expression based on PET substrate working in 

the bandwidth of 1.0 to 4.5 GHz [9]. Flexible origami-based microwave absorber with tunable absorption 

bandwidth from 3.4 to 18 GHz. Other patch designs have also been explored [10]-[14]. Yet, bigger sizes pose 

challenges to composite patch designs as the majority of MMAs operate with FR-4 substrates. Various 

pattern designs of metal rings have been presented and used for triple absorption bands. Where [12], [13] 

have utilized a pair of metal rings with copper coating at 3.36, 3.95, and 10.48 GHz and three metallic 

resonators at 3.95, 5.92, and 9.21 GHz. A double circular o-slot with different metallic resonators at 1.75, 

2.17, and 2.6 GHz and six concentric rings at 2.9, 4.18, and 9.25 GHz. The latter circular rings and inner 

Jerusalem crosses have been verified at 4.4 GHz, 6.05 GHz, and 13.9 GHz [12], [14]. For pure MMAs with 

high performance and large area characteristics, dual-band MMAs with only two bands are achieved, offering 

a narrow bandwidth. Notably, there are no dual-band MMAs that closely match this, but they do cover a gap 

in the sub-6 GHz unlicensed spectrum [15], [16]. Many papers have studied MMA with values ranging from 

2 to 9 GHz [3], [6], [10]-[17]. An effective medium ratio (EMR) value of ≥0.43 for statistical significance to 

allow for smaller MMA structural designs. A polarization-insensitive perfect absorber based on a near-zero 

index metamaterial (NZIM) with a swastika-shaped resonator on an FR4 substrate achieves near-unity 

absorption at multiple resonant frequencies across the C, X, and Ku bands [18]. A compact square-shaped 

metamaterial (SM) on FR-4 is proposed to reduce EM energy absorption in human head tissue from 5G 

exposure, aiming to minimize specific absorption rate (SAR) and validated through simulations and 

experiments [19]. Another wide-angle, polarization-insensitive MMA achieves over 90% absorption at seven 

microwave frequencies, demonstrating strong higher-order electric resonance with simulation and 

experimental support [20]. It maintains high absorption from 5.2 to 18.1 GHz, stable under oblique incidence 

for both TE and TM modes [21]. 

In this study, we have designed an MSSRR MMA for applications within the 5G sub-7 GHz and 

Sub-8 GHz frequency range. The unit cell is designed using a commercially used FR-4 substrate in the 

middle and copper (annealed) in the ground and patch with dimensions 8.6 mm×8.6 mm×1.6 mm. At a 

frequency of 3.554 GHz, the absorption is 70.63%. At 4.940 GHz, the absorption significantly increases to 

96.94%, indicating the highest absorption efficiency, and at 8.335 GHz, its absorption is 79.93%. 

 

 

2. MATERIALS AND METHODS 

2.1.  Impedance matching and effective medium theory 

Impedance matching in metamaterials ensures that the structure’s input impedance closely matches 

the impedance of free space (Z0≈377 Ω), minimizing reflection at the interface. When matched, more incident 

electromagnetic energy enters and is absorbed by the metamaterial, enhancing its performance. 

 

Z(𝜔) = √
𝜇𝑒𝑓𝑓(𝜔)

𝜀𝑒𝑓𝑓(𝜔
 (1) 

 

When Z(ω)≈Z0, the reflection coefficient S11 tends to zero, which enhances absorption. Effective medium 

theory (EMT) models a metamaterial as a uniform medium by averaging its microscopic structure to 

determine effective parameters such as permittivity and permeability. This method aids in understanding and 

forecasting the overall electromagnetic response of intricate metamaterial designs. From S-parameters 

(reflection S11, transmission S21), effective parameters can be extracted using retrieval techniques like 

Nicolson–Ross–Weir (NRW). 

 

𝜂 = 
1

𝑘𝑑
 cos-1 [ 

1− 𝑆11
2 + 𝑆21

2

2𝑆21
 ] (2) 

 

Where 𝜂 is the refractive index and d is the thickness. 

 

2.2.  Absorber design and simulation setup 

A set of three metal-dielectric-metal MMA layers is proposed in Figure 1. The MMA patch and 

grounded layer were designed using copper. For comparison, the dielectric substrate material used in this 

contribution was FR4 material (εr=4.3, tan δ=0.025). The unit cell patch is designed based on four 

complementary squares with embedded phi and T arms. The substrate material of interest is 8.6×8.6×1.6 

mm³ in physical dimension, and its copper layer is 0.035 mm thick. Where L1=4 mm, w1=4 mm, t=0.5 mm, 

g=0.4 mm, g1=0.2 mm, L2=3.3 mm, W2=3.3 mm, L3=2.6 mm, W3=2.6 mm, L4=1.9 mm, W4=1.9 mm, L5=2.4 



                ISSN: 2502-4752 

Indonesian J Elec Eng & Comp Sci, Vol. 40, No. 3, December 2025: 1368-1376 

1370 

mm, W5=1.2 mm and g2=0.25 mm. The unit cell is positioned between positive and negative waveguide port 

directions, with PEC and PMC boundaries applied along the X- and Y-axes, respectively. The MMA design 

uses scattering parameters and a surface-based tetrahedral meshing approach. A schematic illustration of the 

proposed metamaterial unit cell structure shown in Figure 1(a) and its boundary conditions and wave ports is 

shown in Figure 1(b).  

 

 

  
(a) (b) 

 

Figure 1. Three-layer metamaterial absorber configuration for 5G application (a) front view with different 

dimensions and (b) simulation setup with boundary conditions 

 

 

A frequency domain solver with 1,001 samples from 2–9 GHz was employed with the parameters 

shown in Figure 2. The S-parameters are shown in Figure 2(a). Initially tested in CST, the final simulations 

were conducted in high-frequency structure simulator (HFSS), which uses finite element method (FEM), 

unlike CST’s finite integration technique (FIT). As shown in Figure 2(b), S11 values from both tools are 

closely matched: CST and HFSS show −10.64 dB at 3.554 GHz and −10.66 dB at 3.414 GHz, respectively. 

HFSS records −22.27 dB at 4.835 GHz, while CST gives −30.27 dB at 4.940 GHz. At higher frequencies, 

CST shows −13.95 dB at 8.335 GHz and HFSS −16.80 dB at 8.314 GHz. These close correlations confirm 

that both simulation platforms validate the unit cell design effectively.  

 

 

  
(a) (b) 

 

Figure 2. The EM performance of the proposed design (a) simulated S-parameters and (b) S11 obtained from 

CST and HFSS 

 

 

The absorption characteristic of the proposed MMA is determined via (3) as mentioned [22]. 

 

A = 1- 𝑆11
2  - 𝑆21

2  (3) 
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Where S21 is the transmission coefficient and S11 is the reflection coefficient. The conductivity of the copper 

ground: σ=5.8×107 S/m, and the ground is also copper. The other parameters applied to the project are for 

the copper, generally used for electrical and electronic applications, the skin depth of the electromagnetic 

wave is 0.0105 millimeters. Then it makes perfect sense to assume the EM wave would be obstructed in the 

0.035 mm-thick ground layer, so S21=0. Thus, express the absorption as (4). 

 

𝐴 = 1 −  𝑆11
2  (4) 

 

2.3.  Absorber design procedure 

The design step and their corresponding absorption is shown in Figure 3. The final design is 

achieved through a series of structural modifications. Design 1 and Design 2 both include a pie-shaped 

element combined with a split square ring, while Design 2 also incorporates an inverted T-shape. To develop 

the final design, the pie and inverted T elements were combined, and multiple split square rings were added 

incrementally, as illustrated in Figure 3(a). The absorption characteristics of the various design stages are 

shown in Figure 3(b). Design 1 attains a maximum absorption of 56% with a single resonance point at  

6.690 GHz. Design 2, with a single resonance at 7.271 GHz, reached 74.07%, and Design 3, with a single 

resonance at 6.858 GHz, reached 57.98%. The absorption efficiency increases as the designs advance. With 

two resonance points, designs 4 and 5 exhibit higher absorption rates, 84.64% at 7.740 GHz achieves 78.62% 

at 5.045 GHz. The highest absorption rate of 96.94% is shown by the final design, which has three resonance 

points at 3.554 GHz, 4.940 GHz, and 8.335 GHz with absorption 70.63%, 96.94%, and 79.93%, respectively. 

 

 

  
(a) (b) 

 

Figure 3. Evaluation of the (a) design structure and (b) absorption in metamaterial absorber for 5G 

application 

 

 

3. RESULTS ANALYSIS AND DISCUSSION 

3.1.  Parametric results 

This section presents a parametric study analyzing the impact of substrate material and thickness on 

absorber performance. The results underscore the importance of selecting optimal substrate properties to 

enhance absorption and achieve peak performance across target frequency ranges. 

 

3.1.1. Effect of substrate materials and thickness 

The effect of substrate materials and substrate thickness on absorption was analyzed, considering 

their electrical and mechanical properties shown in Figure 4. As shown in Figure 4(a), FR-4 delivered the 

best performance with 96.94% absorption at 4.940 GHz and three resonance points. Rogers RT5880 

performed well at lower frequencies, with 55.16% at 2.784 GHz, while porcelain and quartz showed 

moderate absorptions of 53.81% at 3.050 GHz and 49.10% at 3.743 GHz, respectively, highlighting the 

importance of material selection. Substrate thickness was also evaluated at 1.50 mm, 1.60 mm, and 1.70 mm, 

each showing three resonances. The 1.60 mm thickness achieved the highest absorption of 96.94% at  

4.940 GHz, followed by 94.94% at 4.926 GHz (1.70 mm) and 92.39% at 4.954 GHz (1.50 mm), as illustrated 

in Figure 4(b). Thus, 1.60 mm was identified as the optimal thickness, offering the best balance between peak 

frequency and absorption. These results emphasize the crucial role of both substrate material and thickness in 

absorber optimization. 
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(a) (b) 

 

Figure 4. Absorption for different (a) substrate materials and (b) substrate thicknesses 
 

 

3.1.2. Effect of array structures and structural dimensions 

The impact of array configurations and size on absorber performance was systematically examined 

in Figure 5. Each topology influenced resonance and wave interactions due to unique geometries. As shown 

in Figure 5(a), the compact 1:2 array yielded the highest absorption of 97.06% at 4.894 GHz with four 

resonances centered at 4.898 GHz. The 2:2 and 3:3 arrays also performed well, peaking at 95.82% (4.842 

GHz) and 94.00% (4.723 GHz), respectively, confirming design robustness. The effect of physical 

dimensions was also assessed, revealing a trade-off between size and performance. Larger absorbers offered 

broader bandwidth but are less suitable for compact systems, while smaller ones, though more efficient at 

target frequencies, may suffer bandwidth reduction and impedance mismatch. As seen in Figure 5(b), the  

8.6 mm×8.6 mm design achieved 96.94% absorption at 4.940 GHz, outperforming the 8 mm×8 mm (74.52% 

at 4.737 GHz) and 9.2 mm×9.2 mm (93.74% at 5.038 GHz) configurations. These results highlight the need 

to balance size and performance based on application needs. 
 

 

  
(a) (b) 

 

Figure 5. Absorption analysis for various (a) arrays and (b) structural dimensions 
 

 

3.2.  Electric field, magnetic field, surface current, and power flow 

The absorption behavior is clarified through surface current, E-field, H-field, and power flow 

analysis shown in Figure 6. At 4.94 GHz shown in Figure 6(a), the inner ring current circulates clockwise, 

while the outer ring segments show mixed current orientations. The left, upper, and lower outer segments 

exhibit anticlockwise current flow, whereas the right-side segments (both upper and lower) circulate 

clockwise. This creates an anti-parallel current configuration along the right arm, indicating strong magnetic 

coupling and field cancellation in that region. The relationship between the surface distributions of current, 

electric field, and magnetic field can be explored through Maxwell’s (5) and (6) [23], [24]. In (5) represents 

Faraday’s law of electromagnetic induction, while (6) corresponds to the modified Ampere’s law, involving 

the displacement current term ∂D/∂t. We can see the relation between the E and H vectors in (7) and (8). 
 

∇ × E =-∂B/∂t (5) 

 

2 3 4 5 6 7 8 9
0

10

20

30

40

50

60

70

80

90

100

A
b

so
rp

ti
o
n

 (
%

)

Frequency (GHz)

 Porcelain

 Quartz

 Rogers RT5880

 FR-4

2 3 4 5 6 7 8 9
0

10

20

30

40

50

60

70

80

90

100

A
b

so
rp

ti
on

 (
%

)

Frequency / GHz

 1:2 array

 2:2 array

 3:3 array

2 3 4 5 6 7 8 9
0

10

20

30

40

50

60

70

80

90

100

A
b

so
rp

ti
on

 (
%

)

Frequency / GHz

 8 mm ´ 8 mm

 8.6 mm ´ 8.6 mm

 9.2 mm ´ 9.2 mm



Indonesian J Elec Eng & Comp Sci  ISSN: 2502-4752  

 

Effective medium ratio obeying metamaterial absorber for 5G … (Mohammad Jakir Hossain) 

1373 

∇ × H = J + ∂D/∂t (6) 

D(t) = ε(t) × E(t) (7) 
 

B(t) = µ(t) × H(t) (8) 
 

The electric flux density is denoted by D, ε, and µ represent the permittivity and permeability, 

respectively. By considering the time dependence e-jωt and substituting the time derivative jω into (9) and 

(10), Maxwell's equations can be rewritten as.  
 

∇ × E = -jωµH (9) 
 

∇ × H = jωεE (10) 
 

In Figure 6(b) at 4.94 GHz, the electric field (E-field) is strongly concentrated along the inner and 

outer ring edges, especially at the gaps, indicating intense capacitive coupling. The high field regions (in red) 

suggest strong resonance and energy confinement within the metamaterial structure. So the absorption at this 

frequency is highest (96.936%). The magnetic field intensity showed in Figure 6(c) is mainly concentrated in 

the central region of the structure, with stronger values (red) extending upward and weaker fields (green to 

blue) near the bottom. This gradient distribution indicates a strong magnetic dipole formation along the 

vertical axis. The field confinement near the center suggests efficient magnetic resonance at 4.94 GHz. Power 

loss analysis in Figure 6(d) shows absorption is dominated by resonator structures, with metallic losses 

prevailing at sub-GHz due to FR-4's tan δ = 0.025. These combined field interactions validate the triple-

resonance absorption behavior across the observed frequencies. 
 

 

  
(a) 

 

(b) 

  
(c) (d) 

 

Figure 6. The analysis of: (a) surface current flow, (b) electric field distribution, (c) magnetic field 

distribution, and (d) power flow at resonance frequency 4.94 GHz 
 

 

Multiple comparison is shown in Table 1 with the proposed absorber. The proposed metamaterial 

absorber exhibits superior compactness, with dimensions of 8.6×8.6×1.6 mm³, which is significantly smaller 

than most referenced designs, while maintaining a high peak absorption of 96.94% at 4.94 GHz. Using a low-

cost FR-4 substrate, it achieves the highest EMR of 9.83, indicating excellent miniaturization without 

compromising performance. Compared to other absorbers with larger sizes and similar or lower absorption 
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rates, this design effectively balances size, absorption efficiency, and substrate cost, making it a promising 

candidate for practical 5G applications. Future work may involve tunable materials and conformal applications 

to expand utility. Overall, the MMA is a viable, low-cost solution for advanced 5G system integration. 
 

 

Table 1. Comparison among previous configurations and proposed configurations 

 

 

4. CONCLUSION 

This paper proposes a new miniaturized metamaterial absorber MMA with ultra-thin thickness, 

EMR 9.83, using the well-known MSSRR. Since MMA can be used for 5G applications in the sub-7 GHz 

and sub-8 GHz frequency range, the MMA exhibits high absorption efficiency corresponding with the 

resonance frequencies 70.63% at 3.554 GHz, 96.94% at 4.940 GHz, and 79.93% at 8.335 GHz. Its small 

dimension and design on an FR-4 substrate also make it more applicable in real life. The simulation results 

of CST and HFSS software are matched well, which demonstrates that the MMA is viable to absorb the 

signal and decrease the SAR. Therefore, the proposed MMA offers a high-performance, low-cost, and 

compact solution for integration into modern 5G systems with promising scope for further enhancement and 

practical deployment. 
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Reference Dimension (mm3) Substrate material Peak frequency (GHz) Peak absorption (%) EMR 

[3] 40×20×6.25 PET-PDMS-PET 3.2-11 80.00% 2.34 

[6] 40×40×11 PET-PDMS-PET 2.2-5.83 80.00% 3.40 

[12] 33.5 × 33.5 × 6 Neoprene rubber 1.75 96.91% 5.11 

[14] 13.8 × 13.8 × 1 FR-4 4.4, 6.05, 13.9 97.00% 4.94 

[25] 10 × 10 × 0.8 FR-4 5.92 94.50% 7.59 

[26] 32.4 × 34 × 0.1 PET 1-4.5 90.00% 8.82 

Proposed 8.6 × 8.6 × 1.6 FR-4 4.940 96.94% 9.83 
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