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Abstract 

 
This work introduces a novel design of a compact broadband metamaterial (MM) absorber with polarization-

insensitive, wide-angle reception for ambient electromagnetic (EM) power harvesting applications. The proposed MM 

unit cell consists of two layers of low-cost FR-4 substrate. The top layer contains a resonator structure and four lumped 

resistors. A copper sheet, serving as a ground plane, is placed on the backside of the bottom layer to reduce transmission 

losses. The top and bottom layers are separated by a thin air layer to enhance absorption at operational frequencies. The 

overall size of the MM unit cell is 12×12×4.57 mm³, with measurements of 0.16λ₀×0.16λ₀×0.06λ₀ at the lowest frequency 

in the absorption spectrum. The unit cell’s input impedance is carefully engineered to align with that of free space, an 

approach facilitating efficient EM power absorption and suitable redirection to resistive loads. The absorber’s 

performance is assessed for different polarization and incident angles for transverse electric (TE) and transverse magnetic 

(TM) modes. The simulation results indicate that the introduced absorber attains broadband absorption, surpassing 90% 

in the frequency range of 4 GHz to 7 GHz. Moreover, the MM unit cell achieves harvesting efficiency above 80% under 

normal incidence and continues to exhibit outstanding performance over different incidence angles for the TE and TM 

modes. This study substantially improves MM-based energy harvesting through integrating wide-angle reception, high-

absorption broadband, compact size, and polarization insensitivity, which make it an ideal option for supplying energy to 

wireless sensor networks.   

 

Keywords: Broadband; Metamaterial absorber; Polarization-insensitive; RF electromagnetic energy harvesting; Wide-

angle reception; Wireless sensor network (WSN) 

 

1. Introduction 
 

Wireless communications (WCs) have become 

more critical, play a vital role in modern technology, 

and dramatically change how humans connect or 

interact with their surroundings. Technological 

advancements in WCs have been driven by wireless 

sensor networks (WSN)s. They have remarkably 

eased the integration of WCs across various areas of 

our daily existence [1]. Nowadays, WSNs are 

applied in various environmental, health 

monitoring, industrial, N-park monitoring, and 

security sectors.  WSNs hold high potential for use 

in healthcare, where sensor nodes embedded in 

wearable and implantable devices can be used to 

track vital signs, including blood pressure, oxygen 

saturation, heart pulses, and electrocardiogram 

readings, in at-risk persons [2]. Sensor networks are 

increasingly helpful for the industrial branch and 

facilitate gathering of data regarding machinery, 

processes, and human–machine interaction. In 

addition, the simplicity of WSN deployment in 

industrial environments has contributed to 

simplifying factory infrastructure and improving 

reliability to achieve smart manufacturing and 

sustainability, which are emerging as crucial 

elements of the fourth industrial revolution 
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(Industry 4.0) [3]. WSNs should be self-sufficient, 

maintain continuous functionality, and necessitate 

less maintenance, which may be expensive and 

cumbersome. Consequently, a substantial demand 

exists for sustainable sources of power to improve 

energy efficiency in WSNs. Great advancements 

and enhancements in low-power devices, protocols 

of communications, software, and compact 

electronic devices help boost the expected lifespan 

and energy efficiency in sensor nodes. However, 

energy supply is still a major problem due to 

continued dependence on conventional batteries [4]. 

Electronic devices powered by traditional batteries 

typically require recharging or replacement, which 

presents restrictions associated with safety and 

environmental considerations [5]. Thus, researchers 

are motivated to look for new ways to generate 

adequate power to keep electronic devices operating 

continuously [6].  

In the last years, researchers and scientists have 

explored energy harvesting approach as a viable 

solution to avoid challenges related to batteries and 

to enable sustainability. Energy harvesting denotes 

the collection and storage of ambient energy from 

outside sources, such as thermal energy from 

mechanical loads, solar energy from light, kinetic 

energy derived vibrations, and electromagnetic 

(EM) energy from radio frequency (RF) waves. 

Energy harvesting techniques utilize a specific 

source depending on the application-specific energy 

requirements and environmental conditions [7]. 

Radio frequency energy harvesting (RFEH) is 

highly attractive for low-power electronic devices 

and WSNs due to their availability in indoor 

environments [8]. RFEH refers to gathering incident 

EM wave energy from ambient sources and 

converting it into electrical energy. Ambient 

sources can be provided by multiple RF 

broadcasting infrastructures such as Wi-Fi and 

GSM networks. Moreover, 5G technology is 

coming with widespread deployment for low-power 

devices, such as Internet of Things (IoT) devices 

and sensors facilitate the explosive expansion of 

wireless networks, base stations of mobile 

communication, and other radio transmission 

equipment that are surrounded by rich EM energy 

[9],  which means providing abundant RF energy in 

the surrounding environments.  

The primary device for harvesting RF energy in 

an RFEH system is the rectifier antenna (rectenna) 

that captures EM waves by using a receiving 

antenna and converts the absorbed power to DC 

current by using a rectifier.  The antenna is the main 

device for maximizing power harvesting. The 

traditional antennas used in energy harvesting have 

some constraints, such as low efficiency and large 

size [10], [11]. In addition, the energy harvested by 

a single antenna is minimal. Thus, the antenna array 

approach is recommended in numerous research to 

receive large amounts of power [12]. At the same 

time, the conventional receiving antenna arrays are 

constrained by their substantial dimensions, the 

spacing between array elements, and poor 

conversion efficiency resulting from mutual 

coupling among the array components [13]. By 

contrast, metasurface (MS) structures have arisen as 

a potential alternative to traditional rectennas. MS is 

a 2D  MM structure that offers remarkable benefits, 

such as minimizing the overall collector 

dimensions, increasing the amount of power 

generation, and enhancing efficiency at the initial 

stage of RF to AC power [14]. 

MMs can be described as artificial structures 

with unique EM properties not found in natural 

materials, such as negative permeability, 

permittivity, and refractive index [15]. Due to the 

superior properties of MMs, they are used in various 

applications, such as antenna design, invisibility 

cloaking, wireless power transfer (WPT), super 

lenses, energy harvesting, and particularly perfect 

absorption of EM waves. The MM perfect absorber 

is considered one of the basic applications of MMs 

and was shown first by Landy [16], which proved 

the ability of the MM structure to absorb EM waves 

with near-unity absorbance and minimal reflection, 

transmission, and scattering. MM absorbers are thin 

structures with subwavelength dimensions. Due to 

the MM structures’ high flexibility and light weight, 

they are simple to integrate into current electronic 

devices and systems. Consequently, these absorbers 

can be customized to suit the demands of  specific 

applications [17]. The unique properties of MM 

absorbers are being used in many various 

applications. For example, MM absorbers have 

been utilized in the sensing field to develop 

extremely sensitive sensors that can detect the 

smallest changes in different environments [18]. In 

radar applications, they can absorb EM waves in 

Ku-band wavelength region and make items 

unidentifiable to military radar platforms [19]. In 

RFEH, these EM absorbers are also used to collect 

and transform EM energy into electrical energy 

[20]. MM absorber structures consist of an array of 

minute electrical resonators, including split ring res

onators (SRR) [21], complementary split ring 

resonators (CSRR) [22], and electric-inductive-

capacitive resonators (ELC) [23]. These structures 

work according to the EM resonance principle. At 

particular frequencies, they are allowed to absorb 

EM power by successfully coupling to the incoming 

EM wave. Furthermore, to obtain perfect 

absorption, the effective permeability and 
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permittivity of the material can be modified so that 

the impedance of the input will perfectly match the 

free space. MM harvesters and absorbers are built 

with the idea of perfect absorption and have great 

differences. Nearly all absorbed power is lost inside 

the structure as either dielectric or ohmic losses and 

appears as the heat in the functionality of 

absorption, while in harvesting functionality, the 

absorbed power by the resonators channeled to the 

rectifier circuit [24]. In MM harvester procedure, 

the input impedance of the rectifier is modeled by 

the resistive load, and it must be properly matched 

to the impedance of free space to attain greater RF-

DC efficiency [25]. 

 

 

2. Related Work 
 

Several studies in the scientific literature have 

investigated different MM absorber unit cells for 

RFEH, including single band [26], [13], dual band  

[27], [28], triple band [22], [29], multiband [30], 

and wide band [31]. MM harvesters have two 

essential characteristics that play a vital role in 

enhancing overall efficiency, namely, wide-angle 

reception and polarization insensitive (polarization 

independent) to incident waves [32]. According to 

these characteristics, numerous types of MM 

harvesters have been produced to enhance their 

applicability, involving multipolarization [33] [34], 

and wide incident angle and polarization 

insensitivity [35] [36]. 

 Recently, researchers on MM absorbers have 

been focusing on creating unit cell structures with a 

broad absorption bandwidth across the EM 

spectrum due to the growing need for real world 

application. The main benefit of broadband MM 

absorbers that make them useful in RFEH is their 

capacity to absorb EM waves [37]. To expand the 

absorption range of the frequencies, complex 

structures have been employed in the construction 

of MMs unit cells. These methods utilized 

multilayer arranged structures and multiple metallic 

resonant structures [38]. However, these strategies 

have produced certain disadvantages, including 

increased overall thickness, issues in assembly, and 

the potential for separate absorption bands [39]. An 

additional technique for producing broadband MM 

absorber is using special materials, such as resistive 

film [40] and doped silicon materials [41]. These 

methods have produced certain problems, such as 

complex fabrication and high cost. An alternate 

approach to achieving a broad absorption range is 

using MM absorbers with electrical lumped 

resistors inserted between the upper metallic layer 

splits. These resistors introduce additional ohmic 

losses on the surface of the metallic layer. However, 

these resistors might not be enough to achieve broad 

absorption bandwidth. However, this difficulty can 

be addressed by constructing the absorber with a 

rubber or resilient foam layer (air gap) located 

between the ground plan and substrate. In [39], a 

wideband MM absorber was introduced with four 

lumped elements (resistors) to enhance the 

absorptivity and air layer insert between the FR4 

substrate and ground plane to increase absorption 

bandwidth. The proposed design achieves 90% 

absorption rate through broad range of frequencies 

between 1.94 and 2.98 GHz with polarization-

insensitive, wide-angle reception for the transverse 

electric (TE) and transverse magnetic (TM) phases. 

In [42], the authors proposed a broadband MM 

absorber utilizing a split circular ring configuration 

with four lumped resistors and one layer from 

metal–dielectric–metal for X-band applications. 

The proposed design achieves 90% absorption rate 

through a broad range of frequencies between 7.8 

and 12.6 GHz under normal incidence with 

polarization-insensitive, wide-angle reception up to 

30° for TE and TM polarization. In [43], square split 

ring resonator and four lumped resistors possessing 

identical resistance values of 560 Ω welded on the 

resonator with an air layer of 12 mm thickness was 

proposed for RFEH and WPT. The introduced 

design achieves 90% absorption rate through broad 

range of frequencies between 1.89 and 6.85 GHz 

with polarization insensitivity and wide-angle 

reception. The authors in [15] introduced a structure 

that achieves 90% EM absorption rate through wide 

range of frequencies between 12.3 and 14.8 GHz. 

The unit cell consists of 10 split rings separated into 

four segments; each segment has a metallic bar 

connecting the rings from one side. The proposed 

design exhibits polarization-insensitive properties 

for the TE and TM modes and achieves a high 

absorption ratio at an incident angle of up to 45°. In 

[44], the authors proposed an MS absorber for 

RFEH consisting of a square loop ring resonator 

formed by two L-shaped diagonally arranged and 

two smaller symmetrical L-shaped patches that 

work as tuning parts. The proposed design achieves 

99% absorption rate through a broad range of 

frequencies between 6.7 and 8.25 GHz over 

multiple resistive load values between 100 and 500 

Ω. The absorption bandwidth changes for different 

polarization angles, which can be the main problem 

in this structure.  

Numerous studies have investigated MM 

absorber-based energy harvesting. However, their 

designs in this field have considerable drawbacks 

including large MM structures with high thickness; 
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this render them inappropriate for applications, 

where weight and size are crucial, especially in IoT 

networks, WSNs, and low-power electronic 

devices. Moreover, many exciting designs are 

restricted to a limited number of absorption 

frequency bands, which further diminishes the 

ability to capture energy from a wider spectrum of 

EM waves. In addition, many designs from past 

studies are sensitive to polarization, while some do 

not have wide-angle reception. 

This paper introduces a compact, small- 

thickness, broadband, polarization-insensitive, and 

wide-angle reception MM absorber-based energy 

harvester. The proposed structure contains four 

lumped resistors integrated in a cross shape on the 

top side and a metal sheet on the bottom side with 

two FR4 substrates separated by an air layer. The 

simulation result indicates that the proposed 

absorber achieves an absorptivity of approximately 

90% within the broad frequency range of 4 to 7 GHz 

with unit cell size of 12×12×4.57 mm³. Moreover, 

the introduced design has a maximum harvesting 

efficiency equal to 92.15% at normal incident angle. 

Surface current distribution, electric field, and 

magnetic field are investigated to understand the 

absorption. Absorption and harvesting efficiency 

for different polarization and reception angles are 

numerically verified for TE and TM polarization. 

This harvester exceeds prior designs in several 

crucial areas, which 

makes it very adaptable for real applications. 

 

 

3. Unit Cell Design 
 

The unit cell structure was designed and 

simulated using CST Studio Suite software, an 

efficient tool for simulating and designing EM 

components. The proposed MM unit cell consists of 

three dielectric layers, namely, top (FR4), middle 

(air), and bottom (FR4), as depicted in Figures 1a 

and 1b. The top dielectric layer of the unit cell 

incorporates four curves connected to one another 

by lumped resistors to construct the outer ring 

resonator while constructing the inner resonator 

with same outer resonator curves with four triangles 

instead of lumped elements; these triangles 

connected by cross-shaped patch have small slits, as 

shown in Figure 1c. The resonators are placed at 45° 

relative to the substrate to improve the interaction 

between the magnetic and electric field 

components, which would expand the bandwidth. In 

addition, the distance between the outer and inner 

resonators is very small (0.6 mm) to enhance 

coupling. An air layer is positioned between two 

dielectric substrates to achieve broadband with 

greater absorption capacity and higher harvesting 

efficiency. The bottom dielectric layer is covered 

with a metal sheet on the back side to construct the 

ground plan, as shown in Figure 1d. Annealed 

copper with a large conductivity (5.8×10⁷ S/m) and 

small thickness (0.035 mm) is used to create the 

resonators and ground plan. A 1.5 mm thick FR4 

dielectric material is used as a substrate at the top 

and bottom layers with a 4.3 dielectric constant (ϵᵣ) 

and 0.0025 loss tangent (tan δ). Table 1 presents the 

optimized unit cell structure dimensions. 

 

 
 
Fig. 1. Unit cell MM absorber: (a) 3D view, (b) side 

view, (c) Top view, and (d) Bottom view 

 

 

The reflection coefficient (S₁₁)  of the MM unit 

cell is shown in Figure 2. The structure produces 

reflectance below −10 dB from approximately 4 to 

7 GHz at normal incidence with a relative 

bandwidth of a 75%. Therefore, the proposed MM 

absorber exhibits optimal performance between 

these frequencies with minimal reflection of 

incoming EM waves in free space. 

 
Table 1, 

Optimum dimensions of the unit cell 
 

Parameter Dimension 

(mm) 

parameter Dimension 

(mm) 

W 

L 

C 

D 

G 

P1 

P2 

12 

12 

0.4 

0.6 

1.8 

2.5 

1 

T1 

T2 

S1 

S2 

M 

t 

h 

3.17 

1.22 

0.3 

2.25 

5.3 

0.035 

1.5 
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Fig. 2. Simulated reflection coefficient (𝐒₁₁) of the 

proposed MM absorber 

 

 

The proposed design of the top-layer resonator 

structure underwent a parametric study to obtain the 

desired resonance characteristics at the required 

frequencies and improve the EM wave absorption, 

an approach boosting energy harvesting. This 

analysis provided a systematic evaluation and 

optimization of the MM unit cell parameters. As 

shown in Figure 3a, four designs of unit cell 

resonator were evaluated, and the reflection 

coefficients of these designs were examined, as 

depicted in Figure 3b. Design 1 is composed of four 

curves connected by four lumped resistors with the 

same value (100 Ω) to form the ring resonator. The 

reflection coefficient of Design 1 refers to 

resonance frequency at 4.1 GHz with a poor 

amplitude of −9.76 dB. This outcome means that the 

absorption does not reach 90% at any point on the 

selected spectrum. In Design 2, four curves 

connected with four triangles are added inside the 

resonator from Design 1 to consist of closed ring 

resonators (CRRs). The reflection coefficient of 

design 2 has a large bandwidth between 3.91 and 6 

GHz above −10 dB value (absorptivity more than 

90%). This increase in the absorption bandwidth  is 

due to highly stored energy between the two rings. 

Design 3 involves inserting a cross-shaped patch 

between the triangles of the inner ring. The 

reflection coefficient of Design 3 increases 

absorption bandwidth to cover broadband between 

4 and 7 GHz. This design increases absorption 

bandwidth because a second resonance frequency is 

observed at 6.37 GHz in addition to the first 

resonance frequency at 4.64 GHz. The 

superposition method of resonance frequencies can 

explain the expansion of absorption bandwidth. 

This technique combines different resonance peaks 

or modes that are dissimilar but have the same order 

[17]. The final design (proposed) is the same last 

design but with the addition four small slits on 

cross-shaped patch. These slits with dimensions 

S1×S2 improve the reflection coefficient at the 

beginning of the absorption bandwidth. 

 

 
 

 
 

Fig. 3. (a) Parametric analysis of the proposed 

structure and (b) Simulated reflection coefficient 

(𝐒₁₁) in dB for various designs of the proposed 

structure 

 

 

4. Simulation Setup and Methodology 
 

Numerical simulations were performed utilizing 

CST Studio Suite software, which involves 3D full-

wave simulation. The periodic boundary conditions 

of the unit cell were applied in the X- and Y-axis 

directions to model the electric field and magnetic 

field of an infinite array, while open (add space) 

boundary was utilized in the +Z direction and the 

incident wave was applied along −Z by Floquet port 

for the TE and TM modes, as shown in Figure 4a. 

The unit cell was simulated in the transverse 

electromagnetic (TEM) mode by being placed 

between waveguides organized along the Z-axis in 

opposite directions. These waveguide ports were 

excited by an EM wave propagated along the Z-

axis, as shown in Figure 4b. Boundary conditions 

were established along the X- and Y-axis directions 
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to achieve perfect electric field (PEC) and perfect 

magnetic field (PMC). These procedures 

guaranteed precise evaluation and inspection of the 

MM absorber properties and behavior. The 

tetrahedral meshing method was utilized to make a 

mesh and perform simulation between 0 and 10 

GHz utilizing the frequency domain solver 

approach.  

Accurate identification of MM absorption 

characteristics is important for achieving optimal 

RFEH. Absorption is critical for the efficiency of 

these structures in collecting EM radiation and 

converting it into electrical power. MM structures 

can be optimized by carefully evaluating their 

performance. This exacting modification calibrates 

MM to receive energy from particular frequency 

bands. Therefore, reliable measurements of MM 

absorption are very important for exploiting these 

structures in energy harvesting. The absorptivity of 

unit cell regarding frequency can be calculated by 

the equation below:  

 

𝐴(𝑊) = 1 − |S₁₁(𝑊)|² − |S₂₁(𝑊)|²             …(1)                  

 

 
 

Fig. 4. Boundary condition setup during the simulation of unit cell in CST: (a) TE and TM modes, (b) TEM mode 

 

 

where |S₁₁(𝑊)| refers to the absolute value of the 

overall reflection coefficient, and 
|S₂₁(𝑊)| indicates the absolute value of the overall 

transmission coefficient. The absorptivity can be 

optimized to reach the maximum value by 

modifying the unit cell structure to reduce the 

transmission and reflection parameters at the 

resonance frequency. The full ground plan on the 

bottom layer helps achieve high absorption 

efficiency by reducing the transmit power to a very 

small value that may be considered zero. After that, 

the absorptivity in Equation (1) written as follows:  

 

𝐴(𝑊) = 1 − |S₁₁(𝑊)|²                                      …(2) 
 

Complex scattering parameters (S-parameters) 

can be obtained according to a robust approach 

technique by the following equations [45]:  

  

S11 =  
𝑅01(1 − ⅇ𝑖2𝑛𝑘0𝑑)

1 − 𝑅012ⅇ𝑖2𝑛𝑘0𝑑
                                    … (3) 

 

S21 =
(1 − 𝑅012)ⅇ𝑖2𝑛𝑘0𝑑  

1 − 𝑅012ⅇ𝑖2𝑛𝑘0𝑑
                                  … (4) 

 

where 𝑅₀₁ =  
𝑧−1

𝑧+1
 . The impedance (𝑧) of the MM 

unit cell can be calculated by using the following 

equation: 

 

𝑧 =  ±√
(1 + S₁₁)2 − S₂₁²

(1 − S₁₁)2 − S₂₁²
                                 … (5) 

 

ⅇ𝑖𝑛𝑘0𝑑 = 𝑥 ± ⅈ√1 − 𝑥2                                       … (6) 

 

𝑥 =
1

2S₂₁(1 − S₁₁² + S₂₁²) 
                               … (7) 

 

where 𝑑 represents the prototype thickness, while 

𝑘0 represents to free space wave vector.  

Impedance matching theory can explain the MM 

absorber mechanism. The MM unit cell effective 

impedance can be modified to align the free space 

 

    

    

… (3) 
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impedance by tuning the real and imaginary 

components of the permeability (μ) and permittivity 

(ε). Antiparallel currents that generate between 

metal layers (resonator and ground plan) refer to 

permeability, which is responsible for magnetic 

resonance. The surface current generated on the top 

metal layer (resonator) of the MM structure refers to 

permittivity, which is responsible for electrical 

resonance. Consequently, the maximum absorption 

efficiency can occur at ( 𝑧𝑚𝑚 = 𝑧𝑓𝑟𝑒𝑒−𝑠𝑝𝑎𝑐𝑒), and 

Equation (5) can be written as follows [31]:  

         

𝑧 = ±√
𝜇

𝜀
                                                                … (8) 

 

Figure 5 demonstrates the simulated reflection 

and absorption responses at normal incidence of the 

MM absorber. The frequency range of 6.09 to 6.52 

GHz achieves a near-unity absorbance of nearly 

99%. Moreover, a 90% broadband absorptivity is 

realized across the 4 to 7 GHz frequency range. 

 

 
 

Fig. 5. Simulated reflection and absorption efficiency 

of the proposed MM absorber under normal 

incidence 

 

 

MM absorbers should be analyzed as an array 

structure and contrasted with findings of the unit 

cell to enhance their EM behavior and achieve 

thorough understanding. In addition, array structure 

reflection and absorption coefficients can provide 

adequate knowledge about the ramification of 

coupling effect and interelement interactions. 

Figure 6(a) demonstrates the 3D model of the 3×3 

array structure. Furthermore, the reflection and 

absorption values of this array structure were 

computed and compared with the unit cell results, 

as shown in Figure 6b. The results demonstrate a 

very minor alteration in the findings of the array 

structure and its unit cell. The slight difference in 

the correlation between the reflection and 

absorption values between a 3×3 array structure and 

an MM unit cell is mostly attributable to mutual 

coupling effects across adjacent cells. The effects of 

mutual coupling between the cells in the array can 

be neglected due to the small implications for the 

results. The behavior of the unit cell effectively 

reflects an array structure behavior, validating the 

robustness of the design in the array and single 

forms. Moreover, the strong correlation between the 

array structure and unit cell parameters in energy 

harvesting systems can achieve many benefits, such 

as improved bandwidth performance, impedance 

matching, enhanced efficiency, energy collection 

optimization, scalability, and flexibility. 

Furthermore, the identical absorption results for the 

array structure and unit cell in the figure below can 

guarantee reliable, efficient energy harvesting 

performance. Alignment of absorption properties 

between the two structures makes the array absorb 

incoming energy uniformly over its whole surface. 

The consistency of the array structure boosts energy 

harvesting by guaranteeing that each element 

contributes similarly in the harvesting operation.  

 

 
(a) 

 

 
(b) 

 

Fig. 6. (a) 3D representation of a 3×3 array structure, 

(b) Simulated reflection and absorption efficiency of 

the unit cell and 3×3 array structure 
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5. Parametric Study 
 

Various factors performed a vital role in the 

proposed design to achieve maximum absorption 

efficiency, impedance matching, bandwidth 

expansion, and enhance the harvesting efficiency. 

First, the suitable dielectric substrate can improve 

the harvesting efficiency by delivering a large value 

of absorbed power from the resonator surface to the 

resistive loads instead of dissipating in a substrate. 

To discuss the effect of various substrate material 

types on design performance, three different 

materials were examined to identify the ideal 

substrate for the suggested design, considering the 

availability of materials and their costs. The 

materials included Rogers RO4350B (lossy), 

Rogers RO4003C (lossy), and FR-4 (lossy). The 

physical characteristics of these materials, 

particularly, dielectric constant (ϵᵣ) and loss tangent 

(tan δ), were verified. Rogers RO4350B substrate 

has a loss tangent of 0.0037 and a dielectric constant 

of 3.66. Rogers RO4003C substrate has a loss 

tangent of 0.0027 and a dielectric constant of 3.55. 

Last, FR-4 substrate has a loss tangent of 0.025 and 

a dielectric constant of 4.3. The thicknesses of all 

three substrates are the same (1.5 mm). The 

reflection coefficient was individually examined for 

the substrates, and the absorption efficiency was 

calculated by Equation (2). For instance, for Rogers 

RO4350B, the unit cell exhibits absorption above 

90% between 4.2 and 7.4 GHz with a bandwidth of 

3.2 GHz and maximum absorption efficiency of 

99.86%. For Rogers RO4003C, the unit cell exhibits 

absorption above 90% between 4.24 and 7.58 GHz 

with bandwidth of 3.34 GH and maximum 

absorption efficiency of 99.88%. Last, for FR-4 

substrate, the unit cell exhibits absorption above 

90% between 4 and 7 GHz with bandwidth of 3 GHz 

and maximum absorption efficiency of 99.05%. 

These results are shown in Figure 7. 

The value of maximum absorption efficiency for 

different substrates can indicate the effect of 

dielectric substrate losses (loss tangent value) on the 

design performance. Low-loss substrates can 

achieve perfect harvesting by transferring absorbed 

power to loads rather than dissipating in a substrate. 

The dielectric constant effect on the design 

performance is related to the following equations: 
  

𝑓 =
1

2𝜋√𝐿𝐶
                                                            … (9) 

 

𝐶 = 𝜀0𝜀𝑟

𝐴

𝑑
(𝐹)                                                   … (10) 

 

The dielectric constant (𝜀𝑟) is directly 

proportional to the equivalent capacitance (C), as 

shown in Equation (10). The resonance frequency 

(𝑓) is inversely proportional to the equivalent 

capacitance according to Equation (9) [46]. As a 

result, the resonance frequency is different for each 

substrate material due to varied dielectric constant 

values. The MM unit cell resonance frequencies 

decrease for higher substrate dielectric constant (𝜀𝑟)  

values and increase for lower substrate dielectric 

constant (𝜀𝑟) values. This analysis closely matches 

the results in Figure 7. Although Rogers RO4003C 

substrate can achieve simple superiority in 

bandwidth and maximum absorption efficiency 

over FR-4 substrate, this slight superiority is offset 

by the availability and low costs of FR-

4. Therefore, the substrate selected for the 

suggested design was FR-4. 

 

 
 

Fig. 7. Simulated absorption efficiency for the various 

substrate materials 

 

 

To prove the validity of the FR-4 choice despite 

the high dielectric loss, Figure 8 demonstrates the 

absorption efficiency of two distinct substrate 

states. The findings display nearly identical 

absorption of the FR-4 substrate under loss-free and 

loss states. 

 

 
 

Fig. 8. Simulated absorption efficiency under two 

different substrate states 

… (9) 
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Air layer contributes to improving the absorption 

bandwidth, where it acts as an air cavity confined 

the waves inside the air layer. Figure 9 demonstrates 

the absorption efficiency of the MM unit cell with 

and without air layer.  

Figure 10 exhibits the absorption efficiency as 

the thickness of the air layer is reduced from 6 mm 

to 1.5 mm in the step of 1.5 mm. When the air layer 

thickness decreases, the resonance frequency moves 

to the right, the absorption efficiency increases, and 

the absorption bandwidth larger than 90% is 

broadened. This resonance frequency shifts due to 

decreasing the effective permittivity when 

decreasing air layer thickness according to 

Equations (9) and (10). In general, the insertion of 

the air gap reduces the effective permittivity and 

improves the absorption bandwidth. The air layer 

thickness of 1.5 mm in the proposed design 

accomplishes an absorption efficiency of more than 

90% throughout the frequency spectrum 4 to 7 GHz.    

 

 
 

Fig. 9. Simulated absorption efficiency of the unit cell 

with and without air layer 

 

 
 

Fig. 10. Simulated absorption efficiency for different 

air layer thicknesses 

 

 

Last, the value of resistances that serves as a 

lumped element between the resonator splits in the 

top layer was analyzed between 50 and 200 Ω with 

50 Ω steps. Figure 11 shows the absorption 

bandwidth larger than 90% is perfect at 100 Ω and 

is reduced when the resistance value is increased; at 

50 Ω resistance, two peaks at 4.1 and 6.88 GHZ with 

high decline between them are observed. 

Consequently, an optimal match between the MM 

unit cell impedance and free space impedance (377 

Ω) can be attained by selecting the lumped 

resistance value of R = 100 Ω, an approach leading 

to ideal broadband absorption. To demonstrate the 

effects of resistors on the unit cell resonator, the 

absorption efficiency was compared with the 

scenario where no resistors are loaded on the unit 

cell resonator. The simulation results are shown in 

Figure 12. The maximum absorption efficiency is 

around 16.4% at a frequency range between 5.61 

and 5.8 GHz without resistor loads. The decline in 

absorption is due to mismatch impedance between 

the unloaded resistor unit cell and free space, where 

the unit cell depends on lumped resistors to reduce 

the impedance value and match with free space 

impedance. Therefore, lumped resistors are 

essential for achieving maximum absorption 

efficiency and broad bandwidth. 
 

 
 

Fig. 11. Simulated absorption efficiency for the 

different lumped resistors 

 

 
 

Fig. 12. Simulated absorption efficiency of the unit 

cell with and without lumped resistors 
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6. Electric Field (E-Field), Magnetic 

Field (H-Field), and Surface Current 

Distribution Analysis 
 

The excitation of electric and magnetic fields is 

essential for MM absorber design. The electric field 

focused on the top layer resonator can be seen as a 

source of electric stimulation. The magnetic field 

can be activated by two currents moving in opposite 

directions through metal plates. The absorption 

efficiency can be increased to lead a maximum 

harvesting efficiency when magnetic and electric 

fields happen simultaneously. 

To understand the physical behavior of 

absorbing and gathering EM radiation by the 

suggested MM design, magnetic field, electric field, 

and surface current distributions at 4.64 and 6.34 

GHz were examined, as plotted in Figure 13. These 

frequencies were selected due to the highest 

absorption levels at these points. Figure 13a 

describes the surface current distribution at the 

frequencies of 4.64 and 6.34 GHz. At 4.64 GHz, the 

surface current distribution is concentrated on the 

outer curves because of the matches between the 

wavelength and outer resonator size. Current 

distribution at the upper and lower curves is 

dissipated to the right lumped resistors, and small 

current intensity in the left curve is directed to both 

left lumped resistors. However, at 6.34 GHz, the 

current intensity is concentrated in the outer and 

inner curves. The surface current distribution in the 

top metallic layer at both resonance frequencies is 

antiparallel; thus, the MM design has a substantial 

magnetic resonance. In addition, the matching 

impedance between the lumped resistors value and 

resonator makes the most absorbing energy directed 

from the top layer resonator to the lumped resistors, 

an outcome causing increased absorbing efficiency 

and achieving maximum energy harvesting.   

Figure 13b illustrates the E-field distribution of 

the proposed design at frequencies of 4.64 and 6.34 

GHz. Both figures utilize color gradients to 

demonstrate the electric field strength and 

distribution within the unit cell. Strong electric field 

intensity is shown in yellow and red zones, whereas 

low field intensity appears in green and blue. The E-

field is concentrated in the left and right curves for 

inner and outer structures at 4.64 GHz. Th e E-field 

distribution is stronger in the outer left and right 

curves in addition to a small area on the sides of the 

outer upper and lower curves at 6.34 GHz. Figure 

13c demonstrates the H-field distribution of the 

proposed unit cell at frequencies of 4.64 and 6.34 

GHz. The H-field intensity is concentrated in the 

upper and lower curves for the inner and outer 

structures and in a small area on the sides of the left 

and right curves at both frequencies, with greater 

strength at 6.34 GHz. At each resonance frequency, 

the E-field and H-field exhibit almost inverse 

excitation patterns. 

The introduced unit cell design comprises 

multiple subwavelength parts interacting with 

incoming EM waves at particular resonance 

frequencies. These parts are engineered to achieve 

resonance when the frequency of the incident wave 

matches their own, an outcome producing 

pronounced electric and magnetic reactions within 

the MM design. When resonance occurs, magnetic 

and electric fields are created within the MM 

structure by the incoming EM waves, and magnetic 

and electric oscillating dipole are produced. The 

dipoles establish concentrated magnetic and electric 

fields that are a powerful couple with the incoming 

EM waves, an outcome improving the total 

interaction. The coupling becomes more effective 

when the MM structure impedance matches the free 

space impedance at the resonance frequencies; this 

situation limits the reflection and increases the flow 

of energy into the MM structure. 

  

 
 

Fig. 13. Simulation results of (a) surface current, (b) 

E-field, and (c) H-field distribution of the MM unit 

cell at (i) 4.64 GHz and (ii) 6.34 GHz 
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7. Results and Discussion 

7.1. Absorption Efficiency of the MM 

Unit Cell for Different Modes 
 

The absorption efficiency of the proposed MM 

structure was calculated for the TE, TM, and TEM 

modes individually at the normal incident, as shown 

in Figure 14.  
     

 
 

Fig. 14. Simulated absorption efficiency of the MM 

unit cell for TE, TM, and TEM modes 

 

 

All modes present identical results of 

absorptivity regardless of the polarization mode 

because of the symmetrical configuration of the 

suggested MM structure. The broadband 

absorptivity larger than 90% is achieved between 

the 4 and 7 GHz frequency range for all modes.  

 
7.2. Absorption Efficiency of the MM 

Unit Cell for Different Polarization and 

Incident Angles  
 

The absorption efficiency of the proposed 

structure was carefully evaluated for various TE and 

TM angles to guarantee the MM design is optimal 

for a broad range of incident and polarization wave 

conditions. This approach improves their 

adaptability, reliability, and efficiency and make 

them suitable for practical application.  

Figures 15 and 16 illustrate the absorption 

efficiency for different polarization angles in the TE 

and TM modes, respectively. Polarization angle (ɸ) 

sweeping from 0° to 90° with a step of 15° and the 

incident angle is kept unchanged at 0°. In the TE 

mode, the E-field is stationary and perpendicular to 

the path of wave traveling while the H-field and 

wave traveling vector revolves by an angle (θ). In 

the TM mode, the H-field is stationary and 

perpendicular to the path of wave traveling while 

the E-field and wave traveling vector revolve by an 

angle (θ). Figures 15 and 16 reveal that the incident 

waves with different polarization angles exhibit the 

same absorption response for the TE and TM modes 

due to the favorable geometric symmetry of MM 

structure. This extreme symmetry of the proposed 

design makes it polarization insensitive, where 

absorbed energy by electric and magnetic resonance 

in the MM structure remains identical for incoming 

waves with different polarization angles. 

Consequently, the proposed MM absorber can deal 

with the horizontal, vertical, and circular 

polarization waves. 

 

 
 

Fig. 15. Simulated absorption efficiency of the MM 

unit cell for various polarization angles (TE) 

 

 
 

Fig. 16. Simulated absorption efficiency of the MM 

unit cell for various polarization angles (TM) 

 

 

The numerical findings indicate that this design 

is suitable for EM energy harvesting because the 

achieved perfect absorption is insensitive to wave 

modes and polarization angle.       

In the real-world scenario, the EM wave’s 

direction is unknown and almost incident at an angle 

with respect to the MM structure. Therefore, 

designing an MM absorber that can gather ambient 

EM energy with wide incident angles is 

recommended. The reflection coefficient for the 

oblique incident in TE and TM polarization can be 

expressed as follows: 

 

𝛤𝑇𝐸 =
𝑍(𝑤) 𝑐𝑜𝑠 𝜃𝑖 − 𝑍0 𝑐𝑜𝑠 𝜃𝑡

𝑍(𝑤) 𝑐𝑜𝑠 𝜃𝑖 + 𝑍0 𝑐𝑜𝑠 𝜃𝑡
                       … (11) 
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𝛤𝑇𝑀 =
𝑍(𝑤) 𝑐𝑜𝑠 𝜃𝑡 − 𝑍0 𝑐𝑜𝑠 𝜃𝑖

𝑍(𝑤) 𝑐𝑜𝑠 𝜃𝑡 + 𝑍0 𝑐𝑜𝑠 𝜃𝑖
                      … (12) 

 

where 𝜃𝑖 and 𝜃𝑡 represent the incident angle and 

transmission angle, respectively; 𝑍0 and 𝑍(𝑤) rep-

resent the free space impedance and MM resonator 

impedance, respectively. Based on the equations 

above, when the incident angle (𝜃𝑖) varies, so does 

the reflection coefficient (𝛤). The proposed MM 

absorber was examined to evaluate its capacity for 

capturing incident waves from different incident 

angles for TE and TM polarization, as shown in 

Figures 17 and 18, respectively. The incident angle 

(𝜃𝑖) changes from 0° to 60° in step of 15°, and the 

polarization angle (ɸ) is kept fixed at 0°. Figure 17 

exhibits that the absorption bandwidth for TE 

polarization stays constant between 0° and 15°, and 

absorption efficiency is more than 90% between 4 

and 7 GHz. When the angle of incident is increased 

from 15° to 30°, the absorption efficiency is slightly 

reduced with a small shift in resonance frequencies 

to the right side with absorption ratio more than 

90% between 4.2 and 7.06 GHz, while absorption 

ratio at 4 GHz declines to 83.8%. At 45°, the 

absorption bandwidth more than 90% is reduced to 

achieve a ratio between 5,64 and 7.1 GHz, while 

absorption efficiency starts from 75.6% at 4 GHz 

and reaches 93.4% at 7 GHz with maximum 

efficiency of 98.5% at 6.65 GHz. Additionally, 

when the angle varies to 60°, the absorption 

bandwidth more than 90% is reduced to achieve 

ratio between 6.38 and 7.05 GHz, while absorption 

efficiency starts from 61.1% at 4 GHz and reaches 

91.8% at 7 GHz with maximum efficiency of 

94.85% at 6.78 GHz. In general, when the incident 

angle increases, the absorption efficiency decreases, 

but the absorption efficiency surpasses 61.1% up to 

incidence angle of 60° at frequency band between 4 

and 7 GHz. The absorption efficiency decreases due 

to the MM absorber’s improved ability to achieve 

electrical resonance in reaction to incident EM 

waves, as opposed to its more difficult magnetic 

resonance. With increased in incident angle in TE 

polarization, the component of magnetic field in the 

y-direction progressively reduces and results in a 

drop in magnetic flux. This leads to a misalignment 

of electrical and magnetic resonances, a mismatch 

impedance in the MM unit cell, and complicates the 

maintenance of high absorption rates.      
 

 
 

Fig. 17. Simulated absorption efficiency of the MM 

unit cell for various incident angles (TE) 

 

 

For TM polarized incidence angles, as shown in 

Figure 18, the absorption efficiency stays constant 

up to 15°. When the angle of incidence rises from 

15° to 30°, the absorption efficiency is slightly 

reduced with a small shift in resonance frequencies 

to the right side with absorption ratio more than 

90% between 4.36 and 7.1 GHz, while absorption 

ratio at 4 GHz declines to 78%. At this angle, the 

absorption response is identical to the previous 

incident angles over the band between 5.05 and 6.65 

GHz. At 45°, the absorption bandwidth more than 

90% is reduced to achieve a ratio between 4.82 and 

7.12 GHz, while absorption efficiency is 65% at 4 

GHz and maximum efficiency of 96.5% at 6.5 GHz. 

When the angle varies to 60°, the absorption 

efficiency does not reach 90% and the maximum 

absorption efficiency is 87.3% at 5.98 GHz. 

Overall, the magnetic field stays continuously 

aligned in the y-direction in the TM mode. This 

alignment guarantees a consistent response to the 

magnetic field and results in a powerful magnetic 

resonance and significant amounts of absorptivity at 

various angles.    
 

 
 

Fig. 18. Simulated absorption efficiency of the MM 

unit cell for various incident angles (TM) 
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7.3. Analysis of the Proposed Structure’s 

Harvesting Efficiency 
 

Energy harvesting functionalities of the 

proposed design were examined by loss balance 

analysis. A thorough 3D full-wave simulation by 

CST studio suite was performed to examine the 

distribution of dissipated power within the unit cell. 

Floquet port was used to excite the proposed unit 

cell along the Z-axis with incident power tuned at 

0.5 watt. This method enabled computing the 

dissipated power in the resistive loads, metal cover, 

dielectric substrate, and resonator. Figure 19 

displays power delivered to the unit cell. The unit 

cell’s accepted power is more than 0.45 watt across 

the desired band, which is equivalent to 90% of the 

incident power (0.5 watt). The accepted power is 

represented by the absorbed power in the unit cell. 

Furthermore, the power dissipated in resistor loads 

is more than 0.4 watt during the operating 

frequency, which is equivalent to 80% of the 

incident power. Power loss in dielectric substrate 

ranges between 5.4% and 9.6% at the operating 

frequency and. Last, the value of power loss in 

copper is very small and negligible. The high loss 

tangent value of the FR-4 substrate contributes to 

high power loss on the substrates. These losses can 

be avoided by using other substrates with low loss 

tangent values, as mentioned in Figure 7, or by 

adding lumped elements in particular places on the 

resonator to dissipate the absorption power through 

it. Moreover, the high value of power dissipation in 

the resistor loads can be related to reasons including 

the efficient impedance alignment between the MM 

unit cell and free space and the suitable selection of 

the values and places of resistor loads. 
 

 
 
Fig. 19. Power distribution in MM unit cell structure 

    

 

The energy harvesting efficiency (RF to AC 

power converting efficiency) of the MM unit cell 

was calculated using the following formula [12]:  

 

 ℎ𝑎𝑟𝑣ⅇ𝑠𝑡ⅈ𝑛𝑔 ⅇ𝑓𝑓ⅈ𝑐ⅈⅇ𝑛𝑐𝑦(%) =   
𝑃𝑙𝑜𝑎𝑑

𝑃𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡
× 100  

                                                                                  … (13) 
 

where 𝑃𝑙𝑜𝑎𝑑 denotes the total power dissipated in 

the resistor loads, and 𝑃𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 is the total incident 

power on the MM structure. The harvesting 

efficiency of the unit cell was evaluated for different 

polarization (ɸ) and incident angles (θ) in the TE 

and TM modes to ensure the effective of MM 

structure in practical environment, where incident 

EM waves have unknown polarization and 

direction. Figures 20 and 21 illustrate the harvesting 

efficiency for different polarization angles in the TE 

and TM modes, respectively. Polarization angle (ɸ) 

varies from 0° to 90° with a step of 15°, and the 

incident angle is kept unchanged at 0°.  

Figure 20 shows the harvesting efficiency of the 

unit cell in TE mode at different polarization angles 

is above of 80% over the desired resonance band 

and more than 90% across the range between 4.28 

and 6.48 GHz with maximum efficiency of 92.24% 

at 4.6 GHz. The results in the TM mode are identical 

with those in the TE mode, as shown in Figure 21.   
 

 
 

Fig. 20. Simulated harvesting efficiency of the MM     

unit cell for various polarization angles (TE) 

 

 

 
 

Fig. 21. Simulated harvesting efficiency of the MM 

unit cell for various polarization angles (TM) 

 
 

...  (13) 
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Finally, the harvesting efficiency of the unit cell 

remains unaffected by polarization because resistors 

share the cell’s power equally when the polarization 

angle changes from 0° to 90°. The amount of 

delivered power to each resistor is different for 

various polarization angles, but the sum of the 

resistors’ contributions is equal. 

Furthermore, CST studio was used to examine 

the proposed structures’ harvesting efficiency 

numerically under different incident angles (𝜃𝑖) for 

the TE and TM modes, as shown in Figures 22 and 

23, respectively. The incident angle (𝜃𝑖) changes 

from 0° to 60° in steps of 15°, and the polarization 

angle (ɸ) is kept fixed at 0°. Figure 22 illustrates the 

harvesting efficiency of the unit cell in TE mode at 

𝜃𝑖= 0° is above 80% over the desired resonance 

band and more than 90% across the range between 

4.44 and 6.47 GHz with maximum harvesting 

efficiency of 92.15% at 4.6 GHz. When the incident 

angle 𝜃𝑖= 15°, the results are identical to the 

previous normal incidence with maximum 

harvesting efficiency of 91.51% at 4.6 GHz. When 

the angle of incident increases from 15° to 30°, the 

harvesting efficiency is slightly reduced with a ratio 

above 80% over the desired resonance band, and 

maximum harvesting efficiency is 90.32% at 6.4 

GHz. For angle 𝜃𝑖 = 45°, the harvesting efficiency 

starts from 72% at 4 GHz and reaches 80.2% at 7 

GHz with maximum value of 88.34% at 6.4 GHz. 

The substantial decrease in harvesting efficiency 

occurs at the angle 𝜃𝑖 = 60° with achieved peak 

value of 83% at 6.7 GHz. In TM polarized incidence 

angles, as shown in Figure 23, the harvesting 

efficiency stays above 80% over the desired 

resonance band and more than 90% across the range 

between 4.29 and 6.44 GHz with maximum 

harvesting efficiency of 91.93% at 4.6 GHz. When 

the incident angle 𝜃𝑖 = 15°, the results are the same 

as the preceding normal incidence with maximum 

harvesting efficiency of 91.96% at 6.1 GHz. When 

the angle of incident rises from 15° to 30°, 

harvesting efficiency decreases marginally with a 

maximum harvesting efficiency of 92.12% at 6.1 

GHz and a ratio above 80% over the targeted 

resonance band. At angle 𝜃𝑖 = 45°, the harvesting 

efficiency started from 62% at 4 GHz and reaches 

81% at 7 GHz with maximum value of 89.45% at 

6.1 GHz. For angle 𝜃𝑖 = 60°, harvesting efficiency 

considerably decreases and achieves a peak value of 

81.42% at 5.8 GHz. 

 

 
 

Fig. 22. Simulated harvesting efficiency of the MM 

unit cell for various incidence angles (TE) 

 

 
 

Fig. 23. Simulated harvesting efficiency of the MM 

unit cell for various incidence angles (TM) 

 

 

The proposed structure displays high efficiency 

at normal incidence, an outcome demonstrating its 

exceptional performance in typical conditions. 

Additionally, the results show a consistent level of 

ideal performance even when the incident angle is 

increased to 30°. However, harvesting efficiency 

drops when the angle of incident reaches 60°. This 

finding highlights the importance of considering the 

incident angle when attempting to improve the 

efficiency of power transfer and suggests a possible 

disadvantage in the structures’ performance when 

employed at greater incidence angles. 

Resistive loads (lumped elements) are a critical 

component in an energy harvester’s construction. 

The ideal resistance value for our suggested 

structure is ascertained by positioning different 

resistive loads within the resonator gaps. The 

harvesting efficiency is evaluated for different load 

values starting from 50 Ω and reaching 200 Ω with 

a step of 50 Ω, as shown in Figure 24. 
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Fig. 24. Simulated harvesting efficiency for the 

different resistive loads 
 

 

When the resistive load value is 50 Ω, the 

harvesting efficiency remains below 80% over the 

large band between 4.7 and 6.25 GHz and has a 

maximum value of 90.14% at 4 GHz. The largest 

bandwidth of good harvesting performance is 

achieved when using a 100 Ω resistor load. In 

addition, the bandwidth of harvesting efficiency 

above 80% is reduced at 150 and 200 Ω.   

Table 2 compares the suggested MM design with 

other published work findings in terms of the 

absorption bandwidth, overall size, polarization 

insensitivity, and angular stability at oblique 

incidence. The introduced design offers a large 

bandwidth in a more compact size. Furthermore, the 

MM design has a small total thickness of 4.57 mm 

or 0.06 times the wavelength that corresponds to the 

lowest operating frequency. Moreover, the 

proposed design is independent of the polarization 

states of incident waves, so it is suitable in the field 

of EM energy harvesting to power the WSNs and 

low-power electronic devices.  
   

 

Table 2, 

Comparison with previous works 

Ref. 

Year 

 

90% 

Absorption 

Bandwidth 

(GHz) 

Absorption Relative 

absorption 

bandwidth 

Unit cell 

size (mm³) 

Polarization 

insensitive 

(TE and TM 

modes ?) 

Angular 

stability 

Dielectric 

material 

[15] 

 

[39] 

 

[42] 

 

[43] 

 

[44] 

 

 

This 

work 

12.3–14.8 

 

1.94–2.98 

 

7.8–12.6 

 

1.89–6.85 

 

6.7–8.25 

 

 

4–7 

>90% 

 

>90% 

 

>90% 

 

>90% 

 

>99% 

 

 

>90% 

18.45% 

 

42.6% 

 

47% 

 

113% 

 

23.13% 

 

 

75% 

 

18.7×18.7×3.27 

(0.766×0.766×0.134) λ₀ 

55.7×55.7×18.27 

(0.46×0.46×0.152) λ₀ 

16.6×16.6×3.27 

(0.565×0.565×0.11) λ₀ 

40×40×17.27 

(0.25×0.25×0.108) λ₀ 

14×14×3.245 

(0.312×0.312×0.072) λ₀ 

 

12×12×4.57 

(0.16×0.16×0.06) λ₀ 

Both 

 

Both 

 

NA 

 

Both 

 

Polarization 

sensitive 

 

Both 

 

0–45° 

 

0–45° 

 

0–30° 

 

0–45° 

 

NA 

 

 

0–45° 

 

FR4 

 

FR4 

 

FR4 

 

FR4 

 

Rogers/RT 

Duriod 

5880 

FR4 

 

8. Conclusion 
 

This study presents a novel design of a compact, 

polarization-insensitive, wide-angle, and highly 

efficient MM structure. The proposed MM structure 

contains four lumped resistors within the resonator 

gaps to absorb a broad frequency range effectively. 

CST Studio Suite software is utilized in performing 

a thorough numerical evaluation. According to the 

numerical results, the proposed MM structure has a 

broadband absorption bandwidth of more than 90% 

in the 4 to 7 GHz frequency range, with a fractional 

bandwidth of 75%. The analysis of E-field, H-field, 

and surface current distributions is discussed to 

provide a deep understanding of the broad 

absorption mechanism. In addition, the MM unit 

cell remains insensitive to polarization at normal 

and oblique incident waves and exhibits broadband 

absorption at an angle of incident up to 45° for TE 

and TM polarizations. Accurate impedance 

matching between the MM structure and free space 

facilitates effective absorption and channeling of 

EM radiation power to the resistive loads and 

produce substantially higher harvesting efficiency 

above 80% within the targeted band. The promising 

power-harvesting capabilities and compact size of 

the introduced MM absorber make it the perfect 

choice for energy harvesting systems in WSNs and 

indicate major developments in technologies for 

WC and renewable energy usage. The broadband 

and polarization-independent features of this design 

enable efficient energy collection from multiple 
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sources and render it an optimal selection for 

extending the lifespan of WSNs and low-power 

electronic devices by using ambient EM radiation 

energy; this design reduces reliance on traditional 

power sources and promotes sustainable 

technologies.      
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تصميم ممتص مدمج عريض النطاق من مادة فوقية مع استقبال واسع الزاوية وغير حساس  

اطيسية في تطبيقات شبكات الاستشعار اللاسلكي للاستقطاب لحصاد الطاقة الكهرومغن   
  

 2 ، يحيى علي لفتة* 1 زين العابدين خالد فليح 

 العراق  ،نجف ال ،الكوفة  جامعة  ة،لهندسا كلية  ت،الهندسة الالكترونية والاتصالاقسم  1،2
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 المستخلص 
 

(، يتميز باستقبال واسع الزاوية وغير حساس للاستقطاب، وذلك MM) فوقيةيقدم هذا العمل تصميمًا جديداً لممتصّ عريض النطاق مدمج من مادة 

منخفضة التكلفة. تحتوي الطبقة العلوية  FR-4المقترحة من طبقتين من ركيزة  MMلتطبيقات حصاد الطاقة الكهرومغناطيسية المحيطة. تتكون خلية وحدة 

ال. تفُصل على هيكل مرنان وأربعة مقاومات متكتلة. وُضعت صفيحة نحاسية، تعمل كسطح أرضي، على الجانب الخلفي للطبقة السفلية لتقليل خسائر الإرس

، مع ³مم ٤,٥٧×12×12هو  MMالحجم الكلي لخلية وحدة   لية.بين الطبقتين العلوية والسفلية طبقة هوائية رقيقة لتعزيز الامتصاص عند الترددات التشغي

( عند أدنى تردد في طيف الامتصاص. صُممت معاوقة دخل خلية الوحدة بعناية لتتوافق مع معاوقة الفضاء الحر، مما 1٦λ₀,λ₀٠ ×1٦,λ₀٠ ×٠,1٦قياسات )

لفة لكلٍّّ من الوضعين يسُهّل امتصاص الطاقة الكهرومغناطيسية بكفاءة وإعادة توجيه مناسبة للأحمال المقاومة. يُقيمّ أداء الممتص لزوايا استقطاب وسقوط مخت

٪ ٩٠(. تشير نتائج المحاكاة إلى أن الممتص المُدخل يحقق امتصاصًا واسع النطاق، متجاوزًا TM( والمغناطيسي المستعرض )TEائي المستعرض )الكهرب

٪ في ظل السقوط الطبيعي، وتواصل ٨٠كفاءة حصاد تتجاوز  MMجيجا هرتز. من ناحية أخرى، تحقق خلية وحدة  ٧جيجا هرتز إلى  ٤في نطاق الترددات من

صاد الطاقة إظهار أداء متميز عبر زوايا سقوط مختلفة لكلٍّّ من الوضعين الكهربائي المستعرض والمغناطيسي المستعرض. تعمل هذه الدراسة على تحسين ح

بشكل كبير من خلال دمج الاستقبال بزاوية واسعة، وامتصاص النطاق العريض العالي، والحجم الصغير، وعدم حساسية الاستقطاب، مما  MMالمستند إلى 

 ( بالطاقة.WSNsيجعلها خيارًا مثالياً لتزويد شبكات الاستشعار اللاسلكية )
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