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22

Abstract: We report a wideband and polarization-/wide-angle insensitive metamaterial 23
absorber based on a symmetry structure associated with surface mount resistors. The

Q1

24
proposed structure consists of a periodic array of a top metal symmetry resonator loading 25
with four lumped resistors and a continuous metal ground plane separated by a dielectric 26
substrate of FR-4. A prototype of the proposed absorber is fabricated and measured, 27
confirming a good agreement between the measurement and simulation results. The pro- 28
posed absorber shows polarization-insensitive behavior and the absorption response in a 29
frequency range from 8-18 GHz covering the entire X- and Ku- bands with an absorptivity 30
above 80% for a wide incident angle up to 40◦ for both transverse electric and transverse 31
magnetic polarizations. Compared with the reported broadband absorbers using lumped 32
resistors, our proposed absorber exhibits excellent characteristics in terms of compact and 33
simple structure, high relative absorption bandwidth, and polarization and wide-incident 34
insensitivity. Therefore, this design shows promising potential for both X- and Ku-band 35
applications.

Q2

36

Index Terms: Holography, image analysis. 37

I. Introduction 38

Metamaterials have attracted enormous attention with various potential applications in perfect 39

lens [1]–[3], holograms [4], [5], invisibility cloaking [6], [7], polarization converter [8], [9] and perfect 40

absorber [10], [11] due to their exotic properties. Among them, metamaterial absorber (MA) is one 41

of the fastest-growing field for solar cells [12], [13], thermal emitter [14]–[16], antenna design [17], 42

[18], and imaging and sensing [11], [19]–[21] applications. Until now, the MAs have been realized 43

to absorb the EM waves from microwave, infrared to visible region. However, the bandwidth of MA 44
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is narrow because of its natural resonance. Therefore, many approaches have been proposed to45

extend the bandwidth of MAs such as using planar arrangement of various sizes of resonators in46

unit-cell [22]–[25], vertical stacking of metal-dielectric multilayer [26]–[30], and planar fractal struc-47

ture [31]–[34]. Despite broadening of absorption bandwidth, some problems have been made by48

these methods. For example, the fabrication process of vertical stacking is very complicated, while49

the planar arrangement method possesses functional limitations such as polarization-dependency50

and sensitivity to oblique incidence [35]. Meanwhile, the design of broadband MA based on a51

planar fractal structure is not efficient in microwave range [34]. Recently, the symmetry structures52

based on lumped elements can be considered as an emerging and promising alternative for53

designing the broadband absorber with large enough bandwidth, high efficiency, and polarization54

insensitivity [36]–[42]. Li et al. proposed the thin and polarization-insensitive wideband MA formed55

by loading eight lumped resistors into double octagonal rings, which showed a 9.25 GHz-wide56

absorption from 7.93 to 17.18 GHz with absorptivity larger than 90%, however, the angular stability57

is still small below 20o[36]. Chen et al. designed a microwave metamaterial absorber using lumped58

resistors and metallic via holes which exhibited the absorption bandwidth covering the entire59

X- and Ku-bands [41]. Furthermore, Bagmanci et al. demonstrated the polarization-independent60

broadband MA structure created by loaded with the lumped resistors and via connection lines61

into split-ring resonators. The simulation results indicate that the proposed broadband absorber62

achieved a perfect absorption from 4 GHz to 16 GHz [42]. The combination of metallic shorting63

pins and lumped resistors can be good candidates for broadening the absorption bandwidth and64

keeping the wide angular stability [41], [42], but this method still needs a complex manufacturing65

process, thus resisting their practical applications. Therefore, the design of the MA based on66

lumped resistors is facing significant challenges to achieve a simple structure, wide bandwidth,67

and good absorption performance such as polarization and wide incident angle insensitivity,68

simultaneously.69

Herein, we propose a simple design of an ultra-broadband and wide-angle and polarization70

insensitive MA using symmetry structure loading by lumped resistors operating in X- and Ku-71

bands. The proposed MA is composed of a periodic array of a metal symmetry-shaped resonator72

loaded by four lumped resistors, and a dielectric substrate of FR4 backed with a bottom metal73

continuous ground plane. The absorption performance of the proposed MA is numerically and74

experimentally investigated. The designed MA achieves an ultra-broadband absorption response75

with the absorptivity above 90% in the frequency range from 8 to 18 GHz covering the entire X- and76

Ku-bands. Moreover, the absorption efficiency is retained higher than 80% in the whole band with77

a wide incident angle for both transverse electric (TE) and transverse magnetic (TM) polarizations.78

Therefore, this designed structure can be used for X-and Ku-band applications.79

II. Structure Design and Method80

Fig. 1 shows a schematic of the proposed MA. The unit cell of the proposed MA consists of a81

metallic resonator loaded with four lumped resistors and a dielectric substrate backed by a metal82

continuous ground plane, as presented in Fig. 1(a). The dielectric substrate is made by FR-4 with83

the thickness (h) of 2.5 mm. The FR-4 substrate has a relative dielectric constant of 4.3 and a loss84

tangent of 0.025. The top and the bottom layers are made of copper with an electric conductivity of85

5.96 × 107 S/m and a thickness of 0.035 mm. This study aims to design a broadband MA operating86

in the range of 8-18 GHz, which covers the entire X- and Ku-bands. To aid the design structure, the87

simulation method was carried out to optimize the geometrical parameters of the proposed MA.88

In particular, we use the commercial computer simulation technology (CST) Microwave Studio89

2013 software with a frequency-domain solver to optimize the designed parameters as well as90

analyze the performance of the proposed MA. In the simulation setup, the periodic boundary91

conditions are fixed to unit cell for the x and y directions, and the open boundary condition is92

set in the z-direction. The incident wave (k) is polarized along -z direction. The tetrahedral mesh is93

applied in the model with an accuracy of 10−4.94
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Fig. 1. Schematic of the proposed MA: (a) 3D-view and (b) top view of a unit cell.

TABLE I

Optimized Parameters of the Proposed MA

Fig. 2. Absorption spectra of the proposed MA with various values of lumped resistor.

The absorption of the MA can be calculated as equation (1). 95

A(ω) = 1 − R(ω) − T (ω) = 1 − ∣∣S11(ω)
∣∣2 − ∣∣S21(ω)

∣∣2 (1)

where, R(ω) = S11(ω) and T(ω) = S21(ω) represent reflection and transmission, respectively. Due 96

to the entire ground plane covers by copper, the transmission becomes zero, thus absorption is 97

simply given by equation (2). 98

A(ω) = 1 − ∣∣S11(ω)
∣∣2 (2)

The MA design aims to work in the frequency range of 8–18 GHz covering the entire X and 99

Ku-bands with an absorption efficiency higher than 90%. To achieve this design goal, we have 100

optimized structural parameters by analyzing the effect of geometrical parameters of h in the range 101

of 1.9-3.1 mm, P in the range of 8.7-10.7 mm, C in the range of 2.75-3.35 mm, L in the range of 102

2.3–2.6 mm, m in the range of 0.1-0.5 mm, and R in range of 160-320 � on the absorption spectra 103

of the proposed MA. Based on the evaluation of simulation results in such a way that absorption 104

spectrum is the widest and its efficiency is the highest, the design parameter optimization of 105

the proposed MA structure is gathered as shown in Table I. With changing the value of lumped 106

resistors in the range from 160 - 320 �, the absorption bandwidth is almost unchanged, as shown 107

in Fig. 2. This is due to the resonances is created when the imaginary part of the input admittance 108
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Fig. 3. (a) Absorption spectra and (b) the normalized impedance of the proposed MA under normal
incidence.

equals zero [43], [44]. The imaginary part of the input admittance depends only on the inductor109

and capacitor parameters determined by the shape of metallic resonator of the unit cell but not110

on lumped resistor (R). However, the R parameter determines the input impedance of MA, thus111

leading to the change in the absorptivity of the proposed MA as seen in Fig. 2. The absorptivity is112

above 90% in the desired frequency band ranging from 8 - 18 GHz when R varies from 240 to 280113

�. Therefore, in this design, the R is chosen at 240 � to obtain strong resonant peaks.114

III. Results and Discussion115

Fig. 3(a) shows the absorption spectra of the proposed MA for both TE and TM polarizations.116

The absorption spectra of the proposed MA for TE and TM polarizations are superimposed to117

each other. It possesses the absorption response with absorptivity above 90% in a wide frequency118

band from 8 - 18 GHz covering the entire X- and Ku-bands. Furthermore, two distinct absorption119

peaks are found at 8.9 GHz and 17.1 GHz, with corresponding absorptivities of 98.2% and 99.4%,120

respectively. The relative bandwidth is used to evaluate the absorption performance of the MA,121

which is calculated as equation (3), where fU and fL are the highest and lowest frequency of122

absorption band with absorptivity higher than 90%. It proves the relative bandwidth (RBW) of the123

proposed MA can reach to 76.92%, indicating that the designed MA achieves the ultra-broadband124

absorption properties.125

RBW = 2 × fU − fL
fU + fL

(3)

The absorption mechanism of the proposed MA can be explained by the impedance matching126

between the MA structure and the free space. The normalized impedance of the MA is given by127

equation (4) [45], [46].128

Z =
√

(1 + S11)2 − S2
21

(1 − S11)2 − S2
21

= 1 + S11

1 − S11
. (4)

Due to its impedance matching, a smaller amount of power is reflected from the structure thus129

maximum absorptivity occurs at the desired frequency band. Fig. 3(b) shows the normalized130

impedance of the proposed MA. It is seen that real and imaginary part are nearly unity and131

zero over a wide frequency range from 8 to 18 GHz which confirms the presence of broadband132

absorption.133

To further investigate the physical mechanism, we have simulated the electric field and surface134

current distributions of the proposed MA at the resonant frequencies of 8.9 GHz and 17.1 GHz in135

the XOY plane, as presented in Fig. 4. As seen in Figs. 4(a) and (d), the electric field is concentrated136

at a particular part of MA corresponding to a specific frequency. At the lower resonant frequency137
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Fig. 4. (a),(d) the electric field distribution and surface current distributions on (b),(e) the top layer and
(c),(f) the bottom layer of the proposed absorber at the resonant frequencies of 8.9 GHz and 17.1 GHz,
respectively.

of 8.9 GHz, the electric field harvests at the gaps and the vertical shape of the metallic resonator. 138

Meanwhile, at the resonant frequency of 17.1 GHz, the electric field accumulates at the gaps and 139

the horizontal shape of the metallic resonator. The surface current distributions on the top and 140

bottom metallic layer of the proposed MA at 8.9 GHz and 17.1 GHz are presented in Figs. 4(b),(c) 141

and (e),(f), respectively. It is clear from Figs. 4(b) and (c), at the lower frequencies of 8.9 GHz, 142

the top surface current is anti-parallel with the bottom surface current, indicating that the magnetic 143

resonance is contributed to the resonant frequency. At the higher resonant frequency of 17.1 GHz, 144

the bottom surface current is divided to three regions, where the currents on adjacent regions are 145

anti-parallel, as shown in Fig. 4(f). Meanwhile, the top surface current is kept in the same direction 146

in the three regions as seen in Fig. 4(e). This interesting effect is caused by the same order 147

of the periodicity and the operational wavelength at 17.1 GHz. Therefore, the periodic metallic 148

patterns of proposed MA can be regarded as a two-dimensional metallic grating, which creates the 149

guided-mode resonances (GMRs) [47]–[51]. It was reported that the magnetic resonance excited 150

in MA structure that obtained the wide-angle insensitivity for both TE and TM polarizations [52], 151

[53]. It is due to the forming of the induced magnetic field inside the MA structure that can 152

efficient trap the incident magnetic field for wide-incident angle. Furthermore, the efficient and 153

wide-angle broadband absorption response is attributed to the existing of the GMR resonances in 154

the meta-surface structure [54]. Therefore, wide-angle insensitive wideband absorption response 155

in the proposed design loaded lumped resistors is due to the synergy of magnetic and the GMR 156

resonances. 157

For practical applications, the design MA can maintain the broadband absorption response with 158

a wide incident angle that is a main important factor because the electromagnetic (EM) wave is 159

obliquely incident onto the surface. Thus, the simulated dependence of the absorptivity on the 160

frequency and the incident angles in the range of 0-50◦ for both TE and TM polarizations is 161

implemented, as depicted in Fig. 5. It can be seen that for both polarizations, the absorptivity 162

of the proposed MA decreases with increasing the incident angle. However, the proposed absorber 163

can maintain the high absorption intensity above 70 % with increasing the incident angle up to 50◦ 164

for both TE and TM polarizations. Moreover, the absorptivity can keep as high as 80% in the whole 165

operating frequency range from 8 GHz to 12 GHz, when incident angle changes from 0◦ to 35◦ 166

for TE polarization and 0◦ to 40◦ for TE polarization. It indicates that the proposed MA has a good 167

broadband absorption performance for a wide incident angle. 168
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Fig. 5. Absorption spectra and the corresponding absorption maps of the proposed MA with different
incident angles for (a),(c) TE and (b),(d) TM polarizations, respectively.

We also investigate the effect of the polarization angle on the performance of the proposed MA169

for both TE and TM polarizations. It can be seen in Fig. 6, for both polarizations, the absorptivity170

is not changed in the whole operation frequency band (8-18 GHz) with varying of the polarization171

angle from 0 to 90◦. It proves that the proposed MA is polarization insensitivity due to its symmetry172

structure.173

To verify the performance of the designed MA, device fabrication was using the conventional174

photolithography process. The structural parameters of the fabrication sample are fixed the same175

as the simulated model. The material used in the device fabrication is the copper coated FR-4176

substrate on both sides with a copper thickness of 0.035 mm, FR-4 substrate thickness of 2.5 mm,177

and a relative dielectric constant of 4.3. The surface mount resistors with size 0402 and resistance178

of 240 � with 1% tolerance are chosen as lumped resistors. The fabricated sample image is179

illustrated in Fig. 7, which contains 20 × 20 unit cells and 1600 resistors and has an oversize180

of 194 mm × 194 mm. To analyze the absorption performance of fabricated MA, the reflection181

coefficients as a function of frequency were measured by the Rohde and Schwarz ZNB20 vector182

network analyzer together with two identical linearly polarized standard-gain horn antennas as183

transmitter and receiver. The measurement data are collected in the range of 6-18 GHz. Figs. 8184

shows the measured absorption spectra of fabricated MA with various oblique angles of 10◦, 30◦185

and 40◦ for TE and TM polarizations. It can be observed that the experimental results are in good186

agreement with the simulation results. The measured absorptivity keeps higher than 0.8 in the187

range of 8-18 GHz with incident angle up to 40◦ for both TE and TM polarizations. It confirms that188

the designed MA is a wide incident angle insensitivity.189

Finally, we have compared the performance of the proposed MA with other recently reported190

broadband MAs designed based on lumped resistors. Table II shows the MA properties in terms of191

operating frequency, the periodicity of unit-cell and thickness with respect to the lowest absorption192

frequency, relative bandwidth, and unit-cell characteristics including the number of layers and193

lumped resistors. It can be seen from Tab. II, the proposed design has a simple structure with194

the smallest thickness and moderate periodicity and excellent performance characterized by the195

highest relative bandwidth per layer as well as per lumped resistor, simultaneously.196
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Fig. 6. Absorption spectra and the corresphonding absorption maps of the proposed MA with different
polarization angles under normal incidence for (a),(d) TE and (b),(d) TM polarizations, respectively.

Fig. 7. The image of the fabricated sample and its enlarged view.

TABLE II

Comparison the Performance of the Proposed MA With Other Broadband MAs
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Fig. 8. The measured absorption spectra of the fabricated MA under various incident angles of 10◦,
30◦, and 40◦ for (a),(c),(e) TE and (b),(d),(f) TM polarizations, respectively.

IV. Conclusion197

We have proposed a wideband and polarization and wide-angle insensitive MA based on sym-198

metry structure with surface mount resistors operating in the X- and Ku-bands. The proposed199

structure is composed of a periodic array of a top metal symmetry resonator loading with four200

lumped resistors, a dielectric substrate of FR-4 backed a continuous metal ground plane. The201

absorption performance of the proposed absorber is analyzed by both simulation and experiment.202

The experimental result shows that the proposed MA can maintain the absorptivity above 80% in a203

frequency range from 8-18 GHz for a wide incident angle up to 40◦ for both TE and TM polarizations.204

Moreover, the proposed MA is insensitive to polarization due to its symmetry structure. The physical205

absorption mechanism has been explained by a thorough analysis of the impedance and surface206

current distribution. Besides, compared with other absorbers based on lumped resistors, our design207

has a simple and compact structure, and excellent performance such as high relative absorption208

bandwidth, polarization, and wide-incident insensitivity. Therefore, these suggest that this design is209

a promising candidate for X- and Ku-band applications.210
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