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Abstract 

In this research work, a novel approach for the in-band reduction of Radar Cross 

Section (RCS) of rectangular patch antenna has been proposed. An ultrathin 

Metamaterial Absorber (MMA) consists of shorted stubs and rectangular bars has 

been loaded around the patch antenna. The referenced patch antenna and MMA 

are designed at the same central frequency of 10 GHz corresponds to X-band. 

Three different MMA loaded rectangular patch antenna designs are proposed and 

their behaviours are simulated, analysed and measured. Compared with the 

conventional patch antenna, the analysis shows that lower RCS values achieved 

as the number of MMA layers increase around the existing source. At 10 GHz, 

the maximum monostatic RCS reduction of 9.61 dBsm, 22.67 dBsm and 23.68 

dBsm have been achieved for Design 1, Design 2 and Design 3 respectively. 

While the antenna characteristics and radiation performances almost remain 

unaffected and preserved. 

Keywords: Metamaterial absorber, Monostatic and bistatic, Patch antenna, Radar 

cross section, X-band. 
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1.  Introduction 

Recently, the design of Metamaterial Absorbers (MMA) with near-unity 

absorbance has been designed and proposed ranging in the microwave regime, THz, 

infrared and visible light [1-4]. As stated by Ghosh et al. [5] and Singh and 

Srivastava [6], it offers characteristics like ultra-thin, wide angle of incidence [7], 

and highly polarization insensitive [8]. It can be a single to wide-band, double-band 

and multi-band [9-12]. Thus, make it suitable for several intended applications such 

as antenna designs [13], solar and thermo-photovoltaic cells to improve the 

performance by enhancing absorption [14, 15], for the reduction of RCS in stealth 

technology [16-19] and in wireless communication [20, 21]. 

The RCS of any physical object is directly related to the reflected part of the 

incidence Electromagnetic (EM) wave and it is determined by the body shape, size 

and constituent material of the objects. According to Liu et al. [22], in the military 

platform for communication, the antenna is one of the indispensable instruments 

that are more susceptible and main contributor for RCS. Without compromising 

radiation performances, the reduction of RCS for the antenna has been a topic of 

immense interest. Based on studies by Joozdani et al. [23] and Li et al. [25], for 

out-band Frequency Selective Surface (FSS), Electronic Band Gap (EBG) structure 

and Artificial Magnetic Conductor (AMC) structures have been employed for 

reduction of RCS of the antenna. However, for in-band frequency, it becomes 

comparatively difficult to reduce the RCS of the antenna [9, 26]. In this research 

work, a circular MMA structure composed of shorted stubs and rectangular bars 

has been utilized to enhance the in-band stealth capability of patch antenna 

operating at 10 GHz.  

A comparative design principle has been adopted to study and analyze the 

performance of MMA absorber, which is placed around the patch antenna. The 

results show a significant reduction in monostatic as well bistatic RCS of patch 

antenna while preserving its radiation performance. This research work has been 

organized as follow: Section 2 explains the design principles of the shorted stubs 

MMA. Section 3 describes the design principle and analysis of patch antenna with 

and without MMA. In Section 4, the monostatic and bistatic RCS response of 

antenna has been analysed and tested. Finally, the work has been concluded and the 

future directions are recommended in Section 5. 

2.  Design Principle and Analysis of Shorted Stubs MMA 

The proposed MMA design is composed of a circular ring with shorted stubs and 

rectangular bar that acts as a bandstop resonator. It specifically stops the surface 

wave propagation between rectangular patch antennas operating at 10 GHz. Due to 

the high decoupling efficiency and almost unity absorbance, the proposed structure 

not only degrades the mutual coupling effect but also reduce the in-band RCS of 

the antenna.  

A perfect MMA design must be simple, controllable and highly insensitive for 

oblique angle of incidence and polarizations to the impinged EM wave. The 

expression of absorbance is presented, as: 

𝐴(𝜔) = 1 − 𝑇(𝜔) − 𝑅(𝜔)                                                                                   (1) 

https://en.wikipedia.org/wiki/Solar_photovoltaic
https://en.wikipedia.org/wiki/Absorption_(electromagnetic_radiation)
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where ( )A  , ( )T  and ( )R  are the absorbance, transmission and reflection 

spectrum with the function of frequency ω respectively [27, 28]. For absorbance to 

reach unity, the value of ( )T   and ( )R   should be minimum. Because of the 

back metallic copper layer, the value of ( )T  reduces to zero. So, Eq. (1) is 

modified to:  

𝐴(𝜔) = 1 − 𝑅(𝜔)                                                                                                 (2) 

This is possible if the impedance of the MMA matched to that of free space 

impedance. This is achieved by varying geometrical structural parameters. As 

explained by Smith et al. [29] and Ghosh et al. [30] at one frequency, this value of 

( )R   reduces to zero that corresponds to unity absorbance. In simulations, the 

thickness of the MMA layer and ground metal plane is 35 µm. The design of 

circular MMA with concentric loops and shorted stubs has been proposed and 

analysed. The geometry of the MMA unit cell with all its parameters values has 

been shown in Fig. 1. The front view and side view of MMA unit cells have been 

given in Figs. 1(a) and (b), while its frequency response peaks for absorbance, 

reflectance, and transmittance have been depicted in Fig. 1(c) and the TE mode 

polarization sensitive behaviour has been analysed in Fig. 1(d), respectively. 

The MMA is designed to operate at 10 GHz in X-band by optimizing and 

adjusting the thickness of the substrate, the radius of the circle, the length of the 

shorted stubs and rectangular bars. An absorbance of 99.95 % has been achieved at 

10 GHz and that approximates to unity absorbance. This MMA operates at wide 

operating angles where absorbance remained above 94 % for θ (00 to 500). For θ 

=700 it becomes 72.58%. Since this structure possesses symmetry property so TM 

mode analysis of EM wave has not considered for this research work. 

 

 

(a) Front view. (b) Side view. 

  

(c) Curves for A(ω), R(ω) and T(ω). (d) Oblique angle of incidence (θ). 

Fig. 1. Metamaterial absorber unit cell dimensions: 

S = 5 mm, R = 1.5 mm, a = w = 0.25 mm, h = 0.40 mm. 
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3.  Design Principle and Analysis of Patch Antenna with and without MMA 

A microstrip antenna also called patch antenna are becoming very popular antennas 

in the microwave frequency range because of its simplicity, linearly polarized, 

conformability to planar and non-planar structures, cost-effective, ease of 

implementation and compatible with the circuit board technology [31-33]. Based on 

studies by Balanis [34] and Jang et al. [35], the following general equations have been 

used to calculate the length (Ls) and width (Ws) of the patch antenna: 

𝛥𝐿 = 0.412
(𝜀𝑟𝑒𝑓𝑓+0.3)(

𝑊𝑠
ℎ1

+0.264)

(𝜀𝑟𝑒𝑓𝑓−0.258)(
𝑊𝑠
ℎ1

+0.8)
ℎ1                                                                       (3) 

The effective length of the patch becomes: 

𝐿𝑠 = 𝐿𝑒𝑓𝑓 − 2𝛥𝐿                                                                                                   (4) 

The effective length (
effL ), for resonant frequency (f0), is given as: 

𝐿𝑒𝑓𝑓 =
𝑐

2𝑓0√𝜀𝑟𝑒𝑓𝑓
                                                                                                     (5) 

and 

𝜀𝑒𝑓𝑓 =
𝜀𝑟+1

2
+

𝜀𝑟−1

2
[1 + 12

ℎ1

𝑊𝑠
]

−
1

2
                                                                          (6) 

The resonance frequency corresponds to any TMmn mode is given as: 

𝑓0 =
𝑐

2√𝜀𝑟𝑒𝑓𝑓
[(

𝑚

𝐿𝑠
)

2

+ (
𝑛

𝑊𝑠
)

2

]
1/2

                                                                            (7) 

Here, m and n are modes with respect to Ls and Ws respectively. For resonance, 

the width is given as: 

𝑊𝑠 =
𝑐

2𝑓0√
𝜀𝑟+1

2

                                                                                                         (8) 

The top layer is the radiating patch made up of copper-backed by a most 

popular, low cost and readily available flame retardant FR4 substrate with the loss 

tangent value is 0.025 and ɛr is 4.3. The ground layer is made up of copper. The 

length of the radiating patch (L) is 6.50 mm and the length of the central substrate 

(L1) is 15 mm whereas the central thickness of the substrate (h1) is 1 mm. The 

thickness of the area (h) around exiting source is 0.4 mm, which is compatible and 

specifically designed to load ultra-thin MMA absorbers for unity absorbance. 

All the parameters are optimized to resonant at 10 GHz and their tabular 

description has been given in Table 1. Each design has been fed by coaxial feed 

with its central approximates to 50 Ω matching the impedance at the position, pos_x 

=1.25 mm and pos_y = 0 as shown in Fig. 2. Coaxial feed technique has been 

adopted for our research work because of its simplicity and uncomplicated 

impedance matching characteristics. The outer conducting layer of the SMA 

connector is connected to the ground plane, while the centre conductor is fed 

through the substrate and ground-plane by drilling hole and electrically connected 

to the patch antenna. To minimize the mutual coupling and keep the antenna 

radiation performance unaffected a small gap (gs) of 3.5 mm has been left between 

MMA and each design.  
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Table 1. Antenna parameter description. 

Description Dimensions 

(mm) 

Parameters 

Ls/Ws 35/55/75 Periodicity of structure 

L1 15 Central substrate length 

h1 1 Height of substrate 

L 6.50 Length of patch 

gs 3.5 Gap b/w patch and MMA 

t 0.035 Thickness of metal 

Pos_x 1.25 Position of probe 

h0 5 Height of connector 

The complete research work has been divided into three design models to 

evaluate the possibility and capability of MMA structure in enhancing the stealth 

capability along with to study the effects of MMA on patch antenna radiation 

performance. In Design 1, initially, a referenced patch antenna of periodicity 35 

mm × 35 mm is designed with and without two MMA layers and its radiation 

performance is simulated and analysed as depicted in Fig. 2. 

This referenced patch antenna is then modified and extended to four layers of 

MMA in Design 2 with the periodicity of 55 mm × 55 mm as shown in Fig. 3. 

Finally, this structure is further extended in Design 3, where the exiting source is 

loaded with six layers of MMA structure with the periodicity of 75 mm × 75 mm 

as depicted in Fig. 4. All designs are fabricated and measured with and without 

MMA structure. It has been obtained that as we start increasing the number of 

MMA layers around exiting source the resonant frequency (f0) response remains 

almost unaffected. To study the effect of MMA structure on patch antenna radiation 

performances, comparative analyses have been made and being tabularized in 

Table 2. 

 
(a) Referenced antenna.      (b) MMA loaded antenna. 

Fig. 2. Coaxial feed Patch Antenna 35 mm × 35 mm Design 1. 
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(a) Referenced antenna.  (b) MMA loaded antenna. 

Fig. 3. Coaxial feed Patch Antenna 55 mm ×  55 mm Design 2. 

 
   (a) Referenced antenna. (b) MMA loaded antenna. 

Fig. 4. Coaxial feed Patch Antenna 75 mm × 75 mm Design 3. 

Table 2. Antenna radiation performance comparison. 

Structure/ 

performance 

parameters 

Design 1 Design 2 Design 3 

Referenced 

antennna 

MMA 

modified 

antenna 

Referenced 

antenna 

MMA 

modified 

antenna 

Referenced 

antenna 

 

MMA 

modified 

antenna 

Size 35 mm × 35 mm 55 mm × 55 mm 75 mm × 75 mm 
f0 (GHz) 10 9.96 10.01 9.98 10 9.99 
S11 (dB) -48.17 -44.39 -35.45 -35.62 -34.49 -38.49 
BW (MHz) 456 460 468 436 468 460 
η  63.02 53.43 64.09 52.06 64.29 51.04 
VSWR 1.01 1.14 1.04 1.06 1.04 1.05 
Z11 (Ω) 50.27 46.94 52.03 47.23 51.33 49.60 

The radiation performance curves have been analysed and shown in Fig. 5. For 

Design 1, the referenced antenna achieved resonance at 10 GHz frequency with the 

scattering coefficient (S11) value of -48.17 dB. Although, after loading with MMA 

layers its resonance peak slightly moves to 9.96 GHz with S11 equal to -44.39 dB. For 

Design 2, the referenced antenna resonance peak appears at 10.01 GHz frequency 

with S11 value corresponds to -35.45 dB and after loading with MMA layers its 

resonance slightly shifted to 9.98 GHz with S11 value reached -35.62 dB. For Design 

3, the referenced antenna resonance remains unaltered to 10 GHz frequency with S11 

value of -34.49 dB and after loading with MMA layers its resonance slightly shifted 

to 9.99 GHz with S11 value of -38.49 dB as shown in Fig. 5(a). 
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For Design 1, the value of return loss parameter increases marginally after 

loading MMA structure. While for Design 2 and 3 after loading MMA layers the 

values slightly diminished. This behaviour is observed because of a shift in 

matching impedance (Z11) with the increase in the periodicity of the structure as 

shown in Fig. 5(b). For Design 1, the shift in Z11 for modified patch antenna with 

respect to 50 Ω matching impedance is 3.06 Ω and for Design 2 it starts reducing 

and becomes equal to 2.77 Ω. While for Design 3, the value of Z11 approaches to 

50 Ω matching impedance and reduces as close as 0.4 Ω. 

A comparison for -10 dB bandwidth (BW), Voltage Standing Wave Ratio 

(VSWR) and radiation efficiency (η) between referenced antenna and MMA 

modified patch antenna for all three designs have been made. The analysis indicates 

that the bandwidth remains almost unaltered for all design models. The simulated 

value of VSWR for all design remains within the acceptable range from 1.0 to 2.0 as 

depicted in Fig. 5(c). Similarly, a simulation analysis has made to find out the 

efficiency of the antenna and a small reduction in Radiation Efficiency (η) has been 

observed after loading with MMA and shown in Fig. 5(d). Analyses of directivity and 

gain between referenced antenna and MMA loaded patch antenna have been made 

and its polar plots have been drawn in Fig. 6. 

  
(a) Return loss (S11). (b) Impedance (Z11). 

  
(c) Voltage Standing Wave Ratio 

(VSWR). 

(d) Radiation efficiency (η). 

Fig. 5. Comparison of antenna radiation characteristics. 
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Fig. 6. Comparison of directivity and gain. 

In Design 1 for E-Plane, the reference patch main lobe magnitude is 6.83 dBi and 

for MMA loaded antenna it is reduced to 5.57 dBi. For Design 2, the reference patch 

antenna main lobe magnitude becomes 7.11 dBi and after loading with MMA it is 

slightly increased to 7.45 dBi. For Design 3, the referenced patch main lobe 

magnitude becomes 6.69 dBi and after loading MMA it is increased to 6.96 dBi. In 

Design 1 for H-Plane, the reference patch main lobe magnitude is 6.79 dBi, while for 

MMA loaded antenna it is unexpectedly reduced to 3.36 dBi. For Design 2, reference 

patch main lobe magnitude becomes 3.52 dBi and after loading MMA it is sharply 

increased to 7.45 dBi. For Design 3, the reference patch main lobe magnitude 

becomes 6.35 dBi and after loading MMA it is increased to 7.16 dBi. Therefore, the 

directivity performance for Design 1 remained poor while for Design 2 and 3 its 

performance increases after loading MMA. 

In Design 1 for E-Plane, the reference patch main lobe gain magnitude is 4.82 dB 

and for MMA loaded antenna it is sharply reduced to 2.54 dB. For Design 2, the 

reference patch antenna main lobe magnitude becomes 5.17 dB and after loading 

MMA it is reduced to 3.91 dB. For Design 3, the reference patch main lobe magnitude 

becomes 4.77 dB and after loading MMA it is also reduced to 3.71 dB. In Design 1 

for H-Plane, the reference patch main lobe magnitude is 4.79 dB. while for MMA 

loaded antenna, it is unexpectedly reduced to 0.632 dB. For Design 2, the reference 

patch main lobe magnitude becomes 1.59 dB and after loading MMA it is increased 

to 3.91 dB. For Design 3, the reference patch main lobe magnitude becomes 4.43 dB 

and after loading MMA it is marginally reduced to 3.91 dB. So, the results show a 

poor gain performance for Design 1, whereas for Design 2, it is affected marginally 

and for Design 3 it is remained well kept and tabularized in Table 3. 
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Table 3. Comparison of antenna directivity 

and gain for E-Plane and H-Plane. 

Structure/performance 

parameters (10 GHz) 

 Phi 

(ϕ) 

Directivity 

(dBi) 

Gain 

(dB) 

Design 1 Referenced antenna 00 6.83 4.82 

  900 6.79 4.79 

 MMA modified 00 5.57 2.54 

  900 3.66 0.63 

Design 2 Referenced antenna 00 7.11 5.17 

  900 3.52 1.59 

 MMA modified 00 7.45 3.91 

  900 7.45 3.91 

Design 3 Referenced antenna 00 6.69 4.77 

  900 6.35 4.43 

 MMA modified  00 6.96 3.71 

  900 7.16 3.91 

4.  Application of MMA in Patch Antenna for RCS Reduction 

As compared to conventional antenna geometry, monostatic RCS of the MMA loaded 

patch antenna is almost polarization independent. Monostatic RCS of the 

conventional antenna and MMA loaded patch antenna for x-polarization and 

y-polarization incidence waves have been shown with its measured values in Fig. 7.  

For Design 1, it has been found that the value for monostatic RCS reduced 

throughout the observation band after loading it with MMA as shown in Fig. 7(a). 

At 10 GHz resonant frequency, the reduction in monostatic RCS for MMA loaded 

antenna is -26.39 dBsm for x-polarization and -28.17 dBsm for y-polarization. 

However, the significant peak reduction is obtained at 9.93 GHz with -28.82 dBsm 

for x-polarization and at 9.95 GHz with -30.16 dBsm for y-polarization. So, a 

maximum difference of 9.61 dBsm observed for x-polarization and 10.82 dBsm for 

y-polarization between referenced and proposed antenna.  

For Design 2, at 10 GHz resonant frequency, the reduction in monostatic RCS for 

MMA loaded antenna is -18.32 dBsm for x-polarization and -17.90 dBsm for 

y-polarization. Whereas, the significant peak reduction is obtained at 9.91 GHz 

with -31.89 dBsm and -48.04 dBsm for x-polarization and as well for y-polarization 

respectively as shown in Fig. 7(b). A maximum difference of 22.67 dBsm observed for 

x-polarization 38.56 dBsm for y-polarization between referenced and proposed antenna. 

For Design 3, at 10 GHz resonant frequency the reduction in monostatic RCS 

for MMA loaded antenna is -11.17 dBsm for x-polarization and -10.96 dBsm for 

y-polarization. Although, the significant peak reduction is obtained at 9.89 GHz 

with -27.39 dBsm and -32.62 dBsm for x-polarization as well as for y-polarization 

respectively as depicted in Fig. 7(c). So, a maximum difference of 23.68 dBsm 

observed for x-polarization 28.59 dBsm for y-polarization between referenced and 

proposed antenna. Small deviations in simulated and measured results are found 

during fabrication, handling and testing of structure and cannot be avoided. 
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(a) Design 1. (a) Design 2. 

  

 
(c) Design 3. 

Fig. 7. Comparison of x-polarization and y-polarization for monostatic RCS. 

A simulation analysis of conventional patch antenna and MMA loaded patch 

antenna has been also made for bistatic RCS of horizontal and vertical polarization 

as depicted in Fig. 8. The bistatic RCS of the referenced antenna and proposed 

MMA modified antenna has been simulated and analysed at 10 GHz. Vertical 

polarization curves for all designs have been also given. Since the structure is 

almost polarization independent so its behaviours are not considered here. The 

measured RCS values for antennas are in good agreements with the simulation 

results. For Design 1 at φ =0  o, the bistatic RCS of the MMA loaded antenna 

reduced significantly throughout the angle theta (θ) between -83o to 84o. However, 

the maximum difference is observed of 36.03 dBsm at 34o and16.40 dBsm at -34o, 

respectively. At φ = 90  o, the bistatic RCS of the MMA loaded antenna reduced 

significantly for theta (θ) with a major reduction in between -144o to 144o. 

However, the maximum difference is observed of 13.48 dBsm at 50o and -50o, 

respectively between reference and MMA loaded antenna.  

For Design 2 at φ = 0  o, the bistatic RCS of the MMA loaded antenna reduced 

significantly throughout the angle theta (θ) between -82o to 82o. However, the 

maximum difference is observed of 44.17 dBsm at 59o and 33.89 dBsm at -54o, 

respectively. At φ = 90  o, the bistatic RCS of the MMA loaded antenna reduced 

significantly throughout the angle theta (θ) with a major reduction in between -176o 

to 176o. However, the maximum difference is observed of 13.80 dBsm at 33o and -

33o, respectively between reference and MMA loaded antenna. 

For Design 3 at φ = 0  o, the bistatic RCS of the MMA loaded antenna 

between -81o to 81o. However, the maximum difference is found of 27.96 dBsm at 
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70o and 28.07 dBsm at -73o, respectively. At φ = 90  o, the bistatic RCS of the MMA 

loaded antenna reduced significantly throughout the angle theta (θ) with a major 

reduction in between -169o to 169o. However, the maximum difference is noticed 

of -13.50 dBsm at 25o and -25o, respectively between the reference and MMA 

loaded antenna. 

 
Fig. 8. Comparison of bistatic RCS at 10 GHz. 

5.  Conclusions 

In this research work, a comparative design analysis of MMA loaded patch antenna 

has been proposed. The results show that monostatic and bistatic RCS of patch 

antenna has been reduced significantly for all proposed designs. It has been found 

that as we increase the number of MMA layers around the existing source, the value 

of RCS reduces simultaneously. For x-polarization, the maximum monostatic RCS 

reduction of 9.61 dBsm, 22.67 dBsm and 23.68 dBsm have been observed for 

Design 1, Design 2 and Design 3, respectively. While for y-polarization, the 

maximum monostatic RCS reduction of 10.82 dBsm, 38.56 dBsm and 28.59 dBsm 

have been observed for Design 1, Design 2 and Design 3, respectively. However, 

with an increase in the periodicity of the designed substrate, it raises issues like 

complexity in designing, size and additional cost. Therefore, it is a compromise 

between the periodicity and RCS reduction. It concludes that one can achieve better 

RCS value by controlling and optimizing the periodicity of the structure.  An 
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analysis has been also made to study the effect of MMA on the patch antenna before 

and after loading it. The results indicate that the radiation performance of the patch 

antenna has been affected marginally. 

Design 1 shows unsatisfactory directivity and gains response. Whereas, for 

Design 2 and 3, directivity is enhanced with gain is affected slightly. Therefore, 

MMA is best suitable for available technology for in-band RCS reduction of 

antennas, while antenna radiation performance affected slightly. Even though, a 

single patch antenna design has some limitations and suffers from fringing effects 

that result in low radiation performance such as narrow bandwidth, lower 

directivity, gain, radiation efficiency and less power handling capability. 

Therefore, it cannot be suitable for long-distance communication, especially for 

military applications. One of the vital solutions is to combine a few antennas to 

form a patch array. It has been observed that its overall radiation performance 

enhances and thus, it could compensate for radiation losses after loading it with 

MMA structure and this is left for future research work. This work finds its 

applications in military and stealth platform for lower detectable objects. 

 

Nomenclatures 
 

h1 Thickness of substrate, mm  

Leff Effective length of the patch, mm  

Ls Length of the patch, mm 

Ws Width of the patch, mm 

 

Greek Symbols 

Ԑr Relative permittivity 

f0 Resonant frequency 

η Efficiency 

θ Angle of incidence 

φ Polarization angle 

Ω Resistance 

ω Angular frequency 
 

Abbreviations 

A(ω) Absorbance 

AMC Artificial Magnetic Conductor 

EBG Electronic Band Gap  

EM Electromagnetic 

FSS Frequency Selective Surface  

MMA Metamaterial Absorber  

R(ω) Reflectance 

RCS Radar Cross Section  

T(ω) Transmittance  

VSWR Voltage Standing Wave Ratio  
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