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Abstract: This paper reports a central spiral split-rectangular-shaped metamaterial absorber sur­
rounded by a polarization-insensitive ring resonator for s-band applications. The rated absorption is 
99.9% at 3.1 GHz when using a three-layer structure where the top and ground are made of copper 
and the center dielectric material is a commonly used FR-4 substrate. The central split gaps have an 
impact on the unit cell by increasing high absorption, and an adequate electric field is apparent in 
the outer split ring gap. At 3.1 GHz, the permittivity and permeability are negative and positive, 
respectively, so the proposed unit cell acts as an epsilon negative (ENG) metamaterial absorber. In 
a further analysis, Roger4450B was used as a substrate and obtained excellent absorption rates of 
99.382%, 99.383%, 99.91%, and 95.17% at 1.44, 3.96, 4.205, and 5.025 GHz, respectively, in the S- and 
C-band regions. This unit cell acts as a single negative metamaterial (SNG) absorber at all resonance 
frequencies. The S11 and S21 parameters for FR-4 and Rogers4450B were simulated while keeping the 
polarization angle (0 and 9 ) at 15, 30,45, 60, 75, and 90 degrees to measure, permittivity, permeability, 
reflective index, absorption, and reflection. The values of the reflective index are near zero. Near-zero 
reflective indexes (NZRI) are widely used in antenna gain propagation. The unit cell fabricated for 
the FR-4 substrate attained 99.9% absorption. S-band values in the range of (2-4) GHz can be applied 
for low-frequency radar detection.

Keywords: metamaterial absorber; spiral split; polarization; low frequency

1. In troduction

Com plex research into super lenses, antenna designs, im age sensing, low-cross-section
m aterials for radar, and absorber technologies requires a m aterial that show s negative 
perm ittivity, perm eability, and reflective index properties. H ow ever, naturally  available 
m aterials do n ot exhibit such characteristics. U nlike natural m aterials, m etam aterials are 
constructed artificially with unique electromagnetic (EM) properties. M etam aterials can be 
used for operations at desired frequencies. A  super lens constructed from  a m etam aterial 
that exhibits negative unity  perm eability  w ith  a 35.3 m m  w avelength a t 8.5 G H z has 
been  proposed by Scarborough [1]. A  lens close to 23 cm  square and 4 cm  thick w as 
designed to construct a functional prototype. M etam aterial-based antennas [2] are a very 
attractive research area for scientists. P laner antennas are w idely  used for w ideband [3 ] 
and ultra-w ideband [4- 9] (UW B) applications. UW B antenna design aim s to create a tiny
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and sim ple antenna w ith  low  distortion and a large, w ide bandw idth. These antennas 
are m ostly  constructed from  inexpensive FR-4 substrate w ith  copper patches. The rare 
features of M M -based im aging technology have created im m ense interest in m any areas 
of current research, such as brain  stock im aging [10]. Furtherm ore, M M  is used for dual­
band [11], triple-band [12], flexible broadband [13], and w ideband [14] absorbers w ith  
polarization insensitivity [15]. However, naturally available m aterials do not exhibit such 
characteristics. U nlike natural m aterials, m etam aterials are constructed artificially w ith  
unique electrom agnetic (EM) properties. M etam aterials (MMs) can be used for operations 
at desired frequencies. D ue to their stunning properties, M M s are w idely  used in m any 
research fields. An im portant characteristic of M M s is their absorption of EM  w aves. This 
behavior m eans that m etam aterial absorbers (M As) have becom e w ell-know n. W hen EM  
waves pass through M As, they experience a significant attenuation. Due to this mechanism, 
M As are used in m any research fields.

The concept of a m etam aterial absorber has becom e popular and has garnered m uch 
attention from  researchers since 2006, w hen M .A . Bilotti et al. [16] first invented an M A  
based on a split-ring resonator. This design attracted much interest among scientists because 
it could absorb resonance microwaves. Usually, the dielectric substrate of an M A  is covered 
by  copper from  both  sides (top and bottom ). A  polarization-independent M M  absorber 
has been  proposed for m ultiple band applications, including C, X, and K u [17] . A nother 
special characteristic of M M  absorbers is their zero-reflective index property (N ZI). This 
property occurs w hen the ratio of permittivity and perm eability becom es zero. NZI surfaces 
can absorb EM  w aves. D ue to this absorption, N Z I surfaces are applicable to enhance 
antenna gain [18] and the directivity of antenna radiation [19- 24]. Controlling directivity is 
necessary for the stable com m unication of high-frequency antennas. Nowadays, absorbers 
are used in the photovoltaic region, such as the solar-photovoltaic and thermo-photovoltaic 
bands [25,26]. K- and Ku-band sensing devices have been constructed using M As in recent 
years [27,28].

A lthough there are m ultiple applications of M A s, m any still do not have 99.9%  ab­
sorption in  the S-band. For exam ple, a Jerusalem  cross [29] M A  has been  designed w ith  
95%  absorption. A hasanul proposed a p itch-square-shaped M A  w ith  99.9%  absorption, 
bu t it w as not applicable for S-band applications [30]. D ielectric m aterials have a vital 
effect on frequency selective surfaces (FSSs), such as switchable passband screens [31] and 
broadband radar absorbers [32] . It w as found in [33] that the resonance frequency of FSSs 
w ithou t any d ielectric is 6.32 G H z, w hereas w ith  an FR-4 substrate it is 3.81 G H z. The 
term "F SS" denotes metallic or dielectric elements arranged in a periodic pattern to create a 
spatial filtering effect. These papers w ere researched based on various excitation angles, 
but the proposed designs w ere analyzed based on various polarization angles. Previously 
reported S-band absorbers, including m odified C -shaped [34], reform ed I-shaped [35], 
and double-C-shaped [36] m etam aterials, cannot be used as absorbers. S-band absorption 
is relevant to our proposed M A. This m akes our design different from  other proposed 
S-band m etam aterials.

In this article, an excellent M M  absorber is constructed by  plotting the resonator 
sequentially on both sides of the substrate. We develop a miniature m etam aterial absorber 
w ith  orthogonal phases and m axim um  field concentration properties that can be used 
for S-band applications. The central split spiral rectangular-shaped structure in the unit 
cell increases the m axim um  absorption rate up to 99.9% . The proposed cell depicts the 
m axim um  absorption at 3.1 G H z, and R ogers4450B is used as a substrate and show s 
excellent absorption in the S- and C-bands at 1.44, 3 .96,4.205, and 5.025 GHz. The designed 
cell is analyzed w ith  R ogers4450B and FR-4 substrates at d ifferent polarization angles 
for the electric and m agnetic fields. Finally, 1 x  2 and 2 x  2 arrays are designed, and 
the absorption rates are 96.8%  and 95.7%  at 3.09 G H z and 3.085 G H z, respectively. The 
experim ental design is easy to construct and flawless in term s of its S-band applications.
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2. D esign  and M ethodology

The unit cell w as designed to give a perfect m etam aterial absorber at the resonance 
frequency. C om m ercially  available FR-4 substrate w ith  a 1.6 m m  thickness w as chosen 
for the absorber. The top plane and the ground of the unit cell w ere constructed w ith  
0.035 m m  copper (annealed), and copper covered both sides of the substrate. The proposed 
resonator has tw o spilt-ring resonators enclosing a rectangular snake-cutting structure 
(Figure 1a), and the central square acts as a spiral split-a-shape resonator. The unit cell was 
also analyzed at different polarization angles, including 15°, 30°, 45°, 60°, 75°, and 90° 
for the electric and m agnetic fields. The polarization  angles 0 and cp w ere m oved to the 
E-field and H -field directions. The w hole patch  structure is m anipulated in  such a w ay 
that all the EM  w aves m ust be absorbed. The proposed M A w as fabricated and measured. 
Figure 2 a is the fabrication of the unit cell, and Figure 2b in  the m anuscript illustrates 
the experim ental setup for analyzing the S11 and S21 of the proposed absorber betw een 
the two w aveguide ports. We used a the K eysight N 4692A  M W  electronic calibrator 
(Ecal). A fter Ecal calibration, W /G  N 4697-60200 coaxial cables w ith C8155 adapters w ere 
connected w ith  P/N :340W C A S(A -IN FO M W ) w aveguide ports over the range of 2 .2  to 
3.95 G H z so the wave could interact with the proposed unit cell perfectly. The complete set­
up was connected to a vector netw ork analyzer (VNA) to measure the S-parameters. During 
the m easurem ent, w e first set the frequency range of 1 -4  G H z in  V N A  as the w aveguide 
p ort frequency range. To reduce the noise, w e filtered out the additional noise using a 
sm oothing option up to 4%. Then, w e held the m easured result and took pictures. Finally, 
the files w ere saved in  .png form  and the data w ere extracted using M A TLA B softw are. 
The center gaps increase the absorption rate, w hich is visible in Figure 3b in the final design. 
The absorption value and S-param eter (S11) are 98% and - 2 7 .8  dB, respectively, w hen the
0.3 m m  central gaps are m issing. These values are increased to 99.9%  at - 3 2 .2  dB w ith  a 
10.3 m m g ap s in the center. The sim ulated and measured values of S11 and S21 are shown in 
Figure 4 .

o=2.70 mm 
n= 3.40 mm

I I m= 6.00 mm
g=0.3 mm

____________________________________  h= 0.5 mm
I I a= 1.5mm

r= 1 mm w
P= 0.5 mm i— ........

(c) (d)

Figure 1. The proposed unit cell, (a) Split-ring resonator with a rectangular snake-cutting structure. 
(b) The complete construction of the MA. (c) All of the copper parameters. (d) The ground.
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(a) (b)

F igure 2 . The designed unit cell. (a) Fabricated. (b) Measured by VNA.

I 1 + M d m

(a) (b)

Figure 3. (a) Final design steps for unit cell, (b) Absorbance at all steps.

+2 0

-20 

-40 

-60 

-80

’3
SS<4­
0>Io
CJ
CZ5
fi
i-

H

-100

-120

------ S 1 1  (Simulated)

------ S21 (Simulated)

------ S 1 1 (Measured)

------ S2 1 (Measured)

.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 

F r e q u e n c y ( G H z )

Figure 4. Reflection (S11 ) and transmission ( S21) co-efficient performance at the dB scale.
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The proposed u nit cell's tw o resonators have three 0.3 m m  gaps that enhance the 
electric field, and the entire spit ring can be form ed by copying at 90°, 180°, and 270° 
shifts. The 0.3 m m  gap rotates circularly  and ends a t the center. The com plete construc­
tion of the unit cell can be easily  understood from  Figure 1b . Figure 1c,d illustrate the 
copper param eter for the proposed design. The back side of the w hole substrate surface 
area (20 m m  x 20 m m) is covered by ground. The ground is cut a t the end of the area 
(20 m m  x 0.2  mm). The com m ercially available computer sim ulation software CST-2019 is 
used to conduct high-frequency num erical analysis. CST has an excellent finite integration 
technique that can determine reflection, transm ission, and absorption. A perfect EM  w ave 
can be obtained along the Z-axis by applying an ideal electric and magnetic field along the 
X-axis and Y-axis, respectively.

3. T heory  of A bsorption

As the ground of the u nit cell is copper, the transm ission and reflection of the EM  
w aves m ay becom e w eak w hen they pass through the M M  structure. Thus, the w aves are 
absorbed by the structure. The absorption can be calculated from:

A ( w )  =  1 -  R ( w )  -  T ( w )  (1)

From  Equation (1), by  calcu lating the reflection co-efficient R (^ )  and transm ission 
co-efficient T ( ^ ) ,  the proposed m etam aterial absorbance can be obtained. R (^ )  and T ( ^ )  
can be represented by R (^ )  = l S 1 1 12 and T ( ^ )  = l S 2 1 1 2, where S11 is the reflectance wave 
from the unit cell to port 1 and S21 is the transm ittance through the cell from port 2  to port
1. To extract the prim ary param eters (S11, S21), Sm ith  et al. [37] proposed an S-param eter 
m ethod. S-param eters can be represented by:

R h ( 1 ei2nkQd\

S l1  1 -  R I|ei2nkot (2)

(1  -  rH ) einkod 
S21 =  1 -  R I2ei2nk0d (3)

w here R h  = (z — 1)/(z + 1 ), w hich can calculate the reflection coefficient for a half-space;
z is the im pedance of the M M  unit cell m edium ; n is the reflective index; and d is the
substrate thickness.

Here,
ei2nk0t =  p ±  i y ^  -  p2 (4 )

and
( 1 +  S n ) 2 -  s 21 

( 1 +  s n ) 2 -  s 21
z  =  t / A : „ / 2  (5)

where p =  (1 -  S 1̂ +  S f2) . The absorber's permittivity and perm eability can be calculated-  -  S 2 1 c 2
=  n

z
as follows:
by e =  n  and M =  nz. From Equations (3) and (4), the reflective index n can be calculated

1 - 1n =  :----cos
k 0t

1
p2 S 21

(6)

The proposed unit cell's im pedance, reflective index, and absorption capacity can all 
be calculated easily from Equations (5) and (6 ). A ccording to Equations (2) and (3), all the 
param eters rely on S11 and S21.

In  the proposed design, the ground is covered by  copper. Therefore, the skin depth 
equation can be analyzed from  the perspective of the electrom agnetic w ave blocking the 
unit cell from port 2 to port 1 . ____

6 = v f  (7)
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H ere, in Equation (7), resistivity p = 1.72e — 8  f i-m , conductivity  ct = 5.8e + 7 s/m , 
and perm eability  = 1 .  A t 3.1 G H z resonance frequency, the value of Equation (7) is 
6 = 0.001186 m m . The skin depth result explains that the S21 transm ission of the EM  
w ave is com pletely interrupted from port 2 to 1 by  copper (annealed). Equation (1) in this 
m anuscript can be rewritten as:

A = 1 — R (w ) (8 )

H ow ever, there is no d irect relation betw een the M M 's absorption and the negative 
reflective index [38] at resonance frequencies. A n M M  that has both absorptivity  and 
negative refractive index can be added as an advantage, leading to m any guided w ave 
applications in the m icrowave range [39]. In a perfect MM  absorber, to prevent EM  energy 
dissipation from the absorber, the conservation of energy law s' should be applied following 
the com plex Poynting vector [40]. As a result, the M M  does not act as a transient m edium  
and absorbs the desired EM  energy frequencies. The perm ittivity and the reflective index 
values m u st be real [41] and negative to conserve the energy that leads to the M M 's 
characteristics, w hich  can be set accordingly a t different resonance frequencies. These 
technical aspects cover m any vital perform ances param eters for some applications such as 
radar cross-section reduction, E M  stealth m ood, sensing, etc. [42], w here M M  properties 
and EM  energy conservation are needed for the required perform ance.

4. C haracterization of the A bsorber

The u nit cell m u st be designed in a w ay  w hereby it show s high absorption in  the 
S-band. For this purpose, the resonators and the rectangular snake-cutting-shaped structure 
m u st include 0.3 m m  gaps. These gaps create the capacitive property. The ground that is 
covered w ith copper is cut at the edge for excellent absorption [43] with a negative reflective 
index, as described in  Equation (6 ). The total areas for the tw o split-ring resonators are 
73.4 m m 2 and 58.7 m m 2. Additionally, the center rectangular-shaped structure has an area 
of 30 m m 2. The tw o split-ring resonators and a center rectangular-shaped structure are 
constructed sequentially to ensure the highest absorption. There are five different methods, 
as show n in Figure 3a, of achieving high absorption. The absorption is highest (99.9%) for 
the final design. A nother resonance can be produced w ith  the capacitive elem ent around 
the unit cell's circum ference. H ence, five distinct absorption peaks are obtained, as shown 
in  Figure 3b . The shifted resonance frequencies are achieved by  cutting the edge of the 
ground. This can be seen in Figure 3a, where the central rectangular-shaped copper split is 
cut in the shape of a snake with 0.3 m m gaps. The gap in the center creates more absorption 
than the other four designs.

The reflection (S n ) and transm ission (S21) co-efficient perform ance at the dB scale 
is show n in  Figure 4 . There are differences betw een the m easured and sim ulated results 
of the S21 param eter. W hen  w e attached the w aveguide ports a t the tim e of calibration 
using a Keysight N 4692A M W  electronic calibrator (Ecal), som e air interference m ay have 
affected the propagation from the excitation port to the unit cell, w hich may have triggered 
performance variations. Another possible reason for the result deviation could be the lower 
concentration of copper in the layer at the edge of the ring resonator during fabrication. A 
0.01  m m  copper layer on the banding area of the ring resonator of the unit cell is m issing. 
We m easured the S 21 at different gap variations betw een the unit cell and w aveguide ports 
to assess the m utual resonant effects of the w aveguide ports. A t 0.1  m m  distance, the S21 
is — 40 dB at 4 .3 G H z, bu t the noise concentration is high. W hen the u nit cell is in  the 
optim ized position concerning the w aveguide ports, Figure 4 show s the final effect w ith  
less noise.

5. A nalysis o f A bsorber

The proposed M A  w as designed to absorb m icrow ave frequencies successfully and 
efficiently  in  the S-band range. A  rectangular-shaped structure surrounded by tw o split-
ring designs w as selected for the highest absorption. The central rectangular structure has 
a 0.3 m m  snake-shaped gap, and the two resonators have three 0.3 m m  gaps. Solid copper
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w as used on the opposite surface of the resonator as a ground to block  the transm ittance 
and reflectance w aves in the expected frequency ranges w ith a refractive index near zero 
or negative. A fter sim ulation in CST, the real and im aginary values of S 11 and S21 w ere 
exported to excel and then plotted in MATLAB to obtain the perfect values of permeability, 
permittivity, reflective index, and absorption show n in Figures 5a- c  and 3b .

(a) (b)

Figure 5. Real and Imaginary values of (a) permittivity, (lb) permeability, and (c,d) reflective index for 
FR-4 substrate.

The m axim um  absorption of 99.94% was achieved at 3.1 GHz frequency with negative 
perm tttivity and positive perm eahility w ith a 4.6 dielectric constant FR-4 subsfrate. As the 
proposed unir cell has negative perm ittivity and positive permeability, it can be applied as 
an EN G absorber. The incident w aves at the different polarization m agnetic and electric 
angles (0o, 15°, 3 0 o, 45o,60o, 75°, and 9 0 1  w ere also analyzed to obtain perm ittivity, 
perm eability, and reflective index values, as show n in Table A1 in  A ppendix A for the 
S 11 param eter. The perm ittivity is alw ays negative for the polarization angle p  and m ost 
values are positive for the polarization angle 0 , and vice versa for the p erm eability. The 
low est value (0. 06) on reflection w as observed a 1 3 .1 GH z, and the reflec tive indexes w ere 
near zero. M A TLA B w as also used fo extract S21 vaCues for polarization angles (0 , p )  0 ° , 
15°, 30°, 45°, 60°, 75 ° , and 90° s as listed in Tabl e  A 1 . Tine reflection w as 90.68%o at 1 .950 
GH z, w hich w as the highest value; at tire sam e tim e, the absorption is 0.3%o, w hich is the 
low est value. From  Table A 1, the bbsorption value is aS its m abim um  at the S 11 resonance 
frequency and at its m inim um  at the S2 1 res onance frequency.

The proposed absorber was also simulated w ith a Roger4450B (dielectric constant = 3.7, 
thitkneos = 1.575) substrate. The variations in peem itfivity, perm eability, and reflective 
index with respect to polarization angle are listed in Table A2 in Appendix A and displayed 
in Figure 6 a-d . The S11 and S21 param eters were extracted from MATLAB. Table A2 shows 
four resonance fbequencias at 1.44, 3.96, 4.205, and 5.025 G H z w ith  99.382% , 99.383% ,
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92.91% , and 95.17%  absorption, respectively. The perm ittivity is positive at 3.96 GH z and 
5.025 GHz and negative at 1.94 GHz and 4.205 GHz and vice versa for permeability. Hence, 
the design is an excellent absorber with SNG properties in the S- and C-band regions. From 
the num erical analysis, it can be concluded that FR-4 has a wider band (3.09-3.14 GHz) than 
R oger4450B and a high absorption of 99.94%  and - 3 2 .1 5  dB for S 11, w hereas R oger4450 
exhibited values of 99.38%  and - 2 2 .1 0  dB for S 11. M oreover, the dielectric constant, loss 
tangent, and therm al conductivity  of FR-4 w ere 4.3, 0.025, and 0.3 w /k/m , respectively, 
w hereas Rogers4450B show ed values of 3.6, 0.004, and 0.6 w /k/m , respectively. The loss 
tangent of FR-4 w as greater than that of Roger4450B, but the dielectric property we found 
for FR-4 w as com paratively stable com pared to that of Roger4450B. Thus, absorption w as 
obtained more for FR-4. We did not achieve the dielectric property that Roger4450B showed 
during the simulation. In this scenario, the absorption rate was decreased for Rorger4450B.

J
r T Y

----- Real/ ----- Imaginary

1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 

F  requency(G H z)

(a) (b)

Figure 6. (a) Permittivity, (b) permeability, (c) absorption, and (d) reflection of Rogers4450B substrate.

The polarization insensitivity can be m ore visual from Figures 7 and 8 . These Figures 
are the form  of Tables A1 and A 2. Tine perm ittivity, perm eability, and reflective index for 
FR-4 and Roger4450B are depicted in Figures 7 and 8 . The reflective index of the substrates 
is near-zero for all the polarization angles. The perm ittiv ity  and perm eability  values are 
opposite. W hen the perm ittivity  is positive, the permeabiHty becom es negafive and vice 
versa. The perm ittivity, perm eability, and reflective index v afues differ slightly for the 
polarization angles for 0 ° ,1 5 °,3  (3° ,4 5 °,6 0 ° ,7 5 ° , and 90°. H ence, thy propoeed deeign is 
polarization insensitive.
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—■— Permittivity (e)
— Permittivity (e) 
— Permeability (jj.)

(c) (d)

- Permittivity (k) 
Permeability (,u)

Figure 7. FR-4 permittivity, permeability, and reflective; index with respect to polarization angle 0
and (p for (a,b) Sn and (c,d) S21.
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Figure 8 . Roger4450B permittivity, permeability, and reflective index with respect to polarization 
angle 0 and p for (a,b) S11 and (c,d) S21.

Absorption f t  the different polarization angles is depicted in Fig ure 9a,b. The proposed 
metam aterial absorber (MA) is insensitive io polarizetion because the absorption curves did 
n ot change w ith  0 ° , 30°, 60° , and 9a° a and p  roPations. This perform ance has increased 
M A eligibility. Typically, polarization insensitivity (tan ltn: acquired by sym m etrical design. 
The symmetrical paich arrangem ent olf the design is the main m echanism  that has a crucial 
im pact on the absorption rate w ith  the angular rotation of the unit cell. Figure 9a,b w ere 
plotted for FR-4, and data w ere collected from Table A1 in A ppendix A.

------Absorption (tp=0°)
----- Absorption (<p=30°)
------Absorption (<p=60°)
—  Absorption (q>=90°)

F  r e q u e n c y  ( G H z )

(a)

1 2 3 4 5
F r e q u e n c y (G H z )

(b)

Figure 9. Absorption rape of FR-0 for different polarization angles (a) 0 and (b) p.

6 . A nalysis o f Curre n t and Fie ld  D istrib u tion  of U nit C ell

A  clear explanation of the electric field , magnetic ft eld, and surface current distribution 
can be gleaned from Figures 10 and 11. /ill the fie:lds are shown at tine resonance frequencies. 
The propesed  u nit ceil exhibits a perpendicular E-field and H -field ar four resonance 
frequenc-es. The cell w as constructed from  tw o substretes, FR-4 and Rogers4450B. The 
E-field conceniration, H-field concentraiiop  and surface current densiiy can clearly be seen 
for the FR-4 rubstrate from Figure 10a-c . The concentrations of the E-field and H -field are 
high at the ed g t of the patch. At 3.1 GHz, the absorption and the E-field concentration were 
high. The permittivity, perm eability, and reflective index w ere also m easured, and 99.94%
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w as the highest alt sorption rate for this resonance frequency. A t 1.95 G H z, the electric 
field is h igh  at the outer patch, inner patch , and the red region in the gaps of the patch, 
bu t the m agnetic field, concentration is 'visible only ht the band  of the internal split ring;. 
Consequently, the perm eability value is higher than the permittivity, and the surface current 
is less dense than 3.1 GH z. The red region indicates the high-density  field concentration. 
The E-field concentration m oves into the inner paech, and the H -field becom es higher for 
the outer split-ring resonator git 3.49 GHz. At this point, the perm ittivity is positive and the 
perm eability and reflective index are negative. Gradually, the m agnetic fihld increahes and 
the electric field concentration decreases. The perm ittiv ity  is poaitive, and perm eability  
is negative at 4.155 GH z. Therefore, the u nit cell exhibits SN G  absorption and near-zero 
reflective indexes at all the resonance frequencies in the S- and C-bands.

Electric field Magnetic field Surface current

Figure 10. Cont.
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Figure 10. (a) Electric field, (b) magnetic field, and (c) surface current density of FR-4 substrate at 
1.95 GHz, 3.49 GHz, 4.155 GHz, and 3.1 GHz.

Figure 11. Cont.
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(a) (b) (c)

Figure 11. (a) Electric field, (b) magnetic field, and (c) surface current density of Roger4450B.

For Roger4450B, the electric field, magnetic field, and surface current are demonstrated 
in Figure 8 at 2.05 GHz, 3.735 GHz, and 4.4 GHz. In Figure 11a-c , we can see that the surface 
current is high w here the? electric field is also high, and the m agnetic field  is less intense 
in  this portion. Therefore, R oger4450B also behaved as an SN G  absorber and achieved 
near-zero reflective indexes sim ilar to FR-4 substrate.

The E-field, H-field, and surface current results show that the electric field concentra­
tion is proportional to the sueface current denaity and that m agnetic field lags behind the 
electric field. M axw ell's equation can explain this property:

V x H  =  J + e § (9)

From  Equation (9), the variation betw een current density  and electric field can be 
explained as:

J  =  oE  (10)

J  is the current density and E is an electric field. The relation betw een J  and E shows 
that J  depends on E. The m axim um  concentration of the electric field in  the patch occurs 
w ith  the highest concentration of the surface cu rrrn t w ith  respect to tim e. E and J  also 
follow  the H -field  direction. H ence, the H -field  concentration is sparser than the E-field  
concentration, w hich can be seen in Figures 10 and 11.

7. A rray A nalysis

The proposed unit cell w as also analyzed for array structures. Figure 12a,b show  
the design structure, and Figure 12c,d depict the absorption and reflection percentages. 
The reflection is 0.3118 and the absorbance is 96.88%  at 3.09 G H z for the 1 X 2 array 
structure. The reflection is 0.0431 and the absorption is 95.69% for the 2 X 2 array structure. 
In  Figure 12c,d, d ispersion is present in  the array structure bu t is at a m inim u m  level. 
Therefore, absorption is decreased here. A nother possible scenario is that the m utual 
coupling patch of the array structure creates the additional capacitance. W hen we designed 
the array, the m utual coupling of patch structures form ed the additional capacitance, and 
as a result, a circuitry operation  form ed. This circuitry  operation generated  additional 
absorption. Due to this operation, the absorbance rate decreased.

The perform ance of unit cells w ith  1  X 1  and 2  X 2  arrays are show n but not show n 
for any single-unit cells or for any infinitely periodic cells. Figure 13a,b depict sim ulated 
boundary conditions where a perfect electric (PEC) and a perfect m agnetic field (PMC) are 
applied along the X-axis and Y-axis, keeping the Z-axis open.
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(a) (b)

(c) (d)

Figure 12. Depiction of the (a) 1 X 2 array and (b) 2 X 3 array. Absorption and reflection of tine 
(c) 1 3: 2 array and (d) 2 X 2 array.

(a) (b)

Figure 13. Array analysis. (a) 1 X 2 and (b) 2 X 2 with boundary conditions, PEC (perfect electric 
field) PMC (perfect magnetic field).

8 . C om parison

A round the w orld, researchers have m odified their m etam aterial absorber struc­
tures to achieve m axim um  absorption for different applicati ons. For exam ple, In Table 1 
L-shaped [44] and T-shaped [45] m odified square m etam aterial absorbers have been pro­
posed for radar absorption and electromagnetic interference/electromagnetic compatibility 
(EMI/EMC) configurations. FR-4 substrate was used for the fabrication of th fse unit cells as
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it is commercially available and of low cost; however, in terms of absorption, the operating 
range of these M A s is only 90-96%  in the X-band. O n the other hand, Borah [46] and 
Prakakash Ranjan [47] have achieved high absorption above 98% in the X-band. However, 
they have not shown w hether or not their proposed designs are polarization independent. 
A polarization-independent C-shaped ring M M A  has been designed for Ku-band sensing 
applications, bu t its absorption level is 99.6% . O ur proposed design 's absorption level is 
99.94% . It is also polarization-independent and suitable for S-band sensing applications.

Table 1. Comparison of the high-absorption S-band absorber with those featured in published papers.

Ref. # Size (mm) Design Structure Proposed Band Absorption
(%)

Publishing
Year

Hoque et al. [15] 20 X 20 Ring C-shaped Ku 99.6 2018

Rasheduzzaman Sifat [34] 8 X 8 Modified C-shaped S-band Not mentioned 2017

Md.Mehedi Hasan [35] 8 X 10 Reformed I-shaped S-, C-, and 
Ku-band Not mentioned 2017

Mohammad Jakir Hossain [36] 12 X 12 Double C-shaped S-, C-, X-band Not mentioned 2017

M.F Zafar et al. [44] 8 X 8 L-shaped X-band 90 2021

Kollatou et al. [45] 8 X 8 Modified square X-band 95.81 2013

Borhan et al. [46] 12 X 12 O-shaped X-band 98.90 2016

Prakash Ranjan [47] 9 X  9 Square-shaped X-band 99.92 2019

Mohamood et al. [48] 16 X 16 S-shaped X-band 90.00 2017

Bruno de Araujo [49] Not mension V-shaped Ku 99.8 2020

Zhi Weng [50] 0.00067 X 0.00144 Circular-shaped Optical Range 99 2019

KeBi [51] 9000 X 9000 Square-shaped Terahertz Not mentioned 2019

Ke Bi [52] 2 X  2 X  1 Cube/Rectangular­
shaped Terahertz Not mentioned 2021

Jianchun Xu [53] 12 X 12 Circular/rectangular­
shaped C-, X-band Not mentioned 2019

Yunsheng Guo [54] 2 X  2 X  2 Cube-shaped Ku-band
Tunable 

Absorption up 
to 100%

2017

Proposed paper 20 X 20 Rectangular­
shaped S-band 99.94 2022

9. Sen sin g  A pplication

The S-band is designed for low -pow er m icrow ave equipm ent, including Bluetooth 
headphones, W i-Fi, baby m onitors, garage door openers, keyless vehicle locks, and m i­
crow ave diatherm y devices. This band is also used for radar applications to control air 
traffic, ships, and weather stations. Among these, m icrowave diathermy (MD) is the specific 
S-band application area that w e are interested in. The therapeutic procedure know n as 
diatherm y is m ost frequently recom m ended for disorders affecting the m uscles and joints. 
Shortwave, microwave, and ultrasound are the three main types of diathermies. M icrowave 
diatherm y (Md) uses electrom agnetic radio w aves. D uring diatherm y treatm ent, the heat 
induced in  tissues depends on the conductivity  of the tissues involved. M uscle tissues 
are m ore conductive than skin and fat tissue. W hen M D  generates heat at the particular 
area of the hum an m uscle that m ay suffer from  physical problem s such as jo in t pain, de­
form ations, in juries, and so on, the properties of S11 in that certain  m uscle area are also 
altered. In  this case, w e can m easure changes in the S11 values w ith  our u nit cell as a 
passive sensor, and this process is non-invasive. N on-invasive techniques do not em ploy 
instrum ents that penetrate the skin or inside the body and typically  do not spread to or
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harm  other tissues and organs. Figure 14a show s the com plete sim ulation setup, w here 
the sensor w as installed scientifically w ith m uch thought. The thickness, perm ittivity and 
perm eability  o f the skin, fa t and m uscle are listed in  Table 2. The ground plane of the 
m etam aterial absorber (MA) w as placed a 0.1 m m  air gap from the particular hum an body 
part, then 2 m m  thick skin, fat, and 2/3/4 m m  m uscle layers w ere sequentially  placed 
so that the electrom agnetic w ave from  the proposed M A  can penetrate properly into the 
m uscle layer. Table 2 dem onstrates the perm ittivity  and therm al conductivity  values of 
skin, fat, and m uscle. From  Figure 14b , w hen the m uscle is 2 , 3 ,  and 4 m m , the S 11 values 
are -2 8 .7 2 6 9  dB, - 3 0 .1 8 9  dB, and - 3 0 .3 5 9  dB at 3.1GH z, respectively. A bsorption levels 
of 99.8659%, 99.9042%, and 99.9079% w ere obtained for the three individual m uscle layers, 
respectively. Due to different muscle layers, the absorption curve and S n  are changed. The 
sim ulation result showed that the values of S n  and absorption increased w hen the m uscle 
thickness increased. This investigation concludes that the sensor can detect deform ation, 
in juries, and other abnorm alities in m uscle layers by  m onitoring the S 11 and absorption 
values of the specific body parts.

Figure 14. (a) Sensing model of FR-4 based MA. (b) S11 and absorption plotting; at different thicknesses 
of human muscle.

Table 2. Permittivity and conductivity of skin, fait, and muscle thickness, permittivity, and conductivity.

Thickness(mm) Permittivity Conductivity [S/m]

Skin 2 41.982 2.0168

Fat 2 5.213 8 0.13497

Muscle 2/3/4 2.2216 51.936

10. C onclu sions

A  single-negative spiral split-rectangular-shaped resonator surrounded by tw o split- 
ring copper patches having alm ost perfect absorption for S-band application w as studied 
in this paper. The effect of the phykical structure of the patch on absorption was thorouktty  
studied, iucluding the central snake cutting gaps. A num erical analysis w as conducted in 
a C ST sim ulator, and the resuCts of absorption, ptrm ittiv ity, perm eability, and refractive 
index w ere further analyzed using; M ATLAB. The m odel achieved sim ilar results in b oth 
program t. The absorption rare whs t9 .94%  at 3 .1 G H z in the S-band w ith  FR-4 substrate, 
and 99.382%, 99.383%, 92.91%, and 95.17% at 1.94, 3.96, 4.205, snd 5.025 GHz, respectively, 
in  the S- and C -band regions w ith  R ogers4450B. The design exhibits a single-negative
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m etam aterial (SN G). The w ide band and absorption of the FR-4 are better than those 
of the Rogers4450B. The polarization angles 0 and v  m oved in the direction of the E- 
field and H -field. The E-field and H -field concentrations and current distribution w ere 
show n. The proposed u nit cell w as applied on 1 X 2 and 2 X 2 arrays, and the results 
w ere 96.88%  and 95.69% , respectively. The absorption of the proposed unit cell is around 
99.94% , w hich  is h igh and m ore prom ising than that of som e of the recent papers w ith  
w hich it is com pared in  Table 1 . The sensing perform ance w as analyzed for m icrow ave 
diatherm y. These properties indicate that the described M A  can be w idely im plem ented 
for S-band applications.

Author Contributions: Conceptualization, M.S.S. and M.S.I.; methodology, M.S.I. and S.K.B.A.R.; 
software, A.H.; validation, A.H., S.S., M.T.I. and M.S.; formal analysis, N.M.S. and S.S.; investigation, 
M.S.; resources, M.T.I.; data curation, S.S.; writing—original draft preparation, A.H. and S.S.; writing— 
review and editing, A.H.; visualization, N.M.S.; supervision, A.H.; project administration, M.S.S. and
S.K.B.A.R.; funding acquisition, M.T.I. All authors have read and agreed to the published version of 
the manuscript.

Funding: This paper is supported by Universiti Kebangsaan Malaysia research grant: GUP-2022-073.

Institutional Review Board Statement: There is nothing relevant to ethical issues. As a result, it is 
not relevant to us.

Informed Consent Statement: This research does not involve any human/animal trial and is exe­
cuted using a numerical approach and material-based experimental process. Therefore, no consent 
is required.

Data Availability Statement: Data availability will be provided if any interesting part is requested. 
Otherwise, the data will be stored as per research tools.

Conflicts of Interest: The author declare no conflict of interest.

A ppendix A

Table A1. Permittivity, permeability, and reflective index at S jj and S21 for FR4 substrate at different 
polarization angles of 0 and V.

(0 & v) Angle Parameter Frequency
Band

Resonance
Frequency

(GHz)
e n

Absorption
(%)

Reflection
(%)

0 15° S11 S 3.1 -0 .364 0.402 0.001 99.94 0.06

0 30° S11 S 3.1 -1 .506 1.538 0.001 99.89 0.1

0 45° S11 S 3.1 1.12 - 1.18 0.002 999.89 0.01

0 °0
VO S11 S 3.1 1.12 - 1.18 0.002 99.89 0.1

0 °57 S11 S 3.1 1.12 - 1.18 0.002 99.89 0.1

0 90° S11 S 3.1 1.12 - 1.18 0.002 99.89 0.1
0° S11 S 3.1 -0 .364 0.402 0.001 99.94 0.06

V 15° S11 S 3.1 -0 .364 0.402 0.002 99.94 0.06

V °03 S11 S 3.1 -0 .364 0.402 0.002 99.94 0.06

V °54 S11 S 3.1 -0 .364 0.402 0.002 99.94 0.06

V 60° S11 S 3.1 -0 .364 0.402 0.002 99.94 0.06

V °57 S11 S 3.1 -0 .364 0.402 0.002 99.94 0.06

V °09 S11 S 3.1 -0 .365 0.402 0.002 99.94 0.06

0 15° S21 S 1.95 -  23.845 42.08 - 0.00001 0.3 99.68
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Table A1. Cont.

(e & v) Angle Parameter Frequency
Band

Resonance
Frequency

(GHz)
e n

Absorption
(%)

Reflection
(%)

S21 3.49 0.904 -286 .47 -0 .0008 8.1 91.9

S21 C 4.155 4.244 -50.389 - 0.0001 6.8 93.15

0

0
0

co S21 S 1.95 -23 .83 42.107 - 0.0001 0.7 99.28

S21 3.5 0.952 -  271.74 -0 .0009 0.8 91.45

S21 C 4.155 4.406 -  48.616 - 0.0001 0.5 94.40

e

0
5 S21 S 1.95 23.833 42.107 - 0.0001 0.7 99.28

S21 3.49 0.952 -  271.74 -0 .0009 8.5 91.45

S21 C 4.155 4.406 -  48.616 - 0.0001 5.6 94.40

0 6 O 0 S21 S 1.95 -23 .833 42.107 - 0.0001 0.7 99.23

S21 3.49 0.952 -  271.74 -0 .0009 8 91.45

S21 C 4.155 4.406 -  48.616 - 0.0001 5 94.40

0

0
57 S21 S 1.95 -23 .833 42.107 - 0.0001 0.6 99.23

S21 3.49 0.952 -  271.74 -0 .0009 8.5 91.45

S21 C 4.155 4.406 -  48.616 - 0.0001 5.6 94.40

e

0
09 S21 S 1.95 -23 .833 42.107 - 0.0001 0.7 99.28

S21 3.49 0.952 -  271.74 -0 .0009 8.5 91.45

S21 C 4.155 4.406 -  42.523 - 0.00001 5.6 94.39

0° S21 S 1.95 -22 .734 42.796 - 0.00001 0.3 99.68

S21 3.49 0.741 -  330.83 - 0.001 7 92.03

S21 C 4.155 4.303 -  49.603 - 0.0001 6 93.35

v 15° S21 S 1.95 -22 .733 42.797 -  0.00001 0.3 99.68

S21 3.49 0.904 -  286.48 -0 .0008 8.1 91.89

S21 C 4.155 4.360 -  48.845 - 0.0001 6.4 93.54

v

0
0

co S21 S 1.95 -23 .844 42.797 -  0.00001 0.3 99.68

S21 3.49 0.904 -  286.47 -0 .0008 8.1 91.89

S21 C 4.155 4.244 -  50.389 -0 .0013 6.8 93.15

v 45° S21 S 1.95 -22 .734 42.796 -  0.00001 0.3 99.68

S21 3.49 0.904 -  286.48 -0 .0008 8.1 91.89

S21 C 4.155 4.244 -  50.389 - 0.0001 6.8 93.15

v 6 O 0 S21 S 1.95 -22 .734 42.796 -  0.00001 0.3 99.68

S21 3.49 0.904 -  286.47 -0 .0008 8.1 91.89

S21 C 4.155 4.244 -  50.389 - 0.0001 6.8 93.15

v

0
57 S21 S 1.95 -22 .734 42.087 -  0.00001 0.3 99.68

S21 3.49 0.904 -  286.48 -0 .0008 8.1 91.89

S21 C 4.155 4.244 -  50.389 - 0.0001 6.8 93.15

v

0
09 S21 S 1.95 -22 .734 42.796 0.00001 0.3 99.68

S21 3.49 0.904 -  286.47 -0 .0008 8.1 91.89

S21 C 4.155 4.244 -  50.389 - 0.0001 6.8 93.15
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Table A2. Permittivity, permeability, and reflective index at S11 and S21 of Rogers4450B substrate at 
different polarization angles of 0 and V.

0 & V Parameter Angle Frequency
Band

Resonance
Frequency

(GHz)
e n

Absorption
(%)

Reflection
(%)

0 S 11 15° S 1.44 -9.0441 13.8534 0.0961 97.16 2.8

3.96 2.0001 -1 .7139 -0 .0015 99.49 0.51

C 4.205 -2.5891 2.0718 -0 .0019 99.06 0.94

5.025 5.2289 -6.1224 -0 .0076 93.79 0.62

0 S 11 30° S 1.44 -8 .965 13.5525 0.0960 97.28 2.8

3.96 1.9858 -  1.7044 -0 .0015 99.50 0.51

C 4.205 -2 .5797 2.0622 -0 .0019 99.06 0.94

5.025 5.2297 -6.1233 -0 .0076 93.79 0.62

0 S11 45° S 1.44 -9.0442 13.8542 0.0961 97.16 2.8

3.96 2.0032 -1.7161 -0 .0015 99.49 0.51

C 4.205 -2 .5 9 2.0731 -0 .0019 99.06 0.94

5.025 5.2287 - 6.1222 -0 .0076 93.79 0.62

0 S11 60° S 1.44 -  90438 13.8538 0.0961 97.16 2.8

3.96 2.0273 -  1.7366 -0 .0015 99.48 0.51

C 4.205 -2 .6219 2.0969 -0 .0019 99.04 0.94

5.025 5.2295 -6.1243 -0 .0076 93.79 0.62

0 S11 75° S 1.44 -9 .0439 13.8539 0.0961 97.16 2.83

3.96 -2 .0134 -  1.7259 -0 .0015 99.48 0.5

C 4.205 -2 .592 2.0735 -0 .0019 99.06 0.9

5.025 5.2299 -6 .124 -0 .0076 93.79 0.6

0 S11 90° S 1.44 -9 .0445 13.8543 0.0961 97.16 2.8

3.96 2.003 -1 .7165 -0 .0015 99.45 0.5

C 4.205 -2 .5916 2.0738 - 0.0018 99.06 0.94

5.025 5.229 -6.1226 -0 .0076 93.79 0.62

S11 0° S 1.44 -6 .429 6.748 0.107 99.382 0.6

3.96 2.039 -2 .331 -0 .0019 99.383 0.6

C 4.205 -6 .293 3.555 - 0.0021 92.91 4.8

5.025 5.432 -6 .510 -0 .008 95.17 7.1

V S11 15° S 1.44 -  9.044 13.8538 0.0961 97.16 2.8

3.96 1.9998 -1.7132 -0 .0015 99.45 0.51

C 4.205 -2 .5892 2.0728 -0 .0019 99.06 0.9

5.025 5.2302 -6 .1238 -0 .0076 93.79 6.2

V S11 30° S 1.44 -9.0441 13.8535 0.0961 97.16 2.8

3.96 2.0009 -1.7146 -0 .0015 99.49 0.51

C 4.205 -2 .5888 2.0719 -0 .0019 99.06 0.9

5.025 5.2286 - 6.122 -0 .0076 93.79 6.2

V S11 45° S 1.44 -  9.044 13.8537 0.0096 97.16 2.8
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Table A2. Cont.

0 & V Parameter Angle Frequency
Band

Resonance
Frequency

(GHz)
e n

Absorption
(%)

Reflection
(%)

3.96 2 -1 .7136 -0 .0015 99.49 0.51

C 4.205 -2 .5894 2.0724 -0 .0019 99.06 0.9

5.025 5.2291 - 6.1221 -0 .0076 93.79 6.2

V S11 60° S 1.44 -  9.044 13.8537 0.0961 97.16 2.8

3.96 1.9998 -1 .7137 -0 .0015 99.49 0.51

C 4.205 -2 .5893 2.0719 -0 .0019 99.06 0.9

5.025 5.2289 -6.1223 -0 .0076 93.79 6.2

V S11 75° S 1.44 -9 .0442 13.8534 0.0961 97.16 2.8

3.96 2.0004 -1 .7139 -0 .0015 99.49 0.51

C 4.205 -2 .5892 2.0727 -0 .0019 99.06 0.9

5.025 5.2288 - 6.1222 -0 .0076 93.79 6.2

V S11 90° S 1.44 -9 .0479 13.8385 0.0964 97.17 2.8

3.96 1.9979 -1 .713 -0 .0015 99.49 0.51

C 4.205 -2 .5849 2.068 -0 .0019 99.06 0.9

5.025 5.2284 - 6.122 -0 .0076 93.79 6.2

0 S21 15° S 2.05 -19.501 45.14 - 0.00001 0.09 99.9

3.735 2.696 -98.251 - 0.00001 2.04 97.95

C 4.4 5.788 -33.012 - 0.00001 1.4 98.40

0 S21 30° S 2.05 -19 .50 45.140 - 0.00001 0.09 99.9

3.735 2.696 -  98.276 - 0.00001 2.04 97.96

C 4.4 5.788 -33.012 -  0.00001 1.4 98.60

0 S21 45° S 2.05 -19 .50 45.141 -  0.00001 0.09 99.9

3.735 2.697 -  98.246 -  0.00001 2.04 97.95

C 4.4 5.788 -33.011 -  0.00001 1.4 98.60

0 S21 60° S 2.05 -19 .50 45.141 -  0.00001 0.09 99.9

3.735 2.70 -98 .22 -  0.00001 2.04 97.96

C 4.4 5.788 -33.012 -  0.00001 1.4 98.59

0 S21 75° S 2.05 -19.501 45.142 -  0.00001 0.09 99.91

3.735 2.697 -  98.232 -  0.00001 2.04 97.59

C 4.4 5.79 -33.01 -  0.00001 1.4 98.97

0 S21 90° S 2.05 -19.501 45.141 -  0.00001 0.09 99.91

3.735 2.697 -  98.247 -  0.00001 2.04 97.53

C 4.4 5.788 -33.012 -  0.00001 1.4 98.67

S21 0° S 2.05 -19 .54 45.05 -  0.00001 0.09 99.91

3.735 2.60 -  101.86 -  0.00001 1.8 98.21

C 4.4 5.35 -35 .69 -  0.00001 2.1 97.78

V S21 15° S 2.05 -19.501 45.141 -  0.00001 0.09 99.91
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Table A2. Cont.

0 & V Parameter Angle Frequency
Band

Resonance
Frequency

(GHz)
e n

Absorption
(%)

Reflection
(%)

3.735 2.696 -98 .25 - 0.00001 2.04 97.95

C 4.4 5.788 -33.01 - 0.00001 1.4 98.59

V S21 30° S 2.05 -19 .50 45.141 - 0.00001 0.09 99.91

3.735 2.696 -98 .25 - 0.00001 2.04 97.95

C 4.4 5.788 -33.012 - 0.00001 1.4 98.60

V S21 45° S 2.05 -19 .50 45.141 -  0.00001 0.09 99.91

3.735 2.696 -98 .25 -  0.00001 2.04 97.95

C 4.4 5.788 -33.012 -  0.00001 1.4 98.60

V S21 60° S 2.05 -19.501 45.141 -  0.00001 0.09 99.91

3.735 2.696 -  98.253 -  0.00001 2.04 97.95

C 4.4 5.788 -33.012 -  0.00001 1.4 98.60

V S21 75° S 2.05 -19.501 45.14 -  0.00001 0.09 99.91

3.735 2.696 -98 .25 -  0.00001 2.04 97.95

C 4.4 5.788 -33.012 -  0.00001 1.4 98.60

V S21 90° S 2.05 -19 .50 45.14 -  0.00001 0.09 99.91

3.735 2.70 -98 .26 -  0.00001 2.04 97.96

C 4.4 5.788 -33.012 -  0.00001 1.4 98.60

R eferences
1. Scarborough, C.; Jiang, Z.; Werner, D.; Rivero-Baleine, C.; Drake, C. Experimental demonstration of an isotropic metamaterial 

super lens with negative unity permeability at 8.5 MHz. Appl. Phys. Lett. 2012,101,14101. [CrossRef]
2. Ullah, M.H.; Islam, M.T.; Faruque, M.R.I. A near-zero refractive index meta-surface structure for antenna performance improve­

ment. Materials 2013, 6, 5058-5068. [CrossRef] [PubMed]
3. Azim, R.; Islam, M.T.; Misran, N. Printed planar antenna for wideband applications. J. Infrared Millim. Terahertz Waves 2010, 31, 

969-978. [CrossRef]
4. Azim, R.; Islam, M.T.; Misran, N. A planar monopole antenna for UWB applications. Int. Rev. Electr. Eng. 2010, 5, 310-326.
5. Azim, R.; Islam, M.; Mandeep, J.; Mobashsher, A. A planar circular ring ultra-wideband antenna with dual band-notched 

characteristics. J. Electromagn. Waves Appl. 2012, 26, 2022-2032. [CrossRef]
6 . Nordin, M.A.W.; Islam, M.T.; Misran, N. Design of a compact ultrawideband metamaterial antenna based on the modified 

split-ring resonator and capacitively loaded strips unit cell. Prog. Electromagn. Res. 2013,136,157-173. [CrossRef]
7. Rahman, A.; Islam, M.T.; Singh, M.J.; Kibria, S.; Akhtaruzzaman, M. Electromagnetic performances analysis of an ultra-wideband 

and flexible material antenna in microwave breast imaging: To implement a wearable medical bra. Sci. Rep. 2016, 6, 38906. 
[CrossRef]

8 . Islam, M.; Islam, M.T.; Samsuzzaman, M.; Faruque, M.R.I. Compact metamaterial antenna for UWB applications. Electron. Lett. 
2015, 5 1 ,1222-1224. [CrossRef]

9. Hasan, M.M.; Faruque, M.R.I.; Islam, S.S.; Islam, M.T. A new compact double-negative miniaturized metamaterial for wideband 
operation. Materials 2016, 9, 830. [CrossRef]

10. Salleh, A.; Yang, C.; Alam, T.; Singh, M.; Samsuzzaman, M.; Islam, M. Development of microwave brain stroke imaging system 
using multiple antipodal vivaldi antennas based on raspberry Pi technology. J. Kejuruterran 2020, 32,1-6.

11. Xin, W.; Binzhen, Z.; Wanjun, W.; Junlin, W.; Junping, D. Design, fabrication, and characterization of a flexible dual-band 
metamaterial absorber. IEEE Photonics J. 2017, 9,1-12. [CrossRef]

12. Mishra, N.; Choudhary, D.K.; Chowdhury, R.; Kumari, K.; Chaudhary, R.K. An investigation on compact ultra-thin triple 
band polarization independent metamaterial absorber for microwave frequency applications. IEEE Access 2017, 5, 4370-4376. 
[CrossRef]

13. Zhou, Q.; Yin, X.; Ye, F.; Mo, R.; Tang, Z.; Fan, X.; Cheng, L.; Zhang, L. Optically transparent and flexible broadband microwave 
metamaterial absorber with sandwich structure. Appl. Phys. A 2019,125,131. [CrossRef]

http://doi.org/10.1063/1.4732158
http://doi.org/10.3390/ma6115058
http://www.ncbi.nlm.nih.gov/pubmed/28788376
http://doi.org/10.1007/s10762-010-9655-7
http://doi.org/10.1080/09205071.2012.724189
http://doi.org/10.2528/PIER12100708
http://doi.org/10.1038/srep38906
http://doi.org/10.1049/el.2015.2131
http://doi.org/10.3390/ma9100830
http://doi.org/10.1109/JPHOT.2017.2722010
http://doi.org/10.1109/ACCESS.2017.2675439
http://doi.org/10.1007/s00339-019-2430-2


Materials 2023,16,1172 22 of 23

14. Sharma, A.; Panwar, R.; Khanna, R. Experimental validation of a frequency-selective surface-loaded hybrid metamaterial absorber 
with wide bandwidth. IEEE Magn. Lett. 2019,1 0 ,1-5. [CrossRef]

15. Hoque, A.; Tariqul Islam, M.; Almutairi, A.F.; Alam, T.; Jit Singh, M.; Amin, N. A polarization independent quasi-TEM 
metamaterial absorber for X and Ku band sensing applications. Sensors 2018,18, 4209. [CrossRef] [PubMed]

16. Bilotti, F.; Nucci, L.; Vegni, L. An SRR based microwave absorber. Microw. Opt. Technol. Lett. 2006, 48, 2171-2175. [CrossRef]
17. Hannan, S.; Islam, M.T.; Faruque, M.R.I.; Rmili, H. Polarization-independent perfect metamaterial absorber for C, X and, Ku band 

applications. J. Mater. Res. Technol. 2021,15, 3722-3732. [CrossRef]
18. Alam, T.; Islam, M.T.; Cho, M. Near-zero metamaterial inspired UHF antenna for nanosatellite communication system. Sci. Rep. 

2019, 9, 3441. [CrossRef]
19. Guo, Y.; Zhao, J.; Hou, Q.; Zhao, X. Broadband omnidirectional patch antenna with horizontal gain enhanced by near-zero-index 

metamaterial cover. IETMicrow. Antennas Propag. 2020,14, 671-676. [CrossRef]
20. Shankhwar, N.; Kalra, Y.; Li, Q.; Sinha, R.K. Zero-index metamaterial based all-dielectric nanoantenna. AIP Adv. 2019, 9, 35115. 

[CrossRef]
21. Rajanna, P.K.T.; Rudramuni, K.; Kandasamy, K. A high-gain circularly polarized antenna using zero-index metamaterial. IEEE 

Antennas Wirel. Propag. Lett. 2019,1 8 ,1129-1133. [CrossRef]
22. Haider, Z.; Khan, M.U.; Cheema, H.M. A dual-band zero-index metamaterial superstate for concurrent antenna gain enhancement 

at 2.4 and 3.5 GHz. IETE J. Res. 2022, 68, 2898-2908. [CrossRef]
23. Alkurt, F.O.; Erkinay Ozdemir, M.; Akgol, O.; Karaaslan, M. Ground plane design configuration estimation of 4.9 GHz reconfig- 

urable monopole antenna for desired radiation features using artificial neural network. Int. J. RF Microw. Comput. Aided Eng. 
2021, 31, e22734. [CrossRef]

24. Abdulkarim, Y.I.; Awl, H.N.; Muhammadsharif, F.F.; Karaaslan, M.; Mahmud, R.H.; Hasan, S.O.; Isik, O.; Luo, H.; Huang, S. A 
low-profile antenna based on single-layer metasurface for Ku-band applications. Int. J. Antennas Propag. 2020, 2020, 8813951. 
[CrossRef]

25. Sabah, C.; Thomson, M.D.; Meng, F.; Tzanova, S.; Roskos, H.G. Terahertz propagation properties of free-standing woven-steel- 
mesh metamaterials: Pass-bands and signatures of abnormal group velocities. J. Appl. Phys. 2011,110, 64902. [CrossRef]

26. Sabah, C.; Dincer, F.; Karaaslan, M.; Unal, E.; Akgol, O.; Demirel, E. Perfect metamaterial absorber with polarization and incident 
angle independencies based on ring and cross-wire resonators for shielding and a sensor application. Opt. Commun. 2014, 322, 
137-142. [CrossRef]

27. Hakim, M.L.; Alam, T.; Almutairi, A.F.; Mansor, M.F.; Islam, M.T. Polarization insensitivity characterization of dual-band perfect 
metamaterial absorber for K band sensing applications. Sci. Rep. 2021,11,17829. [CrossRef]

28. Hakim, M.L.; Alam, T.; Soliman, M.S.; Sahar, N.M.; Baharuddin, M.H.; Almalki, S.H.; Islam, M.T. Polarization insensitive 
symmetrical structured double negative (DNG) metamaterial absorber for Ku-band sensing applications. Sci. Rep. 2022,12, 479. 
[CrossRef]

29. Naser-Moghadasi, M.; Nia, A.Z.; Toolabi, M.; Heydari, S. Microwave metamaterial Absorber based on Jerusalem Cross with 
meandered load for bandwidth enhancement. Optik 2017,140, 515-522. [CrossRef]

30. Hoque, A.; Islam, M.T.; Azim, R.; Singh, M.J.; Mat, K.; Cho, M. A new split pitch square shape metamaterial absorber for X 
band application. In Proceedings of the 2019 6th International Conference on Space Science and Communication (IconSpace), 
Johor Bahru, Malaysia, 28-30 July 2019; pp. 85-90.

31. Zhou, Q.; Liu, P.; Wang, K.; Liu, H.; Yu, D. Absorptive frequency selective surface with switchable passband. AEU-Int. J. Electron. 
Commun. 2018, 8 9 ,160-166. [CrossRef]

32. Zhang, Z.; Wang, C.; Yang, H.; Wang, P.; Chen, M.; Lei, H.; Fang, D. Broadband radar absorbing composites: Spatial scale effect 
and environmental adaptability. Compos. Sci. Technol. 2020,197,108262. [CrossRef]

33. Peddakrishna, S.; Khan, T.; Kanaujia, B.K.; Nasimuddin, N. Study of pass band resonance characteristics of aperture type FSS. 
AEU-Int. J. Electron. Commun. 2018, 83, 479-483. [CrossRef]

34. Sifat, R.; Faruque, M.R.I.; Ahmed, E.; Islam, M.T.; Khandaker, M.U. Electric field controlled cohesive symmetric hook-C shape 
inspired metamaterial for S-band application. Chin. J. Phys. 2020, 68, 28-38. [CrossRef]

35. Hasan, M.M.; Faruque, M.R.I.; Islam, M.T. Compact left-handed meta-atom for S-, C-and Ku-band application. Appl. Sci. 2017, 
7, 1071. [CrossRef]

36. Hossain, M.J.; Faruque, M.R.I.; Islam, M.T. Design and analysis of a new composite double negative metamaterial for multi-band 
communication. Curr. Appl. Phys. 2017,17, 931-939. [CrossRef]

37. Smith, D.; Schultz, S.; Markos, P.; Soukoulis, C. Determination of effective permittivity and permeability of metamaterials from 
reflection and transmission coefficients. Phys. Rev. B 2002, 6 5 ,195104. [CrossRef]

38. Smith, D.R.; Pendry, J.B.; Wiltshire, M.C. Metamaterials and negative refractive index. Science 2004, 305, 788-792. [CrossRef]
39. Padilla, W.J.; Basov, D.N.; Smith, D.R. Negative refractive index metamaterials. Mater. Today 2006, 9, 28-35. [CrossRef]
40. Khonina, S.N.; Degtyarev, S.A.; Ustinov, A.V.; Porfirev, A.P. Metalenses for the generation of vector Lissajous beams with a 

complex Poynting vector density. Opt. Express 2021,2 9 ,18634-18645. [CrossRef]
41. Chew, W.C. Some reflections on double negative materials. Prog. Electromagn. Res. 2005, 5 1 ,1-26. [CrossRef]
42. Singh, H.; Jha, R.M. Active Radar Cross Section Reduction; Cambridge University Press: Cambridge, UK, 2015.

http://doi.org/10.1109/LMAG.2019.2898612
http://doi.org/10.3390/s18124209
http://www.ncbi.nlm.nih.gov/pubmed/30513675
http://doi.org/10.1002/mop.21891
http://doi.org/10.1016/j.jmrt.2021.10.007
http://doi.org/10.1038/s41598-019-40207-3
http://doi.org/10.1049/iet-map.2019.0806
http://doi.org/10.1063/1.5086234
http://doi.org/10.1109/LAWP.2019.2910805
http://doi.org/10.1080/03772063.2020.1732842
http://doi.org/10.1002/mmce.22734
http://doi.org/10.1155/2020/8813951
http://doi.org/10.1063/1.3638445
http://doi.org/10.1016/j.optcom.2014.02.036
http://doi.org/10.1038/s41598-021-97395-0
http://doi.org/10.1038/s41598-021-04236-1
http://doi.org/10.1016/j.ijleo.2017.04.007
http://doi.org/10.1016/j.aeue.2018.03.034
http://doi.org/10.1016/j.compscitech.2020.108262
http://doi.org/10.1016/j.aeue.2017.10.032
http://doi.org/10.1016/j.cjph.2020.07.020
http://doi.org/10.3390/app7101071
http://doi.org/10.1016/j.cap.2017.04.008
http://doi.org/10.1103/PhysRevB.65.195104
http://doi.org/10.1126/science.1096796
http://doi.org/10.1016/S1369-7021(06)71573-5
http://doi.org/10.1364/OE.428453
http://doi.org/10.2528/PIER04032602


Materials 2023,16,1172 23 of 23

43. Guha, D.; Biswas, S.; Kumar, C. Printed antenna designs using defected ground structures: A review of fundamentals and 
state-of-the-art developments. In Proceedings of the Forum for Electromagnetic Research Methods and Application Technologies 
(FERMAT), Orlando, FL, USA, 1 March 2014; pp. 1-13.

44. Zafar, M.F.; Masud, U.; Rashid, A.; Murtaza, M.; Ullah, T. Comment on 'An ultrathin and broadband radar absorber using 
metamaterials'. Waves Random Complex Media 2021, 3 2 ,1-6. [CrossRef]

45. Kollatou, T.M.; Dimitriadis, A.I.; Assimonis, S.; Kantartzis, N.V.; Antonopoulos, C.S. A family of ultra-thin, polarization- 
insensitive, multi-band, highly absorbing metamaterial structures. Prog. Electromagn. Res. 2013,136, 579-594. [CrossRef]

46. Borah, D.; Bhattacharyya, N.S. Design and development of expanded graphite-based non-metallic and flexible metamaterial 
absorber for X-band applications. J. Electron. Mater. 2017, 46, 226-232. [CrossRef]

47. Ranjan, P.; Choubey, A.; Mahto, S.K.; Sinha, R.; Barde, C. A novel ultrathin wideband metamaterial absorber for X-band 
applications. J. Electromagn. Waves Appl. 2019, 33, 2341-2353. [CrossRef]

48. Mahmood, A.; Ogucu Yetkin, G.; Sabah, C. Design and fabrication of a novel wideband DNG metamaterial with the absorber 
application in microwave X-band. Adv. Condens. Matter Phys. 2017, 2017,1279849. [CrossRef]

49. de Araujo, J.B.O.; Siqueira, G.L.; Kemptner, E.; Weber, M.; Junqueira, C.; Mosso, M.M. An ultrathin and ultrawideband 
metamaterial absorber and an equivalent-circuit parameter retrieval method. IEEE Trans. Antennas Propag. 2020, 68, 3739-3746. 
[CrossRef]

50. Weng, Z.; Guo, Y. Broadband perfect optical absorption by coupled semiconductor resonator-based all-dielectric metasurface. 
Materials 2019,1 2 ,1221. [CrossRef]

51. Bi, K.; Yang, D.; Chen, J.; Wang, Q.; Wu, H.; Lan, C.; Yang, Y. Experimental demonstration of ultra-large-scale terahertz all-dielectric 
metamaterials. Photonics Res. 2019, 7, 457-463. [CrossRef]

52. Bi, K.; Wang, Q.; Xu, J.; Chen, L.; Lan, C.; Lei, M. All-dielectric metamaterial fabrication techniques. Adv. Opt. Mater. 2021,
9, 2001474. [CrossRef]

53. Xu, J.; Bi, K.; Zhang, R.; Hao, Y.; Lan, C.; McDonald-Maier, K.D.; Zhai, X.; Zhang, Z.; Huang, S. A small-divergence-angle orbital 
angular momentum metasurface antenna. Research 2019, 2019, 9686213. [CrossRef]

54. Guo, Y.; Hou, X.; Lv, X.; Bi, K.; Lei, M.; Zhou, J. Tunable artificial microwave blackbodies based on metasurfaces. Opt. Express 
2017, 25, 25879-25885. [CrossRef] [PubMed]

Disclaimer/Publisher's Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1080/17455030.2020.1869350
http://doi.org/10.2528/PIER12123106
http://doi.org/10.1007/s11664-016-4918-2
http://doi.org/10.1080/09205071.2019.1681299
http://doi.org/10.1155/2017/1279849
http://doi.org/10.1109/TAP.2020.2963900
http://doi.org/10.3390/ma12081221
http://doi.org/10.1364/PRJ.7.000457
http://doi.org/10.1002/adom.202001474
http://doi.org/10.34133/2019/9686213
http://doi.org/10.1364/OE.25.025879
http://www.ncbi.nlm.nih.gov/pubmed/29041250

