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Polarization insensitive dual band
metamaterial with absorptance
for 5G sub-6 GHz applications

Md. Mhedi Hasan*, Mohammad Tariqul Islam*>"¢, M. Salaheldeen M.2, Sami H. A. Almalki?,
Abdullah G. Alharbi*, Haitham Alsaif®>, Md. Shabiul Islam® & Md. Samsuzzaman’

A couple ring enclosed circular geometric resonator (CRECGR) based dual-band polarization insensitive
metamaterial (MM) with high effective medium ratio (EMR), and excellent absorptance is proposed

in this study, which can be utilized as a sensor and absorber in the 5G sub-6 GHz frequency range. A
circular geometry-based unique patch has been introduced in the proposed unit cell to achieve high
polarization insensitive properties with excellent absorption for the 5G sub-6 GHz spectrum. The
distinctive feature of this proposed CRECGR unit cell is its simple and unique structure with a high
EMR of 11.13, polarization insensitive up to 180°, and epsilon negative (ENG) properties, including

a negative refractive index and near-zero permeability for 5G sub-6 GHz applications. Furthermore,
this designed unit cell yields excellent absorption properties with high quality factor. The designed
MM unit cell is fabricated on low loss Rogers RT5880 printed media with an electrical dimension of
0.089A x 0.089A x 0.017A. The performance of the designed CRECGR metamaterial is determined using
Computer Simulation Technology (CST), Advanced Design Software (ADS), and measurements. The
CRECGR unit cell offers dual resonances at 3.37 GHz and 5.8 GHz, covering the 5G sub-6 GHz band
with ENG, near-zero permeability and negative index. The polarization insensitive properties of

the unit cell were also investigated for maximum angle of incidence, which confirmed the identical
response. The simulated outcome is verified by experiment with excellent accordance. Moreover, the
unit cell performance with a complete backplane is explored, noting a maximum absorption of 99.9%
for all normal and oblique incidence waves, suitable for sensing and antenna systems. In addition, the
suggested unit cell sensing performance is evaluated using the permittivity-based sensing model. The
proposed MM outperforms recent related studies in terms of polarization insensitivity up to 180°, high
insensitive absorptivity, high EMR, and sensing applications. These features prove that the proposed
CRECGR metamaterial is perfect for 5G Applications.

Metamaterials are artificially engineered media that can generate macroscopic properties when they interact
with waves, gained from geometric structure, not a composition. Researchers from all around the world have
focused their efforts on metamaterials, which exhibit unique properties like artificial plasmas, negative per-
meability, and negative refractive index, for use in a variety of future wireless communication applications.
These applications encompass antenna performance enhancement! =, specific absorption rate (SAR) reduction®,
absorber”%, sensing®'’, energy harvesting''?, lensing"’, future communications, remote aircraft and solar energy
management'*~7, and so on. Double negative metamaterials (DNG) and single negative metamaterials (SNG)
are two types of metamaterials that are frequently designed using a split-ring resonator (SRR)'®°. Moreover, the
SNG metamaterials can be classified as epsilon negative (ENG) (permittivity negative) or mu negative (MNG)
(permeability negative). The resonance frequency in the microwave or millimeter wave bands is governed by the
geometrical structure of the SRR. In the 5G spectrum, the proposed metamaterial could be an attractive prospect
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for 5G wireless communications applications. The 5G frequency spectrum is split into two parts: sub-6 GHz,
which is utilized in both 4G and 5G communication, and millimeter wave, which is exclusively used in 5G
systems®’. Due to the rapid advancement of technology in the future wireless communication system, scientists
and engineers have focused their attention on these frequency bands. Thus, the focus of this study is on devel-
oping a compact metamaterial structure with excellent absorptance properties for sub-6 GHz 5G applications.

A hexagonal-shaped SRR based MM is proposed in*! for dual-band microwave applications with DNG and
absorptance properties. However, this unit cell exhibits low EMR value and poor absorption at a higher reso-
nance. Moreover, the multiband MM unit cell has been presented in?>** for microwave applications with a higher
covering band but have low EMR values. In 2021, a mender line based ENG MM unit cell is proposed for C band
application with an EMR of 10.60 but have only one resonance’. A complementary SRR-based single band MM
unit cell with a low EMR value and petite size has been reported in another work®. A concentric crossed-line
based ENG MM structure is highlighted in** for multiband microwave applications. In this vein, researchers
investigated a left-handed sandwiched MM with customizable characteristics for microwave applications®®. The
article?” describes an asymmetric SNG metamaterial structure with sensing applications in the microwave spec-
trum and offers more than 90% absorption with good selectivity. However, owing to the polarization effect of
the asymmetric structure, it cannot be used for oblique incident waves. A bilaterally coupled epsilon negative
dual-band metamaterial with near-zero permeability and refractive index has been reported in* for X and C
band communication systems. The resonance frequency is tuned in this article using bilateral connected metal
width. The authors presented a single negative MM unit cell for microwave sensing applications in?, which is
based on a modified SRR, operating at a frequency of 140 GHz. The authors of*” introduce an inductively con-
trolled metamaterial for multiband antenna gain improvement applications. Additionally, when using a copper
backplane, this MM demonstrates absorption and selectivity but have poor absorption at 8.48 GHz frequency.
A multiband ENG metamaterial with a near-zero index and high value of EMR is designed and investigated
in’! for antenna gain improvement. The absorptance properties, as well as unit cell polarization parameters, are
not shown in this research. A polarization independent dual-band metamaterial has been devised for wireless
communication using a Rogers RT6002 dielectric substrate®?. This MM structure has a low EMR and simple
construction while also considering a maximum polarizing angle of incidence of 45°. The study in*® presented
a polarization-sensitive dual-band perfect metamaterial absorber for Ku-band applications with maximum
absorption of 99.87%. In®**?, a variety of absorbers are developed and explored that employ metamaterial
structures for microwave and millimeter wave absorption. Among these, the authors of** presented a perfect
absorber based on MM with a 90% absorption bandwidth for use in the k band. Further, this article addresses
the sensing capability of the suggested MM absorber without experimental confirmation. On the other hand, a
co-polarized perfect metamaterial for Wi-Fi applications is devised in®*, focusing on metamaterial equivalent
circuit analysis for desired frequency applications. This paper demonstrated maximum 99% absorption with
high EMR value. The author of® designed a crescent shape wide-angle MM absorber for Wi-Fi networks with a
maximum absorption of 99%, where the absorption varies 99% to 93% depending on the angle of incident. A
fractal wideband absorber based on an E-shaped split ring resonator for a 5G millimeter wave communication
application with a very large unit cell structure is reported in*. Although it covers a broad frequency range in
the millimeter wave spectrum, it has an absorptivity of around 80% when waves are incident at a normal angle.
Using the 3D printing approach, the researchers in*” developed a polarization independent water metamaterial
with absorption of over 90% for ultra-broadband applications.

Although there have been a few publications proving the compact metamaterial structure with good
EMR7-921-2527.2931,323436 1 articles for a 5G sub-6 GHz spectrum operating high polarization insensitive meta-
material resonator with a small size, high EMR and perfect absorber qualities have been reported. In this study,
a novel high polarization insensitive metamaterial with excellent absorption and sensing qualities has been
introduced for 5G sub-6 GHz communication systems. The resonator of the designed CRECGR metamate-
rial encloses a circular geometric pattern within three square split coupled rings covering the 5G sub-6 GHz
frequency spectrum. The unique feature of this metamaterial is its simple and novel architecture, which has a
high EMR of 11.13 and is polarization insensitive up to 180° incident angle. Moreover, it extends outstanding
absorption properties of 99.9% for both normal and oblique incidence angles as well as a higher quality factor
(Q-factor). The absorption in TE and TM mode is identical and insensitive up to 90° oblique incidence angles.
Additionally, it possesses ENG features with near-zero permeability and a negative refractive index. The equiva-
lent circuit of the suggested unit cell is developed in ADS, and the performance is verified against CST simulation
findings. The proposed prototype is fabricated on a widely used and low loss Rogers RT5880 printed substrate,
which possesses excellent electrical properties and chemical resistance. The experimental and numerical findings
confirm that the developed prototype is suitable for 5G sub-6 GHz applications. In addition, the developed unit
cell performance has been compared with existing relevant published prototypes and found it excellent in terms
of design structure, broad polarization insensitivity, high insensitive absorptance and sensing applications. The
most important goal of this research is to design a novel metamaterial in the desired 5G frequency range with
high polarization insensitivity and perfect absorptance properties, as well as a miniaturized structure with a high
EMR for sensing and antenna system applications. Following the introduction, the second section addressed
the unit cell’s design procedure and simulation technique. The third section illustrates the effective parameters
extraction approach and the detailed performance analysis of the unit cell and array structure presented in sec-
tion four. Section five discusses a succinct investigation of the surface current density, as well as the electric and
magnetic field patterns, while section six and seven goes into the equivalent circuit (EC) model and experimental
investigation of the resonator. The eighth and ninth sections examined the suggested MM’s performance as an
outstanding absorber and provided experimental confirmation. Section ten and eleven contains MM sensing
applications and a performance comparison table with related current works, as well as a summary of the study
in section twelve.
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Figure 1. (a) The detailed unit cell patch structure with dimension. (b) Design evaluation of the proposed MM
structure (CST STUDIO SUITE 2019, https://www.3ds.com/products-services/simulia/products/cst-studio-
suite)’.

Parameter | Size (mm) | Parameter | Size (mm) | Parameter | Size (mm)
a 8 g 0.5 h 1
bem 0.25 d,j 0.5 r 3.14

Table 1. Parametric values of the proposed MM structure.

Unit cell geometry design and simulation procedure

The proposed unit cell geometry encloses a center circular geometric pattern within the square split coupled ring
resonator, which is an improved version of the traditional split ring resonator (SSR). The unit cell size is quite
small in relation to the wavelength of the resonance frequency, which fulfill the metamaterial’s sub-wavelength
standards®. The proposed metamaterial is distinguished by its compact size, high EMR, polarization insensi-
tive, absorptance properties, and potential to substantially alter the resonance frequency within the sub-6 GHz
frequency spectrum for 5G applications. The proposed MM structure, as well as the dimensions of the different
splits and segments, are illustrated in Fig. 1a. The suggested unit cell is realized on Rogers RT5880 dielectric
printed media with an electrical dimension of 0.089A x 0.089\ x 0.017A at the 3.37 GHz resonance frequency
where the dissipation factor and dielectric constant are 0.0009 and 2.2, respectively. Rogers RT 5880 is a well-
known and reliable material consisting of lightweight PTFE with random microfiber glass reinforcing. It exhibits
homogeneous electrical properties across a large frequency range with very low moisture absorption and low
outgassing, making it well suited for use in high-humidity conditions. Moreover, it has the lowest dielectric
loss, the highest chemical resistance, and the lowest electrical loss, making it suitable for 5G and beyond high
frequency or broadband applications. In addition, it can be easily cut, sheared, and machined into shape, which
makes it a convenient material for manufacture. As this proposed design demands excellent electrical properties
and advanced performance at the 5G sub-6 GHz operating frequency, Rogers RT5880 is chosen, which sup-
ports great performance in the 5G sub-6 GHz frequency range. The split-ring resonator (SSR) with a 0.035 mm
copper thickness is used to fix the resonant frequency. The split gaps, connecting strips, ring position and the
center circular geometric pattern are determined by the trial-and-error process to obtain the desired frequency
band in the 5G spectrum. The optimal resonator is composed of three-square rings and one circular geometric
design in which the width of the splits and connecting metals modulate the resonances. Moreover, the central
circular pattern significantly switches the operating frequencies of the resonator. The unit cell design evaluation
is presented in Fig. 1b and the various optimized dimensions of the proposed MM structure are illustrated in
Table 1. In design step 1, the three-square rings are spaced similarly and have the same metal width on one side
of the substrate, while the other side is copper-free, as indicated in Fig. 1b. These rings interact as an inductor
that exhibits a single resonance at the frequency of 7.3 GHz, as shown in Fig. 2a. In the following design, the
first ring is connected to the second ring using a metal strip, and the second is similarly connected to the third
square ring by introducing two splits in the third ring. Incorporating the splits and connecting metal offers two
resonances at 5.6 GHz and 7.6 GHz with the previous resonance shifting, as illustrated in Fig. 2a. The resonances
and shifting characteristics are caused by the capacitive and inductive effects, as well as mutual coupling effects
between the rings. The splits in the first and second square rings are appended in an optimal fashion to achieve
the desired frequency bands of 3.8 GHz and 8.7 GHz, respectively, as indicated in the third design stage. In this
step, the first resonance frequency is significantly reduced to a lower value, while the second resonance is moved
to a higher value. Finally, a circular ring with an optimal geometric layout is proposed to cover the desired band
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Figure 2. (a) Reflection coeflicient spectra for different design phases. (b) CST Simulation arrangement (CST
STUDIO SUITE 2019, https://www.3ds.com/products-services/simulia/products/cst-studio-suite)*’.
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Figure 3. The flowchart for designing and optimizing the suggested MM structure.

of 3.37 GHz and 5.8 GHz for 5G sub-6 GHz applications, as depicted in Fig. 2a. The designed circular geo-
metrical pattern demonstrates the effect of shifting both resonances, particularly the second resonance, which
is considerably suppressed.

The numerical simulator CST microwave studio suite, 2019, with a frequency-domain solver, has been used
to conduct the proposed MM unit cell and array simulation. The CST simulation arrangement of the proposed
MM structure is illustrated in Fig. 2b, where transmitting and receiving ports are aligned in the Z-axis and excite
the designed MM structure to extract the characteristics that often do not exist in natural materials. In order
to meet the boundary requirements, electric and magnetic fields are utilized in the X- and Y-axes. The perfect
electric conductor (PEC) condition has two distinct behaviors: first, it acts perpendicular to the electric field with
unit cell bottom and topsides, and second, it behaves perpendicular to the magnetic field with unit cell front and
rear sides. The open add distance of the boundary conditions is determined using the formula, 2D?/, where D
is the unit cell diameter 4 is the wavelength in free space, which assists in analyzing the electric field in terms of
near field zone?'. The simulation frequency is adjusted to between 2 and 10 GHz, and a tetrahedral mesh is used
to simulate unit cells and arrays. Figure 3 illustrates the comprehensive design approach and optimization for
the suggested MM geometry. The flowchart summarizes the principal design parameters and their contribution
to the properties of MM S,,.

Metamaterial effective parameters extraction technique

The effective media characteristics of the proposed MM unit cell and array can be retrieved from the S-parameters
using the CST post-processing approach, including the permittivity, permeability, refractive index, and effective
impedance. The CST simulator extracted the effective parameters of the unit cell and array structure from the
scattering parameters utilizing a well-established robust retrieval technique. The refractive index and impedance
can be approximated using the following transmission and reflection coefficient equations, which are explained
by the robust retrieval approach*.

Scientific Reports |

(2022) 12:8495 | https://doi.org/10.1038/s41598-022-12106-7 nature portfolio


https://www.3ds.com/products-services/simulia/products/cst-studio-suite

www.nature.com/scientificreports/

0

@ -10-
o
2
k) -20 4
]
E
T -30-
©
g.
(]

-40 ——(S,,) Transmission Coefficient

----- (S44) Reflection Coefficient
-50 T T T T
2 3 4 5 6 74

Frequency (GHz)

Figure 4. S-parameters of the suggested MM structure.
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The impedance and refractive index are calculated by reversing Eqs. (1) and (2):
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Impedance, z ==+ % (3)
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and the refractiveindex, n = ﬁ{ [[ln <€ink°d>} : + 27””} - i[ln (ekadﬂ /} )

Here, the real and imaginary elements of the operator are denoted by (.)’ and (.)" correspondingly, while the
integer number m correlates to the real refractive index. The permittivity and permeability are calculated using
the equations, which are based on the impedance and refractive index.

Permittivity, & =mn/z (5)

and permeability, p© =nz (6)

The metamaterial structure might be modelled as a medium with an electromagnetic (EM) mesh array that
is defined by the plasma frequency.

Prototype performance

Unit cell performance analysis. The performance of the unit cell prototype and array arrangement is
investigated employing CST simulator, and the simulation results are confirmed by the experimental results.
The transmission and reflection coeflicient of the proposed unit cell is presented in Fig. 4, which offers two
resonances at 3.37 GHz and 5.8 GHz in the 5G sub-6 GHz frequency band. These resonances possess —10 dB
passband ranges of 3.1-3.6 GHz and 5.76-5.9 GHz, respectively, with magnitudes of —37 dB and — 18.5 dB. Fig-
ure 4 clearly demonstrates that each resonance of S, happens following the resonance of S, ; hence, the electrical
resonances are ensured.

Figure 5 illustrates the effective relative permittivity and permeability of unit cells retrieved from the CST
post-processing module using a robust retrieval approach. It is noticeable that the permittivity values of the unit
cell fluctuate between positive and negative values, however, the effective permeability solely displays positive
values throughout the desired frequency band, confirming that the suggested unit cell possesses epsilon nega-
tive characteristics. Moreover, as seen in Fig. 5a, the highest negative permittivity values arise vicinity of the S,,
resonance frequencies, whereas the least permeability values occur at the resonance frequencies shown in Fig. 5b.
In Fig. 6a, the CST retrieval values for the effective refractive index of the proposed unit cell are demonstrated
beside the frequency. It is worth noting that the suggested MM supports the presence of a negative refractive
index at 3.37 GHz and 5.8 GHz, sequentially, in the S,; spectrum. Furthermore, the real negative peak values of
the refractive index exist inside the spectrum of permittivity and permeability. These features of the proposed
MM could be applied to antenna intention to enhance bandwidth, gain, and performance®**'. Figure 6b depicts
the effective impedance values of the proposed unit cell, where the real values are positive, thus the suggested
unit cell is a passive medium. Table 2 summarizes the extracted distinctive features of the designed unit cell
structure’s effective parameters.
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Figure 6. (a) Refractive index and (b) input impedance (CST post-processing approach) of the proposed unit
cell at operating bands.

Parameters | Frequency range (GHz) | Near-zero/negative region | Bandwidth threshold
Sy 3.1-3.6 and 5.76-5.8 S31 < —10dB

& 3.37-4.5 and 5.8-5.95 g <0

Iy 3.37and 5.8 0.02 and 0.13 (real) nr <0

n 3.39 and 5.81 —2.88 and —2.06 (real) n<-—15

Table 2. Characteristics of the suggested MM structure’s effective parameters.

Array analysis. The performance of the 2 x 2-unit cell array is investigated with a similar simulation setup
of the single unit cell, as most applications employ an MM array rather than a unit cell. Figure 7a illustrates the
reflection and transmission coefficients of the unit cell array in comparison to the unit cell response. It is impor-
tant to highlight that the array’s S,, resonance frequencies are almost identical to unit cell resonances, with the
exception that the array’s S, lower resonance frequency deviates somewhat from the unit cell response, while
the upper resonance remains consistent. As a consequence, the effect of mutual coupling between the array
components is negligible in our proposed MM structure. The CST extracted effective parameters of the array
including such permittivity, permeability and refractive index, are illustrated in Figs. 7b and 8a,b, respectively, in
comparison to the unit cell results. The array findings are amazingly closer to the proposed unit cell, as seen in
these Figs. 7b and 8a,b, with just a little difference owing to the negligible mutual coupling effect. In addition, the
real permeability show near to zero values at both resonances, which confirms the applications in the antenna
design, where it can tailor the antenna radiation pattern to enhance the antenna gain and directivity*!.
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Figure 7. Comparison plots of (a) scattering parameters and (b) CST extracted permittivity for unit cell and
2x2 array.
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Figure 8. Comparison plots of CST extracted (a) permeability and (b) refractive index for unit cell and 2 x 2
array.

Polarization insensitivity analysis. The polarization insensitivity of the suggested MM structure has
been examined using incident angle (8) of 0°-90° and polarization angle (¢) of 0°~180°, as demonstrated in
Fig. 9a,b. The wave vector of the propagation k is in the z-direction, with the E and H vectors in the x and y axes,
respectively, as shown in Fig. 10. The proposed MM unit cell exhibits polarization insensitivity at all incidence
angles, as noticed in Fig. 9a,b. The MM unit cell shows comparable resonances under all instances, including
the oblique and normal incidence of electromagnetic waves. Thus, the proposed structure is independent of
all polarizing angles owing to its unique design geometry. As the unit cell response is the same for all angles of
incidence, the proposed MM structure might be a potential choice for 5G applications.

Parametric study. This study examines the proposed unit cell’s performance in the desired 5G band, as
well as the effects of changing the split gap of the ring. The split gap provides a capacitive effect, while the square
ring acts as an inductor, resulting in an LC circuit with a resonance frequency that is dependent on the L and C
values. As a result, the resonances of the MM unit cell are likely to be controlled by varied split gaps. The width
of split gaps is considered in this analysis to be between 0.5 and 1.0 mm. Figure 11 shows the unit cell transmis-
sion coefficients for the various split gaps s> The resonances of the proposed unit cell change dramatically in
the higher frequency range when the resonator split gap width widens, as seen in Fig. 11. The lower resonance
transmits frequencies between 3.3 and 3.5 GHz, whereas the higher resonance transmits frequencies between
5.8 and 6.1 GHz, encompassing the entire sub-6 GHz 5G frequency band. The significant frequency shift occurs
in the higher frequency resonance in contrast to the lower frequency resonance once the width of the split gaps
is increased, as illustrated in Fig. 11. These studies indicate that the suggested unit cell is capable of working
throughout the full sub-6 GHz 5G frequency spectrum, making it a viable contender for future wireless com-
munication.
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Figure 9. Polarization-independent performance of the proposed unit cell for (a) normal incidence and (b)
oblique incidence.
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Figure 12. Surface current distribution for the presented MM structure at (a) 3.37 GHz and (b) 5.8 GHz (CST
STUDIO SUITE 2019, https://www.3ds.com/products-services/simulia/products/cst-studio-suite)*.

Surface current, magnetic field and electric field analysis

Different forces and fields exist because of the generated charge, which influences metamaterial electromagnetic
characteristics. Maxwell’s curl equations* can be used to represent the produced electric and magnetic fields.
The equations of Maxwell are represented by the differential expressions below.

VxE=_2B @)
X = ——
at
vxH=J4+P (®)
x H = —
at
where,
g_[2 2 @
T laxT oy oz ©

Here, B, D, E, and H stand for magnetic flux density, electric flux density, induced electric field density, and
induced magnetic field density, respectively, while J stands for electric current density. Equation (7) expresses
Faraday’s equation of electromagnetic induction, whereas expression (8) is a modified version of Ampere’s law

that includes displacement current, %. To evaluate the electromagnetic fields’ relationships with metamaterial

characteristics, the following equations must also be addressed.
D(t) = (t) x E(t) (10)
B(t) = ju(t) x H(Y) (11)

Surface current, magnetic, and electric field distributions of the proposed unit cell are presented in Figs. 12,
13, and 14, respectively, to study the association among surface current, magnetic field and electric field corre-
sponding to the above given equations. A magnetic field source is an electric charge that varies over time. In turn,
this changing magnetic field produces a varying electric field. This interconnection of electric current, electric
fields, and magnetism impacts resonance occurrences. Figure 12 illustrates the surface current pattern of the
produced MM at 3.37 GHz and 5.8 GHz, respectively, where the diagonal corner dominates the current density.
As illustrated in Fig. 12a, the opposite diagonal corner of the top and middle rings exhibits the most substantial
current, whilst the central circular pattern and bottom ring exhibit the lowest current. The current direction in
these top two rings is antiparallel, therefore, the mutual coupling effect is cancelled out, as shown in Fig. 13a. It
is also observed that the metal connecting strip generates a path to add and split current between the upper and
middle rings, as shown in Fig. 12a by the circles x and y. In the distribution of magnetic fields, it is found that
the magnetic field strength is more significant in areas with a high electric current density as per Eq. (8). As the
distance from the metal ring rises, H field intensity falls (shown in Fig. 13a), satisfying the equation B = I /2nr,
where y is the permeability constant, and r is the distance from the metal wire. The magnetic field is weakest in
the middle circular geometric pattern and bottom ring illustrated in Fig. 13a. According to Maxwell’s Eq. (7),
the electric and magnetic fields display antagonistic excitation. The strong electric field is observed in the verti-
cal arms of the outer ring, as shown in Fig. 14a, which satisfy the Eq. (7). Furthermore, the electric field is more
significant at the split points due to the capacitance effect and at a location where there are high magnetic field
fluctuations, as seen in Fig. 13a. Now, an investigation of Fig. 12b for 5.8 GHz shows a less dense current found
in the central geometric pattern of the unit cell, whereas current through the vertical arms of the outer ring is
nearly zero. Notably, a significant electric current persists at the diagonal corner of the middle and lower rings,
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Figure 13. H-field distribution for the presented MM structure at (a) 3.37 GHz and (b) 5.8 GHz (CST STUDIO
SUITE 2019, https://www.3ds.com/products-services/simulia/products/cst-studio-suite)®.
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Figure 14. E-field distribution for the presented MM structure at (a) 3.37 GHz and (b) 5.8 GHz (CST STUDIO
SUITE 2019, https://www.3ds.com/products-services/simulia/products/cst-studio-suite)®.

which is the reverse of what occurs at the 3.37 GHz resonance. As with 3.37 GHz, antiparallel current direction
appears at the horizontal arms of the bottom and middle rings, which cancels out the mutual coupling effect,
as seen in Fig. 13b. It is observed that a strong magnetic field is experienced in the region p and q (shown in
Fig. 13b) owing to the high-density surface current. The subsequent electric field distribution at 5.8 GHz reveals
that a significant electric field is indeed in the area w, v due to the changing magnetic field at the corresponding
position, as seen in Fig. 14b. However, the electric field is almost negligible in the inner circular pattern due to
the absence of fluctuation in the magnetic field.

Equivalent circuit of the proposed MM unit cell

The suggested unit cell resonator geometry encloses a center circular geometric pattern within the three square
split coupled rings, demonstrating capacitive and inductive effects. The inductance is induced by the metal
strips, whereas split gaps contribute to the capacitance of the structure, which controls the resonance frequency
of the resonator. By combining the split and the electric field, it is possible to produce electric resonance. Con-
versely, when a resonating structure interacts with an electromagnetic wave, magnetic resonance is created by
the combination of metal loops and magnetic field response. Thus, the whole structure resembles an LC circuit
that exhibits resonance, with resonance frequency (f ) having the following relation®:

1

f= Zn«/ﬁ (12)
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where L and C are the inductance and capacitance of the resonator. The capacitance, C, owing to the split gap,
can be determined by using the relation as expressed in Eq. (13):

C= A F
—80&;( ) (13)

here, g and &, denote the free space permittivity and relative permittivity, respectively, whereas A and d indicate
the metal strip area and split distance, respectively. The inductance of the resonator ring can be computed by
applying the transmission line principle equation®>*:

LonH) = 2 x 10~41[1n [ —— ) + 1193 + 002235 “F1) | & 14
- wHt ' ' I g (14)

Here, the correction factor,K, = 0.57 — 0.1451n’ﬁ—,/, in which w’ and /' are the substrate width and thickness,
respectively. Moreover, t,/ and w denote the thickness, length and width of microstrip lines, respectively. The
equivalent circuit of the proposed metamaterial unit cell is drawn in Fig. 15a, which considers the inductive and
capacitive effect of each ring as well as the split gaps. In Fig. 15a, L1, L2, L3 L4 and L5 represent the inductive
effects of the outer ring, whereas CI and C2 represent the capacitance associated with the split gaps in this ring.
Inductances L6 and L7 are used to connect the first and second split rings. Besides inductances L8, L9 L10, and
L11 are corresponding inductances of different arms in the second inner ring, while L12, and L14 are the induct-
ance of the metallic strip for the second and third inner ring connector. Inductances of L15, and L13 represent
the inductive effects of the third ring whereas C3 and C4 represent the capacitance associated with the split gaps
in the third split ring. Finally, C5 and C6 represent the capacitance between the split gap of the third ring and
parasite element. There are eight parasite element and eight parasite gap which is represented by eight inductance
(L16-L23) and eight capacitances (C7-C14).

The equivalent circuit is modelled in an advanced design system (ADS), and the effect of the various induct-
ances and capacitances are investigated by tuning these component values. The numerical value of these circuit
components is determined by tuning their values in ADS so that the equivalent circuit provides two similar
resonances of S,; at 3.30 GHz and 5.80 GHz. The inductor-capacitor pair L11 & C3 controls the lower resonance
frequency at 3.3 GHz. Changing the values of these components causes a significant deviation in frequency for
the resonance at 3.30 GHz. A noticeable effect of L12-C2 is experienced on the higher resonance occurred at
5.80 GHz. Effect of the inner ring inductances is observed on the second resonance at 5.80 GHz. The transmis-
sion coefficient response for circuit simulation in ADS is compared with the similar response of the proposed
metamaterial at CST simulation in Fig. 15b. The S,, figure from the ADS circuit simulation is much like the CST
S,1 plot, as seen in Fig. 15b. A slight bandwidth mismatch is observed for the resonance at the lower frequency.
This is because, in CST simulations, the metamaterial’s inductive action is distributed uniformly throughout the
resonator. Moreover, it is suffered by the coplanar capacitances existing between two adjacent metallic sides of
the rings. However, in circuit simulation, the effect of the coplanar capacitor is neglected. Furthermore, circuit
simulation treats components as lumped, resulting in a bandwidth deviation from the CST simulation result.

Fabrication and experiment

The prototype of the proposed 2 x 2 array structure is fabricated to confirm the CST simulation findings by
measuring the practical response depicted in Fig. 16a,b. Figure 16a shows the measuring equipment setup for
the developed metamaterial structure at UKM’s microwave laboratory, which includes two different waveguide
ports and a two-port PNA network analyzer (model: Agilent N5227A). The manufactured array prototype is
sandwiched between the two waveguide ports that are connected to the PNA network analyzer through the
probe. The measured finding of the array prototype is presented in Fig. 16b alongside CST simulation results.
According to the observed results, the measured resonances are very closely matched to those obtained by simu-
lation. In addition, the measured -10 dB S,, bandwidth expands from 3.2 to 3.6 and 5.7-5.9 GHz, respectively
covering the sub-6 GHz 5G spectrum, which matches the CST simulated values. Despite a bit of variation in
the frequency response, the simulated and experimental findings are fairly close. As illustrated in Fig. 16b, the
peak amplitudes of the measured resonances deviated somewhat from the simulated ones. Fabrication flaws, a
small gap between the edges of the fabricated prototype and waveguide ports, cable loss, mutual coupling effects
between two ports or two array components, and experimental open-air conditions are responsible for these
discrepancies between observed and simulated findings. Nevertheless, beyond these constraints, the MM array
exhibits excellent performance with a high correlation between simulation and experiment, making it perfect
for 5G wireless communication applications.

Absorption properties of the proposed MM structure

When a copper backplane is embedded into the proposed metamaterial unit cell, it serves as an absorber. The
metamaterial absorber absorbs electromagnetic energy by introducing magnetic and electric resonance with zero
transmission waves. The reflection, transmission and absorption coefficient performance spectra are illustrated
in Fig. 17a. Due to the presence of copper in the backplane, it is noticed that the incident wave transmission is
zero. When backside copper is incorporated into the metamaterial, a current is induced in the back copper, which
forms a magnetic field that prevents transmission by interfering with the transmitted wave. Hence, almost all
transmitted EM waves are absorbed since the transmitted wave penetration depth is less than the back copper
thickness (0.035 mm). At 5.7 GHz resonance, the unit cell displays absorption close to unity, while at 3.3 GHz
resonance, it exhibits absorption exceeding 91 percent. Thus, absorption is maximum where the reflection
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Figure 15. (a) Equivalent circuit (EC) model of the proposed CRECGR unit cell and (b) comparison of S,, for
CST and equivalent circuit.

spectrum is least and vice versa, as shown in Fig. 17a. Using the following general formula, the absorption has
been computed from the S, and S,, parameters:

Scientific Reports |

(2022) 12:8495 |

https://doi.org/10.1038/s41598-022-12106-7

nature portfolio



www.nature.com/scientificreports/

0
3 10
4
2
£ -204
g
o
» -30- ——8,, (Simulated)
----- S,, (Measured)
-40 : —— .
= 2 3 4 5 6 7
w“;sft';'d“ Unit Cell Frequency (GHZ)

(b)

Figure 16. (a) Experimental arrangement with assembly parts and (b) comparison of measured and CST
simulated S,, responses for a developed 2 x 2 array structure.
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Figure 17. (a) Absorption and scattering parameters of the suggested unit cell and (b) unit cell and array
absorption performance.

A=1—1S11*—Sul* (15)

Figure 17b shows the comparative analysis of the absorption performance of the proposed unit cell and its
array arrangement. The absorption values of the unit cell and array are 91% and 91.2% at 3.3 GHz, respectively,
and 99.2% and 99.9% at 5.7 GHz, respectively. It is worth noting that the absorption of the unit cell and its array
is nearly identical, even though the array performs better at both resonances than the unit cell. Furthermore,
the simulation is performed in terms of normal and oblique EM wave incidence for a 2 x 2 unit cell array, as
exhibited in Fig. 18a,b. The proposed absorber offers uniform absorption for all angles of incidence, exhibiting
angle insensitivity because of its axis symmetrical structure. Thus, the suggested metamaterial absorbs a maxi-
mum of 99.9% of energy at all polarizing angles. The effect of different oblique incidence angles on the absorp-
tion performance of the proposed MM for TE (Transverse Electric) and TM (Transverse Magnetic) polarized
electromagnetic (EM) waves have been explored, and the simulated results are shown in Fig. 19a,b. It is worth
noting that the suggested structure ensures near-unity absorption at higher frequencies for obliquely incident
EM waves in both the TE and TM modes. Moreover, the absorption in TE and TM mode is unaffected by oblique
incidence angles. Figure 19a,b demonstrates the almost identical absorption characteristics of TE and TM mode
of operation, which covers the 5G sub-6 GHz frequency spectrum. It is noticeable to mention that the proposed
MM absorber is insensitive to oblique incidence angles of up to 90° for EM waves in the TE and TM modes.
Moreover, the bandwidth of the absorption spectra is quite narrow, indicating an excellent quality factor of 110
and 285 for 3.3 GHz and 5.7 GHz, respectively, as determined by the equation, Q = fo/HMBW , where fj is the
absorption frequency and HMBW is the half-power maximum bandwidth?. All of these characteristics imply
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Figure 18. Absorption performance of the proposed MM structure (array) for (a) normal angle of incidence

and (b) oblique incidence.
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Figure 19. Absorption characteristics for various angles of oblique incidence in (a) TE and (b) TM modes of
operation.

that the suggested MM structure with copper backplane has outstanding absorption properties and is suitable
for sensing and energy harvesting in the 5G spectrum®.

The top and back surface currents pattern of the suggested unit cell absorber has been investigated to realize
the absorption process and resonance characteristics, as shown in Figs. 20 and 21. The mechanics of absorptance
is that antiparallel current is generated on the front and back sides of the absorber, resulting in a current loop
and magnetic resonance, which is liable for absorption*®. The surface current distribution of the absorber front
side (Fig. 20a) for 3.3 GHz reveals a significant antiparallel current in the diagonal corner of the top and middle
square rings, with the bulk of current passing on the middle ring. In the copper backplane depicted in Fig. 21a, an
antiparallel current is investigated at the upper and lower ends of the top and middle rings. Magnetic resonance
is generated by the antiparallel current, which leads to the absorption of almost 91% at 3.3 GHz. On the other
hand, with the 5.7 GHz resonance (shown in Fig. 20b), the maximum current is found on the top and lower
sides of the three-square rings, whereas the parallel current is observed in the upper two rings. In the copper
backplane, the antiparallel current is noticed at the exact location as on the front side displayed in Fig. 21b. These
three antiparallel currents offer the maximum absorption of 99.2% at 5.7 GHz. It is noticeable that the absorption
observed at 3.3 GHz and 5.7 GHz frequencies, which is very close to the resonances of the proposed resonator.

Experimental output of the CRECGR MM absorber

The 2 x 2 array of the unit cell absorber is fabricated for the purpose of performing measurement and confirm-
ing performance to the simulation findings. The photograph of the fabricated prototype as well as the experi-
mental procedure with a PNA series vector network analyzer and two waveguides are presented in Fig. 22. The
experimental reflection coefficient values have been collected from the measurement setup, and the absorption
performance extracted from the measured data using the formula provided in Eq. (15), as illustrated in Fig. 23a,b,
respectively. The suggested unit cell with a copper backplane shows excellent absorption at the resonances
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Figure 20. Surface current circulation in absorber resonator patches at (a) 3.3 GHz and (b) 5.7 GHz (CST
STUDIO SUITE 2019, https://www.3ds.com/products-services/simulia/products/cst-studio-suite)*.

e TR e R R TR “"%* T A/m
M‘\ﬁ"v!ﬁ N“**K‘Rf" ; ATy .
o R h& ‘ ff 4 P8 AA gy
ST, R %’ 1,14, ;g t4 P P5m #¥y
J’JJI e Ay ¥ ’7 - 5)’ ¥ Badadn 2.4
N gy oy NNy Ny A P g Py N
"’""""—""’-"""‘:,‘:—:,"'!,”, A a‘:;,-n 2
Lol ndadnd ey "y -y Bt P e o o
B A W Ty oy Ty My Ry Py Ty 16
Tn o Ty Ty iy Yy Ay Ay Ay 12
Ny oy oy Wy oy g AT oy Py Ay,
A oy oy gy Vg Ay NNy Ay | 0.8 PN, My Ry My Ty, Shy, TSR, SRy, =y
N By Ly Vg W A Py P Yy N PR PR R ep Ty BTRLIETA, Ty "Ry Ry "Ry N
rap K g Lo B 2G0p T o ol o T M o NN 0.4 S -CR-T Shy, RSy TRy Ay Sy Ry k|
e E R B E Bl M SR Mg Yog' Y Nape 3
AR INT Y o oy F Wy Fry Ny Wy My 0 K
B ol B dadaigigdn st du Aude dabe’ Be’ Lol 3

pip X B By I T T8 QR T N s NN
AT AT g ANy Ny Ay HTy Ay
2T A Ay TV V0 A Ty

- Wy ooy WXy iy Py Y
Y iud .’J‘; A 2wy Py ATy iy Wy

EY d > |

o HEHH e o BV Ly rpnsmanbedndaabpeavaeh e R dhy 4y Shy

e e LI o T
xxxfﬁ“

f A, B
e Y YYYYY ShEe 1 A AT RN P g
:*: e ‘f 1! ﬁm@xz&¢¢—%¢¢¢¢ﬁ g . o ;:;{M‘*’*“‘N““*’ f_ t §£

(@) (b)

Figure 21. Copper backplane surface current distribution at (a) 3.3 GHz and (b) 5.7 GHz for absorber
resonator (CST STUDIO SUITE 2019, https://www.3ds.com/products-services/simulia/products/cst-studio-
suite)’.
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Figure 22. CRECGR metamaterial absorber experimental setup with assembly components.
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Figure 23. Measured and CST simulated results (a) S, response in dB and (b) absorption for a fabricated 2 x 2
array of the absorber.
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Figure 24. (a) Model for sensing solid materials and (b) Liquid (Edible oil) sensing model. (CST STUDIO
SUITE 2019, https://www.3ds.com/products-services/simulia/products/cst-studio-suite)*.

depicted in Fig. 23b, with maximum absorption of 99.9% at 5.7 GHz. It can address that the measured and
simulated findings are in excellent agreement with slight deviation, as shown in Fig. 23a,b. This divergence hap-
pened as a result of coaxial connector loss, edges mismatch between fabricated prototype and waveguide ports,
a coupling effect between waveguides and the open-air testing environment, which contributed to erroneous
absorption and bandwidth displacement. Notwithstanding these influences, the 2 x 2 array absorber achieves
outstanding absorptions at the desired resonances, making it suitable for 5G applications.

Sensing applications

In recent times, metamaterial-based sensing technology has exploded in popularity among the research
community*®. Thus, the proposed CRECGR metamaterial exhibits outstanding identical absorption qualities
up to 180° incident angles with maximum absorption of 99.9%, which leads it a perfect choice for sensing appli-
cations in the 5G sub-6 GHz spectrum. Artificially engineered MMs have indeed been widely employed in a
variety of applications, including antennas®, energy harvesting*, SAR minimization®?, and a variety of microwave
sensors, notably permittivity sensors*’, pressure sensors*, chemical sensors*, and refractive index sensors™. The
MM patch self-capacitance is greatly influenced by the effective impedance variation, which shifts the reflection
and absorption peaks. Work by***! presented a permittivity sensor for microwave spectrum sensing applica-
tions based on the absorption characteristics of the MM. Figure 24a shows the sensing application setup, which
includes a 1 mm thick material sensing layer on top of the developed MM absorber. In the absence of solid testing
material, the air is assumed to be the sensing medium with a dielectric constant of 1, which is closely related to
the permittivity of the material. Various dielectric materials with permittivity values ranging from 2.33 to 3.75 are
layered on top of the suggested absorber to evaluate its sensing properties, and the obtained findings are shown
in Fig. 25. It can be noticed that the permittivity of the sensing materials increased, the absorption peak moved
linearly towards the lower frequency. The changing permittivity of the sensing materials has a noticeable effect
on the capacitance of the MM patch, contributing to the absorption peak being shifted. Notably, high sensitivity
has been demonstrated in the 5G sub-6 GHz lower and higher bands. However, the upper band absorption has
been reduced slightly due to the dielectric constant of the sensing material and the modification in the size of the
MM. In addition, as illustrated in Fig. 24b, a liquid substance (edible oil) sensing is also investigated. In order to
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Figure 25. (a) Absorption responses of various sensing materials and (b) Plot of dielectric constant against
frequency at the point of maximum absorption.
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Figure 26. (a) Absorption properties of various liquid (Edible oil) materials sensing and (b) plot of dielectric
constant against frequency at the point of maximum absorption.

study the sensing performance, various edible oil samples with different permittivity values have been inserted
between substrate materials for testing purposes. The simulated absorption outcomes of the various edible oil
samples are illustrated in Fig. 26. It is found that the absorption of the various edible oils shifted linearly towards
the lower frequency as the increasing of the permittivity values. Absorption in the lower band is reduced owing
to changes in impedance matching and sensing material, hence the higher band is recommended for edible oil
sensing applications. Thus, it is feasible that the proposed metamaterial-based sensor might be used in various
sensing techniques in industry, including liquid chemical and dielectric solid material sensing.

EMR and comparative study with contemporaries

The effective medium ratio (EMR) is an influential theoretical tool used to determine the compactness of meta-
materials. The developed unit cell EMR value has been determined using a pretty basic mathematical formula®,
EMR = A/L, where A implies the lowest resonance frequency wavelength and L denotes the length of the devel-
oped metamaterial structure. The EMR value of the proposed MM structure is 11.13 at the resonance frequency
of 3.37 GHz, indicating increase in homogeneity and smallness without any manufacturing constraints. The
comparison between the recently published metamaterial structure and the suggested one is summarized in
Table 3, considering the factors including unit cell size, substrate material, structure characteristics, frequency
bands, absorption ability and application arena. Compared to other previously published work in Table 3, the
proposed metamaterial geometry exhibits a high EMR, wide polarization independent features, and a compact
footprint covering the 5G sub-6 GHz frequency spectrum with sensing applications. Furthermore, it possesses
excellent absorption in the 5G sub-6 GHz frequency spectrum at almost comparable resonances. Besides that, the
proposed metamaterial is based on a well-established substrate material with a low dielectric constant (DC=2.2)
and dissipation factor (DF =0.0009 at 10 GHz), uniform electrical properties across a broad frequency range, easy
cutting and patterning, and suitability for moisture environments. The authors of*! merely indicated absorption
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Maximum
Absorption Min. | polarization angle
Ref. and Year | Unit cell shape and size | Substrate material | Characteristics Covering Bands | EMR | and Max. (%) insensitivity Applications
52
2016 FR-4 LHM C 8.45 | Not shown Not confirmed Not shown
0.118Ax0.118\x0.035\
21 H
FR4 ENG and DNG Sand X 8.4 81 and 99 Not confirmed Microwave (pro-
2020 posed)
0.118Ax0.118Ax0.018\
r N 4
53 iy -
[t ] FR-4 DNG S, X and Ku 10.07 | Not shown Not confirmed Microwave (pro
2021 3 posed)
0.099A x 0.099A x 0.017\
32 . .
Rogers RT6002 LHM X and Ku 4.327 | Not shown 45° Communication
2021 (proposed)
0.231Ax 0.231A X 0.044\
Proposed E Rogers RT5880 | LG and negative | 5G Sub-6 GHz 1113 | 91and 99.9 180° Absorber and
Index band sensing
0.089A x 0.089A x 0.017\

Table 3. Compare and contrast the proposed MM structure with existing relevant design.

with a minimum of 81% without any experimental evidence and sensitivity analysis. On the other hand, the
study®? demonstrates polarization insensitive features up to 45°, but their EMR is relatively low, and no applica-
tion with experimental confirmation is demonstrated. Thus, the suggested MM structure’s originality lies in its
unique geometry, high EMR, polarization insensitivity up to 180°, ENG characteristics with a negative index
and sensing application in the 5G sub-6 GHz frequency range. Most importantly, it displays a unique property
of excellent absorption at the resonances when a complete copper backplane is employed.

Conclusion

This scientific study introduced a polarization insensitive dual-band CRECGR metamaterial with outstanding
absorptance that covers the 5G sub-6 GHz spectrum. The proposed circular geometry-based unique patch is
devised on the low loss Rogers RT5880 substrate with a miniature size of 0.089A x 0.089\ x 0.017\. The proposed
resonator demonstrates two resonances at 3.37 GHz and 5.8 GHz, which have negative permittivity, near-zero
permeability, and a negative refractive index. The core circular geometric structure shifts the resonance frequency
to a lower frequency, thus improving the EMR while covering the sub-6 GHz frequency spectrum used in 5G.
The findings of the CST and ADS simulations are confirmed by the results of the prototyped experimental design.
The surface current density, magnetic and electric field patterns are investigated to clarify the metamaterial
characteristics. The developed metamaterial structure has been proven to be polarization insensitive up to 180°
of incidence angle, which is unique among related metamaterials to date. Moreover, the compactness of the
developed metamaterial structure is confirmed by its high EMR value of 11.13, which ensures its homogeneity
features. The robust retrieval approach-based CST post-processing module has been used to explore the effective
relative parameters, confirming the ENG properties. The absorption qualities of the unit cell with a full copper
backplane were examined, revealing a maximum absorption of 99.9% with an excellent quality factor, confirming
its potential application in 5G enabled devices for SAR reduction, energy harvesting, and sensing. In addition,
the proposed absorber polarization insensitivity has been settled by angles of incidence up to 180°. Absorption
in the TE and TM modes are found to be identical and insensitive to oblique angles up to 90°. The suggested
unit cell sensing performance is investigated using a permittivity-based sensing model, and excellent sensing
responses are observed for a variety of testing material dielectric constants. Thus, the proposed metamaterial
structure might be a promising solution for sub-6 GHz applications in the 5G wireless communication.
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