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ABSTRACT A novel dual-port multiple-input−multiple-output (MIMO) antenna arrangement is introduced
for attaining quasi-omnidirectional circular polarization (OCP) towards device-to-device (D2D) integrated
sensing and communications (ISAC) deployment in sixth generation (6G) networks. The antenna architecture
comprises of three dielectric laminates arranged one below/above the other with each substrate juxtaposed
to its counterpart by the air cavity. The upper laminate encompasses solitary element frequency selective
surface (FSS) etched on both fronts. Impedance matching transmission lines and partly reactive impedance
surfaces (RIS) were printed on the top and bottom region of the middle substrate, respectively. The lower
laminate features microstrip feed lines on the top side and semi ground planes on the bottom. The MIMO
antenna was made up of two ports and fed through proximity coupling from the opposite ends of the middle
substrate’s top surface to resonate with a −10 dB impedance bandwidth (I-BW) of ∼35%. The partial RIS
enabled >20 dB of isolation between the ports while the air cavities between the laminates contributed to
achieve a realized gain of >7 dBi. The antenna occupies 1.2λ × 1.2λ footprint and 0.1λ height at 12 GHz
to exhibit quasi-OCP in the azimuth plane with axial ratio (AR) of <3 dB and efficiency of >90%. The
envelope correlation coefficient (ECC), diversity gain, specific absorption rate (SAR), and power density
(PD) at the band of interest were <0.1, ∼10 dB, <1.6 W/kg, and <10 W/m2, respectively. The results
of the Ansys HFSS simulations and the measurements taken within the anechoic chamber exhibited good
agreement. In contrast to state-of-the-art quasi-OCP antennas operating in the 12 GHz spectrum, the novelty
of the proposed MIMO antenna includes a straightforward and compact configuration that is integrated
synergistically to provide reasonably high gain and efficiency values.

INDEX TERMS Antenna, circular polarization, frequency selective surface, high-efficiency, low-profile,
miniature, metasurface, multiple-input–multiple-output, quasi-omnidirectional, reactive impedance surface.

I. INTRODUCTION
The dramatic rise of handheld gadget consumers has driven
the need for a wireless access environment with lower latency,
reduced power consumption, improved spectrum efficiency,
and higher data rates over the preceding decade [1]. The
6G mobile standard is intended to transform consumer
applications by enabling automatic administration and seam-
less communications across heterogeneous devices. D2D
ISAC represents an innovation exhibiting potential for the
6G network to enable direct communication between two
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adjacent consumer electronics without the requirement of
a base station [2]. This ultimately renders feasibility for
effective spectrum utilization and efficient dual-function
operations.

Given the limited number of accessible frequency
resources, spectrum sharing is an attractive strategy for the
internet of things (IoT) [3]. Furthermore, wireless carriers are
prone to utilizing the established infrastructures and protocols
ofmobile phone networks and deploying IoTwithin regulated
telecom spectrum. Hence, ISAC systems are perpetually
widening and amalgamating their frequency spectrum [4].
For instance, the 12 GHz spectrum have received substantial
interest with the objective to investigate whether it could
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potentially be employed for the high-speed wireless
communication alongside various emerging applications.
In addition, the constraints of the coverage provided by
terrestrial networks have revived interest in satellite-based
infrastructure for IoT [5]. The goal of IoT connectivity in iso-
lated regions would be achieved with satellite-instituted setup
and is anticipated to become increasingly vital in coming
years.

The intensity of electromagnetic (EM)waves radiated from
antennas usually diminishes as they extend further from their
individual sources. A practical solution towards featuring
high throughput and low latency networks represents high
efficiency antennas. Employing miniaturized antennas is
also a prerequisite imposed by contemporary electronics.
Microstrip antennas realized on a printed circuit board are
the incredibly prevalent owing to their compact geometry and
straightforward circuit amalgamation potentials. In general,
the substrates serve as vital for preserving the necessary
radiation and antenna physical characteristics. Low-profile
microstrip antennas, on the other hand, suffer from poor radi-
ation efficiency and front-to-back ratio because the fields and
images that the antenna emits in the far-field portion effec-
tively cancel themselves out. Considerable effort has been
devoted to developing metasurfaces to achieve an optimal
front-to-back ratio [6]. However, the disadvantages of these
techniques include their poor efficiency, bulky sizes, and dif-
ficult construction procedure. One method for achieving high
efficiency antennas involve exercising substrates with low
permittivity [7].

The MIMO antenna approach remain fundamental with
their distinctive potential to simultaneously guarantee the
transmission capacity and sensing accuracy [8]. However, the
MIMO framework inevitably results in isolation problems,
considerable hardware expenses, and substantial power uti-
lization. Furthermore, quasi-omnidirectional antennas ought
to be vital for IoT D2D ISAC [9], [10]. Then again, quasi-
omnidirectionality induces phase inaccuracy and multiple
paths wave reflection. CP antennas can ward off multiple
paths fading from the ionosphere. As a result, quasi-OCP
antennas form essential components of less precise navi-
gation systems constructed on satellites. However, realizing
a high radiation efficiency and a broad AR-BW are the
main difficulties associated with developing a quasi-OCP
antenna.

The primary objective of the present research intends to
accomplish a quasi-OCP radiation pattern with an easy to
fabricate MIMO antenna design for D2D ISAC in 6G IoT
over satellite at 12 GHz. Particularly, we propose a dual-
feed proximity-coupled MIMO antenna that consists of three
dielectric slabs placed one on top of the other and separated
by the air cavities. Two orthogonal EM waves with identical
amplitude and a 90◦ phase difference were excited by the
novelMIMO antenna configurationmade up ofmetasurfaces.
All the physical aspects that affect the impedance and
radiation performance of the proposed MIMO antenna were
extensively researched. To the best of the authors knowledge,

FIGURE 1. (a) Perspective, (b) top and (c) bottom configuration of the
proposed MIMO antenna. Isometric projection of the port connections
from the (d) top and (e) bottom sides.

TABLE 1. Antenna parameter values.

the proposed quasi-OCP MIMO antenna exhibits the highest
realized gain of >7 dBi in the literature whilst presenting
a compact size of 1.2λ × 1.2λ and low-profile of 0.1λ.
Furthermore, the proposedMIMO antenna features a−10 dB
I-BW of ∼35%, AR of <3 dB, efficiency of >90%, ECC of
<0.1, diversity gain of ∼10 dB, SAR of <1.6 W/kg, and PD
of <10 W/m2.

II. DESIGN AND CONFIGURATION
Fig. 1 illustrates the proposed MIMO antenna architecture
that contains three dielectric substrates stacked one beneath
the other, with the air cavities separating them all to constitute

2818 VOLUME 12, 2024



S. Kamal, P. Sen: Microstrip-Ministered Proximity-Coupled Stacked Dual-Port Antenna

FIGURE 2. Proposed FSS: (a) Layout, (b) evolution, (c) equivalent circuit,
(d) Brillouin region, (e) dispersion diagram, and |S11 | of (f) TE and (g) TM
waves.

the optimum antenna arrangement. The upper laminate was
printed on both sides with single element FSS. The top

and bottom surfaces of the middle substrate, respectively,
were printedwith impedancematching transmission lines and
partly RIS. The lower laminate was equipped with microstrip
feed lines on the top side and semi ground planes on the
bottom side. The optimum set of parameters derived by
Ansys HFSS simulations are documented in Table 1. The
proposed MIMO antenna is systematically designed and
analyzed whilst each component serves specific objectives
to boost the overall performance. The rationale with respect
to every preference is expressed in the subsections that
follow.

A. FREQUENCY SELECTIVE SURFACE
Typically, the frequency filtering characteristics of FSS
are comparable to those of the frequency filters used in
conventional radio frequency systems [11], [12]. FSS features
two primary applications. One exploits FSS reflectors for
segregating feeds across different frequencies in antenna
arrangements. The other implementation of FSS serves as
antenna radomes that further regulate both transmitted and
reflected EM waves. A single FSS ought to consist of a
thin surface that is characterized by a conductive or resistive
material arrangement on a surface that incorporates certain
reinforcement, for instance a dielectric layer [13]. A FSS
may also include surface-bonded components including
transistors, inductors, diodes, and capacitors [14], [15]. These
are frequently termed analog circuit architectures. FSS may
be electrically isolated or might feature connection elements
like vias between them [16]. FSS could be entirely passive,
semi-active with biased diodes, active with amplification
mechanisms, and the like [17], [18], and [19]. FSS might
also include collections of entirely 3D items [20]. FSS
may intentionally introduce loss as a component of a radar
absorbent material, or it may be created to have zero loss [21].
The construction of FSS layouts employing several dielectric
layers and/or FSS inserted within a composite is possible and
frequently done [22]. Choosing a name for these structures
while considering how they relate to antenna definitions, 2D
or 3D metamaterials, dichroic surfaces, metasurfaces, and
all that quickly becomes challenging. The majority of FSS
applications presume that the patterns are periodic and are
characterized by an infinitely repeating unit cell. However,
this is not true in a number of fields with practical significance
because the main goal usually represents to attain good
filtering characteristics. Furthermore, many non-periodic
FSS types have been studied in the past as examples of the
same [23]. FSS are frequently constrained by the accuracy
that they are capable of being etched and might be essential
over huge sections of surface due to the engineering and
financial challenges involved with them. This study aimed
to enable high-performance filtering properties with a simple
design that would be easy to manufacture. In particular,
accomplishing the FSS features merely with the radiat-
ing patch and eliminating the requirement for additional
layers.

VOLUME 12, 2024 2819



S. Kamal, P. Sen: Microstrip-Ministered Proximity-Coupled Stacked Dual-Port Antenna

In the EM simulation environment, the master-slave
boundary conditions with Floquet port were employed to
evaluate the FSS layout, as shown in Fig. 2(a). The distance
between the FSS and Floquet port was kept 0.5λ to ensure
that all evanescent modes diminish before reaching the unit
cell. The FSS design was investigated by considering three
distinct cases to furnish a resonance in the 12 GHz spectrum,
as shown in Fig. 2(b). At the outset, a square microstrip patch
(Pµ) was simulated and its dimensions were approximated
using the formulas based on the resonant frequency (fr )
stated in [24]. The square patch established a resonance
between 10 GHz and 11 GHz. Hence, fine tweaking was
initiated to ensure that the structure operates exclusively in
the desired spectrum of interest. Particularly, in the second
stage, a FSS that serves as a filter for free-space signals
with frequency-dependent EM propagation characteristics
was taken into account. Furthermore, the case was viable to
block beyond the band information while allowing signals
within the preferred spectrum to propagate. The features of
a FSS were yielded by adding a supplementary part to the
square patch. The accumulation was engineered taking into
consideration the fundamental principle which stipulates that
when an EM field illuminates a strip dipole (Ds) component
and the dimension of the dipole count as a multiple of 0.5λ,
the dipole will produce resonance and re-emit the electrical
energy. A circular-loop unit composed of a pair of half-
circular-loops that function as strip dipoles was explored
to accomplish a resonance in the prerequisite spectrum
of 12 GHz. An I-BW of ∼2% was ascertained. Finally,
the third case (FSS) was geared toward boosting the I-BW.
This was accomplished by transforming the bottom side of
the FSS based on the top side that has been discussed in
phase two. The transition from the second to the third stage
resulted in an I-BW of ∼5%. Fig. 2(c) demonstrates the
equivalent circuit model of the proposed FSS that includes an
LC circuit with the letters C and L standing for, respectively,
the inter-element spacing and the conducting elements. This
model produced a |S11| response that was exactly like
the one depicted in the FSS case highlighted in green in
Fig. 2(b). The resonant frequency equation mentioned in
[24] can be utilized to determine the values of lumped
elements.

The eigenmode simulation was carried out whilst consider-
ing the Brillouin domain to further evaluate the FSS property,
identify the permissible propagation modes, and determine
the operational range of the proposed unit cell [25]. The
0 point represents the focal point of the Brillouin region,
whereas the M and X points correspond to, respectively,
the midpoints of an edge and a face, as illustrated in
Fig. 2(d). The relationship between the wave vector and
these points is expressed in [26]. Fig. 2(e) depicts the
dispersion diagram of the proposed FSS with different
propagation modes (ξ ) activated. The EM bandgap region
became apparent in the 12 GHz spectrum. Given the presence
of symmetric FSS on both sides of the dielectric substrate,
the first two modes produced comparable response curves.

FIGURE 3. Impact of the (a) feedline transition and (b) ground plane
dimension on |S11 |, |S21 | and AR. (c) Realized gain and efficiency curves
yielded from the antenna based on semi ground plane.

Finally, the effect of changing the angle of incidence
(0◦, 30◦, and 60◦) for TE and TM polarized waves
was investigated, as demonstrated in Figs. 2(f) and 2(g),
respectively. All modes achieved the anticipated resonance
at 12 GHz, thus validating the FSS property of the proposed
design.

B. FEED ELEMENT AND GROUND PLANE
With the aim to advance on to the succeeding phase,
a MIMO setup based on the FSS design identified in the
preceding subsection was studied. In this instance, procuring
a broad I-BW in the 12 GHz spectrum remained the ultimate
objective. A 0.25λ transformer was respected as the feed
element to diminish the amount of energy reflected whilst
the transmission line links to the load. Two feed elements
were encompassed in the MIMO antenna system, and they
were positioned at the opposite ends. A dielectric slab
whose extents matched the dimensions of the standard
connectors served as a platform for the feed elements. The
proximity-coupled feeding approach was applied to produce
a reasonable I-BW. The feed line dimensions are typically
regarded as among the vital parts in a proximity-coupled
antenna. This constitutes mainly because the geometry of
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FIGURE 4. Proposed RIS: (a) model and equivalent circuit, (b) reflection
phase, (c) |S11 |, (d) |S21 |, (e) AR, (f) realized gain and efficiency.

the microstrip affects the framework’s resonance frequency,
thereby affecting the quantity of intended forward EM
radiation.

Two distinct feed element scenarios were investigated.
In the initial instance, both feed length transitions (lT ) were
constrained to the square patch’s perimeter. In the second
case, both feed length transitions were increased to reach
the circular patch. Fig. 3(a) render it apparent that the feed
components are extended until the circular patch produced a
resonance near 12 GHz. The subject should be noted that the
efficacy was realized by incorporating semi ground planes,
whichwas the focus of a similar investigation. Fig. 3(b) shows
the results of the study on the impact of full and semi ground
planes (lG). The increased separation between the conducting
portions remains accountable for attaining an I-BW of ∼8%
with>15 dB isolation response. Yet, their responses to AR of
<6 dB weren’t perceived to be optimum. Fig. 3(c) discloses
that an efficiency of ∼95% may also be achieved at the cost
of the low realized gain value of ⩽4 dBi in the operating
frequency band.

C. REACTIVE IMPEDANCE SURFACE
Traditional microstrip patch antennas on metal-backed layers
often have a narrow bandwidth and low efficiency [24]. These
issues arise because the EM waves from the antenna image
are susceptible to cancellation from the antenna current.
Furthermore, it is challenging to match the antenna input
impedance or would only be successful across a limited
bandwidth. On the quest to overcome these issues, impedance
surfaces offer the appropriate front-to-back EM radiation
ratio and permit the insertion of concurrent electric cur-
rents in their vicinity [27]. However, their input resistance
expands, though, making it trickier to match the reactive
portion. Furthermore, the conductor and dielectric losses
of perfect magnetic conductors turn lossy and capture the
antenna near-field energy, which eventually has a negative
impact on the antenna efficiency. As a result, the antenna
substrate constitutes a crucial part that influences the input
impedance, and mutual coupling between the antenna and
its image. A potential remedy for these issues constitutes
the integration of periodic microstrip patches on the surface
of a metal-backed dielectric substrate, typically referred as
RIS [28], [29], [30]. Perfect magnetic and electrical conduc-
tors exhibit reflection phases of 180◦ and 0◦, respectively.
The contrary, RIS represents an entirely reactive surface by
establishing arbitrary reflection phases between −180◦ and
+180◦. Hence, RIS generalizes both a perfect magnetic and
electric conductor. In this work, the primary goal was to
deploy RIS to sinusoidally distribute the image current in a
bid to drastically diminish the interaction amongst the source
and its image. In essence, to shift a capacitively or inductively
loaded antenna resonance to a lower frequency and enhance
the impedance matching. This is typically attainable whilst
the surface impedance of RIS is appropriately considered.
For instance, the surface impedance η of RIS is designated
as jv [31].

A metasurface layer was added to the MIMO antenna
design in order to improve the I-BW and isolation response
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while retaining the compact shape. This layer encompassed
the feed elements with dimensions derived from subsection
B on the top side and squared metal segments of RIS
on the bottom. Theoretically, a unit RIS cell operates
identical to a shunt capacitor fixed at an offset distance (dO)
from a short circuited microstrip, as shown in Fig. 4(a).
A parallel LC circuit ought to be employed to demonstrate
the aforementioned. The unit cell simulation result stated in
Fig. 4(b) indicates that the RIS exhibits capacitive, inductive,
and open-circuit behavior below, at, and above the frequency
of their resonance, respectively. A distance of one wavelength
was maintained as the upper limit for the periodicity of RIS
unit cells. This enabled the capacity to recognize differences
between the RIS and FSS.

Initially, the effects of RIS on the entire plane (eR) was
investigated, as indicated in Fig. 4(c)−(f). A shift in the
resonance frequency to 14 GHz with AR of <3 dB was
accomplished. Additionally, the metal RIS parts present near
FSS increased the mutual coupling. Hence, an alternative
instance of partial RIS (pR−1) was studied wherein the RIS
was split into two halves with dimensions equal to the
size of the ground plane that was established in subsection
B. The antenna yielded peak resonance at 11.9 GHz with
notable isolation enhancement relative to the prior case,
as displayed in Fig. 4(c)−(d). Furthermore, another case of
partial RIS (pR−2) was investigated in which two RIS units
near a feed element were merged to attain peak resonance
at 12 GHz whilst taking into account the basic hypothesis
of antennas. Subsequently, a wide I-BW of >30% and
reasonable isolation of>20 dBwas established in the 12 GHz
spectrum, as displayed in Fig. 4(c)−(d). These improvements
were potentially linked to the RIS ability to store magnetic
field energy, that impacts the FSS total inductance thereby
making up for the electric energy stored in proximity to
the antenna. Furthermore, AR of <3 dB was yielded with
a modest enhancement in the realized gain of >7 dBi and
efficiency of >90%, as indicated in Fig. 4(e)−(f). Note that
these advancements are attributable to the dielectric layers
that are detailed in the next subsection.

D. DIELECTRIC LAYER
To accomplish notable gain and efficiency values, the
dielectric layer topology was examined. The dielectric layers
with low relative permittivity were introduced to avoid signal
loss. Particularly, the air (ϵr = 1) cavities were interpolated
to mitigate against surface waves excitation. Additionally, the
stacked arrangement of high and low dielectrics provided a
reduction in the antenna’s effective relative permittivity to
electrical resistance. Descriptively, the air cavity between the
two dielectric substrates may be regarded as a cavity area
enveloped by magnetic boundaries on the sides, and electric
boundaries on the top and bottom due to the presence of
conductors. A consideration may also be paid to the bottom
conductor operating as the top cavity’s ground, thereby
mitigating the mutual coupling effect driven through the
surface waves produced by the dielectric laminates.

FIGURE 5. (a) Connectors (left to right): SMA, Rosenberger, and SV
Microwave. |S11 | and |S21 | responses corresponding to variations in the
(b) assembly and (c) thickness of dielectric layers.

The dielectric layer studies were based on the fabrica-
tion/assembly constraints as developing a straightforward
design constitutes an objective. Furthermore, it was necessary
to opt for an economical option. Hence, the type of connector
to be employed was explored. Despite the wide variety of
connector choices available for 12 GHz operation, three types
including SubMiniature Version A (SMA) BU-1420701851,
Rosenberger 02K243-40ME3, and Amphenol SVMicrowave
3321-60059 are frequently used for edge feeding, as shown
in Fig. 5(a). These options are advantageous in view of
the performance and/or financial advantages they offer.
However, in this work, the SMA connector was elected as the
appropriate solution because of the following three reasons.
Primarily, the mechanical stability represented a challenge
since the proposed antenna was fed in a unique fashion
in contrast to standard antennas. Secondly, the air cavity
thickness between the middle and top substrates must be
≈0.02λ for SMA and >0.02λ for other connectors as the
portion beside the feed pin of the connector would obstruct
the positioning of the top substrate, forcing the board area
to be trimmed. Finally, the SMA connector is relatively
inexpensive. Nevertheless, the air cavity thickness between
the middle and lower substrates must be ⩽0.02λ because the
feed pin of SMA connector was intended to be soldered to
the top side of the middle substrate, and their ground pin
to the bottom side of the lower substrate.

Investigating two distinct examples led to the optimal
arrangement being identified. In the first instance (cA × 1),
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FIGURE 6. Simulated results of the proposed MIMO antenna at 12 GHz:
CP mechanism for (a) φ = 0◦, (b) φ = 90◦, (c) φ = 180◦ and (d) φ = 270◦.

only the upper and middle dielectric slabs were separated by
an air cavity of t= 0.02λ, whereas in the second case (cA×2),
the air cavities of t = 0.02λ were introduced between all
dielectric substrate layers. The second investigation yielded
the desired resonance at 12 GHz with relatively broad I-BW,
as depicted in Fig. 5(b). To ascertain the fabrication tolerance,
three different estimates (t= 0.06λ, t= 0.04λ, and t= 0.02λ)
of the air cavity thickness between the middle and the upper
substrates were examined. Fig. 5(c) represent their frequency
response curves. It was concluded that the EM radiation was
appropriately coupled with the FSS by the fringing fields for
t = 0.02λ. Note that cA × 2 and t = 0.02λ are the same
cases.

III. OPERATING PRINCIPLE
The current distributions at 12 GHz have been explored and
are discussed in the forthcoming subsections to assess the
operating principle of the proposed MIMO antenna. The

FIGURE 7. Quasi-omnidirectional radiation pattern of the proposed
MIMO antenna at 12 GHz.

subject issue is introduced by taking into account current
directions at various phase angles to describe the CP behavior.
Subsequently, the surface current distribution for analyzing
the effects of isolation is presented. Furthermore, SAR and
PD analysis are detailed to illustrate the amount of EM
radiation that human tissue potentially absorb. Finally, the
impact of human hand on the antenna radiation pattern is
evaluated.

A. QUASI-OMNIDIRECTIONAL RADIATION PATTERN AND
CIRCULAR POLARIZATION
Fundamentally, two orthogonal constituents exhibiting a 90◦

phase deviation are essential for establishing the CP EM
radiation. The CPmechanismwas considerably stimulated by
the FSS architecture. Examining the trajectory of the current
flow shown in Fig. 6(a)−(d) is intended to demonstrate the
conclusion. The highlighted currents in the circular patch
(Jcircular ) of the FSS were produced respectively in the
directions of +y and −y at 0◦, −y and +y at 90◦, −y
and +y at 180◦, and +y and −y at 270◦. The focused
currents, on the other hand, formed respectively in the square
part (Jsquare) of the FSS in the directions of +x and −x
at 0◦, −x and +x at 90◦, −x and +x at 180◦, and +x
and −x at 270◦. The stripped circular-loop unit permitted
to sabotage the passage of the current, which ultimately
resulted in the formation of principal currents flowing in
multiple directions. Additionally, a 0.25λ difference was
kept between the lengths of the two feed lines to have the
CP EM radiation enabled. Fig. 7 shows the 3D radiation
pattern of the proposed MIMO antenna, which indicates that
a quasi-omnidirectional response has been established. The
air cavity between the substrates was primarily responsible
for the unroundness of the radiation pattern. However,
the feasibility of quasi-omnidirectional antennas have been
proved for mobile communications in the past [32], [33],
[34], [35].

B. MUTUAL COUPLING
This subsection provides an expanded overview of isolation
effects, even though the approach to increase port isolation
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has been covered by showing the transmission coefficient
response in section II. Two distinct scenarios in particular
with RIS and without RIS were examined, as confirmed
in Fig. 8(a)−(b). In the cases of without RIS, the surface
currents from ports 1 to 2 were coupled. Alternatively, the
RIS based arrangement that has been proposed contributed to
limit the current transfer from one port to the other.

C. BIOLOGICAL IMPACTS
The prevalence of wireless devices has dramatically
expanded, increasing exposure to the EM fields, which are
known to have a number of negative impacts on human health.
As a result, SARwas analyzed using the subsequent formulas
as estimates [36].

SAR = σ
E2

ρ
(1)

E(r)
−−→ =

1
jωµϵ

{k2
A
−→ + ∇(∇

A
−→)} (2)

where, σ expresses the electrical conductivity of the human
tissue in S/m, E denotes the root mean square of the
electric field strength in V/m, ρ signifies the mass density
of the biological tissue in kg/mm3, ω stands for the angular
frequency, µ remains the permeability of the tissue, k

exemplifies for the propagation constant,
A
−→ represents the

magnetic vector potential, and ∇ symbolizes the differential

power. The terms k2
A
−→ and ∇ (∇

A
−→) signifies the dominant

part of electric far-field and near-field, respectively [37].
A human hand phantom was used to assess the SAR

characteristics of the proposed MIMO antenna, as illustrated
in Fig. 9(a). The result shows that the maximum SAR is
within the safety limits of <1.6 W/kg [38].

PD represents another safety assessment metric that is
typically evaluated for antennas operating at higher frequen-
cies, particularly>10 GHz [39]. Two physical quantities—an

electric field (
E
−→) and a magnetic field (

H
−→)—are required

to compute PD. The real term of the Poynting vector

(
S
−→) derived from the cross product of

E
−→ and complex

conjugation of
H
−→ represents the actual consumption power,

as stated in the following equation [40], [41].

⟨
S
−→⟩ = Re

(
1
2

E
−→ ×

H∗

−→

)
(3)

where, ⟨
S
−→⟩ refers to the localized PD determined by the peak

value of every spatial location on the mesh grids.
The spatially averaged or total PD (µD) on an assessed area

(A) can be obtained from the localized PD ⟨
S
−→⟩, as expressed

in the succeeding formula [40], [41].

µD =
1
A

∫
A

⟨
S
−→⟩ · ds =

1
2A

∫
A

| Re(
E
−→ ×

H∗

−→) | ·ds (4)

Fig. 9(b) presents the PD contour map of the proposed
MIMO antenna at 12 GHz. The maximum PD value is well
under the safety limits of <10 W/m2 [39].

FIGURE 8. Investigation of the mutual coupling effect with the surface
current produced by the MIMO antenna: (a) without RIS and (b) with RIS.

In due respect to the applications that favor actual SAR/PD
measurements, it is advisable to consider SAR/PD mea-
surements before practical implementation of the proposed
antenna. This is important because the SAR/PDmeasurement
facility at the affiliation of authors is now under construction,
making these measurements impossible.

The impact of human hand on proposed MIMO antenna
performance has been investigated. In the simulation setup,
the SMA connector models were not included; instead,
lumped ports were utilized to excite the two ports of the
antenna. Fig. 9(c) demonstrate the three-dimensional (3-D)
radiation pattern of the proposed MIMO antenna at 12 GHz.
Quasi-omnidirectional radiation pattern with reasonable
gain response was established in contrast to the sim-
ulation without the human hand. Particularly, a slight
drop in the antenna gain was noticed near the human
hand.

IV. EXPERIMENTAL RESULTS
To validate the simulation results, twoMIMO antennas based
on the RO4003CTM and RO4350BTM were developed
by employing, respectively, the LPKF Laser & Electronics
machine and standard photo-lithography approach. The
photographs of the fabricated MIMO antenna prototypes are
displayed in Fig. 10. The MIMO antenna measurements
performed in the anechoic chamber at the Barkhausen
Institut, Germany are described in the subsections that follow.
A 50� termination resistance was deployed whilst measuring
the radiation parameters. The measured (mx) and simulated
(sx) results, with x = [1, 2], of the constructed antenna
prototypes demonstrated a good agreement between majority
of the sets of observations. Owing to the nearly symmetric
design of the proposed antenna, comparable results were
seen when one port of the antenna was excited, and the
other port was either 50� terminated or excited. However,
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FIGURE 9. Analysis of (a) SAR, (b) PD and (c) 3-D radiation pattern on the
human hand at 12 GHz with the proposed MIMO antenna.

FIGURE 10. Fabricated MIMO antennas.

there were fluctuations in the measured radiation patterns.
The main reasons for the degradation might be due to the
imperfections in fabrication process, connector tolerances,
termination resistance, undesired EM radiations from the
feed cable, and misalignment. Furthermore, the responses of
the two antennas based on RO4003CTM and RO4350BTM

FIGURE 11. Simulated and measured (a) |S11 | and (b) |S21 | of the
proposed antennas.

differed in some situations, which can be attributed to the
varied dielectric substrate properties.

A. ANTENNA PERFORMANCE
The measured −10 dB I-BW for the RO4003CTM (m1)
was >25%, and for the RO4350BTM (m2) was ∼35%,
as depicted in Fig. 11(a). The measured mutual coupling in
the operating band remained below −20 dB for both the
fabricated prototypes, as shown in Fig. 11(b).
Fig. 12 shows the simulated and measured radiation

patterns of the proposed MIMO antenna at 12 GHz. The
radiation performance measurements were repeated for two
distinct antenna orientations where the antenna under test
was set up vertically and horizontally in the port direction.
In the azimuth plane, the radiation pattern resembles quasi-
omnidirectional.

The gain difference between the two orientations equated
the antenna AR of <3 dB and denoted the CP behavior,
as demonstrated in Fig. 13(a). The realized gain was >7
dBi in the operational frequency band, as portrayed in
Fig. 13(b). Finally, both the prototypes produced an efficiency
of more than 90%, as shown in Fig. 13(c), with the
efficiency measurement relying on an estimation of the
antenna directivity from the measured radiation patterns in
the two fundamental planes.

B. MIMO PERFORMANCE
Fig. 14(a) and 14(b) shows, respectively, the ECC and
diversity gain of the proposed MIMO antennas. Both the
prototypes exhibited ECC of <0.1 and diversity gain of
∼10 dB over their operational spectrum, thus confirming
effective MIMO performance. The following formulations
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FIGURE 12. Simulated and measured right (Co) and left (X) hand
radiation patterns of the proposed antennas at 12 GHz. (a) Azimuth and
(b) elevation planes for RO4003CTM . (c) Azimuth and (d) elevation
planes for RO4350BTM .

were used to approximate the ECC and diversity gain [42].

ECC =
|
∫ ∫ 4π

0 [
−→
Fi (θ, φ) ×

−→
Fj (θ, φ)d�] |

2∫ ∫ 4π
0 |

−→
Fi (θ, φ) |2 d�

∫ ∫ 4π
0 |

−→
Fj (θ, φ) |2 d�

(5)

Diversity Gain = 10
√
1 − (ECC)2 (6)

where,
−→
Fi (θ, φ) and

−→
Fj (θ, φ) indicates, respectively, the ith

and jth elements of the antenna’s radiation patterns.
The proposed MIMO antenna design and respective

configuration have a good fabrication tolerance, owing to the

FIGURE 13. Simulated and measured (a) AR, (b) realized gain and
(c) efficiency of the proposed antennas.

FIGURE 14. Simulated and measured (a) ECC and (b) diversity gain of the
proposed antennas.

experimental results. Therefore, based on the availability of
the dielectric material, mass production would be feasible.
Furthermore, even if the air cavity thickness deviates
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TABLE 2. Performance evaluation of contemporary antennas in contrast to the proposed MIMO antenna.

somewhat from the ideal value, the expected responses in
terms of various antenna characteristics shall nevertheless be
established.

V. BENCHMARKING
A number of FSS-based antennas have been reported in
the literature for operation in the 12 GHz spectrum [48],
[49], [50]. However, CP is vital for D2D ISAC. Hence,
the proposed MIMO antenna has been compared with
contemporary antennas in Table 2 in terms of the antenna
configuration employed for generating CP waves, I-BW,
isolation, AR, realized gain, efficiency, radiator size, and
overall height. The resonant frequencies of the antennas
are also listed in the table for an equitable comparison.
Note that the strategies described in the literature may
partially correspond to the version that is being presented
in regards to the context for operation and the perfor-
mance metrics. The cited antennas substantially enhance
the performance of the entire system. These investiga-
tions yet contain a number of limitations that have been
addressed in this article. The novelty and significance of
the proposed antenna are mentioned in the subsequent
points.

1) The proposed MIMO antenna features a straightfor-
ward metasurface for producing quasi-OCP waves.
Particularly, realizing the shape and assembly of
the metasurfaces is simple. The conformal linear-to-
circular polarization conversion metasurface described
in [43] has a difficult fabrication process and neces-
sitates a substantial area. An anisotropic metasurface
polarization converter [44] and an EM bandgap meta-
surface [45] have simple antenna geometries, but they
require a larger area in comparison to the proposed
MIMO antenna to enable CP waves.

2) The proposed antenna exhibits high efficiency and a
wide I-BW. The downsizing, AR, and gain responses
are substantially superior with the proposed antenna
despite experiencing a lower I-BW when compared to
the antenna made up of dual feedlines and a defective
ground [46].

3) Compact geometry characterizes the proposed MIMO
antenna. The I-BW and gain response of the monopole
antenna coupled with defective ground [47] are poor
notwithstanding its reasonably small architecture.

4) The most important contribution of the proposed
MIMO antenna design entails the fact that it has the

highest gain for all the comparison set and delivers
superior overall performance in a compact package.

VI. CONCLUSION
The principal objective of establishing a quasi-OCP radiation
pattern at 12 GHz by deploying a simple MIMO antenna
arrangement has been accomplished. Three dielectric slabs
were stacked one on top/below of the other and separated
by air cavities to form the MIMO antenna framework. The
proximity-coupled feeding method was adopted to excite the
MIMO antenna featuring two ports. CP EMwaves were stim-
ulated by metasurfaces. Every physical factor that potentially
impacted the way the MIMO antenna handled radiation and
impedance performance was studied. The layout exhibited
a reasonable I-BW, high efficiency, excellent MIMO per-
formance, and a SAR/PD that is within acceptable limits.
The computational and experimental proof were utilized to
confirm the performance of the antenna and MIMO. If solely
the proposed FSS architecture is considered for compact sys-
tems, relatively large size seems to be a limitation. However,
the drawback is justified because the overall layout attains
good filtering properties and significant improvements in
other antenna characteristics. The proposed MIMO antenna
therefore represents a suitable candidate for D2D ISAC in 6G
networks, specifically IoT over satellite applications. Finally,
this study constitutes a building block of a massive MIMO
array.
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