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ABSTRACT Multi-input multi-output (MIMO) antennas operating in the millimeter wave (mmWave)
band face challenges related to inter-element interference, limited isolation due to close spacing, and
mutual coupling, all of which degrade antenna performance. To address these, this study introduces an
advanced technique for enhancing inter-element isolation and minimizing mutual coupling. The proposed
approach employs a combination of defective ground structures (DGS) and frequency-selective surfaces
(FSS) to achieve effective isolation enhancement. Initially, a mmWave dual-band antenna was designed by
incorporating a modified elliptical patch with rotating arms. Subsequently, a six-element dual-band MIMO
antenna, measuring 1.97 × 3.39λ2, was developed to operate in the 23.63–32.90 GHz and 36.68–40 GHz
bands, covering both ISM and 5G NR bands. The proposed inter-element isolation technique successfully
achieves a coupling reduction of 33 dB between the MIMO elements. Furthermore, the designed dual-band
MIMO antenna maintains a broadside radiation pattern, with maximum realized gains of 9.12 dBi, 9.19 dBi,
8.80 dBi, and 8.77 dBi at 26 GHz, 28 GHz, 30 GHz, and 38 GHz, respectively. It also demonstrates
excellent MIMO diversity performance, including a total active reflection coefficient of < − 10 dB,
an envelope correlation coefficient of <0.04, and a diversity gain of >9.91 dB. A specific absorption
rate (SAR) analysis confirmed that the design complies with safety standards for both 1g and 10g tissue
models. Additionally, a communication link scenario for wireless body area network (WBAN) applications
was investigated. The combination of high isolation, dual-band functionality, broadside radiation, excellent
diversity performance, and acceptable link margin validates the suitability of the proposed MIMO antenna
for WBAN communication applications.

INDEX TERMS Antenna, dual-band, frequency-selective surface, mmWave, MIMO.

I. INTRODUCTION
THE fifth generation (5G) technology has significantly
transformed Internet of Things (IoT) systems [1], [2], [3],
[4], [5], [6], [7], [8]. Within the 5G regime, the sub-6
GHz band (called FR1) offers wide coverage, whereas the
millimeter wave (mmWave) band (called FR2) provides
significant bandwidth and higher data rates [9], [10]. Despite
the considerable benefits of themmWave band, it is beset with
numerous challenges such as susceptibility to path losses and
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blockages which results in poor signal quality and range [11],
[12], [13]. The use of multi-input-multi-output (MIMO)
antennas can address this concern as they improve diversity,
miniaturization, and intelligent features [14], [15], [16].
However, mmWave MIMO antennas suffer from increased
mutual coupling and distorted radiation patterns owing to the
miniature size of antenna elements and close spacings [17].
Existing MIMO antenna design techniques are impractical
for applications like IoT, which rely on compactness and
multi-band antenna operation [18].
Increasing the distance between MIMO antenna com-

ponents can reduce mutual coupling but at the cost of a
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significant increase in size. Therefore, various decoupling
techniques have been employed to minimize mutual cou-
pling and enhance isolation while keeping compactness.
For example, at lower frequencies, the use of dielectric
blocks [19], graded-index all-dielectric lenses [20], gradient
relative permittivity superstrates [21], combining stubs with
patches [22], and phase-shifting techniques [23] provide
isolation of up to 20 dB. Furthermore, the L-shaped slot
introduced in a flexible four-element MIMO antenna showed
a low gain of 4.3 dBi and an efficiency of 0.70 for sub-
6 GHZ frequencies [24]. Similarly, a wall of split-ring
resonators between the E and H planes reduced mutual
coupling at 10 GHz with 22 dB isolation but with added
complexity [25]. The use of a dual-decoupling framework
based on the defective ground structure (DGS) improved
the isolation from 6 dB to over 20 dB for wideband
microstrip patch antennas at frequencies below 10 GHz [26].
However, generally, these approaches have not been reported
for mmWave MIMO antennas possibly due to increased
complexities.

For mmWave frequencies, the use of parasitic shapes
to reduce mutual coupling of a 4-element MIMO antenna
has been reported in the literature [27]. Moreover, the
incorporation of parasitic stubs near dipole patches reduced
coupling between MIMO elements up to 17dB within the
band of 28.5-35.3 GHz [28]. Another report provides an
interesting scheme that makes use of parasitic stubs attached
to electric dipole patches to achieve less than 22 dB coupling
across 25.1-33.3 GHz by adjusting stub lengths [29]. Some
recent reports include a wideband decoupling configuration
confined electromagnetic fields along the array aperture
achieving over 25dB isolation within 24.3-29.7 GHz [30],
and current cancellation models for frequencies of
25.5–26.5 GHz [31].
However, it is important to note that while existing

decoupling techniques are effective, they are primarily
optimized for lower mmWave bands (e.g., n257) and often
introduce increased complexity and cost [19], [20], [21], [22],
[23], [25], [27], [29], [31]. To overcome these challenges,
we propose a hybrid decoupling approach that integrates DGS
and a metamaterial-based frequency-selective surface (FSS).
The DGS introduces a high-impedance surface, effectively
suppressing surface current interactions in the ground plane,
while the FSS acts as a band-stop filter, preventing unwanted
frequency components from propagating between elements.
Unlike previous works [25], [26], [27], [28], [29], [30],
[31] that rely on single-method decoupling, our proposed
hybrid technique achieves exceptional isolation of >33 dB,
while maintaining compact antenna size and high radiation
efficiency.

It is noteworthy that the FSS on the top surface of the
antenna, along with the integration of FSS and DGS in the
ground plane, makes the proposed design a hybrid approach,
combining both high-impedance and filtering characteristics
to achieve a unique and effective decoupling mechanism.
Moreover, this design is optimized for dual-band operation,

covering both the ISM and n257/n258 5G NR mmWave
bands, making the proposed antenna highly versatile. This
ensures that the antenna can efficiently operate at multiple
frequencies independently, eliminating the need for addi-
tional antennas for different frequency bands.

The key features and contributions of this work are
summarized as follows:

1) Dual-Band Operation: Provides coverage for dual
frequency bands and eliminates the necessity of
incorporating multiple antennas to accommodate var-
ious frequencies. It efficiently operates across the
24–24.25 GHz ISM band, and FR2 band (n257, n258,
and n260 sub-bands). The ISM band and any of the
sub-bands can be simultaneously used.

2) High Isolation and Gain: The proposed novel hybrid
DGS and FSS-based technique enables high isolation
between inter-element ports, with coupling over >33
dB in the bands of interest. It also demonstrates
high gain, with maximum realized gains of 9.12 dBi,
9.19 dBi, 8.80 dBi, and 8.77 dBi at 26 GHz, 28 GHz,
30 GHz, and 38 GHz, respectively. In addition, the
proposed design achieves more than 0.90 efficiency in
the entire impedance bandwidth.

3) Application: Communication and link margin scenar-
ios in wireless body area networks (WBAN) within an
IoT environment are investigated.

4) Cost: The design can be prototyped on a single
substrate and hence does not require any additional
manufacturing complexities making it very cost-
effective.

5) Analysis: The characteristic mode analysis (CMA) to
investigate the behavior of each stage to finalize the
required bands allows systematic analysis and design.

This paper is divided into multiple sections. Section II
focuses on the geometric design and CMA, whereas
Section III explains the step-by-step process of design-
ing mmWave MIMO antenna and the proposed hybrid
decoupling technique for enhanced isolation. Section IV
examines and discusses the measurement results, and
SectionV presents the calculation ofMIMOantenna diversity
parameters. Section VI describes the application of the
proposed mmWave MIMO antenna and the communication
link analysis, and Section VII concludes the paper.

II. SINGLE ELEMENT ANTENNA DESIGN
The single element antenna was designed using a four-step
development approach, as illustrated in Fig. 1. The antenna
was designed on a semi-flexible Rogers RT 5880 substrate
(dielectric constant = 2.2, copper thickness = 0.017 mm,
loss tangent = 0.0009) and uses a full ground plane. The
substrate dimensions were 16 mm × 16 mm × 0.79 mm3.
CST Microwave Studio was utilized for the simulations,
and each design phase was thoroughly analyzed using CMA
to optimize the desired impedance bandwidth. The antenna
design began with a basic elliptical patch fed by a microstrip
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FIGURE 1. Development stages of single element antenna (a) stage 1,
(b) stage 2,(c) stage 3, and (d) stage 4.

TABLE 1. Summary of modes behavior when MS = 1.

line, which served as the fundamental structure in Stage
1. In Stage 2, the elliptical patch was bisected, and an
additional incision was made to shift the resonant frequency
and optimize the impedance bandwidth. Stage 3 introduced
an extended arm to further expand the bandwidth and improve
radiation characteristics. Finally, in Stage 4, two rotating
arms were added to achieve the desired dual-band operation,
covering both the ISM and the 5G NR bands. Each of these
stages are discussed in details in the following sub-sections.

A. CMA AND ALL DESIGN STAGES ANALYSIS
CMA facilitates the evaluation of the surface current of
antenna structure by determining its eigenvalue (λn) and the
corresponding current (Jn). CMA is an effective tool for
antenna design because it predicts the radiation behavior of
an antenna structure by analyzing the surface current without
requiring any external excitation [32]. The CMA theory
posits that random bodies, through orthogonal characteristic
modal currents and weighted eigenvalues, can facilitate the
support of multiple characteristic modes, as can be deduced
from (1). Here, [R,X ] represents the real and imaginary
parts of the impedance operator Z (Jn) given in (2). The
term X (Jn) represents the characteristic modes associated
with the energy storage. To ensure the dominance of these
modes, it is crucial to minimize X (Jn) to zero, therebymaking

FIGURE 2. MS results (a) stage 1, (b) stage 2, (c) stage 3, and (d) stage 4.

the impedance real. This can be achieved by modifying
the current pattern in the different regions of the designed
structure by incorporating slots. The imaginary surface
current X (Jn) can be determined from the characteristic
angle (αn), which is a function of λn described in (3).
The summation of all surface or characteristic currents is
represented by (J ), as shown in (4). The modal significance
(MS) can then be calculated by utilizing weighted λn as
specified in (5) [33], [34].

XJn = λnRJn (1)

Z (Jn) = R(Jn) + jX (Jn) (2)

αn = 180◦
− tan−1(λn) (3)

J =

∞∑
n=1

λnαn (4)

MS =
1

1 + jλn
(5)

A MS value of 1 indicates the dominant resonant modes
within the structure. However, not all modes of the structures
exhibit resonance, as some will be capacitive and others
inductive, as summarized in Table 1.

CMAanalysis was used to evaluate each stage of the design
process, ensuring that the final structure met the required
bandwidth specifications. The CST Studio’s eigenmode
solver was used to examine the initial five modes. As a case
study, the MS for all stages is shown in Fig. 2. Through
independent analysis of the reflection coefficient for each
stage in the frequency-domain solver, the dominant modes
were effectively identified, and the results are presented
in Fig. 3. For the stage 1 design, the CMA analysis was
conducted at 28 GHz, and the MS results are shown in
Fig. 2(a). The results reveal that the first four modes are
significant, with their MS values approaching 1 at different
frequencies. Specifically, Mode 1 exhibits a high MS almost
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FIGURE 3. Comparison of the reflection coefficients of all stages.

FIGURE 4. Surface current distribution and radiation patterns (a) stage 1
and (b) stage 4.

at all frequencies, Mode 2 shows significance near 38 GHz,
Mode 3 peaks at 29 GHz, and Mode 4 reaches its maximum
MS at 31.7 GHz. In contrast, Mode 5 does not converge to
a significant value across the analyzed frequency range. The
reflection results in Fig. 3 indicate that the stage 1 antenna
impedance bandwidth extends from 27.89 GHz to 31 GHz.
These resonant frequencies are predominantly influenced by
modes 1 and 3, owing to their substantial MS values in
proximity to the bandwidth, while other modes demonstrated
less significant impact.

The stage 1 antenna operates in a single band primarily
covering 30 GHz. However, the objective is to develop
a dual-band antenna supporting multiple communication
standards. Therefore, in the second stage, the ellipse was
bisected along its center and an additional incision was made
while maintaining the width of the transmission line. The

FIGURE 5. Single element antenna Co and X polarization at (a) 28 GHz
and (b) 38 GHz.

MS results of stage 2 in Fig. 2(b) indicate that modes 1,
2, and 3 are the primary radiating mode as MS maintains
its value near 1 over a wide frequency range. In contrast,
modes 4 and 5 display lowerMS values in desired bandwidth.
The first three dominant mode combined contributions are
also evident from the reflection coefficient in Fig. 3 that
this design has an impedance bandwidth of 2 GHz covering
32-34 GHz frequencies. This stage provided a bandwidth
shift but did not achieve the desired dual-band operation
across the 24 GHz ISM band and the Ka-band. To further
expand the bandwidth an additional stripline was introduced
along the x-direction in stage 3 with the same width as
the transmission line. The MS result of stage 3 design in
Fig. 2(c) shows that Mode 1 remains the dominant radiating
mode, with an MS value near 1 across a wide frequency
range from 24 GHz to 30 GHz. Additionally, Mode 2 and
Mode 3 exhibit a peak near 28 GHz and remain almost 1 at
all frequencies. In contrast, Modes 4, and 5 have high MS
values near 26 GHz and 28 GHz. The reflection coefficient
results for stage 3, as shown in Fig. 3, indicate an impedance
bandwidth of approximately 4.5 GHz, covering the
25-29.5 GHz range. This suggests that the majority of modes
are constructively contributing within this frequency range,
while their contribution outside this range remains minimal.
This stage provided improved coverage at lower mmWave
frequencies compared to stage 2 but still did not achieve the
desired dual-band operation across both the 24 GHz ISM
band and the Ka-band. Consequently, additional structural
adjustments were performed in stage 4 to effectively meet the
target frequency bands. Two arm structures were introduced
in stage 4 and positioned along the extended microstrip
line in the x-direction. The transmission line width was
further adjusted to achieve the desired frequency bands.
As depicted in Fig. 2(d), Modes 2 and 3 exhibit significant
contributions near 28 GHz, while Mode 1 becomes dominant
above 30 GHz. Additionally, Modes 4 and 5 show noticeable
contributions from 33 GHz and 36 GHz onward. The
reflection coefficient results in Fig. 3 indicate that the
stage 4 design successfully achieves dual-band, covering
both the 24-30 GHz and 37-39 GHz mmWave band. This
implies that Modes 1 to 3 primarily contribute to the lower
band whereas Modes 4 and 5 are effective for the upper
band.
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B. EM AND CIRCUIT MODELING ANALYSIS
1) RADIATION PATTERNS ANALYSIS
To highlight the impact of different modes on antenna
performance, the surface current distribution and radiation
patterns for the dominant modes of stages 1 and 4 are shown
in Fig. 4. In stage 1, Mode 1 exhibits an in-phase surface
current flow along the top edge of the elliptical patch and
ground plane, with anti-phase currents at the outer left and
right edges, resulting in a broadside radiation pattern that
efficiently radiates energy in the z-direction, as shown in
Fig. 4(a). Mode 3 follows a similar current distribution but
with more localized and asymmetric currents, leading to a
more directive broadside radiation pattern. For the stage 4
design, Fig. 4(b) shows that at 28 GHz, the current is
concentrated along the half-elliptical patch in phase with the
ground current, while at 38 GHz, the current is concentrated
in the arm structures. Both configurations produce broadside
radiation patterns. To validate the results, the radiation pattern
of Mode 1 is compared with the simulated E-plane pattern
at 28 GHz for stage 4, and the Mode 5 pattern is compared
with the simulated E-plane pattern at 38 GHz. The good
agreement between the simulated and CMA-derived patterns
demonstrates the effectiveness of CMA in enhancing antenna
bandwidth and radiation performance.

The 2D co-polarization (Co-pol) and cross-polarization
(X-pol) radiation patterns of the single element antenna
for both the E and H-planes are provided in Fig. 5.
At 28 GHz, as shown in Fig. 5(a), the Co-pol patterns
demonstrate a stable broadside radiation characteristic, while
the X-pol levels remain moderate but become noticeable in
specific angular directions, particularly in the backlobes and
sidelobes. Similarly, at 38 GHz, as depicted in Fig. 5(b),
a broadside Co-pol response is observed, with an increase
in X-pol levels, especially in the backlobes and wide-angle
directions. The 38GHz band is achieved through the presence
of the two arms in the antenna structure, as shown in Fig. 4.
These arms are not symmetrical with the structure responsible
for radiation at 28 GHz, leading to higher X-pol levels due
to polarization leakage caused by structural asymmetries in
the antenna design. Despite this, the X-pol levels remain
below 0 dB, particularly in the main lobe direction, indicating
that the overall polarization purity is acceptable for practical
antenna applications.

2) PARAMETRIC ANALYSIS
The final stage 4 dual-band antenna variables are shown
in Fig. 6, with the optimized parameter values (in mm) as
follows: SW = 16.00, SL = 16.00,W1 = 0.70,W2 = 3.00,W3
= 0.70, W4 = 0.95, A1 = 1.05, A2 = 1.58, AL = 3.78, L1 =

14.00, L2 = 2.40, L3 = 5.05, θ = 130◦, RW = 3.71, RC =

0.54, RL = 3.40. A parametric analysis was also conducted to
evaluate the influence of critical parameters on the impedance
bandwidth. As shown in Fig. 7(a), an increase in L2 results in
a reduction in both the magnitude and the overall impedance
bandwidth. Conversely, Fig. 7(b) illustrates that W3 has

FIGURE 6. Final stage 4 antenna dimensions.

FIGURE 7. Parametric analysis (a) L2, (b) W3, (c) θ , and (d) RC .

FIGURE 8. Single element antenna (a) RLC circuit model and (b) EM and
RLC circuit based S11 comparison.

an inverse effect, primarily influencing the upper-frequency
band. IncreasingW3 causes a leftward frequency shift within
the band. The rotation of the arm structure also plays a
role in shaping the bandwidth, as demonstrated in Fig. 7(c).
The parameter RC exhibits a comparable impact on the
bandwidth, as shown in Fig. 7(d). The analysis indicates
that the desired dual-band characteristics were achieved at
RC = 0.54 mm.
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FIGURE 9. MIMO1 design (a) top and (b) bottom.

3) RLC CIRCUIT MODEL ANALYSIS
The equivalent circuit model represents the antenna’s electri-
cal behavior using lumped components: resistor (R), inductor
(L), and capacitor (C). The RLC circuit model of the
single antenna element is shown in Fig. 8(a). Based on
electromagnetic (EM) simulations in CST, it was determined
that the antenna exhibits a dual-band response. To predict this
behavior, a combination of series and parallel RLC circuits
was optimally designed in ADS. In the circuit model, the
first band (24–30 GHz) is represented by the RLC circuit
highlighted in orange, while the second band (37–39 GHz)
is represented by the RLC circuit highlighted in pink. The
dual-band response (f0n) of the RLC circuit are approximated
as following.

f01 =
1

2π
√
Leq1Ceq1

(6)

f02 =
1

2π
√
Leq2Ceq2

(7)

where Leqn and Ceqn are the equivalent inductance and
capacitance of the circuits highlighted in orange and pink in
Fig. 7(a). In the circuit, T denotes a 50 � terminator. The
component values are as follows: : L1 = 1.75, L2 = L7 =

1.55, L3 = 16.5, L4 = L6 = 1.62, L5 = 16.5 (nH),
C1 = 0.02, C2 = C7 = 0.01, C3 = 0.002, C4 = C6 =

0.02, C5 = 0.002 (pF), R1 = 130, R2 = 1, and R3 =

50.5 �. The reflection coefficient results of the RLC circuit
compared with the EM model are shown in Fig. 8(b). The
RLC circuit model exhibits a broader bandwidth compared
to the EMmodel, likely due to its simplified lumped-element
approximation, which does not account for higher-order EM
effects, material losses, and impedance variations. In contrast,
the EM model considers surface waves and radiation losses,
resulting in a more constrained bandwidth. Additionally,
the idealized components in the RLC model do not fully
capture frequency-dependent losses and parasitic effects
present in the physical antenna, leading to an overestimation
of bandwidth. Nevertheless, the designed RLCmodel closely
follows the behaviour of the EM simulation model at the
desired resonant frequencies.

III. DESIGN OF DUAL-BAND MIMO ANTENNA
The channel capacity (C) of a MIMO system with transmit
(Nt ) antennas is given in (8) [35].

C = log2 det
(
IN +

ρ

Nt
HHH

)
(8)

FIGURE 10. Results of MIMO1 (a) reflection coefficients, (b) and
(c) transmission coefficients, and (d) gain and efficiency.

where IN is the identity matrix, ρ is the signal to noise
ratio (SNR), and H is the channel matrix. One method to
increase the capacity is to incorporate multiple antennas
on both the transmitter and receiver sides. For wearable
devices, particularly those used in WBANs, high data
rates are often required to support applications such as
real-time health monitoring. While increasing the number
of antennas can enhance data rates, it also increases the
overall size and complexity of the system, which may not
be practical for WBAN due to space limitations. Therefore,
there must be an optimum number of antenna elements that
balances performance. In order to achieve higher capacity
and data rates, the designed dual-band antenna has been
transformed into a six-element MIMO configuration with
a full ground plane (MIMO1). Subsequently, a dual-band
MIMO antenna with DGS(MIMO2) is designed to improve
the inter-element isolation. Finally, a hybrid DGS and FSS
structure incorporated a dual-band MIMO antenna to further
enhance inter-element isolation (MIMO3). The six-element
will provide a balance between performance and miniatur-
ization. Compared to 2- or 4-element MIMO antenna, the
proposed design will achieves higher capacity and diversity
gain which are critical for WBAN applications. Furthermore,
each of the antenna elements is arranged in a hexagonal
configuration. The hexagonal MIMO layout is selected to
ensure consistent broadside radiation characteristics while
also enhancing pattern diversity through optimized element
placement. In contrast to conventional linear or rectangular
MIMO antennas, the hexagonal configuration maintains a
stable broadside radiation pattern while minimizing pattern
distortion and undesired side lobes [36], [37].

A. DESIGN OF MIMO1
The MIMO1 consists of six elements on a hexagon-shaped
substrate as shown in Fig 9. The inter-element top
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FIGURE 11. MIMO2 design (a) top and (b) bottom.

FIGURE 12. Results of MIMO2 (a) reflection coefficients, (b) and
(c) transmission coefficients, and (d) gain and efficiency.

edge-to-edge spacing is 4.42 mm which is less than half the
wave spacing of all operating frequencies. The s-parameters,
gain, and efficiency of the designed MIMO1 are plotted in
Fig. 10. It is apparent that the placement of single element
antenna on a hexagonal substrate has shifted the impedance
bandwidth. For instance, the lower band is shifted from
23.95-30.05 GHz to 23.18-26.89 GHz, and the upper band
is shifted from 37.05-39.13 GHz to 34.97-36.85 GHz. This
shift is both evident and inherent, as it arises from changes in
the ground plane, which plays a critical role in determining
the impedance characteristics of the antenna. The hexagonal
shape of the substrate causes multiple edge terminations,
which alter the current distribution. This, in turn, modifies the
effective electrical length, leading to shifts in the resonance
frequency. Furthermore, mutual coupling also impacts the
bandwidth. However, this bandwidth shift was effectively
optimized in the final proposedMIMO antenna design. In this
MIMO1 design, as shown in Figs. 10(b-c), the coupling levels
between all six elements were observed to be below 20 dB.
Additionally, as shown in Fig. 10(d), gain is now more than
7.50 dBi and radiation efficiency greater than 0.90 across the
entire impedance bandwidth.

B. DESIGN OF MIMO2
To further enhance isolation and address the shift in
bandwidth, DGS in the forms of slots is incorporated in

FIGURE 13. FSS design (a) unit cell and (b) floquet boundaries.

the ground plane as illustrated in Fig. 11. The slots were
introduced which covers the inter-element spacing in both x-
and y- planes. This results in the bandwidth increase which
now covers 24.61–31.61 GHz in the lower frequency band
and 37.30–40.05 GHz in the upper band, encompassing all
desired 26 GHz, 28 GHz, 30 GHz, and 38/39 GHz frequency
bands, as shown in Fig. 12(a). Although high isolation
(> 20 dB) is observed, particularly between port 1 and all
other elements, as shown in Fig. 12(b), the level of isolation
is higher in elements that are face-to-face, i.e., S42, S62, S53,
and S63, as shown in Fig. 12(c). Moreover, as depicted in
Fig. 12(d), the incorporation of slots increased the gain to
exceed 8.50 dBi, with an radiation efficiency greater than
0.90 observed across the entire impedance bandwidth.

C. THE FINAL PROPOSED HYBRID DESIGN: MIMO3
1) FSS DESIGN
The FSS consists of patterned metallic surfaces, where its
dimensions, configuration, and spacing has a crucial role in
determining the filtering characteristics. By exhibiting a band
stop behavior, the FSS has the potential to effectively block or
attenuate the surface waves between antenna elements. It will
then lead to enhanced isolation and minimized interference
between the MIMO antenna elements. The FSS unit cell in
this work is a modified variant of the spiral-shaped resonator
that is designed on the same Rogers RT5880 substrate with
dimensions of 3.52 × 3.52 mm. The upper surface of the
FSS comprises two spiral-shaped concentric metallic rings,
wherein cuts are introduced to generate capacitance while
the rings provide inductance. The metallic rings were then
joined by four arms starting from the thicker ring, as shown
in Fig. 13(a). Notably, the FSS design does not incorporate a
ground plane. The optimized parameters of the FSS unit cell
are as follows: LU = 3.52,WU = 3.52, t1 = 0.14, t2 = t3 = c1 =
c1 = 0.21, as = 0.68, ar = 0.68, ar = 0.61, t4 = 0.07, gr = 0.16,
gr = 0.14, and hs = 0.79 (mm). The simulation of the unit cell
was performed using Floquet boundary conditions with Ports
1 and 2. In this setup shown in Fig. 13(b), Port 1 is excited
to transmit a standard plane wave in the z-direction, which is
then received by Port 2. The incoming plane waves interacts
with the metallic rings of the unit cell, resulting in bandpass
and bandstop characteristics. The objective is to achieve
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FIGURE 14. FSS unit cell (a) s-parameters, (b) effective parameters,
(c) RLC circuit, and (d) comparison result of EM and circuit based models.

broadband or dual-band suppression that effectively covers
the primary resonant frequencies of the MIMO antenna.

The designed FSS unit cell exhibits both frequency-
selective filtering and metamaterial characteristics. The
results in Fig. 14(a) demonstrate a reflection of more than -5
dB and a transmission of less than -23 dB up to 35.6 GHz,
along with transmission suppression of -30 dB or lower
beyond 37 GHz. This behavior confirms the band-reject
characteristics of the structure. Additionally, between 34GHz
and 36 GHz, the unit cell exhibits a bandpass response. The
band-reject characteristic is crucial because when the MIMO
antenna operates at its resonant band, it generates surface cur-
rents at these frequencies, which can induce mutual coupling
in adjacent antennas. By integrating a band-reject response
between MIMO antenna elements, these surface wave
interactions can be significantly suppressed, thereby reducing
mutual coupling. Furthermore, Fig. 14(b) demonstrates that
the unit cell exhibits metamaterial-like properties, including
negative permittivity (ε), permeability (µ), and refractive
index (z). Unlike conventional FSS structures that primarily
function as passive frequency filters, the proposed design
also modifies electromagnetic wave propagation through
engineered effective medium parameters. These parameters
were derived using the Kramers-Kronig algorithm [38].

The RLC equivalent circuit model of the designed unit
cell is shown in Fig. 14(c). The RLC circuit collectively
emulate the distributed reactive and resistive characteristics
of the FSS structure. The inductive components (L1,L2,L3)
represent magnetic energy storage in terms of the conductive
paths and current loops within the resonator. The capacitive
elements (C1,C2,C3,C4,C5) correspond to the gaps and
coupling effects between adjacent metallic regions and the
storage of electric energy. Similarly, the resistors (R1,R2)

FIGURE 15. MIMO3 design (a) top and (b) bottom.

FIGURE 16. Results of MIMO3 (a) reflection coefficients, (b) and
(c) transmission coefficients, and (d) gain and efficiency.

represents the conductor, dielectric, and radiation losses in
FSS structure. The performance of the RLC circuit model
closely aligns with EM simulations, as evidenced by the
s-parameters comparison in Fig. 14(d). The strong agreement
between the circuit-based and EM-simulated S11 and S21
responses validates the accuracy of the equivalent circuit in
predicting the frequency-selective behavior of the FSS. Some
minor deviations exists between the circuit model and EM
results that can be attributed arise to EM interactions which
are not fully captured by the lumped-element representation.
Nevertheless, incorporating both series and parallel LC
resonances, the RLC model successfully replicated the dual-
band behavior. The FSS circuit was optimized in ADS and
the final values are: FS is free space impedance of 377 �, L1,
192.1, L2 = 411, L3 = 190.18 (nH), C1 = 0.080, C4 = 0.102
(fF), C2 = 0.92, C3 = 1.01, C4 = 0.0001 (pF), R1 = 1K and
R2 = 150 (�).

D. DESIGN OF MIMO3
The designed FSS was placed between the antenna elements
on the top face and in the ground plane, as shown in Fig. 15.
The distance between each FSS structure was precisely fixed
at 1.4 mm. It is evident from the results in Fig. 16(a) that
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FIGURE 17. Surface current distribution: (a) single antenna element,
(b) distribution in MIMO2 and MIMO3 (left).

the incorporation of FSS enhances the impedance bandwidth.
The lower impedance bandwidth spans now from 23.63 GHz
to 32.90 GHz, while the upper band extends from 36.68 GHz
to over 40 GHz. Additionally, the inter-element isolation
significantly improves with over 33 dBi of isolation observed
at all resonant frequencies in all elements, except for the
S41 and S42 elements, where -23 dBi isolation is obtained
as can be seen in Figs. 16(b-c). Furthermore, the integration
of the FSS results in increased gain of 8.90 dBi and more
than 0.92 radiation efficiency throughout the impedance
bandwidth and is given in Fig. 14(d). The enhanced isolation
and reduction in mutual coupling show the effectiveness of
the proposed mutual coupling reduction approach.

E. SURFACE CURRENT DISTRIBUTION
The results of surface current distributions, both for single
antenna element and MIMO designs (MIMO2, and MIMO3)
are presented in Fig. 17. The behavior of a single element
antenna at frequencies of 26 GHz, 28 GHz, 30 GHz,
and 38 GHz is shown in Fig. 17(a). The results show that
the surface current concentrations occur in the half-elliptical
region at 26 GHz and 28 GHz, indicating the origin of
the resonance. Similarly, at 30 GHz, the current is more
concentrated in the transmission line and part of elliptical
shape, while at 38 GHz, it is more prominent in the rotating
arms region. The reduction in mutal coupling is evident
from the surface current distribution particularly in final
MIMO3 design as shown in Fig. 17(b). It is imperative to note
that this distribution was achieved when port 1 was active,
with all other ports were matched with 50 �. As expected,
the surface current density is notably higher in the absence of
the FSS, contributing to increased mutual coupling between

FIGURE 18. Fabricated prototype (a) top face, (b) bottom face, and
(c) s-parameters measurements using VNA.

FIGURE 19. Comparison of simulation and measurement results:
(a) reflection coefficients, and (b), (c) and (d) transmission coefficients.

antenna elements. However, the introduction of the FSS
between the antenna elements significantly reduces the
surface current interaction, with the current becoming more
concentrated around the FSS structures. This demonstrates
the effectiveness of the proposed FSS in suppressing
unwanted coupling and improving isolation. The results
reveal that although DGS can enhance isolation, but the
FSS in conjunction with DGS exhibits superior inter-element
decoupling due to its band stop behavior, which effectively
blocks surface wave propagation between adjacent antenna
elements.

IV. MEASURED RESULTS AND DISCUSSIONS
For the analysis of the measurement results, the MIMO3
design was fabricated, and a prototype and measurement
setup were developed using a Keysight network ana-
lyzer (PNA-X, N5247B) as shown in Fig. 18(a-c). The
s-parameters simulation andmeasured results comparison are
shown in Fig. 19. As shown in Fig. 19(a), the measurement
results for the first two antenna elements follow the trends
of the simulation data, although slight variations can be
observed owing to fabrication restrictions. In this case,
the measured impedance bandwidth was 23.65 GHz to
32.51 GHz, while the other had a bandwidth of 37.1 GHz
and more than 40 GHz, which is practically the same

VOLUME 13, 2025 70955



J. Ahmad, M. Hashmi: Reduced Inter-Element Interference mmWave MIMO Antenna

FIGURE 20. MIMO antenna gain measurements in the anechoic chamber.

FIGURE 21. Simulated and measured gain and radiation efficiency of the
MIMO antenna.

as the simulation results. It should be noted that when
measuring the results, the other ports were terminated
with 50 � terminators, and similar results were obtained
for all ports. Measurements also validated the substantial
isolation between neighboring ports, with results compared to
simulations shown in Figs. 19(b–d). The measured coupling
remained below 33 dB for the majority of the frequency
range of interest, demonstrating the efficacy of the integrated
DGS and FSS structures in reducing mutual coupling. This
indicates that the radiation energy between adjacent element
pairs is significantly attenuated.

The gain measurements were conducted in the Rhodes &
Schwarz RS® ATS1800C CATR (Compact Antenna Test
Range) chamber. This advanced anechoic chamber is specif-
ically designed for precise far-field antenna measurements
within a compact space. It employs a parabolic reflector to
transform the spherical wavefront generated by a transmitter
antenna into a plane wave within the quiet zone, ensuring
accurate far-field testing without the need for a large test
distance. As illustrated in Fig. 20, the proposed MIMO3
antenna under test (AUT) was positioned in the quiet zone,
where the wavefront is uniform. A 50� terminator was
connected to other ports to ensure impedance matching and
minimize unwanted reflections. The measurement process

FIGURE 22. Comparison of E-plane radiation patterns at 28 GHz.

FIGURE 23. Comparison of H-plane radiation patterns at 38 GHz.

followed a systematic approach to ensure accuracy. Initially,
the S11 parameter was measured using a VNA to verify
impedance matching. A standard gain horn antenna with
known gainGref was used as a reference to determine the gain
of the AUT GAUT using the gain transfer method (9) [39].

GAUT = Gref + 20 log
(
PAUT
Pref

)
(9)

where PAUT and Pref represent the measured received power
strengths of the AUT and the reference antenna, respectively.

Since directivity is a fundamental characteristic of an
antenna’s radiation pattern, it is typically obtained from
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full-wave electromagnetic simulations. In this study, direc-
tivity values were extracted from the simulated far-field
radiation pattern of the MIMO3 antenna using CST. This
ensures a fair comparison with the measured gain values.
Since the gain of the AUT was measured using a calibrated
VNA setup and in an anechoic chamber, the radiation
efficiency was then measured as given in (10).

ηrad =
GAUT

DAUT
(10)

The measured antenna gain and efficiency of the MIMO
antenna are shown in Fig. 21. The measured results are in
agreement with the simulation. The gain values for 26 GHz,
28 GHz, 30 GHz, and 38 GHz were 9.12 dBi, 9.19 dBi,
8.80 dBi, and 8.77 dBi. Similarly, the radiation efficiency
values were 0.93 in most parts of the impedance bandwidths.
The measurements of both Co-pol and X-pol components
in the E-plane and H-plane at 28 GHz and 38 GHz were
performed. As shown in Figs. 22 and 23, the proposedMIMO
antenna demonstrates a broadside radiation pattern in both
the E-plane and H-plane for all measured elements. This
broadside characteristic is particularly crucial for wearable
and off-body communication scenarios, as it ensures that
the antenna radiates maximum energy away from the body.
Furthermore, the X-pol levels in both planes remain well
suppressed in the main beam direction, with the measured
X-pol components significantly lower than the Co-pol
components. While the X-pol levels increase at certain angles
due to the asymmetrical structure of the antenna, they remain
within acceptable limits. This behavior confirms the high
polarization purity of the proposed MIMO antenna design
and minimizes the risk of polarization mismatch in MIMO
systems.

V. MIMO DIVERSITY ANALYSIS
A. TOTAL ACTIVE REFLECTION COEFFICIENT (TARC)
The TARC is a key metric used to evaluate the operational
performance of a MIMO antenna across various input signal
phase combinations. It is particularly useful for determining
how well a MIMO antenna operates under active excitation
conditions, where the input signals at different ports may
have varying phases. It is calculated by comparing the total
outgoing power (reflected power) at the antenna ports to the
total incident power (input power) [40]. For a six-element
MIMO antenna, TARC can be expressed as show in (11).

TARC =

√√√√∑6
i=1 |Ri|2∑6
i=1 |Ii|2

(11)

where, |Ri| and |Ii| are the reflected and incident power,
respectively. The TARC of the proposed MIMO antenna
was evaluated for phase angles ranging from 0◦ to 180◦ in
increments of 30◦ to assess its performance under varying
excitation conditions. As shown in Fig. 24, the TARC exhibits
distinct frequency-dependent behavior, with particularly
strong performance observed at 28 GHz and 38 GHz, where

FIGURE 24. TARC of the MIMO antenna.

the TARC values are close to -30 dB. While phase-dependent
variations are evident within the impedance bandwidth, the
TARC consistently remains below the -10 dB threshold in
both frequency bands. This demonstrates that the proposed
MIMO antenna maintains excellent impedance matching
and low reflection losses, even under varying excitation
conditions. The low TARC values confirm that the antenna
is well-decoupled in both frequency bands.

B. ENVELOPE CORRELATION COEFFICIENT (ECC), AND
DIVERSITY GAIN (DG) ANALYSIS
The ECC shows the correlation between the radiation patterns
of different antenna elements. It provides valuable insight into
the ability of antenna elements to operate independently in a
multipath environment. ECC values typically range between
0 and 1, where an ECC value of zero indicates complete
isolation between the antenna elements, meaning there is
no correlation between their radiation patterns. Conversely,
an ECC value of 1 signifies complete correlation and poor
diversity performance. In practical MIMO systems, an ECC
value below 0.5 is generally considered sufficient to ensure
adequate isolation and diversity. The ECC was calculated
based on the far-field radiation patterns of the antenna
elements using the expression 12 [41].

ECC(j, k) =

(∫ 2π
0

∫ π

0

{
XPR.EθjE

∗
θk
Pθ + EφjE

∗
φk
Pφ

}
d�

)2
∫ 2π
0

∫ π

0

{
XPR.EθjE

∗
θj
Pθ + EφjE

∗
φj
Pφ

}
d�

×

∫ 2π

0

∫ π

0

{
XPR.EθkE

∗
θk
Pθ + EφkE

∗
φk
Pφ

}
d�

(12)

Where:
• Eθj and Eφj are the far-field radiation patterns of the
j-th antenna element in the θ - and φ- polarization,
respectively.

• Eθk and Eφk are the far-field radiation patterns of the
k-th antenna element in the θ - and φ- polarization,
respectively.

• XPR is the cross-polarization ratio.
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FIGURE 25. ECC and DG results (a) ECC far-field, (b) ECC Gaussian, (c) DG
far-field, and (d) DG Gaussian.

• Pθ and Pφ are the power patterns in the θ- and
φ-polarizations, respectively.

The ECC was evaluated for both far-field and realistic
propagation scenarios, as shown in Fig. 25. The ECC mea-
surements using the far-field model in Fig. 25(a) indicate that
the ECC remains below 0.02 across the entire frequency band
of interest, demonstrating excellent diversity performance.

To further validate the antenna’s performance in real-world
environments, the ECC was analyzed under a realistic prop-
agation model that considers a Gaussian angular distribution
in the elevation plane (θ) and a uniform angular distribution
in the azimuth plane (φ) [42], [43]. Fig. 25(b) shows the
ECC results for a mean elevation angle (mv = mh) of 45◦

and an angular spread (σv = σh) of 90◦ in both the vertical
and horizontal planes. The evaluation reveals that, even
under realistic propagation scenarios, the ECC values remain
consistently below 0.04, which is well within the acceptable
limit of 0.5 for MIMO systems. The DG was calculated for
both far-field and realistic Gaussian distributions using (13)
as following:

DG = 10
√
1 − (ECC)2 (13)

The ideal DG level for achieving optimal diversity
performance in MIMO systems is 10 dB, which indicates
minimal correlation between antenna elements and highly
efficient signal decorrelation. In the context of the proposed
dual-bandMIMOantenna, theDG results exhibit consistently
high values, showing its suitability for practical wireless
applications. As shownin Fig. 25(c) for the far-field scenario
and Fig. 25(d) for the realistic scenario, the DG remains
above 9.91 dB across the entire impedance bandwidth.
This demonstrates that the antenna sustains exceptional
diversity performance under diverse propagation conditions.
The high DG and low ECC across both far-field and realistic
propagation environments confirm that the proposed MIMO

FIGURE 26. E-field distributions when MIMO antenna is placed on arm
and chest regions.

FIGURE 27. SAR values of 1g and 10g at the arm and chest regions.

TABLE 2. Peak SAR values for 1g and 10g at the arm and chest regions
and at a power level of 500 mW.

antenna is effectively optimized for dual-band mmWave
operation.

VI. MIMO ANTENNA APPLICATION SCENARIO
A. WBAN
WBAN communication consists of device-to-device (on-
body) and device-to-off-body links. On-body communication
typically requires omnidirectional or end-fire radiation pat-
terns tomaintain stable connections despite bodymovements,
while off-body communication relies on broadside patterns
to transmit data to external processing units or network
infrastructure [44]. The measured results in Figs. 22 and 23
show that the proposed antenna exhibits broadside radiation
patterns which can be an excellent candidate for effec-
tive off-body communication in WBANs. Furthermore, the
0.79 mm thickness of the substrate provides a semi-flexible
structure that can conform to various parts of the human body,
such as the arms or legs. Moreover, the proposed antenna’s
dual-band capability can enable reliable communication
across different communication channels simultaneously.
For instance, one frequency can be used for continuous
data transmission to medical professionals, while another
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can be allocated for receiving and implementing medical
care instructions. Given its broadside radiation patterns,
semi-flexible structure, and multi-frequency operation, the
proposed antenna was selected as a case study for WBAN
applications.

1) E-FIELD AND SAFETY ANALYSIS
The E-field distribution of the proposed antenna in WBAN
applications can be utilized to evaluate its performance when
positioned on the human body. This was analyzed with the
antenna placed on the chest and arm of the CST Hugo voxel
model at 28 GHz and 38 GHz, as shown in Fig. 26. The
field distributions show that the antenna MIMO antenna
E-field is away from the body in both cases, confirming a
broadside radiation pattern. This outward-directed radiation
shows the effectiveness of the proposed antenna in off-body
communication scenarios in WBAN. The antenna was also
evaluated for safety by calculating the SAR values at 28 GHz
and 38 GHz as shown in Fig. 27 and summarized in Table 2.
According to the guidelines set by the International Com-
mission on Non-Ionizing Radiation Protection (ICNIRP) and
the IEEE C95.1-2019 standard, the average SAR values for
on-body applications must remain below 1.6W/kg for 1 gram
of tissue and 2.0 W/kg for 10 grams of tissue [45]. Although
more SAR is present in the chest due to more proximity to
the antenna, neverthe less all SAR values remain well below
the international safety limits. These results confirm that the
proposed MIMO antenna operates within the safety limits
for on-body applications and thus is suitable for use in a
WBAN environment. It should be noted that, to accelerate
the simulation speed, the Hugo model was simplified by
including only the skin, fat, and muscle layers. The MIMO
antenna was positioned above this model at a distance of
2 mm. The tissue properties were then obtained from the
IT’IS database [46] and selected according to the SAR
calculations for each simulation frequency.

2) MEASUREMENTS ON HUMAN BODY
Measurements were conducted on human subjects, and the
results were compared with those obtained from the CST
Hugo voxel model. The antenna was positioned on both the
chest and arm regions. Fig. 28 presents the corresponding
reflection coefficient results. As demonstrated in Fig. 28(a),
the bandwidth remained predominantly unchanged when
the antenna was placed on the chest. However, Fig. 28(b)
illustrates a slight decrease in bandwidth for the arm
placement. This reduction can be attributed to the arm’s
more bent curvature compared to the chest. Furthermore,
when the antenna was positioned on the human body,
a significant shift in the reflection coefficient was observed
due to impedance mismatch caused by tissue proximity and
near-field coupling, resulting in the body absorbing energy.
Nevertheless, as shown in Fig. 27, the SAR analysis demon-
strates that the MIMO antenna operates within acceptable
safety limits. Overall, the impedance bandwidth encompasses

FIGURE 28. Reflection coefficient results on (a) the chest and (b) arm.

FIGURE 29. Received power by the dipole antennain LOS and NLOS
conditions.

FIGURE 30. Comparison of the received power by the dipole and
proposed antenna at a transmitter power of 20 dBm.

the required dual-band, ensuring that the proposed MIMO
antenna remains suitable for wearable applications.

B. COMMUNICATION LINK
To assess the communication capacity of the proposedMIMO
antenna, link calculations were performed for two scenarios
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at the resonant frequencies of 28 GHz and 38 GHz. Eval-
uating the communication capacity is crucial for ensuring
reliable performance in WBAN applications.
Case 1: The MIMO antenna is placed on the chest and

operates as a transmitter (Tx), while the ideal λo/2 long
dipole antenna functions as a receiver (Rx) situated in free
space at a distance (d) from the Tx. The received power Pr is
calculated using equations (14)-(15) [47].

Pr (dBm) = Pt (dBm) + Gt (dB) + Gr (dB) − PLdB(dB)

(14)

PLdB(d) = 10n log10

(
d
d0

)
+ 20 log10

(
4πd
λ0

)
+ Xσ

(15)

Where Pt represents the transmit power, Gt denotes the
transmitter antenna gain, Gr is the receiver antenna gain, and
n represents the path loss exponent, which varies depending
on whether the communication is line-of-sight (LOS) or non-
line-of-sight (NLOS). Additionally, d refers to the distance
between the transmitter and receiver antennas, and Xσ

represents the shadowing effect, modeled as a Gaussian
distribution with a standard deviation. In this study, Pt was
set to 10 dBm, 20 dBm, and 30 dBm, while Gr was fixed at
2 dBi to simplify the analysis of the communication link. The
transmitter gain Gt was set to 8.98 dBi, which is the average
of the measured gains at 28 GHz (9.12 dBi) and 38 GHz
(8.77 dBi). The path loss exponent n was set to 1.5 for LOS
and 3 for NLOS communication. Theoretically, the ideal
value for LOS in free space is 1, while in practical LOS
scenarios with minimal obstructions, n can range from 1.5 to
2.5. For NLOS conditions, the path loss exponent typically
varies from 3 to 6, depending on the environment and the level
of obstruction. In this study, the proposed MIMO antenna
was analyzed for distances of up to 30 meters. To reflect
realistic propagation conditions, average values of n=1.5 for
LOS and n=3 for NLOS were chosen. These values are
consistent with empirical studies and widely accepted models
for mmWave propagation, particularly in environments with
moderate obstructions. The shadowing effect (Xσ ) was set
to 0 dBm, and the reference distance d0 was maintained
at 1.0 m. The distance was varied up to 30 m, and the
MATLAB-simulated results of these conditions are shown
in Fig. 29. It was observed that the MIMO antenna, when
operating at a high transmit power of 30 dBm, enables
the dipole antenna with a 2 dBi gain to receive more than
−60 dBm of power at distances of up to 15 m for both LOS
and NLOS links at 28 GHz and 38 GHz. Even at a lower
transmit power of 10 dBm, the dipole antenna can still receive
power greater than −75 dBm at distances of up to 15 m
for LOS links at 28 GHz. However, the received power is
significantly reduced at 38 GHz for a 10 dBm input power
in both LOS and NLOS links, which can be attributed to the
higher path losses at this frequency.
Case 2: To evaluate the efficacy of the proposed MIMO

antenna in comparison to a dipole antenna, the proposed

TABLE 3. Link budget parameters.

FIGURE 31. LM result of the proposed MIMO antenna.

MIMO antenna was utilized as both the transmitter (Tx) and
receiver (Rx) antennas. All parameters from Case 1 were
kept constant, except for the gain, where Gr was replaced
with Gt (8.98 dBi). The received power was then calculated
using Equations 14 and 15. The results for this configuration,
with a transmit power Pt of 20 dBm, were compared to
those obtained using a dipole antenna with the same Pt
of 20 dBm. The received power of this case is shown in
Fig. 30. An improvement of 7 dBm in received power was
observed at distances beyond 5 meters. This demonstrates
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TABLE 4. Comparison of proposed work with other reported MIMO antennas.

that employing the same type of antenna at both the Tx andRx
ends can significantly enhance power reception. The received
power in both LOS and NLOS scenarios confirms that the
proposed MIMO antenna is capable of achieving reliable
communication in a WBAN environment.
Link Margin: The link margin (LM) represents the

difference between the received signal strength and the
minimum required level for reliable communication, ensuring
data transmission even in noisy channel environments. It was
calculated for the proposed antenna at 28 and 38 GHz using
equations (16)-(21), with the link budget parameters provided
in Table 3 [48].

L.M (dB) = Link
(
c
N0

)
− Required

(
c
N0

)
(16)

Link
(
c
N0

)
= EIRP− Lf + Gr − N0 [dB/Hz] (17)

Required
(
c
N0

)
=
Eb
N0

+ 10 log10 (Br ) − Gc + Gd [dB/Hz]

(18)

Lf = 20 log10

(
4πd
λ

)
(dB) (19)

N0 = 10 log10 (k) + 10 log10 (Ti) [dB/Hz]

(20)

Ti = T0 (NF − 1) [K ] (21)

The LM of the proposed MIMO antenna for the 20 dBm
power case is presented in Fig. 31, showing a decrease in
margin as the communication distance increases. At 28 GHz,
a higher LM was observed compared to 38 GHz at the
same data rate, due to lower path loss at 28 GHz. The
LM improves to 55 dB when the separation distance
is within 10 meters, which aligns with typical wearable
communication ranges. The proposed antenna supports data
transmission at 100 Mbps over distances of up to 100 meters
for both 28 GHz and 38 GHz, maintaining a link margin
above 35 dB. These results confirm that the proposed MIMO

antenna can efficiently handle high data rates in the mmWave
band offering reliable communication in WBAN.

Table 4 presents a comparison between the proposed
MIMO3 antenna and various state-of-the-art MIMO configu-
rations. The proposed MIMO antenna demonstrates superior
performance compared to existing designs in the litera-
ture [49], [50], [51], [52], [53], [54], [55], [56], [57], and [58].
While [49] achieves moderate isolation (> 20 dB) and gain
(6.08 dBi), its operational bandwidth (27.75–28.18GHz) is
significantly narrower than the proposed design’s dual-band
coverage (23.63–32.90/36.6840GHz). Similarly, [50] reports
excellent ECC (0.0001) but suffers from a larger footprint
(3.61λ × 4.89λ). The design in [51] shows comparable gain
(9 dBi) but higher ECC (< 0.25) and limited bandwidth
(25.1–25.9GHz). References [53], [54], [55], [56], [57],
and [58] exhibit good isolation (> 20 dB) but are constrained
by either single-band operation, smaller gain, or lack of
reported decoupling methods. The 8-element array in [56]
achieves high isolation (> 26 dB) but requires substantially
more space (4.19λ × 4.19λ). Compared to these works, the
proposed antenna combines the advantages of compact size
(1.97λ × 3.39λ), excellent isolation (> 33 dB) through FSS
and DGS decoupling, high gain (9.12/8.77 dBi), and low
ECC (< 0.03) with additional LM analysis. Due to these
characteristics, the proposed MIMO antenna is a promising
choice for WBAN and IoT applications in the ISM and
mmWave bands.

VII. CONCLUSION
A six-element MIMO antenna designed for mmWaveWBAN
applications was presented. The design process included
CMA analysis at each stage to ensure optimal bandwidth.
The proposed MIMO antenna operates across two distinct
frequency bands namely 23.63-32.90 GHz covering the ISM
band, and 36.68-40 GHz onward covering 5G NR bands.
Isolation between the antenna elements was significantly
improved through the integration of DGS and FSS, achieving
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isolation levels exceeding 33 dB across most of the band-
width. The antenna exhibits a broadside radiation pattern with
realized gains of 9.12 dBi, 9.19 dBi, 8.80 dBi, and 8.77 dBi
at 26 GHz, 28 GHz, 30 GHz, and 38 GHz, respectively. The
antenna performance was also evaluated on the human body,
where minor changes in bandwidth were observed compared
with free space operation. Furthermore, the communication
link performance, including received power and link margin,
is thoroughly investigated. The proposed MIMO antenna’s
high isolation, dual-band, high gain, and excellent linkmargin
make it promising forWBAN and IoT applications in the ISM
and mmWave spectrum.
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