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ABSTRACT: As the need for rapid data transmission and dependable wireless networks grows, so does the need for advanced antenna
technology. This has become a major focus of modern communication technologies. This paper describes the design of a 4-port multiple-
input multiple-output (MIMO) microstrip patch working at 28GHz in the Ka-band. This antenna is fabricated on a substrate measuring
21× 21× 3.97mm3, composed of FR4, foam, and RT/Duroid 5880. It uses a microstrip feed. Performance enhancements are achieved
by positioning the feeds orthogonally, incorporating a U-shaped slot into the MIMO antennas, and implementing a metamaterial (MTM)
superstrate. Additionally, a single-layer MTM superstrate with rectangular slots is created to improve gain while keeping good impedance
matching. The design process systematically improves gain and mutual coupling while keeping the overall size compact. The specific
challenge addressed by the design is to improve peak gain and radiation efficiency by employing MTM elements operating at 28GHz.
The 4-port MIMO antenna achieves an impedance bandwidth (IB) of 27.11–29.21GHz, with a peak gain of 14.5 dB, respectively. This
antenna is used in next-generation communication systems, vehicular networks, and 5G systems.

1. INTRODUCTION

As wireless communication devices continue to advance,
there will always be a need for small, efficient antennas

to support high data rates, improve connection stability, and
optimize bandwidth usage [1]. Mobile MIMO antennas have
changed the game by increasing the number of channels, chang-
ing their locations, and improving signal quality [2]. Due to its
small size and simple assembly, the microstrip antenna (MA)
has been the go-to choice for MIMO deployments [3, 4]. Meta-
materials (MTMs) are included in MIMO systems and can be
employed at Ka-band frequencies to increase gain and reduce
separation. The primary purpose of the study is to optimize
gain and port separation for a 4-port MIMO system. This en-
sures that high-speed communication functions reliably across
a broad frequency range. MTMmodels can raiseMIMO system
performance and signal attenuation when suitably designed.
There are various applications of metamaterials, which are ar-
tificial materials with electromagnetic properties not found in
nature. Two of them have a negative refractive index and can
stop electromagnetic waves. This has an immediate effect, im-
proving antenna performance [5]. Their unique properties can
be used to boost radiation efficiency by preventing adjacent
antenna components from coming into contact. In [6–9], iso-
lation enhancement had been achieved by employing MTM,
defective ground structure (DGS), and stub loading for mm-
wave and the Internet of Things (IoT) applications. Swetha et
al. [10] designed a MIMO antenna by integrating orthogonal
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diversity, a DGS, and parasitic elements, achieving improved
isolation and gain without significantly increasing overall di-
mensions. Elahi et al. [11] employed mode diversity to isolate
MA arrays. This design was employed to reduce mutual cou-
pling without using decoupling structures, unlike traditional de-
signs that excited comparable modes in each MIMO array el-
ement. Srivastava et al. [12] developed a 16-port MIMO MA
for sub-6GHz communication systems, using 8 dual-polarised
elements in a 2 × 4 array configuration. The design improved
the compactness and efficiency of antenna systems for mod-
ern communication technologies. Wang et al. [13] constructed
and tested a lightweight L-band aperture-coupled MA array for
spaceborne synthetic aperture radar. By combining the radiat-
ing patch and aperture-coupling layer into a membrane layer,
the aperture-coupled antenna was lighter and smaller than tra-
ditional designs. Wong et al. [14] described a mobile 16-port
MIMO antenna module. The design contains a 16-port MIMO
module array supporting 8 spatial streams and 16 receiving an-
tennas across 7.025–8.4GHz. An ultra-compact DGS 4-port
MIMO system for 28/38GHz was designed by Elabd and Al-
Gburi [15]. Devana et al. suggested a compatible antenna cov-
ering key 5G bands, as it operates over a broad sub-6GHz
range [16]. In [17–21], a gain improvement and better isola-
tion were achieved for the MIMO antenna using MTM for mm-
wave applications. Table 1 shows that most MIMO antenna
designs employ complex arrangements, such as coaxial feed-
ing structures, shielded cavities, and dual-polarised elements.
They boost performance but require sophisticated fabrication
and greater costs.
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TABLE 1. Comparison of the proposed work with the literature survey.

Ref.
No.

Volume
(mm3)

Patch
shape

Substrate
MIMO
layout

Dielectric
layers

[11] 50× 41.5× 1.524 Various-sized rectangles RogersRO4003C 1× 4 1
[12] 88× 44× 0.508 Square with slots RT/Duroid 5880 2× 4 1
[13] 150× 120× 58 Rectangle with slots Polyimide 4× 4 1
[14] 40× 40× 0.9 Square with slots FR4 4× 4 1
[15] 17.76× 17.76× 1.52 Rectangle with slots Rogers TMM4 2× 2 1
[16] 46× 46.5× 0.6 Nested rings Polyimide 2× 2 1

Proposed 21× 21× 3.97 Rectangle with U-slots FR4, RT/Duroid 5880 2× 2 2

The objective of the research is to develop a MIMO system
that is both simple and highly effective, utilizing U-shaped slot
MIMO antennas loaded with MTM elements that resonate at
28GHz, corresponding to the Ka band. Consequently, MIMO
MAs for these 5G applications provide compact, high gain, and
negligiblemutual coupling. These conditions aremet in this de-
sign through a straightforward configuration that primarily fo-
cuses on increasing antenna isolation, thereby improving peak
gain performance. The research is organized as follows. Sec-
tion 2 represents the U-shapedMIMO system and its evolution.
Section 3 presents the performance of an MTM-based MIMO
system. Section 4 explains the MIMO characteristics.

2. U-SHAPED MIMO DESIGN & ITS EVOLUTION
The MIMO antenna shown is based on a rectangular microstrip
patch arrangement. This setup is flat, can emit high-frequency
radiation, and is easy to integrate. The MIMO antenna initially
resonates at 28GHz, a frequency in the Ka-band spectrum com-
monly used for satellite communication. Later, to achieve per-
fect impedance matching, a U slot is initiated into the MIMO
system, which resonates at 28GHz, a frequency in the Ka-band
used for 5G and future wireless applications. The considered
MA is fabricated on a 0.8mm FR4 substrate with an εr of 4.4
and a dielectric loss (tan δ) of 0.02. This is to keep the surface
waves from spreading and to keep the MA compact. The FR4
substrate was chosen because it is inexpensive and performs
well in the Ka-band. In this section, we will show how the
proposed antenna was systematically designed and how geo-
metric factors, including impedance matching, bandwidth, and
mutual coupling, affect its electromagnetic performance. The
suggested MIMO system can be implemented using the equa-
tions shown below [22]. The fundamental configuration, as de-
picted in Fig. 1(a), comprises a rectangular radiating 1×2 patch
(A#1) that is excited through a microstrip feed line.

WP =
c

2fr

√
2

εr + 1
(1)

LP =
λg

2
− 2∆L (2)

Figure 1(b) illustrates the proposed MIMO antenna (A#2)
with U-shaped slots. The supply lines are designed to excite

(a) (b) (c)

(d)

FIGURE 1. (a) Patch separation with λ/2 spacing (A#1), (b) U-shaped
patch separation with λ/2 spacing (A#2), (c) 1×2 orthogonally placed
MIMO (A#3), and (d) 2× 2 orthogonally placed MIMO (A#4).

the fundamental TM10 mode by optimizing impedance match-
ing (50Ω). One of the fundamental design issues in MIMO
systems is ensuring sufficient spatial separation and isolation
among MAs to reduce mutual coupling. To make the antenna
smaller while keeping the MIMO elements separate, they are
kept λ/2 apart from adjacent elements. The resonant frequency
of the antenna depicted in Fig. 1(a) is 28GHz, corresponding
to a wavelength of λ = 107mm. A#1 takes up more space be-
cause of the λ/2 gap. To achieve better impedance matching,
U-shaped slots are etched on A#1, which operates at Ka-band
(A#2), as shown in Fig. 1(b). Here, 1×2MIMOelements (A#3)
are aligned orthogonally to reduce mutual coupling, as seen in
Fig. 1(c). Later, symmetric 2×2MIMOelements (A#4) aligned
orthogonally to reduce mutual coupling, as seen in Fig. 1(d).
Figures 2(a)–2(b) display the fabricated prototypes of the 4-

port MIMO system. The surface current density of the sug-
gested MIMO antenna with each port excitation is represented
in Figs. 3(a)–3(d). From the simulation output, it is clear that
the surface current is effectively confined around the active
port, whereas the other ports exhibit very low surface current
density. This indicates that there is indeed isolation of each
port and therefore individual operation. Fig. 4(a) displays the
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(a) (b)

FIGURE 2. Fabricated model of a MIMO system (A#4). (a) Front view and (b) Back view.

(a) (b)

(c) (d)

FIGURE 3. Surface current density of the suggested MAs across all the ports. (a) Port-1, (b) port-2, (c) port-3, and (d) port-4.

(a) (b)

FIGURE 4. (a) S11 (dB) and (b) S21 (dB) values of all MIMO systems.
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TABLE 2. The variables and values of A#4.

Variables WS LS LP WP Lf Wf W50Ω L50Ω h1 w1 l1 l2

Value (mm) 21 21 3.2 2.68 1.9 0.7 1.49 2.83 0.8 0.4 0.2 0.8

(a)

(b)

(c) (d)

FIGURE 5. (a) MTM segment, (b) Floquet Port, (FP) of MTM, (c) surface current, and (d) E at 28GHz.

S11 of all the antennas A#1–A#4 with their return loss values
at 28GHz. The S11 value for the suggested A#4 at 28GHz is
−33.38 dB, as depicted in Fig. 4(a). Fig. 4(b) illustrates the S21
value, a measure of port isolation. An orthogonal alignment
maintains a strong isolation response, with S21 values always
below−24.26 dB over 27.11–29.21GHz. These findings high-
light the importance of achieving maximum impedance match-
ing (S11) and effective inter-element isolation (S21). This is
critical for MIMO systems to function well across a wide range
of frequencies. Table 2 presents the dimensions of the antenna
model under consideration. It comprises a patch, a substrate, a
feed, and U-shaped slots with sizes for both the single-element
patch and the 4-port MIMO system.

3. PERFORMANCEOF THEMIMOSYSTEMBASEDON
MTM

In this section, 4×4MTM cells are added to the MIMO system
from the previous part to improve its radiation performance.
An artificial dielectric superstrate is used to increase the radi-
ated power density (RPD) of MIMO systems. The MTM layer
enhances the spatial fields and enlarges the broadside RPD of
the MIMO system. It is also important to note that increasing
the unit cell inductance is the best way to reduce the structure’s

electrical resonance and align it with the resonant frequency of
aMIMO system. Fig. 5(a) shows the suggested structure for the
unit cell. Here aext = 2.55mm, a0 = 1.75mm, c = 0.4mm,
d = 0.4mm, g1 = 0.2mm, and g2 = 0.2mm are depicted
in Fig. 5(a). The MTM is printed on an RT/Duroid material,
0.8mm thick, with an εr of 2.2. Fig. 5(b) shows the configura-
tion for the unit-cell simulation, with ax = ay = az = 3.8mm.
AVBScript file in High Frequency Structure Simulator (HFSS)
uses Eqs. (3)–(12) [23] to find the values of permittivity and
permeability.

µ = η × z and ε =
η

z
(3)

where,

η =
1

kd
cos−1

[
1

2S21

(
1− S2

11 + S2
21

)]

and z =

√
(1 + S11)

2 − S2
21

(1− S11)
2 − S2

21

(4)

The frequency f0 of a single MTM is

f0 =
1

2π

√
1

LTCeq
(5)
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(a) (b)

(c) (d)

FIGURE 6. (a) S11 and S21, (b) equivalent circuit of an MTM, (c), (d) real and imaginary values of εeff and µeff at 28GHz.

where,

Ceq =
(C1 + Cg1)(C2 + Cg2)

(C1 + Cg1) + (C2 + Cg2)
(6)

Although the split gaps have the same g1 = g2 = g, values, the
gap capacitances Cg1 = Cg2 = Cg and the series capacitances
C1 = C2 = C0 are also the same, and thus Eq. (6) is revised
as,

Ceq =
(C0 + Cg)

2
(7)

By assigning a metal thickness, t of the strip conductors, the
gap capacitances Cg1 and Cg2 can be represented as

Cg1 = Cg2 = Cg =
ε0ct

g
(8)

where c and t are the width and thickness of the metallic rings,
respectively. The average ring dimension is given by,

C0 = C1 = C2 = (4aavg − g)Cpul (9)

where,

aavg = aext − c− d

2
and Cpul =

√
εe

c0Z0
(10)

LT = 0.0002l1

(
2.303 log10

4l1
c

− γ

)
µH (11)

γ = 2.853 for a wire, and l1 = 8aext − g (12)

The calculated MTM values are LT = 2.764 nH, Ceq =
0.01096 pF, and f0 = 28.01GHz. The current curve shows
the inductance of the copper ring (LT ) and the strip (Lstrip) in
Fig. 5(c). The E plot shows the distributed capacitances C1
and C2 and the gap capacitances Cg1 and Cg2, as depicted in
Fig. 5(d). To obtain µ and ε of MTM, initially assign the FP
study to display the S values indicated in Fig. 6(a). The equiv-
alent circuit of an MTM element is shown in Fig. 6(b). Using
the parameter retrieval procedure on anMTM predicated on the
Nicholson-Ross-Weir (NRW) approach [23], we obtained the
values of µeff and εeff, which are shown in Figs. 6(c) and 6(d).
At 28GHz, we found peak values of ε and µ of 40 and 15.5,
which are consistent with the configuration’s resonance. Here,
A#4, equipped with a superstrate of 16 MTM elements, has its
S11 and S21 values indicated in Figs. 7(a)–7(d) within an ane-
choic chamber test setup.
Figures 7(e)–7(f) present the S-parameter results, showing

good S11 and isolation characteristics across the working band,
with return loss below −26 dB and isolation better than 22 dB.
The measured S11 tilted in terms of resonating frequency from
28GHz to 28.14GHz due to slitting in 4 feeds.
Figures 8(a) and 8(b) show the RPs in the E (ϕ = 0◦) and

H (ϕ = 90◦) planes of the orthogonal 2 × 2 MIMO system
(A#4) and the recommendedA#4with a superstrate of 16MTM
elements (A#5) working at 28GHz. The pattern identifies a
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(a)
(b)

(c) (d)

(e) (f)

FIGURE 7. (a) MIMO antenna with 16 MTM segments (A#5), (b)–(d) test setup in an anechoic chamber, (e)–(f) measured S11 & S21 values of MIMO
antenna with 16 MTM segments (A#5).

Co-Pol gain of 14.05 dBi and 14.06 dBi in the E & H-plane,
respectively, at 28GHz. Figs. 9(a) and 9(b) show the top and
bottom views of the recommended antenna with a 16-MTM su-
perstrate. By employing 16 MTM elements above the MIMO
antenna, the peak gain and radiation efficiency (RE) of A#4 and
A#5 increased from 7.9 dBi to 14.05 dBi and from 76.14% to
95.46%, respectively, as indicated in Fig. 10(a) and Fig. 10(b).

4. MIMO CHARACTERISTICS
A MIMO antenna is evaluated using different MIMO parame-
ters to assess multiple factors. These parameters include Total
Active Reflection Coefficient (TARC), Diversity Gain (DG),
Channel Capacity Loss (CCL), and Envelope Correlation Co-

efficient (ECC).

TARC =

√√√√√ p∑
x, y=1

|S (x, y)|2

2
(13)

DG = 10
√
1− ECC2 (14)

ECC =

∣∣∣‚4π

(
F⃗1 (θ, φ) · F⃗ ∗

2 (θ, φ)
)
dΩ

∣∣∣2
‚

4π

∣∣∣F⃗1 (θ, φ)
∣∣∣2dΩ‚4π

∣∣∣F⃗2 (θ, φ)
∣∣∣2dΩ (15)
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(a)

(b)

E-plane (YZ-plane) H-plane (XZ-plane)

FIGURE 8. Measured radiation patterns (RP) of (a) MIMO system (A#4), and (b) MIMO system loaded with MTM superstrate at 28GHz (A#5).

(a) (b)

FIGURE 9. (a) Bottom view and (b) top view of the A#5.

CCL = −
p∑

x=1

log2
(
1− |CCx|2

)
(16)

where Eqs. (13) to (16) represent TARC, DG, ECC, and CCL,
respectively. Here, p denotes the overall ports; S (· , ·) signi-
fies the S-parameters; conjg represents the complex conjugate;
andCC represents the correlation coefficient of the xth antenna

element. When MIMO antenna systems are used, TARC is uti-
lized to measure the complete return loss of an antenna array. A
best TARC (< −10 dB) indicates that the antenna is good at ra-
diating power rather than reflecting it to the transmitter, which
improves performance. The TARC value also shows how well
the MIMO elements (various patch topologies) in a MIMO an-
tenna work together. Fig. 11(a) shows that all ports are active,
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(a)
(b)

FIGURE 10. (a) Peak gain and (b) radiation efficiency (RE) of A#4 and A#5.

(a) (b)

(c) (d)

FIGURE 11. (a) TARC, (b) ECC, (c) DG, and (d) CCL of the A#5.

with better isolation below −21 dB and little reflection, which
is very important for real-world MIMO arrangements.
ECC is an important parameter for describing the relation-

ship between antennas. Here, ECC is considered in terms of
the radiation pattern, which indicates fine diversity. Fig. 11(b)
shows that the model under consideration has very low element
correlations. This shows that there is variety and spatial isola-
tion, which is the best for MIMO system performance. The in-
formation in Fig. 11(c) shows substantial spatial diversity and
very little signal redundancy.

Two important things make a good MIMO antenna. CCL
indicates the extent to which data communication capacity is
lost due to signal correlation among multiple antenna ports.
For a MIMO antenna to work well, the CCL should be be-
low 0.4 bits/s/Hz. Fig. 11(d) shows that the proposed MIMO
MA has a lower CCL, indicating it uses the channels very ef-
ficiently. This shows that the antenna performs well in appli-
cations requiring high data rates. Table 3 presents the perfor-
mance of an MTM-based MIMO system compared to the liter-
ature.

72 www.jpier.org



Progress In Electromagnetics Research M, Vol. 138, 65–74, 2026

TABLE 3. Performance comparison of the literature and the presented work.

References Resonating Frequencies (GHz) Isolation (dB) Gain (dBi) Bandwidth (GHz)
[11] 5.8 −45 6.7 ∼0.4
[12] 10.7–12.7 < −20 24.55 2
[13] 5.32–6.35 < −45 3.5 1.03
[14] 1.15–1.49 - 6.17 0.34
[15] 7.025–8.4 < −20 6.4 1.375
[16] Sub-6 < −15 4.42 4.53

Proposed 28 < −25 14.05 2.1

5. CONCLUSION
In this study, a new, 4-port MIMO antenna with MTM ele-
ments operating at 28GHz in the Ka-band is designed, tested,
and validated. The antenna uses a simple patch with U-shaped
slots on an FR4 substrate, fed via a microstrip line, with or-
thogonal alignment to achieve superior isolation. Through a
step-by-step design evolution involving feed arrangement opti-
mization, MIMO loaded with MTM superstrate, the proposed
antenna achieves isolation levels < −25 dB, reduced ECC
(ECC < 0.02), increased diversity gain (∼10 dB), low CCL
(CCL < 0.4 bps/Hz), peak gain up to 14.05 dBi, and efficiency
up to 95.46%. Compared to existing antennas, this design of-
fers a strong balance between performance andmanufacturabil-
ity. It demonstrates strong potential for integration into high-
frequency, multi-port wireless systems, particularly in next-
generation communication systems and 5G applications.
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