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Abstract: This article presents a planar, non-angular, series-fed, dual-element dipole array MIMO
antenna operating at 28 GHz with the metasurface-based isolation improvement technique. The
initial design is a single-element antenna with a dual dipole array which is series-fed. These dipole
elements are non-uniform in shape and distance. This dipole antenna results in end-fire radiation.
The dipole antenna excites the J1 mode for its operation. Further, with the view to improve channel
capacity, the dipole array expands the antenna to a three-element MIMO antenna. In the MIMO
antenna structure, the sum of the J1, J2, and J3 modes is excited, causing resonance at 28 GHz.
This article also proposes a metasurface structure with wide stopband characteristics at 28 GHz for
isolation improvement. The metasurface is composed of rectangle-shaped structures. The defected
ground and metasurface structure combination suppresses the surface wave coupling among the
MIMO elements. The proposed antenna results in a bandwidth ranging from 26.7 to 29.6 GHz with
isolation improvement greater than 21 dB and a gain of 6.3 dBi. The antenna is validated with the
diversity parameters of envelope correlation coefficient, diversity gain, and channel capacity loss.

Keywords: 5G; CMT; dipole array antenna; millimeter wave (mmWave); metasurface; MIMO

1. Introduction

The millimeter-wave spectrum is explored in the field of communication [1], including
in vehicular [2] and biosensors [3] applications, due to its short distance, broad bandwidth,
and low-latency features. An additional boost in communication performance is achieved
with the multiple-input multiple-output (MIMO) technique [4]. It ensures better signal
quality through spatial multiplexing in a fading multipath channel [5]. Numerous state-
of-the-art MIMO antennas exist [6–9]; however, this article focuses on dipole antennas,
as these are desirable for future handheld devices. The dipole antenna is a simple and
compact mmWave structure, and the desired resonance is simply achieved by tuning the
dipole length. The series of uniform or non-uniform array structures further improves the
gain and bandwidth of the dipole antenna [10–12]. A balun can also be used for better
impedance matching at the desired resonance [13]. The magneto-electric dipole antennas
in [10–13] achieve wide bandwidth with good gain. However, these structures are complex
and multi-layered, which makes it challenging to fabricate and align them precisely. Thus,
printed dipole antennas are cost-efficient, compact, and easy to embed in small devices.
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The printed dipole antenna results in a narrow bandwidth; however, in [14], a wide
bandwidth technique is demonstrated with offset feeding and a tapered dipole structure.
The tapered structure on the ground plane and the cross-feed line on the top behave as
a balun, improving antenna performance. At mmWave, the angled dipole structure is
the most preferred. In [15], the dipole on the ground plane is angled at 45◦ downwards.
A differential slot width extends the dipole. The inverted feed line on the top acts as a
balun for the microstrip-to-slot line. In another design [16], the bandwidth of the dipole
antenna is improved by adopting the series uniform-spacing and uniform-shape structure.
However, the challenge in the MIMO antenna is the surface wave coupling, which can
be reduced by defected ground, metamaterial structures [17]; split ring resonators [18];
and parasitic elements [19]. In [20], by optimizing the distance among the MIMO antenna
elements, an isolation |S21| of >16 dB was achieved.

The above literature indicates the dearth of printed MIMO dipole antennas. Thus, this
article provides a solution with the design of a non-uniformly shaped and non-uniform-
spacing dual-element dipole array antenna operating at 28 GHz. The mode excitation of
the antenna is studied through characteristic mode theory (CMT). The dual-element dipole
array is further expanded to a three-element MIMO antenna to enhance channel capacity
and performance. The isolation in the MIMO antenna is achieved through the combination
of the proposed metasurface and defected ground structure. The metasurface exhibits a
wide stopband at 28 GHz, possessing negative permittivity and zero permeability. The
single-element antenna has only the J1 mode excited. However, when the antenna is scaled
to the three-element MIMO antenna, the structure excites the J1, J2, and J3 modes at 28
GHz. The proposed MIMO antenna achieves a bandwidth of 2.9 GHz with a gain of 6.3 dBi.
The isolation is improved from 13 dB to 21 dB due to the metasurface and defected ground
structure. Thus, the contribution and novelty of the article are summarized as follows:

(a) Design of a non-uniform-shape and -spacing dual-element dipole array at 28 GHz.
(b) Expansion of the dipole array to a three-element MIMO antenna to enhance channel

capacity.
(c) Enhancement of the isolation in a compact MIMO antenna with the design of a

metasurface structure.

2. Antenna Design
2.1. Single-Element Dipole Antenna

The single-element dipole was developed in two stages with the aid of characteristic
mode theory (CMT). CMT is a well-known method applied to antenna structures to study
the current behavior of the corresponding modes. The required current modes are excited
or suppressed through CMT to improve antenna efficiency. Like in the metasurface-based
antenna in [21], all the first five modes are significant, in that only the first two modes are
degenerative. In contrast, the other modes deteriorate antenna performance. Thus, the
antenna structure is modified to suppress the other modes. CMT is also conveniently ap-
plied to large structures. In [22], an HF antenna mounting on a large vehicle for bandwidth
enhancement is analyzed through CMT by exciting the required modes.

In CMT, the current (J) is induced on the conducting surface (S) of the antenna through
the incident of tangential electric field Ei. This induced current J leads to the generation of
tangential surface electric field Es, where the sum of these tangential fields on the surface
is [23,24]

Es(s) + Ei(s) = 0 on S (1)

By applying the vector function on the surface, the relation of current (J) and induced
electric field Es is related to the impedance (Z) as

Z(J) = [Es(J)] (2)
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The impedance here is a symmetric operator which has real and imaginary parts:

R =
1
2
(Z + Z∗) (3a)

X =
1
2j

(Z − Z∗) (3b)

where, Z = R + jX, with R and X being the real and imaginary parts of the symmetric
operator.

Due to incident Ei, higher-order surface currents (J n) with varied magnitudes are
inducted at varied frequencies. Current Jn with higher significance at the desired fre-
quency radiates the energy from the antenna surface. This is characterized by applying the
eigenfunction to Equation (2) [25] as

J =
∞

∑
n=1

αn Jn =
∞

∑
n=1

〈
Jn, Ei〉

1 + jλn
Jn (4)

where J is the total current, λn is the eigenvalue, and αn is the weighted coefficient. The
parameters of interest in CMT are modal significance (MS) and characteristic angle (CA),
which are derived from the eigenvalue (λn) as [26]

MSn =
1

|1 + jλn|
(5)

CAn = π − tan−1(λn) (6)

The surface current (Jn) with zero eigenvalue results in modal significance MSn = 1, in-
dicating that the specific characteristic current mode (J n) is significant and purely resistive
in nature. CAn represents the phase difference between Jn and its corresponding Es. The nat-
urally resonant mode should have a phase close to π. For π

2 < CAn < π orπ < CAn < 3π
2 ,

the modes (J n) are inductive or capacitive [27]. In such cases, the antenna is less efficient,
as the fed energy dissipates.

In our design, the initial antenna has a single set of dipole elements fed by a 50 Ω feed
line. One-half element of the dipole is on the top of the Rogers 5880 substrate connected to
the feed line, and the other half is at the bottom, connected to the ground plane, similar
to [16], unlike non-angular elements. The chosen substrate thickness is 0.254 mm. At first,
the single non-angular dipole antenna (D1) ≈ λ

4 in length is designed and tuned to resonate
at 28 GHz (where λ is the wavelength at 28 GHz), as shown in Figure 1. The dipole feed
points are trimmed to improve the impedance matching. Applying CMT with five modes
to the design in Figure 1 indicates that the Mode 1 (J1) and Mode 2 (J2) are significant at
21.5 and 36 GHz. Considering the acceptance threshold of MSn > 0.7, both J1 and J2 have
significance over the wide frequency range. However, the intended resonance frequency is
28 GHz, where Mode 1 is just above the threshold, as shown in Figure 2a.

The characteristic angle (CAn) in Figure 2b indicates that J1 has a narrow bandwidth,
whereas J2 has a wider bandwidth. J1 beyond 22 GHz has an increasing inductive effect,
which may hinder antenna performance at 28 GHz. With port excitation, the obtained
results have a wide bandwidth of 25.5 to 34 GHz, resonating at 28.3 GHz, as displayed in
Figure 3a. However, the realized gain of this antenna is low, 3.5 dBi (Figure 3b), and the
significance of the J1 mode is not appropriate.
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Figure 3. (a) is the reflection coefficient curve, and (b) is the realized gain comparison of single-
element dipole and dual-element dipole antenna (proposed).

Further, another dipole antenna (D2) of length λ
6 is added, as shown in Figure 4a,b.

The two dipole antennas are separated by a distance of approximately λ
8 . A trimming by

an angle of 45◦ at the feed point of D2 improves the impedance matching at 28 GHz. The
addition of D2 to the antenna structure has shifted the characteristic J1 mode significance
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to 27.5 GHz, which is close to the desired frequency. Also, the J2 mode is shifted to 26 GHz.
J1 has wider bandwidth significance, whereas J2 has narrow bandwidth significance, as
demonstrated in Figure 5a. However, the characteristic angle (CAn) results indicate the
extensive phase change over the frequency, leading to a narrow bandwidth in a naturally
resonant mode. These modes are inductive for higher frequencies, resulting in lower
antenna efficiency. With port excitation, the series-fed, dual-element array dipole antenna
has achieved a bandwidth ranging from 27 to 30.4 GHz, as shown in Figure 3a. Though the
bandwidth is reduced compared with a single dipole antenna, the realized gain is improved
to 5.5 dBi (Figure 3b), and the modes are obtained at the desired frequency. Thus, this also
indicates that the beam directivity is increased with a series dual-element dipole array. The
proposed dual-element dipole array radiates the energy in the end-fire direction at θ = 90◦.
Figure 6 shows the proposed antenna with dimensions.
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Further, the J2 and J3 modes are aligned with J1, thereby improving antenna per-
formance in the MIMO antenna. Thus, a dual-element dipole array is expanded to a
three-element MIMO antenna in the next section.
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Figure 6. Proposed series-fed, dual-element dipole antenna with dimensions. Dimensions in mm as
follows: SW1 = 7, SL1 = 7, FL = 2.5, FW = 0.7, DW1 = 0.8, DW2 = 0.8, DL1 = 2.2, DL2 = 1.75, GD = 2.5,
DG1 = 1.2, and DG2 = 0.7.

2.2. Three-Element MIMO Antenna

The above dual-element dipole array antenna is symmetrically expanded to a three-
element MIMO antenna, separated by a distance of approximately λ/2 from the center of
the elements, as displayed in Figure 7. The expansion of the dipole array to the MIMO
antenna structure has significantly improved the J1 to J3 modes and the J5 mode, as shown
in Figure 8a. Here, the J1, J2, and J3 modes almost coincide with each other and are
significant at 27.7 GHz. The J5 mode is significant at 26.2 GHz. However, the J4 mode has
significance at 32.1 GHz. Thus, the modes contributing to resonance are J1 + J2 + J3. The
characteristic angle in Figure 8b shows the phase convergence of these modes.
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Figure 7. Three-element MIMO antenna with each element antenna composed of a dual-element
dipole array.

As discussed in the Introduction Section, the major challenge in the MIMO antenna
is to suppress the coupling current from adjacent antenna elements. In the case of the
angled dipole antenna, the current flows at 45◦ downwards, causing minimal coupling.
However, in our case, the dipole is non-angular, leading to substantial and direct coupling
between elements. The coupling in the MIMO antenna is comprehended by observing
the Poynting vector current in Figure 9. The black arrows in Figure 9 indicate that the
coupling current directly influences the adjacent and subsequent elements. As a result, the
isolation |S21| is 13 dB at 27 GHz and gradually increases to 22 dB till 30 GHz, as shown
in Figure 10. However, the reflection coefficient is not impeded but may affect overall
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antenna performance. Thus, a metasurface layer is etched between the elements at top of
the substrate to curb the surface wave coupling.
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3. Metasurface Structure

As observed in the previous section, the coupling current is evident on the adjacent
elements. Thus, through the metasurface structure, the coupling effect may be reduced.
Consequently, a metamaterial unit cell is designed in this section.
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Unit Cell

The unit cell combines rectangle-shaped structures with a cross-shaped slot in the
middle. Further, horizontal and vertical stubs are added to the slot, as shown in Figure 11.
The length (MSL) and width (MSW) of the unit are 1 × 1 mm2. The unit cell exhibits a wide
stopband at 28.5 GHz, as illustrated in Figure 12.
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The properties of the unit cell, such as its impedance (Z), permittivity (εeq), perme-
ability (µeq), and refractive index (n), are extracted by using Equations (7)–(11) from the
|S-parameter| as defined in [28].

Z = ±

√√√√ (1 + S11)
2 − S2

21

(1 − S11)
2 − S2

21

(7)

ejnk0d =
S21

1 − S11

(
Z−1
Z+1

) (8)

n =
1

k0d

[{
Im

[
ln
(

ejnk0d
)]

+ 2mπ
}
− jRe

[
ln
(

ejnk0d
)]]

(9)

where k0 and d are wavenumbers and the maximum length of the unit cell.

εeq =
n
Z

(10)

µeq = nZ (11)

The proposed unit cell exhibits negative permittivity and zero permeability in the
band of interest. Also, it results in a negative refractive index, as displayed in Figure 13.
The direction of the current flow in the unit cell due to impinging waves defines its function.
Figure 14 illustrates that the current is flowing along the y-axis. For the metasurface to curb
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the coupling in the MIMO antenna, the coupling current must be redirected upwards or
downwards. To achieve this, the unit cell orientation is to be changed by 90◦.
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Figure 14. Current flow in metamaterial unit cell due to incident wave.

4. MIMO Antenna with Metasurface

The above-designed unit cell is orthogonally oriented by 90◦, and a series of five
cells are arranged between the radiating element at the top of the substrate, as displayed
in Figure 15. Further, efficiency in the coupling reduction is achieved by defecting the
ground plane. The overall proposed MIMO antenna profile is 0.66λ0 × 1.78λ0. The distance
between the MIMO antenna elements is λ/2. The decoupling mechanism and functioning
of the metasurface can be better understood by considering the Poynting vector in Figure 16.
The defected ground path between the MIMO elements causes the forward and reverse
current to flow, consequently canceling most of the coupling current. The metasurface
also reroutes the coupling current upward (as represented by the black arrow), causing
minimal coupling to adjacent elements. Thus, the isolation |S21| is improved to 22 dB,
and |S31| reaches 27 dB, almost constant over the bandwidth, as shown in Figure 17. The
MIMO antenna results in a bandwidth ranging from 26.75 to 29.7 GHz. CMT investigates
the impact of metasurface addition on the excited modes. The modal significance results in
Figure 18a specify that the addition of the metasurface has no impact on the three primary
modes. This means that the sum of the J1, J2, and J3 modes is still contributing to the
resonance. However, the roles of the J4 and J5 modes are interchanged. The J4 mode is now
significant at 25.6 GHz, whereas J5 mode is significant at 35.7 GHz. J1 to J3 has zero phase
change between Ei and Es, and as a result, convergence of these at 180◦ occurs, as shown in
Figure 18b.
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4.1. Impact on Antenna Performance with Change in Number and Location of Metasurface Unit
Cells

The previous section presented the metasurface structure with an array of five unit
cells at top of the substrate between the MIMO radiating elements. This arrangement
is attained after a rigorous analysis, which is discussed here regarding the number of
unit cells and their location and impact on antenna performance. Initially, we begin with
the three-unit cells at the bottom of the substrate without changing the ground structure.
This arrangement negatively impacts the impedance matching, causing a deviation in the
|S-parameter| results. Further, the ground plane is defected, and the number of unit cells
is increased to four with a spacing of Ud = 0.2 mm, as shown in Figure 19. The results
indicate an improvement in impedance matching; however, isolation |S21| and |S32| at
27 GHz are 15 dB, as displayed in Figure 20.
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Further, the design is optimized by bringing the metasurface unit cells to the top of the
substrate, as shown in Figure 21. In this case, the metasurface unit cells sit in the middle
of the MIMO radiating elements, which conceptually makes sense, as it curbs the surface
waves between the elements. However, it can be justified with the simulated results. The
results in Figure 22 indicate an improvement in isolation at 27 GHz; isolation |S21| and
|S32| achieved here are 17.5 and 22 dB. Additionally, from 27.1 GHz onwards, the isolation
reaches 22 dB and more. With these satisfactory results, the design is further optimized
with five unit cells at the top of the substrate, where the unit cell distance is reduced with
Ud = 0.1 mm. The subsequent improvement in the results is shown in the earlier section in
Figure 17.
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4.2. Impact on Antenna Performance with Increase in Inter-element Spacing

In Figure 17, the inter-element spacing is chosen to be very small, that is, EL = λ
2 =

6 mm, whereas the distance from edge to edge is merely 1.6 mm. As a result, the isolation
of the proposed antenna is 21 dB at the beginning of the band, which is further improved
with an increase in frequency. In this section, the change in MIMO antenna performance is
observed by increasing the inter-element distance (EL) to 3

4 λ and 5
6 λ. However, the array

of the metasurface is maintained exactly in the middle of the radiating elements, similar to
Figure 15.

For the first case of EL = 3
4 λ, the achieved bandwidth is similar to the proposed

antenna, that is, from 27 to 29.5 GHz. On the other hand, the isolation |S21| and |S31|
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are drastically improved to 28 dB, as displayed in Figure 23. The surface wave is a neg-
ative function of the exponential function; consequently, the combination of increased
distance, metasurface structure, and defected ground have suppressed the surface wave.
For EL = 5

6 λ, a further suppression of the surface wave is observed, leading to the im-
proved isolation of 31 dB, as shown in Figure 23b.
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5. Results and Discussion
5.1. |S-parameter| and Radiation Pattern

The proposed MIMO antenna comprises three series-fed dual-element array dipoles.
The dual-element array improves directivity and the radiation pattern. The proposed
MIMO antenna with a metasurface structure can suppress the coupling |S21| to 21 dB
at 27 GHz, which improves further with the increase in frequency in the band of interest.
On the other hand, the obtained isolation |S31| is > 27 dB, as displayed in Figure 17.
However, due to the rerouting of the coupling current by the metasurface structure, a
slight discrepancy is observed in the reflection coefficient curves of the MIMO elements.
Nonetheless, the bandwidth achieved by all three elements is from 26.75 to 29.7 GHz.
The effectiveness of the metasurface structure can be comprehended by observing the
|S-parameter| results without the metasurface structure in Figure 10, where the isolation
|S21| is lower, 15 dB.

The designed MIMO antenna was prototype-fabricated, as displayed in Figure 24a,b.
The connectors used for the measurement were 2.92 mm end launch SMA Johnson connec-
tors, which have an operating range of up to 40 GHz [29]. The designed antenna is highly
compact, providing less space for commercial SMA connectors to interface. However, the
connectors were interfaced with precision soldering but still provided compact space for
VNA cables to connect. Consequently, a slight deviation in results was observed during the
measurement. The |S-parameter| measurement setup is demonstrated in Figure 25. The
measured bandwidths of |S11|, |S22|, and |S33| were 2.7, 2.6, and 2.9 GHz (26.4–29.1,
26.7–29.3, and 26.7–29.6 GHz, respectively), as displayed in Figure 26a. We measured the
following minimum isolation in the bandwidth: |S21|, 26 dB; |S31|, of 32 dB; and |S32|,
21 dB (Figure 26b).
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The measurement setup of radiation in an anechoic chamber is shown in Figure 27.
As the proposed structure is a series-fed, dual-element array dipole MIMO antenna, it
radiates energy in the end-fire direction. Consequently, the measurement was performed
over the XZ plane at ϕ = 0◦ (elevation plane) and the YZ plane at θ = 90◦ (azimuthal plane).
To better understand the end-fire radiation, the 3D plot over the antenna is presented
in Figure 28. In contrast to achieving spatial multiplexing, the gain and beam width
of the proposed MIMO antenna were compromised. Consequently, the simulated half-
power beamwidths (HPBWs) on the XZ and XY planes were 116◦ and 82◦, respectively, as
displayed in Figure 29a. The obtained measured HPBWs were 99◦ and 49◦ on the XZ and
XY planes, as shown in Figure 29b.

The proposed antenna exhibited high cross-polarization of −15 dB on the XZ plane
due to the orthogonal E-fields originating from the edges of the feed and dipole. However,
lower cross-polarization of −24 dB was achieved on the XY plane. The MIMO antenna
without MTS had a maximum gain of 6.7 dBi, whereas a slight reduction of 6.3 dBi was
observed with MTS. However, with MTS, the antenna had band-pass characteristics with
good gain in the band of interest. On the other hand, the antenna had sharp attenuation,
possessing band-stop characteristics outside the region of interest, as shown in Figure 30.
The efficiency rates of the MIMO antenna with and without MTS were 91.35% and 92.5%.
The MTS surface did not have much of an impact on antenna efficiency.

On the other hand, the proposed MIMO antenna could also achieve a narrow beam
pattern with the beam-forming network when all the MIMO elements were fed equal power.
As a result, directivity was improved. Consequently, the gain was also improved to 10.6
dBi for the proposed MIMO antenna, as depicted in Figure 28.
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5.2. Diversity Performance

The proposed MIMO antenna performance is validated with the diversity metrics of
envelope correlation coefficient (ECC), diversity gain (DG), and channel capacity loss (CCL).
The validation is accomplished by feeding to |S-parameter| the equations as defined in [30].
The ECC resulted in close to zero and DG in approximately 10, as depicted in Figure 31a.
The CCL was below 0.4 b/s/Hz, as Figure 31b illustrates. Thus, the proposed MIMO
antenna qualifies through diversity metrics.
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6. Comparative Analysis

The proposed MIMO antenna is compared with the existing planar MIMO antennas in
Table 1. The proposed antenna is compact compared with all the other designs in the table.
Also, the proposed antenna results in a decent bandwidth compared with [31,32]. The
achieved isolation with the aid of MTS is comparable to the other antennas. The proposed
antenna has spatial MIMO diversity, which has more advantages than polarized and pattern
diversity MIMO antennas. With the beam-forming network, the proposed MIMO antenna
can achieve a narrow beam, which the designs in [31,33–35] cannot achieve. The proposed
MIMO antenna has a good gain of 6.3 dBi compared with [34,36]. The antenna also satisfies
the diversity metrics of the MIMO requirement. Also, the antenna has end-fire radiation,
which is more suitable for 5G mobile applications. Therefore, the novel contributions of the
antenna are compact design, good bandwidth and gain, improved isolation, and the ability
to achieve a narrow beam with a beam-forming network. Overall, the proposed MIMO
antenna is compact and suitable for future wireless communications.
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Table 1. Comparison of the proposed MIMO antenna with existing state-of-the-art designs.

Ref. Dim.
in λ

Dim.
in mm

No. of
Ports

Ant.
Type

Res.
(GHz)

BW
(GHz)

Iso.
|S211|
in dB

Gain
(dBi)

MIMO
Div.

MIMO
GD ECC DG CCL Rad.

[31] 2.55λ×
5.1λ

20× 40 2-port Mono.
Array 38 37.5–

38.5 >40 12 Pol. NA < 0.5 ×
10−4 9.9 0.15 BS

[37] 1.4λ ×
2.43λ

15× 26 3-port Mono. 28 26.5–34 >25 NA Sp. NA <0.0015 9.9 0.025 BS

[33] 2.81λ×
2.81λ

30× 30 4-port Mono. 28 25–50 >13 NA Pol. Dis. < 2.5 ×
10−3 >9.99 0.21 NA

[32] 3.66λ×
2.56λ

43× 30 4-port Mono.
Array 25.5 24.5–

26.5 >35 7 Patt. Con. <0.0002 >9.99 0.35 BS

[36] 1.11λ×
4.41λ

12× 48 4-port Mono. 27.5/40 24–33/
48–42 >20 5.7 Patt. Dis. <0.00015 >9.99 NA Omni.

[34] 1.17λ×
1.17λ

12.5×
12.5 4-port Mono. 28 26.5–32 >22 3 Pol. Con. <0.27 >9.98 0.25 Omni.

[38]
1.5λ ×
3.34λ×
3.34λ

18× 40×
40 4-port SRR 25/31 25–26/

28–33 >30 7.5 3D Con. <0.0001 >9.99 <1 EF

[39] 4.32λ×
4.32λ

54× 54 8-port Mono. 24 23.5–27 >25 8.5 Sp. +
Pol. Con. <0.005 >9.99 NA BS

[40] 0.91λ×
2.53λ

10× 28 2-port Patch 27
26.5–
27/

39.2–
40.5

>31 7 Sp. Con. <0.012 >9.99 <0.1 BS

[35] 1.16λ×
1.16λ

12.4×
12.4 2-port Patch 28 26.4–31 >20 6.5 Pol. Con. <0.05 >9.95 <0.5 BS

Prop. 0.66λ×
1.78λ

7× 19 3-port DP 28 26.7–
29.6 >21 6.3 Sp. Con. <0.04 >9.99 <0.3 EF

Note: Dim.—dimension; Ant.—antenna; Res.—resonance; BW—bandwidth; Rad.—radiation; Mono.—monopole;
SRR—split ring resonator; DP—dipole; Div.—diversity; Pol.—polarization; Sp.—spatial; Patt.—pattern;
GD—ground; Dis.—disconnected; Con.—connected; BS—broadside; Omni.—omnidirectional; EF—end fire.

7. Conclusions

This article presented a series-fed, dual-element dipole array, which has end-fire
radiation. This dual element enhances the antenna gain from 3 dBi to 5.5 dBi in the end-fire
direction. Furthermore, the dual-element dipole array is expanded to a three-element
MIMO antenna, where isolation improvement is achieved through the combination of the
defected ground plane and metasurface structure. The proposed MIMO antenna results in
a bandwidth of 2.9 GHz, resonating at 28 GHz. The structure achieves a minimum isolation
of 21 dB and a maximum of 37 dB, with a maximum realized gain of 6.3 dBi. The antenna
is also validated through diversity metrics. Thus, the antenna is suitable for future 5G
wireless applications.

Author Contributions: Conceptualization, P.S.B.G., D.M.J., P.R.M. and S.V.; methodology, P.S.B.G.
and D.S.; software, P.S.B.G., S.B.S. and S.P.; validation, B.R.B. and T.A.; writing—original draft
preparation, P.S.B.G.; writing—review and editing, P.R.M. and T.A.; supervision, P.R.M. and T.A. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: Data is contained within the article.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Hong, W.; Jiang, Z.H.; Yu, C.; Hou, D.; Wang, H.; Guo, C.; Hu, Y.; Kuai, L.; Yu, Y.; Jiang, Z.; et al. The Role of Millimeter-Wave

Technologies in 5G/6G Wireless Communications. IEEE J. Microw. 2021, 1, 101–122. [CrossRef]
2. He, R.; Schneider, C.; Ai, B.; Wang, G.; Zhong, Z.; Dupleich, D.A.; Thomae, R.S.; Boban, M.; Luo, J.; Zhang, Y. Propagation

Channels of 5G Millimeter-Wave Vehicle-to-Vehicle Communications: Recent Advances and Future Challenges. IEEE Veh. Technol.
Mag. 2020, 15, 16–26. [CrossRef]

3. Mehrotra, P.; Chatterjee, B.; Sen, S. EM-Wave Biosensors: A Review of RF, Microwave, Mm-Wave and Optical Sensing. Sensors
2019, 19, 1013. [CrossRef]

4. Sanayei, S.; Nosratinia, A. Antenna Selection in MIMO Systems. IEEE Commun. Mag. 2004, 42, 68–73. [CrossRef]

https://doi.org/10.1109/JMW.2020.3035541
https://doi.org/10.1109/MVT.2019.2928898
https://doi.org/10.3390/s19051013
https://doi.org/10.1109/MCOM.2004.1341263


Micromachines 2024, 15, 729 19 of 20

5. Shariff, B.G.P.; Mane, P.R.; Kumar, P.; Ali, T.; Nabi Alsath, M.G. Planar MIMO Antenna for mmWave Applications: Evolution,
Present Status & Future Scope. Heliyon 2023, 9, e13362. [CrossRef]

6. Hussain, N.; Kim, N. Integrated Microwave and Mm-Wave MIMO Antenna Module With 360◦ Pattern Diversity for 5G Internet
of Things. IEEE Internet Things J. 2022, 9, 24777–24789. [CrossRef]

7. Aghoutane, B.; Das, S.; El Ghzaoui, M.; Madhav, B.T.P.; El Faylali, H. A Novel Dual Band High Gain 4-Port Millimeter Wave
MIMO Antenna Array for 28/37 GHz 5G Applications. AEU Int. J. Electron. Commun. 2022, 145, 154071. [CrossRef]

8. Usman, M.; Kobal, E.; Nasir, J.; Zhu, Y.; Yu, C.; Zhu, A. Compact SIW Fed Dual-Port Single Element Annular Slot MIMO Antenna
for 5G mmWave Applications. IEEE Access 2021, 9, 91995–92002. [CrossRef]

9. Zhang, Y.; Deng, J.-Y.; Sun, D.; Yin, J.-Y.; Guo, L.-X. Compact Slow-Wave SIW H-Plane Horn Antenna with Increased Gain for
Vehicular Millimeter Wave Communication. IEEE Trans. Veh. Technol. 2021, 70, 7289–7293. [CrossRef]

10. Zhu, Y.; Xu, H.; Deng, C. Single-Layer Dual-Polarized End-Fire Phased Array Antenna for 5G Mm-Wave Mobile Terminals.
Antennas Wirel. Propag. Lett. 2024. early access. [CrossRef]

11. Dai, X.; Li, A.; Luk, K.M. A Wideband Compact Magnetoelectric Dipole Antenna Fed by SICL for Millimeter Wave Applications.
IEEE Trans. Antennas Propag. 2021, 69, 5278–5285. [CrossRef]

12. Xiang, L.; Wu, F.; Yu, C.; Jiang, Z.H.; Yao, Y.; Hong, W. A Wideband Circularly Polarized Magneto-Electric Dipole Antenna Array
for Millimeter-Wave Applications. IEEE Trans. Antennas Propag. 2022, 70, 3876–3881. [CrossRef]

13. Liu, X.; Zhang, W.; Hao, D.; Liu, Y. Differential-Fed Magneto-Electric Dipole Antenna with Integrated Balun Based on Ball Grid
Array Packaging. IEEE Trans. Compon. Packag. Manuf. Technol. 2022, 12, 981–987. [CrossRef]

14. Wu, J.; Zhao, Z.; Nie, Z.-P.; Liu, Q.H. A compact printed dipole antenna for wideband wireless applications. Prog. Electromagn.
Res. C 2014, 50, 95–102. [CrossRef]

15. Ta, S.X.; Choo, H.; Park, I. Broadband Printed-Dipole Antenna and Its Arrays for 5G Applications. Antennas Wirel. Propag. Lett.
2017, 16, 2183–2186. [CrossRef]

16. Wang, H.; Park, I. Characteristics of the Angled Printed Dipole Array Antenna with Different Numbers of Dipole Elements. J.
Electromagn. Eng. Sci. 2020, 20, 183–189. [CrossRef]

17. Puri, V.; Singh, H.S. Design of an Isolation Improved MIMO Antenna Using Metasurface Based Absorber for Wireless Applications.
Optik 2022, 259, 168963. [CrossRef]

18. Chowdhury, A.; Ranjan, P. SRR and DGS-Based Highly Isolated Four-Port MIMO Antenna for Mid-5G Band and High-5G Band.
MAPAN 2023, 39, 321–336. [CrossRef]

19. Hussain, M.; Awan, W.A.; Ali, E.M.; Alzaidi, M.S.; Alsharef, M.; Elkamchouchi, D.H.; Alzahrani, A.; Fathy Abo Sree, M. Isolation
Improvement of Parasitic Element-Loaded Dual-Band MIMO Antenna for Mm-Wave Applications. Micromachines 2022, 13, 1918.
[CrossRef]

20. Desai, A.; Bui, C.D.; Patel, J.; Upadhyaya, T.; Byun, G.; Nguyen, T.K. Compact Wideband Four Element Optically Transparent
MIMO Antenna for Mm-Wave 5G Applications. IEEE Access 2020, 8, 194206–194217. [CrossRef]

21. Hamlbar Gerami, H.; Kazemi, R.; Fathy, A.E. Development of a Metasurface-Based Slot Antenna for 5G MIMO Applications with
Minimized Cross-Polarization and Stable Radiation Patterns through Mode Manipulation. Sci. Rep. 2024, 14, 8016. [CrossRef]

22. Shih, T.-Y.; Behdad, N. Bandwidth Enhancement of Platform-Mounted HF Antennas Using the Characteristic Mode Theory. IEEE
Trans. Antennas Propag. 2016, 64, 2648–2659. [CrossRef]

23. Yee, A.; Garbacz, R. Self- and Mutual-Admittances of Wire Antennas in Terms of Characteristic Modes. IEEE Trans. Antennas
Propag. 1973, 21, 868–871. [CrossRef]

24. Harrington, R.; Mautz, J. Theory of Characteristic Modes for Conducting Bodies. IEEE Trans. Antennas Propag. 1971, 19, 622–628.
[CrossRef]

25. Wu, Q.; Su, W.; Li, Z.; Su, D. Reduction in Out-of-Band Antenna Coupling Using Characteristic Mode Analysis. IEEE Trans.
Antennas Propag. 2016, 64, 2732–2742. [CrossRef]

26. Zeng, J.; Liang, X.; He, L.; Guan, F.; Lin, F.H.; Zi, J. Single-Fed Triple-Mode Wideband Circularly Polarized Microstrip Antennas
Using Characteristic Mode Analysis. IEEE Trans. Antennas Propag. 2022, 70, 846–855. [CrossRef]

27. Elias, B.B.Q.; Soh, P.J.; Al-Hadi, A.A.; Akkaraekthalin, P.; Vandenbosch, G.A.E. A Review of Antenna Analysis Using Characteristic
Modes. IEEE Access 2021, 9, 98833–98862. [CrossRef]

28. Shariff, B.G.P.; Ali, T.; Mane, P.R.; Alsath, M.G.N.; Kumar, P.; Pathan, S.; Kishk, A.A.; Khan, T. Design and Measurement
of a Compact Millimeter Wave Highly Flexible MIMO Antenna Loaded with Metamaterial Reflective Surface for Wearable
Applications. IEEE Access 2024, 12, 30066–30084. [CrossRef]

29. SMA Connector. Available online: https://www.belfuse.com/resources/catalogs/cinchconnectivitysolutions/johnson/ca-ccs-
john-mmwave-catalog.pdf (accessed on 1 February 2024).

30. Khalid, M.; Iffat Naqvi, S.; Hussain, N.; Rahman, M.; Fawad; Mirjavadi, S.S.; Khan, M.J.; Amin, Y. 4-Port MIMO Antenna with
Defected Ground Structure for 5G Millimeter Wave Applications. Electronics 2020, 9, 71. [CrossRef]

31. Khan, J.; Ullah, S.; Ali, U.; Tahir, F.A.; Peter, I.; Matekovits, L. Design of a Millimeter-Wave MIMO Antenna Array for 5G
Communication Terminals. Sensors 2022, 22, 2768. [CrossRef] [PubMed]

32. Tariq, S.; Naqvi, S.I.; Hussain, N.; Amin, Y. A Metasurface-Based MIMO Antenna for 5G Millimeter-Wave Applications. IEEE
Access 2021, 9, 51805–51817. [CrossRef]

https://doi.org/10.1016/j.heliyon.2023.e13362
https://doi.org/10.1109/JIOT.2022.3194676
https://doi.org/10.1016/j.aeue.2021.154071
https://doi.org/10.1109/ACCESS.2021.3091835
https://doi.org/10.1109/TVT.2021.3090096
https://doi.org/10.1109/LAWP.2024.3374884
https://doi.org/10.1109/TAP.2021.3060146
https://doi.org/10.1109/TAP.2021.3137459
https://doi.org/10.1109/TCPMT.2022.3165595
https://doi.org/10.2528/PIERC14040207
https://doi.org/10.1109/LAWP.2017.2703850
https://doi.org/10.26866/jees.2020.20.3.183
https://doi.org/10.1016/j.ijleo.2022.168963
https://doi.org/10.1007/s12647-023-00704-3
https://doi.org/10.3390/mi13111918
https://doi.org/10.1109/ACCESS.2020.3033314
https://doi.org/10.1038/s41598-024-58794-1
https://doi.org/10.1109/TAP.2016.2543778
https://doi.org/10.1109/TAP.1973.1140600
https://doi.org/10.1109/TAP.1971.1139999
https://doi.org/10.1109/TAP.2016.2522459
https://doi.org/10.1109/TAP.2021.3111280
https://doi.org/10.1109/ACCESS.2021.3095422
https://doi.org/10.1109/ACCESS.2024.3368394
https://www.belfuse.com/resources/catalogs/cinchconnectivitysolutions/johnson/ca-ccs-john-mmwave-catalog.pdf
https://www.belfuse.com/resources/catalogs/cinchconnectivitysolutions/johnson/ca-ccs-john-mmwave-catalog.pdf
https://doi.org/10.3390/electronics9010071
https://doi.org/10.3390/s22072768
https://www.ncbi.nlm.nih.gov/pubmed/35408383
https://doi.org/10.1109/ACCESS.2021.3069185


Micromachines 2024, 15, 729 20 of 20

33. Abbas, M.A.; Allam, A.; Gaafar, A.; Elhennawy, H.M.; Sree, M.F.A. Compact UWB MIMO Antenna for 5G Millimeter-Wave
Applications. Sensors 2023, 23, 2702. [CrossRef]

34. Singh, A.K.; Dwivedi, A.K.; Jha, C.; Singh, S.; Singh, V.; Yadav, R.S. A Compact MIMO Antenna for 5G NR Frequency Bands
N257/N258/N261 under Millimeter-Wave Communication. IETE J. Res. 2023, 69, 8561–8573. [CrossRef]

35. Modak, S.; Lokam, A.; Farooq, U. Characteristic Mode Based Self Isolated MIMO Antenna Design for Millimeter Wave 5G
Communications. AEU Int. J. Electron. Commun. 2024, 178, 155257. [CrossRef]

36. Munir, M.E.; Kiani, S.H.; Savci, H.S.; Marey, M.; Khan, J.; Mostafa, H.; Parchin, N.O. A Four Element Mm-Wave MIMO Antenna
System with Wide-Band and High Isolation Characteristics for 5G Applications. Micromachines 2023, 14, 776. [CrossRef]

37. Islam, T.; Alsunaydih, F.N.; Alsaleem, F.; Alhassoon, K. Analyzing the Performance of Millimeter Wave MIMO Antenna under
Different Orientation of Unit Element. Micromachines 2023, 14, 1975. [CrossRef]

38. Aboualalaa, M.; Mansour, I. Dual-Band End-Fire Four-Element MIMO Antenna Array Using Split-Ring Structure for Mm-Wave
5G Applications. IEEE Access 2023, 11, 57383–57390. [CrossRef]

39. Irshad Khan, M.; Liu, S.; Kabir Khan, M.; Ur Rahman, S. Eight Elements Mm-Wave MIMO Antenna for Anti-Collision Radar
Sensing Application with Novel Hybrid Techniques. AEU Int. J. Electron. Commun. 2023, 167, 154687. [CrossRef]

40. Farooq, U.; Lokam, A. A Compact 26/39 GHz Millimeter Wave MIMO Antenna Design for 5G IoT Applications. J. Infrared Millim.
Terahertz Waves 2023, 44, 333–345. [CrossRef]

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

https://doi.org/10.3390/s23052702
https://doi.org/10.1080/03772063.2022.2091044
https://doi.org/10.1016/j.aeue.2024.155257
https://doi.org/10.3390/mi14040776
https://doi.org/10.3390/mi14111975
https://doi.org/10.1109/ACCESS.2023.3282706
https://doi.org/10.1016/j.aeue.2023.154687
https://doi.org/10.1007/s10762-023-00929-y

	Introduction 
	Antenna Design 
	Single-Element Dipole Antenna 
	Three-Element MIMO Antenna 

	Metasurface Structure 
	MIMO Antenna with Metasurface 
	Impact on Antenna Performance with Change in Number and Location of Metasurface Unit Cells 
	Impact on Antenna Performance with Increase in Inter-element Spacing 

	Results and Discussion 
	|S-parameter| and Radiation Pattern 
	Diversity Performance 

	Comparative Analysis 
	Conclusions 
	References

