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ABSTRACT The wireless communication system is steered towards the millimeter wave spectrum to
achieve low latency and high-speed data rate. The MIMO antennas aid in attaining a higher data rate.
The prominent spectrum at millimeter wave is Ka-band, suitable for short-range communication. The
|S-parameter| response and radiation pattern of the existing MIMO antenna at this band are relatively
unstable. Hence it encouraged to design and develop a four-element MIMO antenna operating at Ka-band.
The antenna is a circular ring shape with two concentric rings with a plus-shape stub overlayed on circular
rings. The structure is developed in four-stage with the comprehension of characteristic mode theory (CMA).
The proposed structure generated Mode 2 as an efficient mode, with minor Modes 3 and 5 contributing for
resonance out of five modes. The overall antenna profile is 3.27λ0 × 3.74λ0 (where λ0 is the wavelength
at a resonance frequency of 28 GHz). The novel decoupling structure has improved the isolation to 30 dB
and increased the bandwidth. The antenna has an operating bandwidth of 24.1-30.9 GHz, with a maximum
gain of 6.5 dBi. The |S-parameter| from all the ports has an exact and stable response. The proposed antenna
has resulted in bidirectional radiation tilted at an angle of 3340 and 2100 in the XZ plane. In the YZ plane,
it has a triple beam. The radiation pattern is also stable throughout the bandwidth. The proposed MIMO
antenna has a symmetrical design, demonstrating the possibility of expansion to n-element MIMO through a
six-element MIMO antenna design. The article also presents the channel capacity, path loss, and link margin
calculation for designed antenna line-of-sight (LOS) communication. The antenna has been evaluated with
diversity parameters such as ECC, DC, CCL, TARC, and MEG.

INDEX TERMS CMA, decoupling structure (DCS), diversity metrics, link margin, millimeter wave
(mmWave), MIMO, path loss, scalable MIMO.

I. INTRODUCTION
The demand for higher data rates in wireless communica-
tion systems has compelled us to switch to the millime-
ter wave (mmWave) spectrum. However, the hindrance at
mmWave is signal attenuation due to atmospheric conditions.

The associate editor coordinating the review of this manuscript and

approving it for publication was Sawyer Duane Campbell .

The Ka-band (26-40 GHz) is less prone to atmospheric
conditions [1]. Therefore, it makes it suitable for short-
range communication. There are many antennas have been
designed to operate at millimeter wave bands. In these, pla-
nar antennas are cost-efficient and compact compared to
other antennas; many such antennas are presented in [2].
The Multiple-Input-Multiple-Output (MIMO) antenna sys-
tem further boosts the channel capacity [3]. The challenge
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in the planar compact MIMO antenna is port isolation.
It deteriorates the bandwidth and radiation performance of an
antenna. There are methods like decoupling structure [4], [5]
self-decoupling structure [6], and metamaterial cells [7], [8]
which aid in regulating the surface wave and enhance the port
isolation.

In [9], a U-shape monopole antenna with two ele-
ments is proposed. The antenna has a wide bandwidth
of 27-32.5 GHz. The antenna profile is 2.81λ0 × 1.4λ0. How-
ever, the isolation is low at lower frequencies, that is, 17.5 dB.
Also, it is unstable over the band of interest. In [10], a two-
element, orthogonally oriented T-shape monopole antenna
with an offset feed and appended stub at 450 generated
radiation in the end-fire direction. It operates with a band-
width of 26-30 GHz. However, the |Sii| response of both
ports is not shown. Another two-element MIMO antenna
of an S-shape radiator structure is presented in [11]. The
antenna has a good isolation of 30 dB. However, the band-
width is narrow to 27.5-29.8 GHz. Also, both port’s reflection
coefficient |Sii| curves are unstable. In [12], an inverted
E-shape two-element MIMO antenna is proposed. Here, the
|S-parameter| of a two-element antenna for different orienta-
tions is studied. Out of which, the inverted orientation has
resulted in a better bandwidth of 25.5-30 GHz. A dipole
shape, two-element MIMO antenna with a T-shape decou-
pling structure in the ground plane is proposed in [13]. This
article has presented only simulated |S-parameter|, which
has a 24.6-42.1 GHz bandwidth. In [6], a two-element self-
isolating MIMO antenna is proposed. The radiator is a
conventional patch with an offset feed. To enhance the iso-
lation, the element is bent by 450, and two slits are etched
on the horizontal edges of the patch. However, it has a lower
bandwidth from 28.8-29.75 GHz, and isolation is 22 dB.

Further in [14], an orthogonal-orientated four-element
MIMO antenna is presented. The single element is a circu-
lar patch with slits on either side. The slits are introduced
to enhance the bandwidth at 28 GHz. The MIMO antenna
operates from 26.5-29.5 GHz. A corrugated ground plane
structure is proposed in this article, which improved the
isolation. The antenna profile is 2.85λ0 × 2.85λ0. Another
orthogonal-orientated four-element MIMO antenna is pro-
posed in [15]. The radiator is a monopole with imbricated
circular rings. The antenna size is 2.85λ0 × 2.85λ0. The
antenna operates from 27.2-29.2 GHz, with an isolation
of 29 dB. However, the design has certain limitations. Its
ground plane is disconnected, and all four elements |Sii|
results vary. Another orthogonally oriented four-element
MIMO antenna is presented in [16]. The antenna is a
monopole with a four-arc shape design. The multiple arcs are
to generate multiple resonances. The antenna operates from
24-38 GHz, having port-to-port isolation of 22 dB. However,
it has a large antenna profile of 7.47λ0 × 7.47λ0. Also, the
variation in reflection coefficient |Sii| from MIMO elements
can be observed.

A tapper slot four-element MIMO antenna is proposed
in [17]. It is fed by an L-shaped feed. The antenna resonance

depends on the tapered angle and feed length. The antenna
dimension is 9.47λ0 × 9.47λ0. However, the reflection coef-
ficient |S11| from 22-26 GHz is close to 10 dB, with an
overall bandwidth of 22-30 GHz. Also, the |Sii| response
of all four elements varies. The isolation |Sij| (where i ̸= j)
is 22 dB. Another design proposes an inverted C-shape four-
port MIMO antenna [18]. Each port has a two-element array.
The antenna has a bandwidth from 26-30 GHz, with an isola-
tion of 22 dB. The antenna profile is 10.3λ0 × 7λ0. Though
the gain is high, the |Sii| is not stable.

A four-port MIMO antenna, each with a two-element array
with orthogonal orientation, is proposed in [19]. It has a
narrow bandwidth of 27.5-28.5 GHz. With the decoupling
structure, the isolation is enhanced to 35 dB. However,
the antenna profile is large, which is 2.81λ0 × 3.27λ0.
In [20], a four-element MIMO circular patch antenna is
proposed. The elements are orthogonally arranged. The radi-
ator is etched with an elliptical slot to tune the resonance
at 28 GHz. It has a bandwidth of 26.5-31 GHz. However,
the ground structure of the four elements is disconnected.
Also, the isolation is low at 17.5 dB. In [21], a four-element
orthogonal oriented MIMO antenna of petal shape radiator
is presented. The ground plane is defected to enhance the
bandwidth, which operates from 27-29 GHz. The antenna
profile is 2.33λ0 × 1.4λ0. However, the grounds of MIMO
elements are disconnected. Also, the isolation is low at 17 dB.
Another orthogonal-oriented four-element MIMO is pro-
posed in [22]. The radiator is a flipped S-shape monopole
antenna. To enhance the isolation, a four-blade fan shape
decoupling structure is carved between the radiator. It has a
bandwidth from 22-40 GHz, with an isolation of 21 dB. How-
ever, the ground plane of elements is disconnected. In [23],
a four-port, eight-element MIMO antenna is proposed. The
radiator is a modified C-shaped structure with a stub at the
center. The ground plane is defected with slots to improve
the isolation. It operates from 26.2-29.5 GHz. The antenna
dimension is 2.91λ0 × 3.39λ0. However, the isolation is low
at 10 dB; also the |S-parameter| is also unstable.
The following observations are made from the above

state-of-the-art designs: Most of the designs are orthog-
onally oriented to obtain better isolation. However, such
designs are non-expandable. Most designs have disconnected
grounds [15], [20], [21], [22], which is not an acceptable prac-
tice [24]. Some designs have narrow bandwidth [6], [11]. Few
designs have low port isolation [9], [21], hindering antenna
performance. Some designs have large antenna profiles [16],
[17], [18]. A few design reflection coefficients |Sii| charac-
teristic graphs of MIMO elements are unstable [10], [15],
[18], [23]. Therefore, this article addresses the above issues
and presents a compact, stable, wideband four-element
MIMO antenna operating at Ka-band with good isolation.

The proposed antenna profile is 3.27λ0 × 3.74λ0 (where λ0
is the wavelength at resonance frequency f0 of 28 GHz),
which is smaller than [16], [17], and [18] and relatively
comparable with the [14], [15], [19], and [23]. Most MIMO
antennas in the literature have an orthogonal structure,
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which limits itself from a scalability perspective. However,
the proposed MIMO antenna structure has a symmetri-
cal arrangement, which gives the flexibility to expand the
antenna to n-elementMIMObased on the application require-
ments. To support this, the geometry of an antenna and
proposed decoupling structure becomes vital in regulating the
surface waves, thereby generating stable |S-parameter| and
radiation patterns.

The following are the contributions of the article:
1. The characteristics mode theory is applied to analyze

the antenna element and to excite Mode 2.
2. Generation of stable reflection coefficient |Sii|

response from four-elements of MIMO antenna with
enhanced bandwidth at f0 = 28.5 GHz.

3. A unique decoupling structure (DCS) is proposed to
enhance the isolation and bandwidth.

The flow of the article is as follows: Section II presents the
single-element antenna development stages through CMA,
followed by the four-element MIMO antenna configuration
in Section III. Section IV presents the results and discus-
sions, followed by the scalability of the proposed antenna
in 5. Section VI discusses antenna validation in the com-
munication scenario, followed by a comparative analysis
in Section VII, and the conclusion is in Section VIII.

II. ANTENNA CONFIGURATION
The design of the Ka-band single-element antenna progres-
sively emerged from four stages. The first stage has a circular
ring fed by a 50 � feed line. The circular ring is obtained by
etching two circular patches using equations defined in [25].
The structure is carved on Rogers 5880 substrate, which has
a thickness of 0.254 mm. The bottom of the substrate has a
full ground plane, as depicted in Fig. 1(a). In stage 2, another
circular ring stub is engraved inside the radiator ring, which
is connected by a rectangular stub in Fig. 1(b). In stage 3,
a plus-shape stub is carved on the radiator ring in Fig. 1(c).
Finally, in stage 4, the ground plane is defected, representing
a T-shape structure in Fig. 1(d).

FIGURE 1. Development stages of antenna. (a) Stage 1, (b) stage 2,
(c) stage 3, and (d) stage 4.

CMA is a tool that aids in rapidly developing an antenna
design. Previously, many arbitrary-shaped antenna struc-
tures were designed using CMA [26], [27]. The CMA
predicts the surface current from the antenna structure

through which it estimates the performance and radia-
tion pattern [28], [29], [30]. Therefore, the above stages in
this article progressively evolved through the characteris-
tics mode theory (CMA) analysis. The CMA analyzes the
structure surface current (J), and represent in terms of the
eigenvalue (λn) and eigen-current (Jn), as in [27] and [31].
The solution to the eigenvalue leads to the modal signif-
icance (MS) and characteristic angle (CA). The MS = 1
defines the significant modes contributing to the generation
of resonance in the structure. However, few modes of the
structures often do not completely radiate the energy coupled.
These modes store energy in electric or magnetic fields, com-
promising antenna performance. Such modes can be clearly
studied by eigenvalue (λn) and CA. When the λn = 0 and the
phase of the mode CA = 1800, it is an efficient mode [32].
It means it radiates most of the energy coupled to it. When
λn < 0 and 1800 ≤ CA ≤ 2700, the mode stores electric
field, which acts as a capacitive mode. When λn > 0 and
900 ≤ CA ≤ 1800, the mode stores the magnetic field, and
behaves as an inductive mode [32]. The inductive or capac-
itive modes must be suppressed or improved by perturbing
the structures current flow. It is achieved by modifying the
physical structure of the antenna. The surface current of
respective modes generates unique radiation patterns. There-
fore, the CMA aids antenna development and obtains the
desired radiation pattern.

FIGURE 2. Modal Significance (MS) graph at f 0 for (a) stage 1, (b) stage 2,
(c) stage 3, and (d) stage 4 antenna.

To begin with, the number of modes chosen is five because
most of the significant modes lie within these, and rarely any
mode seen beyond it [33]. Therefore, the antenna of stage 1
in Fig. 1(a) is sorted at frequency f0 (28 GHz) for five modes.
MS in Fig. 2(a) indicates that all five Modes are significant
with a value close to 1. However, the (λn) and CA in Figs. 3(a)
& 4(a) clarify thatModes 1 and 2 are efficient resonant modes
at 26.2 GHz with a bandwidth of 26-27 GHz. Beyond these
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frequencies, these modes become capacitive and inductive.
Modes 3 to 5 are slightly capacitive over 25-29.5 GHz. It is
to be noted that the capacitive modes also contribute to the
resonance [27].

FIGURE 3. Eigenvalue (λn) graph at f 0 for (a) stage 1, (b) stage 2,
(c) stage 3, and (d) stage 4 antenna.

FIGURE 4. Characteristic Angle (CA) graph at f 0 for (a) stage 1,
(b) stage 2, (c) stage 3, and (d) stage 4 antenna.

The modal surface current (Jn) can envisage the radiation
pattern of modes at respective stages. In this stage, the modal
surface current (Jn) in Fig.5 at Mode 1 has an in-phase
current with equal magnitude along the vertical edges of
the ground plane (black arrow). The horizontal edges have
an anti-phase current. Therefore, it resulted in bidirectional
radiation at ϕ = 0 and has a quad-beam at ϕ = 900 [34].
Likewise, Mode 2 has in-phase and anti-phase currents along
vertical and horizontal edges of the ground, resulting in
quad-beam and bidirectional radiation at ϕ = 0 and ϕ = 900.

However, Modes 4 and 5 have in-phase current in the radiator
(red arrow), resulting in bidirectional radiation at ϕ = 0 and
ϕ = 900. Therefore, it can be concluded that the combination
of in-phase and anti-phase currents generates bidirectional
radiation with quad-beam, whereas only in-phase current
generates bidirectional radiation.

FIGURE 5. Modal significance current ((Jn) and its resultant radiation
pattern at respective modes for stage 1 antenna.

FIGURE 6. Modal significance current ((Jn) and its resultant radiation
pattern at respective modes for stage 2 antenna.

An addition of a circular ring inside the outer ring in stage 2
perturbed the surface current Jn at all modes, as indicated
in Fig. 6. In this case, all modes appear to be significant
in Fig. 2(b) at f0. Also, the convergence of the eigenvalue
to zero in Fig. 3(b) indicates the same. However, the CA
in Fig. 4(b) reveals Modes 1 to 3 have a bandwidth from
26-29 GHz, whereas Modes 4 and 5 have a wide bandwidth
from 24-36 GHz, but these have minor capacitive effects. The
antenna in stage 3 (Fig. 1(c)) incorporates the plus-shape stub
on the radiator circle, which increases the current oscillation
(red arrow), as shown in Fig. 7. At this stage, as well, all
modes continue to be significant, as depicted in Fig. 2(c).
The eigenvalue of these modes in Fig. 3(c) converges to
zero at f0 but with a narrow bandwidth. The CA indicates
Mode 1 and 2 transform from efficient resonant mode to
inductive mode beyond f0, in Fig. 4(c).
Though in the previous design, all five modes look promi-

nent, their cumulative effect restricts the antenna performance
in terms of bandwidth. Hence, the ground plane is modified
in stage 4 (Fig. 1(d)). The modification to the structure has
sorted the modes at different resonances, suppressing others.
As can be seen in Fig. 2(d), Mode 1 is significant at 23.4 GHz,
Mode 2 at 28 GHz, Modes 3 and 5 at 31 GHz, and Mode 4
at 25 GHz. To comprehend the efficient resonant mode,
eigenvalue λn, and CA graphs of Figs. 3(d) and 4(d) to be
considered. The eigenvalue reveals Mode 2 is convergent to
zero at f0, becoming the dominant resonant mode. The CA
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indicates that Modes 3 and 5 are capacitive and converge
close to the 1800 phase angle. The surface current (Fig. 8)
at Mode 1 has an in-phase current in the ground plane (black
arrow) and an anti-phase current in the radiator (red arrow),
resulting in bidirectional radiation at ϕ = 0 and hexa-beam
at ϕ = 900. In the case of Modes 2, 3, and 5, the cur-
rent in the radiator has an in-phase current. However, in the
ground plane, the current is in the horizontal edges with in-
phase, but in the opposite direction. Therefore, both result
in bidirectional radiation but nulls at different ϕ. Therefore,
the proposed single-element antenna has a single dominant
resonant mode (Mode 2) and twominorly contributing modes
(Modes 3 and 5) operating over 27-30 GHz.

FIGURE 7. Modal significance current ((Jn) and its resultant radiation
pattern at respective modes for stage 3 antenna.

FIGURE 8. Modal significance current ((Jn) and its resultant radiation
pattern at respective modes for stage 4 antenna.

Figs. 9(a & b) shows the final dimensions of the proposed
single-element antenna. The dimension variables are indi-
cated in mm, which are as follows: STW = 0.5, R1 = 4.5,
R2 = 3.5, R3 = 2.75, R4 = 2, SBW = 20, SBL = 15, FL = 5.55,
FW = 1.5, GW1 = 2, GL1 = 3, GW2 = 19, GL2 = 3, GW3 = 1,
and GL3 = 1.5. The above CMA analysis is performed
through surface excitation. However, when the antenna port
is excited, the reflection coefficient |S11| for different stages
is displayed in Fig. 9(c). Therefore, the stage 4 proposed
antenna resonates at f0 = 28 GHz, with a wide bandwidth
from 24.3-31.7 GHz.

The resonance f0 can also be calculated using equation (1).

f0 =
c

k× 2
π

× TA×
√

εr
(1)

where k = 0.1 (tunable variable), TA is the total conducting
area above and below the substrate, and εr = 2.2 is substrate
permittivity. The total area (TA) can be calculated as the
sum of the area of the radiator (AR) and the area of the
ground (AG), as indicated in Figs. 9(a & b).

FIGURE 9. Proposed single-element antenna. (a) Top view, (b) bottom
view, and (c) reflection coefficient |S11| curves after excitation from
respective stages.

A. EQUIVALENT CIRCUIT OF SINGLE-ELEMENT ANTENNA
The reflection coefficient |S11| of the above-designed
antenna is realized by an equivalent circuit model, as shown
in Fig. 10. The realized circuit has two parallel RLC net-
works having an impedance of Z1 and Z2, three series RLC
networks with an impedance of Z3, Z4, and Z5, and a load
resistor with impedance ZL = 50 �. The SRx, SLx, and
SCx represent the network resistance, inductance, and capac-
itance, where x ranges from 1 to 5. The RLC values of the
equivalent circuit are listed in Table 1. Fig. 11 shows the |S11|
response of the simulated antenna and equivalent RLC circuit.
The two parallel RLC circuit behaves as bandpass filters from
f1 to f2, with an impedance Z1 ≈ Z2 ≈ 50 �. These two
circuits generate the resonance at f0. The three series RLC
circuits have higher impedance > 300 �, which generates
the notch below f1 and above f2, behaving as a bandstop
filter. Therefore, the entire RLC circuit acts as a quarter-wave
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transform to deliver the entire input power from port 1 to the
load resistance RL.

FIGURE 10. RLC equivalent circuit model of single-element antenna.

TABLE 1. RLC values of a single-element equivalent circuit.

FIGURE 11. |S11| response of simulated antenna and its equivalent RLC
circuit.

III. FOUR-ELEMENT MIMO ANTENNA
The single-element antenna is extended to a four-element
MIMO antenna to enhance the channel capacity through
spatial multiplexing in a lossy environment. Equation (2)
indicates the direct relation of channel capacity (C) with

signal-to-noise ratio (SNR) and MIMO antenna setup (where
HH∗ - Hermitian matrix) [35], [36]. The equation assumes
the channel fading information is unknown.

C = log2

(
det

(
IN +

SNR
n

HH∗

))
(2)

A four-element MIMO antenna arrangement has two
horizontally adjacent elements with the radiator-to-radiator
distance RRH = 1.03λ0. The other two elements are ver-
tically mirrored with a distance RRV = 0.56λ0, as shown
in Fig. 12(a) (top view). The ground plane of all four ports
is connected through a rectangular stub ID, as displayed
in Fig. 12(a) (bottom view). The ID also behaves as a neu-
tralization line between ports 1 & 2 to 3 & 4. Line N1
and N2 curb the surface wave coupling between adjacent
elements between ports 1 and 2 and ports 3 and 4. Therefore,
the line ID, N1, and N2 form the ground plane decoupling
structure (DCS).

To analyze the surface wave coupling and observe the
MIMOs isolation level, let us consider the surface wave cur-
rent image when port 1 is excited, as shown in Fig. 13(a). Due
to port excitation and connected ground, the surface wave
current from radiator one (Port 1) is coupled to radiators 2,
3, and 4. The excitation also generates a reverse current
on lines N1, ID, and N2, which neutralizes the coupling
current from radiator one (Port 1). However, the port isolation
between adjacent elements |S21|/|S12| and |S43|/|S34| is low
at 19.5 dB. It indicates that lines N1 and N2 are inefficient in
curbing the surface wave coupling. On the other hand, the
line ID is analogously better with isolation |S31| of 22.7 dB
and |S41| of 21.76 dB. The decoupling structure also has
an impact on the bandwidth. It has reduced the bandwidth
to 25.5-31.58 GHz, with resonance at f0 = 28 GHz, as dis-
played in Fig. 14(a). Also, the isolation is not stable over the
bandwidth.

The decoupling structure is revised in Fig. 12(b) to obtain
a stable response in the band of interest. The line ID in the
ground plane is replaced with lines N3, N4, N5, N6, and
rectangular ring NR, as depicted in Fig. 12(b) (bottom view).
From the surfacewave current distribution in Fig. 13(b), it can
be observed that line N3 artifices the surface wave current
from port 1 when it is excited. On the other hand, NR and N4
neutralize the current on N1, resulting in stable and good
isolation |S21| > 23.5 dB. Also, the DCS has resulted in
better isolation |S31| and |S41| of > 24 dB and >25.4 dB,
as displayed in Fig. 13(b). The DCS has also improved the
bandwidth to 24.1-31.72 GHz. However, the resonance is
shifted higher to f0 = 28.5 GHz. The dimensions of the
four-element MIMO antenna in mm are presented in Table 2.

A. EQUIVALENT CIRCUIT OF PROPOSED DCS
The proposed DCS in Fig. 12(b) is modeled through induc-
tance and capacitance LC equivalent circuits, as shown
in Fig. 15(a). The conductive lines in DCS are repre-
sented by inductance and the gap between them by capac-
itance. Inductance L1, L4, and L5 exhibit the line N1.
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FIGURE 12. (a) Proposed four-element MIMO antenna with initial
decoupling structure. (b) Proposed four-element MIMO antenna with
final decoupling structure.

Capacitance C1 and C2 represent the two notches in line N1.
The freely suspended lines on either side of N1 form the
open circuit, which L3 and L2 represent. L6 and L7 represent
lines N3 and N4; the gap between them is by capacitance C3.
L8, L9, L10, and L11 imitate the rectangular stub at the
center of DCS NR. The NR is a rectangular ring; capacitance

FIGURE 13. Influence of surface wave current on adjacent and opposite
elements. (a) For initial DCS structure. (b) For proposed DCS structure.

TABLE 2. Ground plane dimensions of four-element MIMO antenna
(in mm).

C4 represents the gap in the middle. L18 and L17, and the
gap by C7 represents the lines N5 and N6. L16, L15, and
L12 imitate the line N2, the notches by capacitance C6 and
C5. L13 and L14 represent the open circuit on N2. For the
analysis purpose, L1, L2, L3, L4, L5, C1, and C2 are tuned to
match the |S21| simulation curve, as depicted in Fig. 15(b).
Likewise, to obtain the |S31| curve, L1, L3, L4, L6, L7, L8,
L9, L18, L16, L13, L12, C1, C3, C4, C7 and C6 need to be
tuned. The final tuned values of LC are mentioned in Table 3.

IV. RESULTS AND DISCUSSION
The four-element MIMO antenna is designed to operate
at Ka-band. The design prototype is fabricated, as shown
in Figs. 16(a & b). The comprehensive antenna profile
is 3.27λ0 × 3.74λ0. The |S-parameter| of the fabricated
antenna is measured using KEYSIGHT VNA having a
range of 300 KHz-40 GHz. The measurement setup of
reflection coefficient |Sii| and transmission coefficient |Sij|
(where i ̸= j) is shown in Figs. 16(c).
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FIGURE 14. Influence of surface wave current on adjacent and opposite
elements. (a) For initial DCS structure. (b) For proposed DCS structure.

A. |S-PARAMETER| ANALYSIS
The proposed MIMO antenna has resulted in a stable reflec-
tion coefficient |Sii| parameter, as shown in Fig. 14(b). The
|S-parameter| of simulated and measured results are in good
compliance. The simulated reflection coefficient curve from
all four ports closely overlaps. The resulting bandwidth at
|S11| > 10 dB is 24.10-31.72 GHz. The measured bandwidth
is 24.10-30.9 GHz, as shown in Fig. 17(c). The resonance of
the measured result is slightly shifted to 29.5 GHz, compared
to the 28.5 GHz simulated result. The slight deviation in
measured results is due to fabrication tolerance, measurement
setup, connectors, and cable losses. However, the variations
are within acceptable limits. The simulated isolation |S21|
is > 25 dB, whereas the measurement |S21| has resulted
in > 30 dB. The simulated maximum gain is 6.7 dBi with an
average of 5.8 dBi in the band of interest. Themeasuredmaxi-
mum gain is 6.5 dBi with an average of 5.31 dBi, as displayed
in Fig. 17(b).

B. RADIATION PATTERN
The radiation pattern is measured in an anechoic chamber.
Measurement is performed at three different frequencies,
i.e., 26 GHz, 28 GHz, and 30 GHz. The simulated and mea-
sured radiation patterns are on good terms. The XZ plane
has resulted in bidirectional radiation with beams tiled at
approximately 3340 and 2100. However, the YZ plane has

FIGURE 15. (a) LC equivalent circuit of proposed DCS structure. (b) |S21|

curve generated from equivalent circuit comparable with a simulated
response.

TABLE 3. LC values of DCS equivalent circuit.

a triple beam. The reason for such a pattern is justified in
the CMA analysis. The proposed design has Mode 2 as an
efficient resonant mode supported partially byModes 3 and 5.
The surface current in these modes has an in-phase current in
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FIGURE 16. Prototype fabricated MIMO antenna and its measurement
setup. (a) Top view of fabricated antenna. (b) Bottom view of fabricated
antenna. (c) |Sii| and |Sij| measurement setup.

the radiator and in the ground plane. However, the in-phase
current in the ground plane is at the horizontal edges, resulting
in bidirectional radiation with nulls at a different angle of the
azimuthal plane (Fig. 8). The designed antenna has resulted
in linear polarization in both planes.

The normalized radiation patterns are shown in Fig. 18.
The simulated andmeasured half-power-beamwidth (HPBW)
at 26 GHz is approximately 540 and 720, as shown
in Fig. 18(a). The YZ plane beams are at 120, 1520, and 2250

angles. Its HPBW is 450 and 770, as displayed in Fig. 18(b).
The simulated and measured HPBW at 28 GHz in the XZ
plane is 480 and 600, as displayed in Fig. 18(c). The HPBW
in the YZ plane is 400 and 500, respectively, in Fig. 18(d).
At 30 GHz, XZ plane HPBW is 400 and 440, in Fig. 18(e).
The HPBW at the YZ plane is 350 and 550, simulated and
measured in Fig. 18(f).

C. DIVERSITY PERFORMANCE
The MIMO antenna designed for wireless communication
systems should be legitimized with the diversity metrics.
The envelope correlation coefficient (ECC) indicates the
correlation of received signals between MIMO antennas.
It is calculated from the radiation pattern using the equation

FIGURE 17. Simulated and measured results of proposed MIMO antenna.
(a) |S-parameter|, (b) gain plot.

defined in [15]. The acceptable value of ECC < 0.5. The
proposed antenna resulted in ECC < 0.18 in Fig. 19(a).
The diversity gain (DG) reveals the MIMO systems signal-
to-noise (SNR) ratio improvement. It depends on the cor-
relation of signals received at multiple antennas. When
the received signals are uncorrelated, it means ECC = 0.
Then, the DG is calculated as

√
1 − ECC2 which results

in 10 [37]. Ideally, the DG value of 10 indicates a good
MIMO system. The proposed MIMO antenna has a DG
value close to 10 in Fig. 19(b). The channel capacity
loss (CCL) represents the transmission loss in terms of
bit-error rate (BER). It is calculated using the equations pre-
sented in [33]. The acceptable value of CCL < 0.4 b/s/Hz.
For the proposed MIMO antenna, CCL < 0.25 b/s/Hz,
as depicted in Fig. 19(c). The total active reflection coef-
ficient (TARC) measures the MIMO antenna efficiency by
considering reflection losses calculated from the equations
mentioned in [38]. TARC value must be greater than 10 dB
for the region of interest. The proposed MIMO antenna
satisfies the required condition in Fig. 26(d). The mean
effective gain (MEG) measures the MIMO antenna effective
gain by considering the spatial characteristics and MIMO
antenna correlation. It is calculated using equations provided
in [39]. Ideally, it should be < 3 dB, and the ratio must
result in zero. The results in Fig. 19(e) satisfy the MEG
requirement.
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FIGURE 18. Normalized simulated and measured radiation pattern at
three different frequencies in the band of interest. (a & b) XZ & YZ plane
at 26 GHz, (c & d) XZ & YZ plane at 28 GHz, (e & f) XZ & YZ plane at 30 GHz.

V. SCALABILITY OF PROPOSED ANTENNA
To check the scalability of the designed antenna, it is
expanded to a six-element MIMO antenna to demonstrate
the possibility of n-element MIMO expansion. In addition
to the four-elements, two other vertically mirrored elements,
fifth and sixth, are symmetrically extended along the y-axis,
as shown in Fig. 20(a) to form the six element antenna.
The ground structure below these elements is replicated with
partial ground like the four element antenna. The decoupling
design consisting of three rectangular rings between ports 1,
2, 3, and 4 are reproduced between ports 2, 4, 5, and 6,
as indicated in Fig. 20(b). The chosen substrate length is
TSSL = 35 mm, and the width is TSSW = 60 mm. Therefore,
the overall antenna profile is 3.27λ0 × 5.6λ0.
Here, the purpose is to show the scalability of the pro-

posed four element MIMO antenna so, only the simulated
|S-parameter| results and its corresponding surface current
distribution of the six-element MIMO antenna is presented.
The resulting reflection coefficient in Fig. 21(a) indicates that
all the elements resonate at 28.5 GHz with a slight deviation

FIGURE 19. Diversity performance of proposed MIMO antenna.
(a) Envelope correlation coefficient (ECC), (b) diversity gain (DG),
(c) channel capacity loss (CCL), (d) total active reflection coefficient
(TARC), and (e) mean effective gain graphs.
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as compared to the proposed four element MIMO antenna.
The antenna element of ports 1, 3, 5, and 6 has an open circuit
on one end and DCS at the other end of the ground plane.

FIGURE 20. Extension of four-element MIMO to six-element MIMO
antenna. (a) Top view, (b) bottom view.

This setup has a minimal surface wave coupling effect
(Fig. 22(a)) on the vertically mirrored elements, resulting in
a good impedance matching of 27 dB. In the case of port
elements 2 and 4, they lie between two DCS structures. Due
to this, it reduces the coupling to adjacent elements; how-
ever, the surface waves are guided to the vertically mirrored
elements. The surface wave distribution in Fig. 22(b) illus-
trates this phenomenon. It impacts the antenna performance
in terms of impedance matching, slightly decreasing |S22|
and |S44| to 20.5 dB. Also, the isolation |S42| is 23 dB
in Fig. 21(b). These variations are within acceptable limits.
However, the bandwidth of all the port elements has resulted
in 23.5-31.72 GHz. A slight decrease in the lower frequency
f1 is observed, which has increased the bandwidth. The
six-element MIMO antenna is able to maintain good isolation
|Sij| > 23 dB due to the antenna geometry and proposed
decoupling structure.

VI. VALIDATION OF THE PROPOSED ANTENNA
IN COMMUNICATION SCENARIO
A. CHANNEL CAPACITY
The MIMO technology is being significantly employed
in the field of communication to enhance the data rate

FIGURE 21. |S-parameter| of six-element MIMO antenna. (a) Reflection
coefficient |Sii|, (b) Isolation |Sij|.

FIGURE 22. Surface wave distribution of six-element MIMO antenna.
(a) When port 1 is excited. (b) When port 2 is excited.

and signal-to-noise ratio (SNR) performance through spa-
tial multiplexing and diversity techniques. However, the true
performance of MIMO depends on the channel condition
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and nature of the environment [35]. The channel capacity
is directly related to a number of transmitting (TX) and
receiving (RX) MIMO antenna, as defined in equation (2).
Therefore, the channel capacity of the proposed four-element
MIMO antenna is comparedwith Single-Input-Single-Output
(SISO), MIMO with 2 TX and 2 RX, MIMO with 3 TX
and 3 RX, and proposed MIMO with 4 Tx and 4 RX antenna.
The performance of the MIMO antenna increases with the
increase in SNR, as displayed in Fig. 23. At an SNR of 20 dB,
SISO has a capacity of 5.3 Gbps. In contrast, the proposed
MIMO has 10.35 Gbps, double the SISO capacity. For these
calculations, the considered bandwidth is 6.8 GHz from the
proposed antenna.

FIGURE 23. Comparison of SISO and MIMO antenna channel capacity
over varied SNR.

B. PATH LOSS AND LINK MARGIN
The signal attenuation is much higher at millimeter waves,
so the duplex communication between the TX and RX suffers
significantly. Many factors influence the attenuation; one
such factor is path loss exponent (PLE). The atmospheric
conditions and signal absorption by objects in densely packed
urban areas also contribute to signal attenuation [40], [41].
Therefore, the performance of the designed antenna is tested
in a free space virtual line-of-sight (LOS) environment,
as shown in Fig. 24. In the test scenario, the TX antenna is
held stationary, and the RX antenna continuously displaced
from 100 cm to 50 m, to study the path loss and link budget
requirement.

The virtual environment setup analyzes and provides the
received signal (Pr ) considering PLE in account and other
multipath effects. From this, the path loss is calculated by
considering the transmitting power (Pt ) and gain of the trans-
mitting (GTX) and receiving (GRX) (measured maximum
gain) antenna using (3).

PL (dB) = P t (dB)− Pr(dB) + GTX (dB) + GRX (dB)

(3)

FIGURE 24. Virtual LOS environment demonstrating the path loss and link
budget estimation for a communication system.

The results of calculated received power are compared
with Friss free-space path loss, which is calculated
using (4) [42].

PLFS (dB) = −10log10

(
GTX.GRX.λ2

0

(4πd)2

)
(4)

where d is the distance in m, and λ0 is wavelength in free
space at 28 GHz.

In Fig. 25, calculated results indicate that the proposed
antenna has a significant path loss of 53 dB to 75 dB for
the first 1m distance, which is true at millimeter wave [42].
Further, it gradually decreases from 80 dB up to 113 dB.
The free-space path loss shows a similar path loss effect
but with lesser attenuation. Therefore, the Friss free-space
path loss model is modified by adding the slope cor-
rection factor (αLOS) and shadowing effect (Xσ ) defined
in (5).

PLFS_Mod (dB) = αLOS × (PLFS − PLFS (1m))

+ PL (1m) + Xσ (5)

PL (1m) (dB) = 20log10

(
4π f
c

)
(5a)

where c = 3×108. For LOS condition, the αLOS is con-
sidered as 1.25 and σ as 3.5. The modified Friss equation
estimates the path loss close to the virtually simulated results
in Fig. 24.

Assuming the minimum required link margin is 20 dB for
reliable communication, the required power can be calculated
using (6) [43].

RPr (W ) =
Eb
N0

+ KT + Br (6)

Here, Eb defines the energy required to transmit one bit
of information over the noise N 0, where noise is power
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TABLE 4. Structural analysis of proposed MIMO antenna with existing state-of-art.

FIGURE 25. Calculated path loss of proposed MIMO antenna and
compared with existing path loss models.

spectral density. The ideal BPSK with Eb/N0 of 9.6 dB is
assumed. The K is the Boltzmann constant, and T is the
temperature in kelvin, which is 290. The Br is the bit rate
supported for communication with a minimum link margin.

The link margin is given by (7):

Link Margin (LM) (dB) = Pr − RPr (7)

Fig. 26 illustrates the link margin for the proposed MIMO
antenna over varied bit rates. It indicates that at LM of 20 dB,
20 Gbps data rate is supported only up to 5meters of distance.
However, for a reduced data rate of 2 Gbps, the distance is
increased to 10 m. Further, a 1 Gbps data rate is supported
to a maximum of 15 m. On the other side, with a reduced
data rate to 100 Mbps, the proposed antenna supports up to a
distance of 40 m.

VII. COMPARATIVE ANALYSIS
This section presents the structural and performance com-
parison of the proposed MIMO antenna with the existing
designs, as listed in Tables 3 and 4. Most antenna struc-
tures listed in these tables have orthogonal arrangements
except [18] and [44]. These types of structures are basic
methods to design MIMO antenna, which naturally provide
good isolation but lack in terms of scalability. Also, all the
compared articles do not provide any power performance
information for the defined structure. However, the proposed
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TABLE 5. Performance of proposed MIMO antenna with existing state-of-art.

FIGURE 26. Calculated link margin of proposed MIMO over varied bit
rates.

antenna has the ability to scale for n-element MIMO. The
antenna is also analyzed for channel capacity and link budget
calculation. As discussed in the introduction section, aMIMO
antenna must have a common ground for a voltage reference
point, which most of the designs, such as [15], [20], [21],
[22], [44], and [45], failed to address. The proposed antenna
addresses the above issue with connected ground through a
novel DCS structure. The proposed antenna has resulted in a
stable |S-parameter| response with an isolation of > 30 dB,
which is better than [16], [17], [18], [20], [21], [23], [44],

[45], and [46]. The designed antenna has wide bandwidth
compared to [14], [15], [18], [19], [20], [21], and [23]. Most
of the antenna in the literature, such as [14], [16], [18],
[19], [20], [21], [44], [45], and [46], has computed the ECC
using |S-parameter|, which is an approximate and inaccurate
method. The correct ECC is calculated through a radiation
pattern by considering all the radiation losses. The proposed
antenna ECC is measured using radiation pattern method,
which resulted in < 0.18 (well below the acceptable limit).
Also, in the compared article, none of them analyze the full
diversity parameters. However for the proposed antenna all
the diversity performance have been analyzed and it is better
as compared to those presented in the literature at millimeter
wave frequency, as shown in Table 5.

VIII. CONCLUSION
This article presented a stable wideband four-element MIMO
antenna operating at Ka-band. The configuration of MIMO is
such that it can be expanded to an n-element MIMO antenna.
The characteristics mode theory clarifies the behavior of
the antenna structure and mode excitations. Mode 2 is an
efficient and dominant mode with minor contributing modes
3 and 5. Also, the surface current distribution and radiation
pattern behavior are analyzed using CMA. Further, the article
also proposed a novel decoupling structure in the ground
plane, which helps in achieving good isolation of 30 dB. The
reflection coefficient |Sii| response of all port elements has
produced similar results with negligible distortion. The article
also presented the analyses of the DCS equivalent circuit
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whose |S-parameter| response closely matches the proposed
antenna. The antenna has resulted in a stable radiation pattern
over the entire band with a maximum gain of 6.5 dBi. The
article also demonstrated the possibility of expanding the
MIMO antenna to an n-element through a six-elementMIMO
antenna design. The path loss of the proposedMIMO antenna
shows that in an LOS condition, it has a loss of 113 dB for a
distance of 50 m. The proposed antenna can support 1 Gbps
of data to a distance of 15-20 m for a link margin of 20 dB.
Also, the proposed MIMO antenna satisfies all the diversity
metrics and is thus suitable for millimeter-wave 5G wireless
applications.
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