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ABSTRACT This paper presents a miniaturized quad-port circularly polarized (CP) multiple-input
multiple-output (MIMO) slot antenna with enhanced isolation, gain, and diversity performance for
millimeter-wave (mmWave) applications. Each port excites an identical notched rectangular slot via a 50 2
microstrip line. A simple “+”-shaped slot etched on the ground plane improves inter-element isolation.
Additionally, a split ring resonator (SRR)-based reflector, designed at the antenna’s fundamental mode
and placed above the array, improves the gain by 1 dBic and further reduces mutual coupling within a
compact size of 14x14x0.508 mm3 (1.31x9%x1.3119%x0.047A0), where Aq is free space wavelength at the
operating frequency of 28 GHz. The proposed CP MIMO antenna has an impedance bandwidth (IBW) of
25.80-28.96 GHz, an axial ratio bandwidth (ARBW) of 26.56-28.96 GHz, a gain of 6.0 dBic, isolation
of < -22 dB, and a radiation efficiency exceeding 94%. Excellent diversity performance is demonstrated
through a low envelope correlation coefficient (ECC), high diversity gain (DG), a mean effective gain
(MEG), and low channel capacity loss (CCL). An equivalent circuit model of the MIMO antenna is
analyzed. Measured and simulated results show strong agreement, confirming the antenna’s suitability for
mmWave wireless communications and smart devices.

INDEX TERMS Axial ratio, circular polarization, mmWave, 5G network, MIMO antenna.

I. INTRODUCTION

HE research community is focusing on the rapid

advancements in wireless communication technologies.
The number of users is increasing rapidly, along with the
demand for high data rates [1]. Multiple-input-multiple-
output technology improves data rates, reliability, and
channel capacity in multipath fading environments with-
out requiring additional transmission power or bandwidth.
MIMO systems enhance the communication performance
by using multiple antenna elements at both the trans-
mitter and receiver. Various MIMO antennas have been
developed specifically for 5G applications in mmWave
frequency bands [2]. MIMO antennas typically exhibit
linear polarization (LP), which creates a multipath fading
problem. Linear polarization limits the channel capacity

of the multiple-input multiple-output antenna. To over-
come this challenge, circularly polarized antennas have
recently gained considerable attention in MIMO system
design [3], [4]. Regardless of orientation independence,
the circularly polarized antennas are preferred over LP
antennas in terms of wireless connectivity due to their
reliable connection between the sending and receiving
device. In dynamic situations, the circularly polarized anten-
nas, particularly left-handed circularly polarized (LHCP)
and right-handed circularly polarized (RHCP), significantly
reduce multipath interference, improve signal stability and
MIMO system channel capacity [5], [6]. In MIMO antenna
systems, isolation between closely spaced radiating elements
is a critical design parameter that directly affects overall
system performance. Poor isolation leads to mutual coupling,
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which causes signal distortion, impedance mismatch, and
degradation of diversity characteristics, thereby reducing
channel capacity and radiation efficiency. At mmWave
frequency bands, achieving high isolation is particularly
challenging due to short wavelengths and dense integration,
which increase electromagnetic coupling between elements.
Therefore, highly isolated and circularly polarized MIMO
antennas within the limited space of modern wireless
devices present a considerable challenge [7], [8]. Circular
polarization in single microstrip patch element is obtained
by generating two resonant orthogonal modes characterized
by identical amplitudes with a phase difference of 90° [9].
Typically, circular polarization is achieved by adding a
geometric structure called a stub to the patch’s edge [10].
Moreover, CP can be achieved by incorporating slots into the
radiating patch [11], cutting off the corners of a rectangular
microstrip patch element, or truncating the corners [12].
The single patch CP antenna can be modified by incor-
porating a multi-element MIMO configuration to enhance
its spatial diversity and link reliability [13]. Integrating
circular polarization improves the performance in mobile
and adverse weather conditions [14], [15]. In addition to
ensuring polarization diversity, the MIMO systems should
have multiple antenna elements closely spaced to maximize
the compactness. However, MIMO performance gains scale
with the number of antennas, presenting design challenges.
Densely packed antenna arrays can lead to strong mutual
coupling, potentially degrading channel capacity and diver-
sity performance [16].

Several antenna designs have been proposed to reduce
mutual coupling in MIMO systems, including 6-shaped
and hexagonal nested neutralization line (HN-NL) [17],
tapered slot antennas [18], [19], meander line antenna [20],
slotted rectangular patches [21], and parasitic struc-
tures [22], [23], [24]. Additionally, MIMO antenna isolation
can be enhanced using physically separated ground
planes [25] and spatial diversity techniques [26]. Moreover,
the split-ring resonators [27] and electromagnetic bandgap
(EBG) [28] materials have been used to enhance the
performance and isolation of MIMO systems. Recent
research has introduced several innovative solutions, includ-
ing a mmWave MIMO magnetoelectric (ME) dipole antenna
array [29] and a four-port orthogonal circularly polarized
MIMO antenna equipped with a polarization converter [30].
Additionally, a flexible MIMO antenna featuring E-shaped
and rectangular slots has been proposed to improve isolation
in the 26/31 GHz 5G bands [31]. Furthermore, a compact
double-sided frequency selective surface (FSS) absorbing
wall for decoupling 5G antenna arrays has demonstrated the
ability to achieve over 20 dB of isolation [32]. Despite these
advancements, several challenges remain, such as narrow
bandwidth [19], [21], [26], [30], [32], inadequate isola-
tion [19], [25], [28], [29], [32], large physical dimensions [9],
[19], [21], [27], [32], and low gain performance [21], [22],
[24], [27], [30], [32].
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FIGURE 1. Deployed view of the proposed MIMO antenna with SRR superstrate.

This paper presents a quad-port circularly polarized
MIMO slot antenna with enhanced isolation, using a simple
“4”-shaped slot configuration, with following contributions.

o« A “+7-shaped slot in the ground reduces the mutual

coupling, and CP radiation minimizes polarization
mismatch in 5G mmWave.

« An SRR-based reflector improves gain by 1 dBic,

further reduces mutual coupling, and achieves
high-efficiency suitable for low-power 5G devices
(smartphones/IoT).

o« The MIMO diversity performance, characterized by
low ECC, high DG, favorable MEG, and low CCL,
ensures robust signal quality in multipath mmWave
applications.

The upcoming section of this paper includes the antenna
design methodology of the proposed antenna in Section II,
the SRR-reflector-based proposed MIMO antenna in
Section III, an equivalent circuit model in Section IV,
experimental results and discussion in Section V, an analysis
of diversity performances in Section VI, and a comparison
in Section VII. Finally, Section VIII concludes the paper.

Il. ANTENNA DESIGN METHODOLOGY

A. ANTENNA CONFIGURATION

Fig. 1 illustrates the perspective view of the proposed
MIMO antenna incorporating an SRR-based reflector
superstrate. The overall MIMO antenna dimensions are
20%20x0.813 mm® (1.8740x1.8749x0.07610). A 50
microstrip feed line is implemented on Rogers RO4003C
substrate with a dielectric constant of 3.55 and a thick-
ness of 0.305 mm. On the backside of the substrate, a
rectangular notch and a “4”-shaped slot are etched on the
ground plane to excite circular polarization. A 2x2 array
of SRR reflectors, measuring 14x14 mm?2, is printed on
a Rogers RT5880 substrate with a height of 0.508 mm
(h1) and placed above the antenna, with an air gap of
4.2 mm (hg;). Table 1 presents the optimized geometric
parameters of the antenna, which are computed using
the familiar transmission line theory of rectangular patch
antenna [33].
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TABLE 1. Dimensions of the proposed MIMO antenna.

Value Value Value
Parameter Parameter Parameter
(mm) (mm) (mm)
w 20 b 0.50 Ly 8.0
Wy 0.4 Ws 3.0 m 0.45
n 0.2 Ls 2.6 a 0.20
Lq 11.5 hy 0.508 P 6.0
K 0.2 To 1.8 i 0.63

B. DESIGN EQUATIONS FOR SINGLE-ELEMENT
ANTENNA

The proposed quad-port MIMO antenna consists of four
radiators with simple microstrip feed lines, modeled using
analytical formulas. The dimensions of a single-element for
a rectangular microstrip patch antenna are determined using
fundamental equations. The resonance frequency [34] can
be calculated as

c

[ (er+1)
2W €T

where ¢, represents the substrate’s relative permittivity and ¢
denotes the speed of light in meters per second (m/s). Based
on the fundamental equation, the basic dimensions of the
patch [34] antenna are given by

fr= (D

C
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The effective length L) of the patch is determined by

Leff) = “)

c
2ov/E epr
where &) is the effective permittivity and /4 is the height
of substrate. The length and width of the ground can be
calculated as

Ly=6h+L Q)
W, = 6h+ W (6)

The proposed quad-port MIMO antenna system is excited
by a 50 @ feed line with a width of 0.4 mm. For
multiple antenna elements, the desired impedance matching
is determined as

W — 377
A= ZO\/Er

where Zy represents the characteristics impedance of the feed
line, Ay denotes the height of the substrate, Wz, indicates
the width of a feed line for a specific impedance, and ¢,
is the permittivity of the dielectric material. The width of
feedlines is set to obtain 50, 70.7 and 100 2 according
to (7).

- 2) x hy )

C. DESIGN EQUATIONS FOR SPLIT-RING RESONATOR

The simple microstrip line antenna is transformed into a
quad-port MIMO antenna system using a split-ring resonator
placed above the antenna array. The SRR is a crucial
component of the MIMO antenna system, which operates as
a reflector. Since the unit cell of SRR operates as an LC
circuit, we can determine the resonant frequency as [35]:

®)

where C represents the equivalent capacitance and L denotes
the effective inductance of the ring.

_ 4.8610

L (ro— W1 —g) [m(o'%) + 1.84,0:| )

where p is the filling factor of the inductance and is

calculated by
W1 +
p=——_5 (10)
ro—Wl—g

The effective capacitance is determined by

3
C = <r()—§(W1+g)Cpu1> (11

where Cpul is the per unit length
capacitance, which is calculated as
K(s/l - k2)
Cpul = EQ€eff (12)

K(k)
where g4 is the effective dielectric constant which can be
stated as

e +1
Seﬁfz 3

13)

The function K(k) represents the complete -elliptical
integral of the first kind, where k is defined as

k= —8
g +2Wl1

The lumped model equivalent circuit of the SRR is
designed using the given expressions, as illustrated in
Fig. 1.

(14)

D. DESIGN EVALUATION PROCESS

Fig. 2 depicts the three-dimensional structure of the slot
antenna from the top and back views. The stepwise design
starts with a rectangular slot fed by a 50 € microstrip line
(introduced in Step-I), followed by the Step-II (“+-shaped)
slot, the Step-III (rectangular slot), and the proposed notched
rectangular slot configuration, with overall dimensions of
10x10x0.305 mm?>. Fig. 3 shows the simulated results for
each design iteration, including impedance bandwidth, axial
ratio, and gain, obtained using CST Microwave Studio
2022. In the initial three configurations (Step-I, Step-II,
Step-III), the antenna achieves impedance matching (|Sq1|
< -10 dB) at resonant frequencies of 24 GHz, 25.9 GHz,
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FIGURE 2. 3D configuration stepwise slot antenna design.

Step-I11 Proposed

a 0 P
S Sl _
2101 < .”
O
© -151
£ 20}
S 5.
m'C-L 301 Stepl-III ' —P'roposed
24 26 28 30 32
Frequency (GHz)
(@
15 7.5
@6.0- EX R eteiod e 6.0 5
2451 -4.5%
£30 .. /I30E
';E 15 Al 5O
0.0~ Stlep-IIII— rqposed 0.0
24 26 28 30 32

Frequency (GHz)
(b)

FIGURE 3. The simulated results of stepwise antenna design. (a) S-parameters in
dB. (b) Axial ratio with a peak gain (dBic).

and 28.3 GHz, corresponding to 10 dB IBW ranges of 24—
25 GHz, 25.8-26.2 GHz, and 27.8-28.5 GHz, respectively.
However, an axial ratio of 40 dB indicates linear polarization
performance, with a gain of approximately 5.0 dBi and
6.0 dBi for the latter designs. By introducing a small rectan-
gular notch into the rectangular slot, the proposed antenna
attains a broader IBW of 26.69-28.96 GHz. Moreover,
the 3 dB axial ratio bandwidth fully overlaps with the
impedance bandwidth, demonstrating effective CP behavior
with a gain of 4 dBic, as illustrated in Fig. 3 (a) and
(b). As shown in Fig. 4, when several antenna elements
are integrated on a single substrate with a shared ground
plane, the surface waves become the dominant coupling
mechanism without (w/o) isolating structures. To address
this issue, a “4”-shaped slot is incorporated into the
ground plane, effectively suppressing the dominant surface
wave between adjacent antenna elements. This enhancement
improves electrical isolation without reducing their physical
spacing. The slotted ground plane reduces the surface wave
propagation, and achieves the low mutual coupling, as shown
in Fig. 4(a).

According to circular polarization theory, the CP is
achieved when the magnitude ratio satisfies |Ep/E,| = 1

w/o “+slot  with “+” slot
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FIGURE 4. (a) Surface current distribution of Ant-1 w/o and with“+”-shaped slot.
(b) |E4/E, | (Mag) with phase difference (°).

FIGURE 5. Surface current vector notation of Ant-1 with ground plane at (ot = 0,
/2, = and 37/2).

(0 dB) and the phase difference between the orthogonal
components (ZE, — ZEp) is £90°. Fig. 4(b) presents the
magnitude and phase response of the antenna, showing an
amplitude ratio close to unity and a phase difference near
—90° across the operating frequency band. The negative
phase difference indicates that Ant-1 shows RHCP. These
findings are further supported by the observed surface current
rotation illustrated in Fig. 5. Fig. 6(a) shows the simulated
S-parameters result of the MIMO antenna without and with
the incorporation of the “4”-shaped slot. The isolation in
MIMO systems is a key performance metric that quantifies
the level of coupling between antenna elements. The results
show that the quad-port antenna w/o the*“+”-shaped slot
achieves a 10 dB impedance bandwidth of 25.5 to 29 GHz.
However, the S-parameters between element-1 and element-
4 (.e., ISi2/21l, 1S31/13l, [1Sa1/14l, [S23/321, 1S42/24], and
[S43/34]) ranges only from —18 to —27 dB across the
operating band. The low isolation indicates significant
mutual coupling and high correlation among antenna ports,
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FIGURE 6. Simulated results of S-parameters. (a) Without “+”-shaped slot. (b) With
“+”-shaped slot.

potentially affecting the overall performance and radiation
characteristics of the MIMO antenna. One effective method
for reducing mutual coupling between antenna elements is to
increase the distance between them. However, this approach
can lead to an undesirable increase in the overall size of the
antenna. To overcome this limitation, it is crucial to design
a compact isolating structure that enhances isolation w/o
expanding the antenna’s size. In this paper, we propose a“+’-
shaped slot etched into the ground plane, which effectively
reduces correlation among the antenna elements. The MIMO
antenna with the “+4”-slot exhibits an impedance bandwidth
from 26.69 GHz to 28.98 GHz, with an isolation level
of at least < —20 dB throughout this range, as shown
in Fig. 6(b).

lll. SRR-REFLECTOR BASED MIMO ANTENNA

The performance of the MIMO antenna can be enhanced in
terms of gain and isolation by using a reflector based on a
split-ring resonator. Fig. 7(a) shows the SRR unit cell with
an equivalent circuit. The dimensions of the SRR unit cell are
7x7 mm 2. The equivalent circuit consists of an inductance
of Ly = 0.294 nH and a equivalent capacitor of C,y =
0.11 pF [35]. The CST software simulates the SRR reflector
using unit cell boundary conditions in the x-and-y direc-
tions, with Floquet ports for excitation in the +z-direction.
The Keysight advanced design system (ADS) simulates
the equivalent circuit model of the proposed SRR. The
S-parameters from the CST software and their equivalent
circuit are presented in Fig. 7(b). The deepest level of the
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FIGURE 7. (a) SRR unit cell with equivalent circuit model. (b) S-parameter of ECM.
(c) Surface-based electric field of Active Ant-1.

|S21| is < — 65 dB at 28 GHz, while the SRR exhibits
bandstop behavior with |S71| < — 10 dB from 27.5 GHz to
28.5 GHz. The |S11| value is high in the band stop region
shown in Fig. 7(a). In this case, the SRR reflects incoming
electromagnetic waves at the operating frequency, acting
as a reflector. Fig. 7(b) compares the S-parameters from
circuit simulators and CST, demonstrating good agreement.
Fig. 7(c) illustrates the surface-based electric field of active
Ant-1 with SRR-reflector at 28 GHz. As can be observed,
the “4-"-shaped slot blocked the propagated field to deliver
another ports. A notable electric field of the Ant-1 is reflected
by the SRR-reflector. Fig. 8(a) shows the S-parameters and
the port isolation obtained using a reflector. With a reflector,
the port isolation is < -22 dB throughout the frequency
range, and the S-parameter values increase to —35 dB at
28 GHz, as shown in Fig. 8(a). Furthermore, Fig. 8(b) shows
the axial ratio and gain with and w/o reflector. Adding a
reflector significantly improves the gain from 5 dBic to
6 dBic, resulting in an overall enhancement gain of 1 dBic
throughout the entire frequency range and also positively
influences the axial ratio within the frequency range of
26.56-28.96 GHz.
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FIGURE 8. Simulated results of MIMO antenna with reflector. (a) S-parameters.
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Single antenna (SA)
g m L6
L Co6
- -
L E cs
- 2 o
{ ; wi GND
Port \\\ CZ‘/ -

Microstrip line

(a)

R2 RL R2
SA-1 Wy " SA-2
P ‘ -
ort LIS c1= -»—Eﬁm - § Port
GNDHH— 2
L GND o
1 =
GND T i
Port ’NDc1 2 Port
O
A- SA-4
R2 = RL RL R2

(b)

FIGURE 9. (a) Equivalent circuit model of the single antenna (SA). (b) Comparison
S-parameters of CST and ADS.

IV. EQUIVALENT CIRCUIT MODEL
The equivalent circuit model (ECM) provides a detailed
understanding of an antenna’s behavior by presenting its

operation in terms of lumped circuit elements. The deter-
mination of the equivalent circuit for the proposed antenna
relies on key parameters such as the feeding line, shape, and
number of SRRs. The lumped circuit model is an alternative
representation of the equivalent circuit for a conventional
planar antenna, which consists of capacitance (C), inductance
(L), and resistance (R). The equivalent circuit of a single
antenna is modeled and simulated using ADS software, as
shown in Fig. 9(a). Four unit cells of the SRR are positioned
at a specific height above the quad-port MIMO antenna to
reduce mutual coupling. In terms of circuit design, a 2x2
array of SRR is placed centrally and connected in parallel
(L, ©), as shown in Fig. 9(b). The real and imaginary values
helpful in computing the lumped elements calculations are
exported from CST. The design consists of four identical
elements. Thus, an equivalent circuit of a single-element
antenna is sufficient to explain the behavior of the MIMO
design. The inductance (Lp) and capacitance (Cp) of the
transmission line at resonance frequency [34] are determined

as
W
Ly = 1001 4,/ =+ — 421 (15)
Wy
Co = Wy| (9.5, +125)~" +5.2¢, +7 (16)

The remaining lumped elements are calculated using (17)
and (18).
img(Z11)
2rf

—[@npye]” (18)

where Wy is the width of feedline and Z;; is the port
impedance. Now, to determine the port impedance at a
specific resonance frequency, we first convert the Sp;
parameter into input impedance as follows [34]:

(I+S11)
(I —-S11)

The equation (19) can be presented in a different manner
for a better comprehension as follows

[ZL + jZptan(Bl) ]
Zin=12y .
[Zo + jZtan(Bl) ]
where B is the propagation constant and [ is the feed line
length.

In the subsequent step, the input impedance is calculated
by combining real and imaginary values as follows

L= (17)

Zin =2y (19)

(20)

Zin = Riy +inn (21)

where jX;, is the reactance and Rj, is the radiation resistance
of the resonance frequency.

If jX;, value is positive,
expressed as

the reactance is inductive,

X.
Xpm=owL=L="=""2 (22)
w
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FIGURE 10. (a) Equivalent circuit model of MIMO antenna. (b) Comparison
S-parameters of CST and ADS. (c) S-parameters (Isolation).

If the value of jX;, is negative, the reactance is considered
capacitive, which can be calculated using the following
formula

1 1
" oC wXin
Finally, the resonant frequency for each branch can be

calculated as follows

(23)

(24)

The four parallel circuits are arranged based on design
orientation and mutual coupling after calculating the val-
ues of the single-element antenna RLC. The Advanced
Design System simulation tool is utilized to validate the
S-parameters from CST after calculating all circuit elements.

TABLE 2. Optimized RLC values of the single and MIMO antenna equivalent circuit
model.

Parameter Value Parameter Value Parameter Value
Lo 0.254 nH Ca 0.108 pF L3 0.294 nH
Ly 0.294 nH Ls 0.294 nH Lg 0.294 nH
C3 0.140 pF Cy 0.140 pF Cs 0.140 pF
Cs 0.140 pF Ry 52.8 Q RL 50 Q
Ly 0.754 nH R2 2511 Q Ci 0.035 pF

“VNA-ZVA 40

. a4
(© (d) (e
FIGURE 11. Fabricated MIMO antenna. (a) Front view. (b) Back view.
(c) SRR-reflector. (d) MIMO antenna with SRR-reflector. (e) Measurements setup.

Table 2 lists the optimized RLC values for the single element
and the SRR circuit. The S-parameters of single and MIMO
antennas show good agreement between the simulated and
calculated circuit models, as depicted in Fig. 10(a), (b) and
(c). Fig. 10 indicates that the S-parameters from CST and
ADS are in good agreement.

V. EXPERIMENTAL RESULTS

Fig. 11 illustrates the fabrication process of the four-port
MIMO antenna and the SRR reflector implemented on
Rogers RO4003C and RT5880 substrates, with thicknesses
of 0.305 mm and 0.508 mm, respectively. The fabricated
prototype features: a front view of the microstrip feed line in
Fig. 11(a), a back view of the slotted ground in Fig. 11(b),
the SRR reflector in Fig. 11(c), and the SRR-based MIMO
antenna with a 50 2 load connector in Fig. 11(d). Fig. 11(e)
shows the experimental setup inside an anechoic chamber,
using a reference antenna and a vector network analyzer
(VNA-ZVA 40). To validate the simulated results, we
conducted measurements of the proposed MIMO antenna.
Fig. 12 compares the simulated and measured S-parameters,
axial ratio, gain (dBic), and radiation efficiency (%).
Fig. 12(a) demonstrates a strong agreement between the
simulated and measured S-parameters. Fig. 12(b) shows
that both simulated and measured S-parameters (isolation)
remain below —22 dB across the operating frequency range.
Measurements are performed at the boresight direction
@ = 0° ¢ = 0°) reveal a 3 dB axial ratio bandwidth
of 8.6% (26.56-28.96 GHz) from simulation and 10.01%
(26.56-29.36 GHz) from measurement, with peak gain of
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FIGURE 12. Simulated and measured results. (a), (b) S-parameters. (c) Axial ratio
with gain (dBic). (d) Radiation efficiency (%).

6.0 dBic within the same frequency band, as illustrated
in Fig. 12(c). Especially, the measured 3 dB axial ratio
bandwidth corresponds closely with the simulated 10 dB

210 I8 150

0
~RHCP (Sim.). RHCP (Mea.)
~LHCP (Sim.) .LHCP (Mea.)

210 150 150
«~RHCP (Sim.) . RHCP (Mea.)
~LHCP (Sim.) .LHCP (Mea.)
(@) (W)

FIGURE 13. 2D radiation patterns (RHCP and LHCP) of active Ant-1 at 28 GHz: (a) ¢
=0° and (b) ¢ = 90°.

impedance bandwidth, indicating no polarization mismatch.
The radiation efficiency, depicted in Fig. 12(d), exceeds
94% for both simulated and measured data across the
entire frequency range. Fig. 13 shows the simulated and
measured 2D radiation patterns of the active Ant-1 element
at 28 GHz, showing right-hand circular polarization and
left-hand circular polarization at ¢ = 0° and 90°. The
results clearly indicate that RHCP exhibits a 3 dB wider
beamwidth than LHCP. Additionally, the simulated and
measured patterns are in good agreement.

VI. DIVERSITY PERFORMANCES

Analyzing the diversity parameters [30], [31] in MIMO
antennas improve the efficiency, reliability, and performance
metrics such as envelope correlation coefficient, diversity
gain, mean effective gain, and channel capacity loss. This
analysis helps assess the independence of antenna elements
and plays a crucial role in multi-path performance, impacting
signal propagation paths and reducing correlation factors.

A. ENVELOPE CORRELATION COEFFICIENT

The envelope correlation coefficient is a crucial factor in
assessing the performance of MIMO antennas, as it indicates
the independence of antenna elements. A zero ECC is
preferred, but systems below 0.5 are acceptable. The ECC
should be less than 0.1 for optimal performance, as a lower
correlation value indicates better performance. This paper
uses the far-field radiation patterns to calculate the ECC for
a multi-antenna model in the far field [30].

1
27 [ a Epori-Ey,dS2

\/Prad,porti\/Prad,portj

where 2 represents the solid angle. The far-field pattern of
the antenna is denoted by E,, when port i is activated,
and Ep,,y; when port j is excited. The proposed quad-
port circularly polarized MIMO antenna exhibits acceptable
envelope correlation coefficients across operating frequency
bands, as depicted in Fig. 14(a). The simulated and measured
ECC values between Ant-1 and Ant-4 (ECC-14) and between
Ant-2 and Ant-3 (ECC-23) are depicted in Fig. 14(a). The
ECC-14 and ECC-23 exhibit excellent diversity performance,
with their values remaining below 0.002 throughout the
entire operating frequency band.

(25)

Pporti,portj =
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B. DIVERSITY GAIN
Diversity gain is a crucial parameter in MIMO antenna
systems, indicating the influence of the diversity scheme on
transmitted power, calculated using the correlation matrix
a [30].
2
G tr(a?) 26)
el |

The matrix trace (fr) and Frobenius norm ||Xo||p are
crucial concepts in matrix analysis. The Frobenius norm is
defined as ||a||p = Zm’n |,om,,|2. where p,,, denotes the
elements of the matrix «. The matrix trace is the sum of
the diagonal elements of the matrix «?>. A MIMO antenna
typically has a directivity gain between 0 and 1 in magnitude
or 0 and 10 dB. Fig. 14(a) shows the variation in the DG of
the proposed quad-port CP MIMO antenna, both simulated
and measured across the overall frequency range. The MIMO
antenna exhibits a DG-14 and DG-23 that surpass 9.99 dB
across the entire frequency band, which aligns with the
measured results.

C. MEAN EFFECTIVE GAIN

Mean effective gain is a measure of an antenna’s efficiency
in receiving or transmitting signals, with higher MEG values
indicating better performance. MEG values typically fall
within a specific range: —3 < MEG (dB) < —12. The mean
effective gain for port i can be calculated using (27) [31].

M
MEG; = 0.5n;,rad = 0.5| 1 = > _|8;|* 27)
j=1
where M represents the total count of antennas, ‘i’ indicates
a specific active antenna, and 7;, rad denotes the efficiency
of the antenna. The simulated quad-port MIMO antenna has
a MEG value below the recommended threshold, as shown

in Fig. 14(b), which agrees with the measured result.

D. CHANNEL CAPACITY LOSS

Channel capacity loss is a crucial metric in diversity analysis,
indicating the optimal transmission of electromagnetic sig-
nals for maximum data rate and minimal distortion. The CCL
values in free space are within a limit of < 0.5 bits/sec/Hz,

and can be calculated using (28)—(31) [31].
CCL = —log, det(Wans) (28)

where W, is the correlation matrix of the antenna and it is
given by

PIl P12 P13 Pl4
P21 P22 P23 P24
W = 29
W 31 p3n2 P33 P34 29
P41 P42 P43 P44
where
n=4
pii=1— ZanSm fori,j=1,2,30r4  (30)
n=1
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FIGURE 14. Simulated and measured results: (a) ECC with DG (dB) and (b) MEG
(dB) with CCL (bits/sec/Hz).

and
n=4
Zs;kns"j
n=1
Also, Fig. 14(b) illustrates that the CCL remains below
0.25 bits/sec/Hz across the entire frequency range, fur-
ther demonstrating robust system performance. Fig. 14(b)
demonstrates that the measured and simulated CCL values
for the quad-port CP MIMO antenna meet the acceptable
limits.

,fori,j=1,2,30r4 3

pij = —

VIl. COMPARISON

Table 3 provides a comparative analysis of related param-
eters between the proposed antenna and previous works.
Ikram et al. [19] reported on a tapered slot MIMO antenna
design capable of dual-band operation in the microwave
and mmWave ranges. Lai et al. [29] proposed a ME-dipole
antenna using parasitic stubs in the mmWave frequency
bands. However, these designs have wide impedance band-
widths and high gain, but large element spacings, low
isolation, and low radiation efficiency, primarily featuring
linearly polarized radiation without diversity performance.
Sofi et al. [30] presented a CP MIMO antenna intended for
K-/Ka-band satellite applications, while Tiwari et al. [31]
detailed a semi-flexible diversified CP wearable antenna for
5G mmWave applications. However, both designs in [30]
and [31] exhibit small impedance and axial ratio bandwidths,
low gain, and low isolation in mmWave frequency ranges. In
contrast, the proposed work presents additional advantages,
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TABLE 3. Comparison of the proposed MIMO antenna with previous works.

Reference [19] [29] [30] [31] This
Work
Year 2019 2024 2022 2023 2025
Size (mm?) 104.0x104.0 42x18 23.85x44.90 | 22.5x36.0 | 20.0x20.0 .
x0.51 x1.829 x1.52 x0.508 x0.813 (w/o air)
Number of ports 4 (high freq.) 8 2 2 4
Frquency (GHz) 23-30 25.8-35.3 | 29.25-30.35 | 25.84-27.35 25.56-28.96
Axial ratio (%) - - 3.69 5.6 8.60
Element spacing 0.44\o 0.44 o - 0.61 o 0.42)\¢
Polarization LP LP CP CP CP
Gain (dBic) 11.0 6.0 4.77 6.1 6.0
Isolation (dB) > 16 > 17 > 20 > 20 > 22
ECC/ < 0.0001 / < 0.009 / -/ < 0.003/ < 0.002/
DG (dB) - - >9.99 >9.99 > 999
MEG (dB)/ e o -/ < —-60/ < - 6.0/
CCL (bps/Hz) <025 <026 <025
Radiation efficiency >85 >95 > 97 > 80 > 94
. 9.71x9.71 4.2x1.68 1.55%x2.92 29x%x1.8 1.87x1.87
Size (A3)
%0.047 %0.170 %0.099 %0.04 x 0.076
such as wider impedance bandwidth, axial ratio bandwidth, REFERENCES

small element spacings, compact size, and higher isolation.
Moreover, the proposed four-port MIMO antenna obtains
low ECC and enhanced diversity gain. Hence, the proposed
design represents the miniaturized quad-port CP MIMO slot
antenna that simultaneously achieves a compact size, wide
CP bandwidth, and high radiation efficiency. By integrating
a “+7-shaped defected ground structure and an SRR-based
reflector, the antenna offers enhanced isolation and gain
without increasing footprint. These features make it highly
suitable for SG mmWave communication, Internet of Things
(IoT) devices, and next-generation smart wireless systems,
where compactness, efficiency, and reliable polarization
diversity are essential.

VIIl. CONCLUSION

A miniaturized quad-port circularly polarized MIMO slot
antenna has been investigated, demonstrating high isolation
and enhanced diversity performance. The antenna uses four
identical rectangular notched slots, each fed by a 50 @
microstrip line, with an incorporated “+”-shaped slot in
the ground to achieve isolation less than —20 dB. A 2x2
array of SRR reflectors is positioned above the antenna
to improve gain by approximately 1 dBic and to maintain
isolation better than —22 dB. The simulated and measured
10 dB impedance bandwidth and 3 dB axial ratio bandwidth
overlap, demonstrating excellent impedance matching and
circular polarization performance. The radiation patterns
confirm polarization diversity, with a peak gain of 6.0 dBic
and radiation efficiency exceeding 94% across the operating
frequency range. In addition, diversity metrics such as
ECC, DG, MEG, and CCL further confirm the superior
performance of the MIMO antenna. Therefore, the proposed
CP MIMO antenna is well-suited for mmWave applications.
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