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ABSTRACT: An innovative four-port Coplanar Waveguide (CPW) Multi-Input Multi-Output Antenna (MIMOA) based on a Koch Curve
Fractal (KCF) with high isolation is proposed in this article. The High Frequency Structure Simulator (HFSS) is used for performance
analysis and parametric optimization. Initially, a KCF-based CPW-fed single-element patch antenna is designed, which is later trans-
formed into a four-port MIMOA (FPMIMOA). The proposed MIMOA is fabricated on an FR4 substrate and offers a wide impedance
bandwidth of 1.23GHz (4.46–5.69GHz), centered at 4.92GHz. It exhibits excellent diversity performance, including a Channel Capac-
ity Loss (CCL) of less than 0.4 bits/s/Hz, an Envelope Correlation Coefficient (ECC) below 0.004, a Diversity Gain (DG) greater than
9.8, a Mean Effective Gain (MEG) below 3 dB, and a Total Active Reflection Coefficient (TARC) less than −20 dB from Port 1 to the
other ports. It also demonstrates an isolation level of 28 dB across the operating band. Furthermore, the proposed MIMOA achieves a
high radiation efficiency (η) of 94% and a gain of 3.14 dBi. The antenna has been fabricated and experimentally tested to validate the
simulated results. This MIMOA is suitable for applications such as public safety, the 5G sub-6GHz band (4.8–5.0GHz), and the 5.2GHz
Wireless LAN (5.15–5.35GHz).

1. INTRODUCTION

Demand of high data rate and low Channel Capacity Loss
(CCL) in the field of modern communication steers the

research towards MIMO systems working at specific frequen-
cies [1, 2]. MIMO configured antennas provide high data rate
with low CCL which is a key requirement of next generation
communication systems [3–5]. MIMOA configuration uses
many antennas at both receiving and transmitting sides which
helps in improving channel capacity without the use of extra
power and bandwidth [3]. However, designing a compact MI-
MOA configuration is challenging as designers have to main-
tain high isolation and η [4]. Antenna designers have to take
care the isolation in MIMOA design to fulfill the requirement
of channel capacity [5].
Many approaches have been explored in prior research to

mitigate mutual coupling in MIMO antenna systems. A partic-
ular study [6] examined the design of a MIMOA that has two
elements, incorporating an inverted T- and E-shaped element.
For improving isolation, a parasitic resonator was used in the
design. However, isolation was improved up to a limited ex-
tent of 20 dB. AMIMOAwith four elements is proposed in [7],
which uses a rectangular split ring resonator and modified Z-
shaped slot for improving isolation.
A different study [8] introduced a small size MIMOA design

that incorporated four elements arranged orthogonally, along
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with a split ring resonator embedded in the antenna radiator.
Although the isolation of 14 dB was achieved, it was below
the required level for MIMOA system. Further exploration
of techniques involved the utilization of two rectangular mi-
crostrip lines and a defective ground plane [9]. Additionally,
a dual-band MIMO Antenna design incorporating L-shaped
split-ring resonator loaded monopole elements was also inves-
tigated [10]. However, both of these approaches encountered
limitations in terms of the achieved isolation and compactness.
A four-element MIMOA incorporating a decoupling line is re-
ported in [11]. A 30 dB isolation was achieved successfully, by
utilizing two cross decoupling lines. In [1], a MIMOA with a
semi-circular cut on a corner and defected groundwas proposed

FIGURE 1. CPWRPA design with dimensional details in mm.
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FIGURE 2. Transformation from initial to final stage, (a) CPWRPA, (b) 1st iteration KCF, (c) 2nd iteration KCF, (d) 3rd iteration KCF, (e) 3rd iteration
KCF with patch chamfered, and (f) SEKCFA design.

for the 5G and 6G bands. In this design, a special structure in
connected ground was used for improving the isolation. In [2],
a two-port MIMOA was proposed with a multilayer structure
for multiband applications which was designed on an FR4 sub-
strate having an isolation of 15 dB. In [12], a MIMOAwas pro-
posed with two and four port layouts which has a bandwidth of
320MHz with an isolation of 20 dB.
Two studies investigating 1 × 2 and 2 × 2 MIMOA sys-

tems [13, 14] found that isolation could be improved simply by
rotating the unit element, eliminating the requirement of addi-
tional decoupling method. In [15], T- and π-shaped strips were
employed for enhancing isolation. Other approaches for decou-
pling discussed in the literature involve metamaterials, short-
neutral lines, ground with defects, and self decoupling mech-
anisms [16–20]. These methods have been developed for im-
proving the isolation in compact MIMOA systems and to offer
potential solutions to enhance overall performance.
In this article, an innovative four-port CPW MIMO antenna

based on a Koch Curve Fractal (KCF) with high isolation is
proposed, operating at 4.92GHz. The proposed MIMO an-
tenna (MIMOA) exhibits low Envelope Correlation Coefficient
(ECC), low Channel Capacity Loss (CCL), high radiation ef-
ficiency (η), and high gain, making it suitable for achieving
high data rates and large channel capacity. The antenna con-
sists of CPW-fed KCF radiating elements. A parametric anal-
ysis is conducted to determine the optimal dimensions of the
MIMO Koch curve fractal antenna, and various configurations
are evaluated to improve isolation. The proposed MIMOA is
applicable to public safety communications, 5G sub-6GHz ap-
plications (4.8–5.0GHz), and Wireless LAN (5.15–5.35GHz).

The major contributions of this work are as follows:

• The proposed MIMOA achieves a wide bandwidth of
1.23GHz (from 4.46 to 5.69GHz) with minimal design
complexity compared to [21–24].

• The four-element MIMOA has compact dimensions of
0.7λ × 0.75λ (where λ is the wavelength at 4.46GHz),
which is smaller than those in [21, 23–26].

• The proposed MIMOA achieves a gain of 3.14 dBi, higher
than those reported in [8, 25, 27], and a radiation efficiency
of 94%.

• The antenna demonstrates superior isolation and diversity
performance compared to [8, 13, 14, 21–23, 26, 27], mak-
ing it highly suitable for multipath environments.

2. ANTENNA DESIGN
This section outlines the progression of antenna design, starting
from a CPW-fed Rectangular Patch Antenna (CPWRPA) to a
Single Element KCF Antenna (SEKCFA), and further evolving
into Two Port MIMOA (TPMIMOA) and FPMIMOA (FPMI-
MOA) layouts.

2.1. CPW Fed Rectangular Patch Antenna (CPWRPA) to Single
Element KCF Antenna (SEKCFA) Design
Antenna designers and researchers used fractal structures to
achieve compactness, wider operating bandwidth, and multi-
frequency operation in antennas [28–30]. In this work, KCF is
used to attain wider bandwidth. Figure 1 shows the CPWRPA
design at initial phase with the dimensional details of the design
in millimeters. After designing CPWRPA the structure is trans-
formed into SEKCFA by integrating KCF on the top side of CP-
WRPA as shown in Figure 2 from image (a) to (f). TheS11 of all
stages of design from CPWRPA to SEKCFA are shown in Fig-
ure 3. The SEKCFA operates within a frequency range of 4.46
to 5.69GHz, offering a bandwidth of 1.23GHz. In contrast, the
CPWRPA covers only a small range from 4.50 to 4.73GHz, re-
sulting in a bandwidth of 0.23GHz. The performance of the
design from initial to final stage got improved in terms of S11
which can be analyzed form Figure 3.

FIGURE 3. S11 of CPWRPA and SEKCFA design.
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FIGURE 4. TPMIMOA. (a) Layout 1: 0◦ orientations of A2 element, (b) Layout 2: 90◦ orientations of A2 element, (c) Layout 3: 180◦ orientations
of A2 element.

KCF integration in the CPWRPA influences the Surface Cur-
rent (SC) distribution, effectively increasing the path length of
the current along the surface of antenna which results in the
bandwidth enhancement. A comparison of the bandwidths is
shown in Figure 3 between the CPWRPA and SEKCFA, which
confirm the improvement in bandwidth.

2.2. TPMIMOA Layout

SEKCFA has been utilized to design the TPMIMOA after care-
fully analyzing the results of SEKCFA in terms of S11. The im-
provement in S11 of the initial design as CPWRPA to SEKCFA
can be analyzed from Figure 3, where it can be noticed that
the Bandwidth (BW) gets improved significantly. TPMIMOA
Layout has been designed using SEKCFA on an FR4 substrate
(Dielectric constant— 4.4 and loss tangent— 0.02) having size
of 51×21.6×1.6mm3 as shown in image (a) of Figure 4. The
S-parameters (S-P) of this layout can be seen in Figure 5(a). For
further examining the TPMIMOA performance, the orientation
of A2 element has been varied as shown in images (b) and (c)
of Figure 4. The S-P of other two layouts have been analyzed,
shown in images (b) and (c) of Figure 5. From Figure 5 it can
be seen that the overall performance of TPMIMOA with a 90◦
orientation compared to A1, i.e., Layout 2, exhibits a notable
improvement in isolation, reaching −30 dB. The performance
of Layout 2 with 90◦ orientation of A2 is better than the other
two layouts. SC distribution over the surface of antenna in Lay-
out 2 can be visualized in Figure 6 at 4.92GHz. Although the
S22 in Layout 2 has been shifted a little, it does not affect the
antenna performance for the targeted applications as it covers
the required band.
Figure 6(a) shows the SC distribution when Port 1 is excited,

while the other is kept at matched state, and Figure 6(b) shows
the vice-versa condition in which Port 2 is excited, while the
other is kept at matched state. When Port 1 is excited, the SC
density is more over the A1 surface, and similarly when Port 2
is excited the SC density is higher at A2 surface. Moreover,
Figure 6 illustrates a fascinating phenomenon: a reverse current

flows across the surfaces of A1 and A2. This reverse current
effectively inhibits the current frommoving toward the adjacent
element, thereby enhancing isolation.

2.3. Three Port MIMO Antenna (THPMIMOA) Layout

THPMIMOALayout as shown in Figure 7 is designed after TP-
MIMOA. It is designed on a hexagon-shaped substrate that has
a side length of 35mm and height of 1.6mm. The S-P of this
layout is shown in Figure 8 which clearly indicates an excellent
isolation of more than 25 dB.
Figure 9(a) shows the SC distribution when Port 1 is excited,

while the other two are kept at matched state; Figure 9(b) shows
the condition in which Port 2 is excited, while the other two
are kept at matched state; Figure 9(c) shows the condition in
which Port 3 is excited, while the other two are kept at matched
state. When a port is excited, the SC density is more over the
excited antenna. Diversity performance parameters like: ECC,
DG, MEG, and TARC of the THMIMOA are analyzed. En-
velope Correlation Coefficient (ECC) < 0.002, Diversity gain
(DG) > 9.9, MEG < −3 dB, Total Active Refection Coeffi-
cient (TARC) ≈ −30 dB from Port 1 to other ports, and isola-
tion of 25 dB across the band. THMIMOA offers high radiation
efficiency (η) of 93% and gain of 1.8 dBi. Figures 10 to 14 il-
lustrate the aforementioned parameters in graphical form.

2.4. FPMIMOA Layout

The results of TPMIMOA (Layout 2) are very promising, lead-
ing to the development of the FPMEMA layout as an extended
version of TPMIMO (Layout 2), as shown in Figure 15. FP-
MIMO has a volume of 51 × 51 × 1.6mm3. Figure 16 shows
S-P of the FPMIMOA layout, clearly indicates an excellent iso-
lation of nearly 28 dB. Figure 17 illustrates the SC density over
A1, A2, A3, A4 (SEKCFA elements) at 4.92GHz. Figure 17
demonstrates that the excited antenna element exhibits a higher
current density on its surface, whereas the other radiating el-
ements display relatively lower current density levels. Fig-
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FIGURE 5. S-P of TPMIMOA. (a) Layout 1: 0◦ orientations of A2 element, (b) Layout 2: 90◦ orientations of A2 element, (c) Layout 3: 180◦
orientations of A2 element.

(a) (b)

FIGURE 6. SC distributions over the antenna surface in Layout 2 at 4.9GHz when (a) Port 1 is excited while the other remains in a matched state,
and (b) Port 2 is excited while the other remains in a matched state.

FIGURE 7. THPMIMOA layout.

ure 17 also shows an interesting phenomenon: the flows of cur-
rents on surfaces of adjacent antennas are in opposite directions.
These opposing currents effectively neutralize the electromag-
netic fields in the orthogonally located elements, thereby reduc-
ing mutual coupling. As a result, characteristic impedance of
MIMO SEKCFA element changes, increasing the isolation be-
tween the elements. In addition, the current distribution pattern
shows a countercurrent between the ground and radiating ele-
ments, which further improves the isolation by reducing current
transfer to neighboring elements.

3. RESULTS AND DISCUSSION

From THMIMOA and FPMIMOA layouts, FPMIMOA is se-
lected for prototyping as the results of FPMIMOA are better

18 www.jpier.org



Progress In Electromagnetics Research B, Vol. 112, 15–27, 2025

(c)

(a) (b)

FIGURE 8. S-P of THPMIMOA layout.

(a) (b)

(c)

FIGURE 9. SC distributions over the antenna surface of THPMIMOA layout at 5GHz when (a) Port 1 is excited, (b) Port 2 is excited, and (c) Port 3
is excited.
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FIGURE 10. ECC between the adjacent and diagonal ports for the THP-
MIMOA.

FIGURE 11. DG for the THPMIMOA.

FIGURE 12. MEGs of the THPMIMOA for Ports 1, 2, and 3. FIGURE 13. TARC of the THPMIMOA.

FIGURE 14. Gain and η plot of FPMIMOA. FIGURE 15. FPMIMOA layout.

than THMIMOA, and also the overall size of FPMIMOA is
smaller than THMIMOA. To verify circuit and radiation prop-
erties, the prototype of TPMIMOA, shown in Figure 18(a), is
fabricated. The S-P and radiation performance are measured in
lab using Vector Network Analyzer and in an anechoic cham-
ber. These lab tests provide a thorough evaluation of circuit and
radiation behavior of the FPMIMOA.
Figure 18(b) presents the measured and simulated S-P of FP-

MIMOA across all four ports, with a particular emphasis on

Port 1. Measured parameters closely align with the simulated
results, though minor discrepancies are observed. These varia-
tions may arise due to copper loss, slight misalignment of con-
nector and feed line, fabrication tolerances, and constraints of
the laboratory. Minor discrepancies in the bandwidth can be
seen in the simulated and measured results, but that does not af-
fect the usability of FPMIMOA for the targeted application as
it covers the required bandwidth. To see the practicality of the
FPMIMO antenna, many diversity parameters are thoroughly
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FIGURE 16. S-parameters of the FPMIMOA layout at (a) Port 1, (b) Port 2, (c) Port 3, (d) Port 4.

examined. These factors— such asmutual coupling, ECC,DG,
CCL, and isolation— are crucial for determining the capability
of systems. A broader understanding of the above stated param-
eters is a key to designing such systems with optimum function-
ality. The following discussion provides a detailed analysis of
these aspects.

3.1. ECC
ECC quantifies the similarity between the radiation patterns of
two antennas and helps assess the correlation between their re-
ceived signal envelopes. A lower value of ECC shows reduced
mutual coupling between the antennas. For optimal MIMOA
performance, the ECC should be below 0.5.
It can be calculated using S-P and far field method [21–

23, 31–33]. Equation (1) given below is used to calculate ECC
from S-P:

ECC =

∣∣S∗
ppSpq + S∗

qpSqq

∣∣2(
1− |Spp|2 − |Sqp|2

)(
1− |Sqq|2 − |Spq|2

) (1)

Equation (2) given below is used to calculate ECC from far
field:

ECC =

∫∫
4π

Ep (θ, ∅) · Eq (θ, ∅) dΩ√∫∫
4π

Ep (θ, ∅) · E∗
p (θ, ∅) dΩ4πEq (θ, ∅) · E∗

q (θ, ∅) dΩ
(2)

whereEp andEq are far-field radiation patterns generated from
ports p and q, respectively. ECC for the FPMIMOA is depicted
in Figures 19(a)–(d) which has a value of less than 0.01 for the
entire operating band. Figures 19(a) and (b) show the value cal-
culated using S-P while images (c) and (d) show the ECC cal-
culated using far field method which confirms that FPMIMOA
has a good diversity performance.

3.2. DG
DG measures the improvement in signal quality achieved by
using a number of antennas rather than a single one. The use of
more than one antenna helps the system overcome issues like
fading and interference, which can degrade the received sig-
nal. DG acts as an indicator of how much the signal quality
improves due to multiple antennas, with an optimal value gen-
erally near 10 dB in operating region. A higher DG signifies
better overall system performance. To compute DG, the ECC
value is used in Equation (3) [14, 23, 32], as given below:

DG = 10×
√
1− |ECC|2 (3)

DG for FPMIMOA is above 9.8 dB in operating region as
shown in Figure 20.
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FIGURE 17. FPMIMOA layout SC distribution at 4.9GHz when (a) Port 1, (b) Port 2, (c) Port 3, and (d) Port 4 are excited, with the remaining ports
in a matched state.

(a) (b)

FIGURE 18. (a) Prototype of the FPMIMOA, and (b) FPMIMOA S-P comparisons between simulated and measured at Port 1.

3.3. MEG

MEG plays a vital role in designing and analyzing multiple an-
tenna systems, providing valuable information about overall η,
gain, and propagation effects in a multipath fading environ-
ment. For a MIMOA system, it should be under −3 dB. In the
evaluation of the FPMIMOA system, MEG is analyzed across
all four ports, as illustrated in Figure 21. MEG(m,n) is the ratio

of MEGm to MEGn. MEG is computed using Equations (4)
and (5) [14, 22, 23].

MEGm = 0.5×
[
1− |Smm|2 − |Smn|2

]
(4)

MEGn = 0.5×
[
1− |Smn|2 − |Snn|2

]
(5)
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(a) (b)

(c) (d)

FIGURE 19. ECC between the adjacent and diagonal ports for the FPMIMOA, (a), (b) using S-P, and (c), (d) using far field.

(a) (b)

FIGURE 20. DG for the FPMIMOA.

3.4. TARC
It is square root of the ratio between the total power reflected to
incident to all ports and also by using the S-P fromEquations (6)
and (7) [14, 23, 32].

TARC =

√∑N
m=1 |Rm|2√∑N
m=1 |Im|2

(6)

TARC =

√
|(S11 + S12ejθ)|2 + |(S22 + S21ejθ)|2

2
(7)

In Equation (5), Rm is the reflected signal, and Im is the inci-
dent signal. To achieve an efficient MIMOA system, the TARC
value should remain under−10 dB in operating band. It can be
observed from Figure 22 that the TARC values for Port 1 to
Ports 2, 3, and 4 of the FPMIMOA are all under −10 dB.

3.5. CCL

CCL measures the reduction in the highest possible data rate
of a communication channel due to factors such as attenuation,
noise, and interference. It indicates the decline in the ability of
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(a) (b)

(c)

FIGURE 21. MEG of the FPMIMOA for (a) Ports 1 and 2, (b) Ports 1 and 3, and (c) Ports 1 and 4.

TABLE 1. Comparison with related work.

Ref. No. Size (λ2)
Frequency

Range (GHz)
Gain
(dBi)

Isolation
(dB)

EC-C MEG (dB)
Fractal/

Non-fractal
[2] 0.792× 0.792 3.3–6.0 2.5 15 0.005 - Fractal

[27] 0.39× 0.39

3.72–3.82,
4.65–4.76,
6.16–6.46

2.5 16 < 0.1

Ratio
between
1–1.3 dB

Non-Fractal

[21] 1.7× 0.85 3.4–3.6, 4.8–5 - 16.5 0.01 < −3 Non-Fractal

[34] 0.62× 0.61
2.66–3.82, 4.57–4.91,
6.06–6.50, 7.53–8.08

4.19 24 < 0.4 < 3 Fractal

[8] 0.33× 0.33 2.2–6.28 2.75 10.0 < 0.25 ≈ −3 Non-Fractal
[35] 0.58× 0.58 3.15–20 6.1 15 < 0.008 < −3 Fractal
[13] 0.72× 0.72 4.3–6.65 4 20 < 0.004 - Non-Fractal
[14] 0.6× 0.6 4.3–6.8 4.95 > 20 < 0.2 < −3 Non-Fractal

[22] 0.3× 0.3
1.55–2.65,
3.35–3.65

2.2,
3.8

> 10,
> 19

< 0.08,
< 0.02

- Non-Fractal

[23] 2.2× 1.72 5.15–5.925 4.85 15 0.05 ≈ −6 Non-Fractal
[25] 1.08× 1.08 5.025–5.135 2.7 36 < 0.003 - Non-Fractal
[24] 2.98× 1.31 5.6–5.67 - 30 0.06 - Non-Fractal
[26] 1.25× 1.36 3–5 4.85 20 < 0.2 - Non-Fractal

Proposed work 0.75× 0.75 4.46–5.69 3.14 > 28 < 0.004 ≈ −6 Fractal
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FIGURE 22. TARC of the FPMIMOA. FIGURE 23. CCL of the FPMIMOA.

(a) (b)

(c) (d)

FIGURE 24. Radiation properties of the FPMIMOA, (a), (b) at 4.92GHz, and (c), (d) at 5.2GHz.

system to transmit data efficiently. Grasping the idea of CCL
is essential to improving performance of system and maximiz-
ing η. For MIMOA systems, maintaining a CCL value below
0.4 bits/s/Hz is preferable. CCL calculation can be done using
Equations (8)–(11) [22] based on the S-P. Figure 23 presents the
calculated CCL values for the FPMIMOA, showing that they
remain well below the designated limit of 0.4 bits/s/Hz.

CCL = − log2
∣∣cR∣∣ (8)

cR =


c11 c12 c13 c14
c21 c22 c23 c24
c31 c32 c33 c34
c41 c42 c43 c44

 (9)

cii = 1−

∣∣∣∣∣
N∑

n=1

S∗
inSni

∣∣∣∣∣ for i, j = 1, 2, 3 and 4 (10)

cij = −

∣∣∣∣∣
N∑

n=1

S∗
inSnj

∣∣∣∣∣ (11)

3.6. Radiation Properties
The radiation properties of the FPMIMOA are confirmed
through measurements done in an anechoic chamber, ensuring
alignment with the simulated results. Figure 24 presents
the normalized simulated and measured radiation properties
in the XZ-plane and Y Z-plane, along with 3D-Polar plots
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at 4.92GHz and 5.2GHz. The radiation in the Y Z-plane
demonstrates bidirectional behavior, whereas in theXZ-plane,
the FPMIMOA radiates almost uniformly in every direction.

3.7. Gain and Radiation Efficiency (η)
Figure 25 presents simulated gain and η plot of FPMIMOA.
It is noted that the maximum gain within the operating range
reaches approximately 3.2 dBi at 4.92GHz. Additionally, the
η remains above 90% throughout the operating region. Com-
parison between the FPMIMOA and previous studies from the
literature is tabulated in Table 1. The data clearly indicate that
the FPMIMOA outperforms its counterparts in terms of perfor-
mance.

FIGURE 25. Gain and η plot of FPMIMOA.

4. CONCLUSION
A CPW-fed four-port MIMO antenna (FPMIMOA) integrating
a symmetrically etched Koch curve fractal antenna (SEKCFA)
has been designed, offering an impedance bandwidth of
1230MHz (4.46–5.69GHz). The antenna’s performance has
been thoroughly analyzed, revealing a high isolation level
exceeding 28 dB without the use of any dedicated isolation
techniques. To minimize coupling between the radiating
elements, key parameters such as Total Active Reflection
Coefficient (TARC), Envelope Correlation Coefficient (ECC),
Channel Capacity Loss (CCL), Mean Effective Gain (MEG),
and Diversity Gain (DG) have been meticulously evaluated.
This FPMIMOA is suitable for multiple applications, including
public safety communications, 4800–5000MHz band within
the 5G sub-6GHz spectrum, and 5.2GHz Wireless LAN
band (5.15–5.35GHz). The outstanding performance of the
proposed MIMKOA design demonstrates significant potential
for the aforementioned applications.
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