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Abstract: This article presents a highly flexible coplanar waveguide (CPW) fed MIMO antenna
that consists of a cloud-shaped modified circular radiator, and a connected self-isolating
decoupling structure. The antenna has an overall size of 0.4681x0.819Ax0.0013A (A is computed
at 3.9 GHz) with a bandwidth of 3.90-5.13 GHz. Characteristic mode analysis (CMA) is
investigated to understand the proposed antenna's physical nature. The antenna offers a peak gain
of 4.1 dBi at the resonant frequency (4.6 GHz) and an average efficiency of 89% throughout the
operating range. MIMO diversity metrics also show favorable results suitable for wireless

applications.
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1. Introduction

The substantial development of fifth-generation wireless
technology paves the way for the development of several
sectors including 10T, military, wearable technology,
medical informatics, surveillance applications, and so on*
%, Among them, wearable technology is on trend due to its
feasibility in integrating several smart devices. Therefore,
wearable antennas with high flexibility, compactness, and
good performance are in high demand. MIMO systems can
expand the channel’s transmission capacity and therefore
have gained reasonable recognition over the past years®®.
However, mutual coupling among the interelement of the
MIMO antenna is a critical problem that further declines
the antenna performance.

The literature contributes various methods for
decrementing the mutual coupling like a defective ground
plane®®¥, orthogonal orientation®*®), metamaterials®®-2?,
neutralization line??®, self-isolating  structures®27,
parasitic elements?®), Jerusalem cross absorbers®® and so
on. A two-element antenna with a via less decoupling

methodology is proposed in*V. The stubs attached to the
feedline with a slotted ground plane offer isolation of 16
dB. A quad-element antenna fed by a coplanar waveguide
(CPW) is elaborated in*® for 5G mid-band. The antenna
has improved bandwidth, gain, and diversity metrics with
an isolation of 18 dB but occupies a large antenna volume.
A conformal MIMO s presented in*® for 5G and loT
applications. The antenna offers a wider bandwidth with
an isolation of 17.5 dB, but the gain is meager. A two-
element antenna incorporating meta-inspired decoupling
methodology is proposed in'®. The orthogonal orientation
of the antenna contributes to 30 dB isolation. Nevertheless,
the antenna volume is comparatively high, and the gain is
very low. A four-element antenna with octagonal rings in
the radiator is proposed in?® with good gain and diversity
metrics, but the antenna is bulky in size. From the literature,
it is clear that a flexible antenna design that satisfies all the
above-mentioned antenna characteristics with a compact
size is a very challenging task.

The paper proposes a flexible dual-element antenna with a
self-isolating decoupling structure for 5G mid-band. The
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antenna contributes 4.1 dBi gain and 89% efficiency at the
resonance and has 3.9-5.13 GHz bandwidth. CMA
provides clear information about the antenna radiation
characteristics as well as the significant modes. MIMO
diversity parameters are estimated for checking the
antenna feasibility in a real-time scenario. Section 2 of the
article covers antenna design, followed by Section 3 on
CMA, Section 4 on Results and Discussion, and Section 5
on Conclusion.

2. Antenna Design

A cloud-shaped modified radiator with a CPW ground has
been horizontally duplicated to form a highly isolated two-
element antenna (antennal) as visualized in Figure 1. The
two elements are placed at a minimal distance of 3mm
which is very much less than one-fourth of the wavelength.
As seen from the Figure, it is evident that antennal has a
self-isolating structure that covers 3.92-5.15 GHz
bandwidth with -20 dB isolation over the bandwidth as
seen from Figure 2. Further, to connect the ground plane,
the antenna2 (proposed) is integrated with two rectangular
stubs as given in Figure 1.

Antenna 1

Antenna 2

Fig. 1: Proposed antenna evolution without and with
connected ground
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Fig. 2: S-parameter of antennal and antenna2 (proposed)

Integrating the stubs in the second stage creates a deviation
in the current path, which is opposite in phase to that of the
coupling current. It could be further investigated using the
vector current distribution of the antenna analyzed at the
resonant frequency as portrayed in Figure 3. It is evident
from the current distribution plot that when the first port is
excited, there is a minimal influence of the current in the

second element due to the effect of the rectangular stubs
that create an opposite phase current which contributes to
enhanced inter-element isolation of 23 dB over the
functional band of operation between 3.9-5.13 GHz.
Figure 4 gives the values of each antenna parameter.
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g. 3: Vector current distribution of the suggested
antenna at 4.6 GHz
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Fig. 4: Dimension of the antenna (in mm): Ws =63, Ls
=36, a =3, b =33, ¢ =14, f =10, w =0.6, r1 =5, r2 =3.3, r3
=3.3,r4=4,r5=4,r6 =11 and r7 =12

3. Characteristic Mode Analysis

The theory of CMA has proven to be a very helpful aid in
investigating the physical nature of any conducting
structure. According to CMA, any arbitrary conducting
structure can be taken as the union of modal functions®-32,
The total current J is the combination of the currents
associated with nth modes for a structure as given in
equation (1)%,

J = 3, Ty, )
where J,, represents the nth mode current and 4,, is the
eigenvalue. A mode resonates when the eigenvalue is zero.
The antenna’s characteristic angle (CA) and modal
significance (MS) provide information about the antenna
radiation. MS accounts for normalized amplitudes and CA
accounts for the phase difference between field and current
as given in equations (2-3). Each mode has a maximum
MS value of 1. The more each mode tends to be closer to
1, the more likely the corresponding modes contribute to
antenna radiation.
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1
MS = |1+jln )

CA = 180° — tan™ 12, 3)

Figure 5 depicts the CMA for the first five fundamental
modes. All modes possess significance based on the MS
graphs. Nevertheless, since the MS values of modes 1 and
2 achieve resonance (MS = 1) close to the antenna's
resonance frequency, they contribute substantially to the
resonance of the antenna. This could be justified while
investigating the CA and eigenvalue plots given in Figure
5. No modes in the MS plot have a superposition that
validates satisfactory impedance matching. Table 1 lists
the CMA parameters and their characteristics with respect
to each CM modes. All the modes except mode 3 are
inductive in nature with eigen value greater than zero and
CA less than 1800. The corresponding mode resonates
when the eigen value is unity and CA of the corresponding
mode is 1800. However, it is inferred that all the modes are
significant with a value greater than 0.707 at the resonant
frequency of the antenna with modes 1 and 2 providing
utmost significance. The vector current distribution and
far-field patterns of the CM modes are displayed in Figure
6 and Figure 7 respectively. The suggested antenna
provides stable radiation characteristics for all the CM
modes. The first five fundamental modes are given as M1-
M5 for better understanding.
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Fig. 5: CMA (a) CA (b) MS, and (c) Eigenvalue
Table 1: CMA parameters and its characteristics
Freq Mode Eigen MS CA Inference
(GHz) S value
4.6 M1 0.041 0.999 | 177.63 | Inductive
M2 0.051 0.998 | 177.08 | Inductive
M3 -0.058 0.998 | 183.37 | Capacitive
M4 0.161 0.987 | 170.81 | Inductive
M5 0.236 0.973 | 166.68 | Inductive

Fig. 6: Current distribution of all CM modes
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Fig. 7: Field patterns of all CM modes

4. Results and Discussion

4.1. Scattering Parameters

The design is executed using the HFSS simulator and has
3.9-5.13 GHz bandwidth with 23 dB isolation throughout
the frequency of operation. The S-parameters are
compared with the CST MWS EM simulator and the
results are in line as shown in Figure 8.
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Fig. 8: Antenna S-Parameters

4.2. Current distribution

Figure 9 provides information about the antenna's
magnitude current concentration. It can be observed that
there is very little current concentration at the adjusting
element, indicating improved isolation and also the current
accumulates along the feedline, ground, and edges of the
excited element's radiator.
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4.3. Radiation Pattern

The radiation properties at 4.6 GHz for the presented
antenna are displayed in Figure 10. As seen in the Figure,
an omnidirectional and bidirectional pattern in the H plane
(YZ, ¢ =900) in the E plane (XZ, ¢ =00) respectively is
exhibited by the proposed antenna.

Fig. 9: Current distribution at 4.6 GHz
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Fig. 10: Radiation pattern at 4.6 GHz

Figure 11 shows the max gain and radiation efficiency v/s
frequency plot. The antenna exhibits a maximum gain and
efficiency of 4.1 dBi and 89% as seen in the Figure

5.5 100

o

™

S—

=~ 5.0 — 3\
% —=— Max gain [ 95 c
~ a5 I—— Rad efficiency| _9
c - 7]
- i | -
1] // —_ 90 =
O 404 — w
3 g
85 2

= 3.5 /._/' -
— |E

T©

3.0 v r . r 80 @
3.5 4.0 4.5 5.0 5.5 6.0 02

Frequency (GHz)

Fig. 11: Maximum gain and radiation efficiency
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4.4. MIMO diversity parameters

Diversity measurements are examined to comprehend the
antenna's potential for use in real-time MIMO applications.
The correlation between each element is provided by the
envelope correlation coefficient (ECC). Diversity gain
(DG) has to remain high for quality communication and it
is estimated using the ECC as per equation 4%. An
essential parameter for accurately expressing bandwidth
and antenna efficiency is the total active reflection
coefficient or TARC®". The lossless message transmission
in a communication channel is estimated by channel
capacity loss (CCL)%). The ratio of received power at the
diversity to isotropic antennas is called the mean effective
gain. Multiplexing efficiency evaluates the correlation of
multiple elements®$-27), The diversity metrics are calculated
using equations (4-9).
_ ISi"Sij+S5i"S 1
Ece= (1_|5ii|2_|5ji|2)(1_|sji|2_|sij|2) @)

DG = 10VI— ECC? (5)

TARC = N3 [SI, | Ty S ¢/ (6)
MEG; = 0.57;qq = 0.5(1 = X¥_, 1S;; 1) ©)
where

aii=1-n=1/NSin*Sni for ;,/=1,2,3,4,...
ay=1-n=1NSin+Sny for ;,j=1,2,3,4,...
CCL = —log, det a®
®)

ME = fﬂiﬁj(l ) 9)

Figure 12 shows the antenna’s diversity metrics whose
values are given in Table 3.
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Fig. 12: MIMO diversity metrics (a) MEG and TARC (b)
CCL and ME, and (c) ECC and DG

4.5. Comparative Analysis

Tables 2 and 3 compare the antenna with previously
published works. The tables demonstrate that the
suggested antenna performs appropriately with its
bandwidth, MIMO diversity metrics, gain, and improved
isolation.

Table 2: Proposed antenna comparison with existing works

Ref Dimension Po | BW | Gai | Decoupling
(mm?3)/43) rt | GH | ndB | mechanism
z i
1) | 32x40x1 mmd/ 2 |532 |- Stubs
0.73x0.55x0.01823 - attached to
5.64 feedline and
slotted
ground
15 | 106.6x106.6%0.8 4 119 |7 Trapezoidal
mm?3/ -6.7 slots in the
1.41x1.41x0.0123 ground
plane
16) | 110x116x1 mm?/ 4 | 222 | 056 | Stubs
0.88x0.93x0.00843 - extended
3.85 from the
ground
plane

Cite: D. John et ., "A Moda Analysis-Based Cloud-Shaped Flexible Two-Element CPW-Fed Antenna
for 5G Wireless Applications'. Evergreen, 12 (02) 895-902 (2025). https://doi.org/10.5109/7363483.

- 899 -



EVERGREEN - Joint Journal of Novel Carbon Resource Sciences & Green Asia Strategy, Vol. 12, Issue 02, pp. 895-902, June, 2025

19 | 100x60x1 mm?3/ 2 134 |3 Meta-
0.8x0.48%0.00843 - inspired
6.34 decoupling
structure
%) | 70x145x0.2mm3/ |4 | 237 | 4 Octagonal
0.55x%1.41x0.0015 - rings with
A3 5.85 radiator
Pro | 36x63x0.1 mm®/ 2 39- |41 Self-
p 0.468x0.819%0.001 5.13 isolating
323 decoupling
structure

A-computed at the lower frequency

Table 3: Comparison of MIMO diversity and isolation

Ref ECC DG | MEG | TA | CC | ME | I*
RC L
1) <0.15 9.7 - - - - 16
15) <0.004 9.99 | - - - - 18
%) | <0.2 - - - < - 30
0.2
19) <0.04 9 - - - - 10
26) <0.05 9.8 - - - - 17
Prop | <0.0025 | 9.99 | <-3dB | <-10 | <0.3 <- 23
2 0.5
I*-isolation
5. Conclusion

This paper communicates a flexible, efficient, highly
isolated CPW-fed two-element antenna covering 3.90-5.13
GHz with a 4.1 dBi peak gain beneficial for the specific
band. The antenna elements are kept at a minimal inter-
element spacing and have an isolation of 23 dB. CMA of
the antenna explains the eigenvalue-based parameters and
gives information about the antenna radiation
characteristics. MIMO diversity metrics give good results
with ECC < 0.0025, CCL = 0.32 bps/Hz, DG > 9.99, ME
< -0.5, MEG ~ -3 dB, and TARC < -10dB which is
beneficial for 5G MIMO communications.
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