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ABSTRACT: This paper introduces a decoupled dual-element array antenna designed to address the challenges of mutual coupling between
elements. To tackle this issue, a neutralization line is strategically incorporated to suppress leaky surface currents, while ensuring that
the antenna’s central frequency and radiation pattern remain intact. The dimensions of the neutralization line are carefully optimized
using the Whale Optimization Algorithm (WOA) to achieve the best possible performance, focusing on minimizing mutual coupling and
enhancing gain. By placing the neutralization line nearby between the two elements, surface currents are efficiently redirected back to
the radiating element, preventing leakage to neighboring elements. This approach also results in a more compact structure. The proposed
antenna, with overall dimensions of 50mm × 30mm × 1.6mm, is simulated using analytic software. It achieves an impressive 27 dB
reduction in mutual coupling and delivers an ultra-wide bandwidth of 1.2GHz within the Industrial Scientific and Medical (ISM) band at
an operating frequency of 2.4GHz, with a measured maximum gain of−5.19 dB. The structure was fabricated, and experimental results
closely matched the simulations, confirming the design’s effectiveness. By leveraging the WOA optimization method, the geometry of
the neutralization line was fine-tuned to maximize performance, significantly improving inter-element decoupling. This design approach
is simple yet effective and can be readily extended to other antenna array configurations, demonstrating strong potential for compact and
efficient ISM band applications.

1. INTRODUCTION

Significant growth has been observed in the utilization of
Multiple-Input Multiple-Output (MIMO) techniques with

Ultra-Wideband (UWB) array antennas since the 1970s, at-
tributed to the increasing demand for high-speed wireless com-
munication systems and Internet of Things (IoT) devices [1–5].
Under this development, microstrip antennas have emerged as a
preferred choice for MIMO configurations due to their special
features and adaptability, as explained with integrated filters
in [6, 7]. These antennas offer several benefits such as minia-
turized size, ease of integration with circuitry, and compatibil-
ity with diverse substrates, making them suitable for various
MIMO applications [8]. The attainment of compact compo-
nents is emphasized as the primary and critical necessity. This
requirement arises due to the need for space-efficient designs
in different applications. Additionally, the presence of the Mu-
tual Coupling (MC) phenomenon is highlighted as a significant
concern. This phenomenon refers to the interaction between
closely spaced antennas within an array, which can lead to un-
desired effects such as reduced antenna performance and dis-
torted radiation patterns. These challenges become particularly
pronounced in densely packed array antennae, where the prox-
imity of elements intensifies the MC effects [9]. It should be
noted that the coupling between the elements of an antenna can
be useful in the design of the required structure, such as themul-
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tilayered patch microstrip antenna [10], but in this article, the
coupling between the elements in an array is considered. More-
over, the implementation of specialized fractal geometries, such
as the slot and Slotted Patch Radiator (SPR)-loaded four-port
hen-shaped fractal UWB-MIMO antenna, further illustrates ad-
vanced approaches in managing coupling while maintaining
compact design [11, 12]. It is worth noting that based on ex-
perimental results, it becomes evident that when the distance
between antennas is less than λ0

2 , the radiation parameters of
the antennas are significantly influenced by surface waves and
near-field coupling effects between adjacent antennas [13–15].
InMIMO systems, the compact nature inherently presents chal-
lenges in increasing the distances between constituent elements
to reduce cross-coupling issues. For this reason, a solution for
reducing MC in patch array antennas is proposed in [16]. In
this work, an arrangement of metallic walls and shorting pins
was employed to address this issue. Another approach, detailed
in [17], introduces the utilization of plane spiral orbital angu-
lar momentum electromagnetic waves for mitigating MC in an
array antenna. In order to address the challenge of MC be-
tween antennas, various decoupling techniques have been pro-
posed in the literature. The decoupling techniques are clas-
sified into two key classifications: structural approaches and
network-based methods. Structural approaches involve the se-
lection of antennas, as well as their positioning and alignment.
On the other hand, network-based methods typically rely on
analytical approaches utilizing network parameters and matrix
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operations [18, 19]. Here, some references are cited that have
addressed the mitigation of MC issues through structural ap-
proaches. For instance, [20] introduces a novel topology for a
differential negative group delay circuit, leveraging a reverse
nested double U-formed DGS (Defected Ground Structure).
This approach offers promise in mitigating MC effects. More-
over, a flexible design method for microstrip band-stop, high-
pass, and band-pass filters is presented in [21], employing sim-
ilar DGS techniques. As discussed in [22], advanced isola-
tion techniques, such as those using composite mode co-planar
waveguide structures, have also shown promise in enhancing
isolation in dual-band filters for 5th Generation (5G) and body-
centric applications. Authors of [23] explored the design of an
mm-wave antenna for 5G communications, employing MIMO
technology (utilizing slot/slits-etching approaches). The signif-
icance of reducing MC in next-generation wireless communi-
cation systems is emphasized in their study. In [24, 25] a com-
prehensive review of techniques for MC reduction in MIMO
antennas is conducted, particularly focusing on the effective-
ness of DGS and parasitic elements. Furthermore, the authors
of [26] undertook a thorough examination of MC in collocated
dipole antenna setups, highlighting its impact and discussing
potential strategies for mitigation. Refs. [27–29] underscore
the significance of advanced feed network designs in mitigat-
ing MC issues. An efficient Substrate Integrated Waveguide
(SIW) feeding network for suppressing MC in slot array an-
tenna is proposed in [27], thereby enhancing overall array per-
formance. Similarly, in [28] a miniaturized and broadband ar-
ray antenna with an efficient hybrid feed network is developed,
demonstrating improved radiation characteristics and reduced
MC effects. Moreover, [29] presents a high-gain and high-
isolation SIWMIMO antenna using orthogonal diversity for in-
creasing isolation between the radiating elements. Decoupling
and matching networks are recognized as efficient solutions for
reducing MC. In [30], a decoupling and matching network de-
sign is implemented for a MIMO handset antenna, providing
valuable insights into enhancing antenna isolation and perfor-
mance. Ref. [31] introduces a suitablematching and decoupling
network design customized for single/dual-band two-element
array antennas, aiming to optimize their performance by mini-
mizing MC. Moreover, [18] applies a decoupling method to en-
hance element isolation in a dual-band array antenna, thereby
improving the overall performance and reliability of the array.
In [32], a 12 dB improvement inMC between two elements of a
microstrip array has been achieved using a split ring resonator.
Ref. [33] introduces a compressed planar monopole array with
a neutralization line for UWB communications, offering im-
proved performance and reduced MC effects. In [34], a cir-
cuit known as multipath decoupling is proposed to effectively
decouple a double-band MIMO receiver within a compact di-
mension. Furthermore, in [35] additional networks are intro-
duced on top of MIMO antennas to mitigate coupling effects
and equalize operating bandwidths. Authors of [36] investi-
gated MC reduction in array antenna using L-loading E-shaped
electromagnetic band gap structures, aiming to enhance the iso-
lation between array elements. Moreover, innovations in fully
isolated three-port converter designs have also contributed to
advancements in decoupling methodologies, showcasing their

utility in managing electrical isolation and mitigating coupling
effects in diverse applications [37]. Generally, the presence
of significant MC can result in various challenges, including
degradation of spatial and pattern diversity, poor isolation be-
tween antenna ports, reduction in antenna gain and efficiency,
and the emergence of a strong correlation among radiator ele-
ments [38, 39]. Structures with specific aperture distributions
are commonly employed in radar and military applications.
In such scenarios, certain elements are considered in the de-
sign of broadband aperture coupling microstrip array antenna,
aiming to achieve directional radiation patterns and minimize
side-lobe levels. Moreover, the Taylor distribution is utilized
for the appropriate allocation of power to individual elements
within the antenna network, thereby enhancing the overall per-
formance [40]. The effectiveness of the mentioned MC reduc-
tion techniques in enhancing the gain and bandwidth of a bi-
layer beam-scanning array antenna is observed. Researchers
developed a two-layer beam-scanning array antenna with an
improved Butler matrix-feeding network, while in [41], em-
phasis is placed on improving the Butler matrix features for a
mm-wave beam-steering array antenna. Additionally, proper
insulation within the structure is ensured by these techniques,
and the dimensions of the structure are densified, resembling
body-centric systems [42–44]. As previously mentioned, there
are numerous methods available for reducing MC phenomena.
In this paper, the utilization of a neutralization line is presented
as a novel approach to diminish the adverse effects of element
coupling in a dual-element array antenna configuration. The
strategic placement of a neutralization line between two ac-
tive elements redirects surface currents away from adjacent el-
ements, effectively reducing MC. Moreover, WOA is used to
find the optimized dimensions for the proposed neutralization
line which minimize the S21, maximize the gain, and main-
tain the S11 under −10 dB. Notably, this innovative structure
is designed to achieve ultra-wide bandwidth characteristics of
1.2GHz within the ISM band (2.4–2.8GHz). ISM band is one
of the main standard frequency bands for biotelemetry appli-
cations. The results show that the proposed structure can be
used for biotelemetry applications. The key innovations of this
research can be summarized as follows:

• A highly effective technique for reducing MC has been
implemented, resulting in a more efficient and compact
antenna array, further enhanced through optimization with
the WOA.

• An impressive 27 dB reduction in MCwas achieved, mak-
ing the design especially suitable for MIMO applications.

• A new coupling reduction segment was introduced, ensur-
ing that the primary radiation properties remained intact.

• An optimized neutralization line was designed to redi-
rect surface currents back to the radiating element, sig-
nificantly reducing leakage to adjacent elements. The di-
mensions of this line were obtained using WOA for better
performance.

The subsequent sections of the article are described as fol-
lows. Section 2 introduces the initial antenna design, while
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(a) (b)

FIGURE 1. Planned microstrip array antennas: (a) Top view, (b) Back view.

Section 3 presents the optimized neutralization line structure
and demonstrates its effect on reducing MC. Section 4 com-
pares the experimental results with the computer simulations to
highlight the effectiveness of the proposed design. The con-
cluding section summarizes the key findings and implications
of the study.

2. GEOMETRY OF THE ARRAY ANTENNA
This section introduces the geometry of the suggested mi-
crostrip array antenna. Initially, a microstrip array antenna with
two elements is proposed. It is worth noting that various struc-
tures have been evaluated. Ultimately, an array antenna oper-
ating in the standard ISM band was designed. The microstrip
structure was chosen due to its unique properties and flexibil-
ity, which facilitate the design of the desired array. An array
with two microstrip antennas was designed and implemented
to achieve a wide bandwidth in the ISM band and an omnidi-
rectional radiation pattern. The proposed structure is depicted
in Fig. 1. The antenna dimensions are as follows: W1 = 2mm,
W2 = 20mm, L1 = 10mm, L2 = 12mm, α = 27◦, and
d = 2mm.
The substrate of this structure is defined as an FR4microstrip

patch arraywith a relative permittivity of 4.4with 1.6mm thick-
ness, and the structure size is 50mm × 30mm × 1.6mm.
Furthermore, an incomplete ground structure is suggested to
achieve the optimal bandwidth. The minimum possible dis-
tance between the elements is chosen to minimize alterations
in the main radiation properties. Subsequently, a coupling re-
duction element will be added to suppress the MC between the
antenna elements.
MC is the energy absorbed by an adjacent element when the

antenna radiates. This parameter can alter the radiation pattern,
input impedance, and return loss of MIMO antennas. Fig. 2
shows the model of the equivalent circuit for the planned ge-
ometry displayed in Fig. 1.
Thus, the following simple circuit equations can be used to

analyze the model [26]:

V1 = Z11I1 + Z12I2,

V2 = Z21I1 + Z22I2.
(1)

If antenna 1 is in transmitting mode, i.e., I1 ̸= 0 and I2 = 0,
then voltage V2 is the induced voltage due to the current I1

FIGURE 2. T-Network Equivalent.

at the location of antenna 2. This induction effect in the ad-
jacent element is known as MC. If the mutual impedance be-
tween the elements, i.e., Z12 and Z21, is zero (in a symmetric
array Z12 = Z21), the MC will be zero. Typically, the MC
between elements i and j is assumed to be proportional to the
parameter S between the corresponding elements. Considering
an array with two elements, let’s denote its scattering matrix
[S]. Sij (i ̸= j) indicates the MC, which ideally should be
Sij(i ̸= j) = 0 for i, j = 0, 1, 2, 3, . . .. In this case, the ar-
ray elements would operate independently, demonstrating the
best radiation characteristics. However, achieving a zero value
for the scattering parameter on the off-diagonal elements of the
scattering matrix is not feasible in practice. Therefore, by alter-
ing the structure, reducing this value as close to zero as possible
will significantly minimize the coupling between elements.
As observed in Fig. 3, when the minimum distance between

two elements is changed from 2 to 9mm, the behavior of the S
parameter will change.
These results demonstrate that the distance between elements

plays a crucial role in the MC within the array. Increasing the

FIGURE 3. Simulation results coupling S-parameter variations for dif-
ferent element spacing.
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(b)

FIGURE 4. The simulation outcomes of the proposed array antenna at 2.4GHz: (a) Scattering parameter analysis, (b) Radiation pattern analysis.

distance between elements reducesMC; however, it also results
in a larger array size, which is not ideal for low-profile struc-
tures. Therefore, to demonstrate the efficiency of the suggested
method in this article, we have intentionally selected an inter-
element spacing that results in significant MC. The proposed
method is then applied to mitigate this coupling. As can be ob-
served, the maximum coupling occurred for d = 2mm.
Generally, in Fig. 4, the simulation’s outcome of the scat-

tering parameter and radiation patterns are depicted. The ra-
diation patterns of the designed antenna are nearly omnidirec-
tional with a maximum gain of −6.17 dB at 2.4GHz. Further-
more, a bandwidth of 5.7GHz is achieved by the structure and
f0 = 2.4GHz. An MC of −19 dB is obtained at f0. It is es-
sential to note that these values will serve as the benchmark
for evaluation after applying the proposed method and reduc-
ing MC.
As previously mentioned, the distance between adjacent ele-

ments plays a crucial role in MC. The calculated current distri-
butions on the antenna surface and the dielectric’s top plate are
depicted in Fig. 5 for d = 2mm.

FIGURE 5. The current distribution of the proposed antenna at 2.4GHz.

The surface currents at 2.4GHz strongly flow toward the
other port, inducing current to propagate towards the opposite
port, resulting in a wave propagation from the off port. Min-
imizing leakage current flow on the surface is crucial to effi-
ciently reduce coupling. To mitigate the adverse effects of sur-

face current, one approach is to place a dummy element or two
elements where the surface current dissipates. Another method
is to guide the surface current towards the radiating element by
placing a neutralization line. For this reason, the optimal struc-
ture will be introduced in the next section.

FIGURE 6. The proposed structure with a decoupling segment.

3. THE PROPOSED MODIFIED STRUCTURE WITH OP-
TIMIZATION PROCESS
As previously observed in Fig. 5, the primary leakage of current
from one element to another occurs through the transmission
line and surface currents on the upper dielectric layer. There-
fore, a crank-shape neutralization line is proposed to reduce the
effect of surface current as shown in Fig. 6. This neutralization
line effectively reduces the surface current’s impact, preventing
the leakage and induced currents from the first element from af-
fecting the adjacent one. Furthermore, to minimize the negative
impact of surface current leakage on the array’s radiation char-
acteristics, an additional element is integrated at the end of the
neutralization line. This element helps guide the surface current
back towards the radiating element, ensuring that the radiation
performance is not compromised. To fine-tune the dimensions
of L3 and W3, WOA is applied, optimizing these parameters
for the best possible performance.

3.1. Neutralization Line Optimization and Impact
Incorporating the neutralization line is expected to significantly
decrease the mutual coupling between the antennas by prevent-
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ing unwanted current leakage to the adjacent element. How-
ever, it is vital to determine the optimum dimensions forL3 and
W3. For this reason, the WOA is utilized [45]. The objective
function was designed to minimize S21 (coupling between an-
tenna elements), maximize the gain, and ensure that S11 (input
reflection coefficient) remained below −10 dB. The weighted
fitness function was formulated as below:

Fitness = w1 · S21 − w2 · Gain+ w3 · PS11
(2)

where,

PS11
=

{
µ · (S11 + 10)2 if S11 > −10 dB
0 otherwise

(3)

Moreover, w1, w2, and w3 are weights assigned to S21, gain,
and the penalty term (PS11), respectively, to control their rela-
tive importance in the optimization process. The values of these
weights are considered as: w1 = 1, w2 = 0.3, and w3 = 0.7
since the reduction of S21 is more important. Also, µ is a large
penalty coefficient that ensures that the constraint on S11 is
strictly enforced and is set to 100. TheWOA begins by generat-
ing an initial population of whales distributed randomly within
the design space as can be seen in Fig. 7.

FIGURE 7. Population Distribution at First Iteration.

For each iteration, the design parameters L3 and W3 for all
candidates are exported to High Frequency Structure Simulator
(HFSS), where the antenna model is simulated to evaluate key
performance metrics such as S21, S11, and gain. These met-
rics are then sent back to MATLAB, where the fitness value
for each candidate solution is calculated using the objective
function (2). Based on the fitness values, the WOA updates
the positions of the whales using encircling, spiral, and random
search mechanisms. The updated parameters are subsequently
sent back to HFSS for further evaluation. This iterative process
continues until the algorithm converges, providing optimal di-
mensions for the neutralization line that significantly reduces
mutual coupling, enhances gain, and maintains S11 < −10 dB.
The flowchart of the optimization process used in this paper is
presented in Fig. 8.
The boundary constraints for L3 and W3 are considered

[1, 30]mm and [0.5, 2]mm, respectively, to align with the real
dimensions of the proposed array antenna. The population size
is set to 30, and the total number of iterations is defined as 50

FIGURE 8. Flowchart of the utilized optimization process.

to achieve the optimized solution. Fig. 9 shows the final distri-
bution of the whale population at the last iteration. As seen, the
optimal point (red point) for the (L3,W3) is (23, 1)mm. More-
over, the convergence curve of the WOA is shown in Fig. 10.
As shown, the algorithm progressively reduces the fitness value
with each iteration, demonstrating that the population of whales
is continuously converging toward the optimal solution.
The current distribution on the antenna surfaces and the top

plate of the dielectric are presented in Fig. 11, for the optimal
solution (L3,W3) = (23, 1)mm.

FIGURE 9. Final distribution of the whales population.

FIGURE 10. Convergence of WOA.
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TABLE 1. Comparison of suggested MC reduction with other published researches.

Ref. Year Element Spacing (λ0) S21(dB) Array Coupling Reduction Method
This Paper 2024 0.16 −27 1× 2 WOA-optimized Neutralization Line Adding

[46] 2024 0.16
−22 (2.45GHz),
−27 (5.4GHz)

1× 2 Parasitic Element Adding (Dual Bands)

[35] 2023 0.03 −21 1× 2 Near Field Coupling Reduction
[18] 2022 0.78 −10 1× 2 Decoupling and Matching Network
[40] 2021 0.15 −23 1× 2 Decoupling and Matching Network
[31] 2020 2 −31 1× 2 Decoupling and Matching Network
[47] 2017 0.83 −16 1× 2 Metamaterial
[48] 2017 0.08 −30 1× 2 Array-Antenna Decoupling Surface
[36] 2016 0.26 −26 1× 2 Electromagnetic Band Gap
[49] 2016 0.72 −20 7× 3 Asymmetrical Coplanar Strip Wall
[50] 2014 0.05 < −40 1× 2 Slot-Combined Complementary Split Ring Resonators
[51] 2011 0.50 < −20 1× 2 Folded Split-Ring Resonators
[52] 2011 0.72 < −20 7× 3 Metamaterial

FIGURE 11. Current distribution of the modified antennas at 2.4GHz. FIGURE 12. The fabricated antenna.

Figure 11 clearly shows that at 2.4GHz, the neutralization
line effectively prevents current leakage to the adjacent element
and ultimately even redirects the current back to the radiating
element. This is a confirmation of the positive effect of the
proposedmethod in reducingMCwith the comparison of Fig. 5.

4. EXPERIMENTAL RESULTS
To validate the accuracy of the software design results, an an-
tenna prototype has been manufactured and measured under
real conditions, as depicted in Fig. 12. The substrate of the
structure is FR4 with a thickness of 1.6mm.
The measurement outcomes demonstrate the effectiveness of

this methodology on practical antennas, as shown in Fig. 13.
The empirical findings support the simulation results, confirm-

ing the desired accuracy of the method. It is worth mentioning
that the measured outcomes of the scattering parameters (rather
than the frequency response of the structure) differ slightly from
the simulations. This discrepancy can be attributed to testing
conditions such as the connected connector and fabrication pre-
cision. The MC is approximately −27 dB; the bandwidth is
about 1.2GHz; and the peak gain is −5.19 dB.
In Table 1, the results of the suggested decoupling method

have been comparedwith results from other reported researches
with different coupling reduction methods. Consequently, the
technique proposed in this paper effectively suppresses the MC
phenomena and offers compact structures suitable for certain
aperture distributions, such as Taylor or Chebyshev distribu-
tions. Moreover, the proposed technique can be applied to in-
body array antennas, reducing the overall dimensions of the
structure.
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(a)
(b)

FIGURE 13. The measurement results of the antenna prototype, (a) S-parameters results (simulation and measurement), (b) Radiation pattern results
at 2.4GHz.

5. CONCLUSION

In this paper, a decoupling technique is introduced to reduce
mutual coupling in UWB array antennas. The method involves
incorporating a passive neutralization line between two patches
to suppress coupling effects. This neutralization line is strate-
gically placed to redirect leaky currents back to the radiating
element, preventing their leakage to adjacent elements while
maintaining the antenna’s central frequency and radiation pat-
tern. The dimensions of the neutralization line are optimized
using WOA to achieve the best possible performance, focus-
ing on minimizing mutual coupling and enhancing gain. The
proposed antenna design achieves an ultra-wide bandwidth of
1.2GHz within the ISM band, with a significant 27 dB reduc-
tion in mutual coupling at the central frequency of 2.4GHz and
a maximum gain of −5.19 dB. Simulation results and experi-
mental measurements confirm that the optimized design is ef-
fective, with the fabricated antenna performing as expected.
This simple yet powerful design approach, leveraging WOA,
offers strong potential for compact and efficient applications
in the specified frequency band and can be extended to other
antenna array configurations.
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