
Received 9 July 2024, accepted 19 August 2024, date of publication 28 August 2024, date of current version 6 September 2024.

Digital Object Identifier 10.1109/ACCESS.2024.3450868

Frequency and Pattern Reconfigurable CPW-Fed
MIMO Antenna With Multiband and
Wideband Characteristics
ADAMU HALILU JABIRE1,2, (Member, IEEE), HAMAD M. ALKHOORI 1, (Member, IEEE),
ADNAN GHAFFAR3, YANAL S. FAOURI 4, (Senior Member, IEEE), ABDULRAHMAN DAHIR1,
AND MOUSA I. HUSSEIN 1, (Senior Member, IEEE)
1Department of Electrical and Communication Engineering, United Arab Emirates University, Al Ain, United Arab Emirates
2Department of Electrical and Electronics Engineering, Taraba State University, Jalingo 660213, Nigeria
3Department of Electrical and Electronics Engineering, Auckland University of Technology, Auckland 1010, New Zealand
4Electrical Engineering Department, The University of Jordan, Amman 11942, Jordan

Corresponding author: Mousa I. Hussein (mihussein@uaeu.ac.ae)

This work was supported by United Arab Emirates University.

ABSTRACT This study introduces a coplanar waveguide MIMO antenna design that offers both frequency
and pattern reconfigurability. The antenna is intended for applications inWiMAX,WLAN, and X-Band. It is
constructed using an FR4 substrate with dimensions of 1.6mm thickness and 0.025 loss tangent. Based on the
proposed design, MIMO antennas can operate at 3.5 & 3.9GHz (WiMAX), 5.5 & 5.8GHz (WLAN) and 10.5
& 12.5GHz (X-Band). To accomplish this, two open-circuited 3mm x 3mm quatre wavelength transformers
are linked to each radiator through PIN diodes. The performance enhancement of the reconfigurable MIMO
antenna was fine-tuned utilizing microwave solvers in both CST and ADS. The system’s performance
was validated through practical measurements. Furthermore, the analysis of diversity conducted on the
suggested antenna reveals that the antenna has a low correlation coefficient (< 0.0001), channel capacity
(< 0.4bits/sec/Hz), and total active reflection coefficient (< 0dB). The measured isolation of < -20dB is
noticed for all three states. Antenna peak gain is 6.2dBi, with over 80% efficiency. A MIMO antenna with
these characteristics suits a wide range of wireless communication systems.

INDEX TERMS Coplanar waveguide, equivalent circuit, multiple-input-multiple-output (MIMO), multi-
band, positive intrinsic negative (PIN) diode.

I. INTRODUCTION
The fast technology-advancing world constantly pushes the
efficiency boundaries of a provided service to be enhanced,
resulting in the development of new tools. Radiofrequency
(RF) systems are expected to be frequency agile, cognitive,
and software-defined to enable optimum spectrum and power
utilization [1]. This system requires antenna architectures that
are reconfigurable and multifunctional. Frequency reconfig-
uration reorganizes the electrical length of the radiator and
requires additional passive components to reconfigure the
operating frequency bands. The most desired capabilities for
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antennas include reconfiguration in an active frequency band,
radiation pattern, and polarization while occupying minimal
space. Antenna reconfiguration is typically achieved by delib-
erate rearrangement of individual components, including
radiating components, feed networks, or parasitic elements
in the vicinity of the antenna [2]. Ideally, when one antenna
property is reconfigured, the other desirable properties should
remain unchanged. Obtaining reconfiguration in one antenna
property is challenging without negatively impacting other
desirable properties. The reconfigurable and MIMO antenna
are two different things; synergizing the features will help
enhance the two techniques. The two techniques need to be
merged to benefit from MIMO and reconfigurability, lead-
ing us to dynamically improve the system performance in
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a changing scenario compared to a conventional wireless
system. As a result, antennas are required to have frequency
tuning features to adapt some useful frequency bands. Thus,
reconfigurable antennas become a unique solution in wireless
communication to incorporate multimode functionality in a
single aperture rather than a fixed instrument [3] [4] [5].
Hence, a reconfigurable frequency antenna can perform best
in a wireless communication system. Antennasmust have fre-
quency tuning features to conform newly released frequency
bands with other sub-6GHz bands [6].

Antenna reconfiguration techniques include PIN diodes
[7], [8], varactor diodes [9], radio frequency microelec-
tromechanical systems (RF-MEMS) [10] [11] [12], optical
techniques [13], [14], smart materials [15], [16], andmechan-
ical techniques [16], [17]. In [18], a UWB-MIMO antenna
was reported with a bandwidth of 1.48-4.56GHz and the
ability to operate on multiband; however, the antenna design
was complex. In [19], a reconfigurable MIMO antenna for
WLAN and UWB applications has been reported. The gain
is relatively high, but the isolate. In [20], a reconfigurable
MIMO antenna for UWB has been reported. Although it has
a relatively high gain, the antenna is not compact. The narrow
open-slot LTE-MIMO antenna reported in [21] is capable of
multiband operation at the lower band of GSM and LTE.
Despite this, the antenna has low isolation and efficiency.
According to [22], PIN diodes can switch parasitic ground
structures over four frequencies. It is, however, a complex
design. A circular patch MIMO antenna with reconfigura-
bility, aimed at 5G sub-6GHz and WLAN applications,
is documented in reference [23]. Operating in a dual-band
of 3.4 – 3.8GHz, this antenna demonstrates a maximum gain
of 2.68dBi. Its drawback lies in its low gain and efficiency.
In another study, a frequency-agile MIMO antenna, outlined
in [24], employs a reconfigurable feedline. While offering an
impedance range of 1.42 – 2.27GHz, it contends with low
gain and occupies more space. Meanwhile, [25] presents a
multimode frequency-reconfigurable MIMO antenna cater-
ing to sensing and reconfigurable communication modes.
Despite its broader functionality, the antenna lacks com-
pactness and features a relatively modest gain of 2.6dBi.
A separate instance of a circular patch MIMO antenna for
5G sub-6GHz and WLAN applications, as described in [23],
also uses the dual-band from 3.4 to 3.8GHz. A compact
reconfigurable MIMO antenna, outlined in [26], is designed
for WLAN and WiMAX-band microwave sensing. Employ-
ing four PIN diodes for reconfiguration, this antenna boasts
multiband frequency response and compact dimensions yet
faces limitations regarding gain and bandwidth. A different
approach is seen in [27], where a frequency-reconfigurable
yagi-likeMIMO antenna employs varactor diodes for switch-
ing. Its wideband response covers 2.5 – 4.5GHz, with
a commendable gain of 5dBi, but its compactness is
compromised.

The horn bowtie dumbbell antenna incorporates a
machine-learning technique to achieve pattern

reconfigurability, as detailed in [28]. By positioning three
PIN diodes within the gaps of the reflector and manipulating
their states, a significant alteration in the radiation pattern
is achieved, enabling the adjustment of beam width from
10.70 to 156.20. In a different approach, [29] presents a
configurable antenna array of dimensions 1 × 4, offering
both broadband frequency tuning and a wide scanning angle.
This innovation is based on octagon microstrip patches,
allowing for simultaneous configuration of frequency and
far-field pattern. Another reconfigurable pattern antenna is
highlighted in [30], where liquid metal is the core element.
A balun feeds the dipole, and the adaptability to modify
the length of the parasitic dipoles results in configurable
radiation characteristics. Likewise, [31] introduces an inven-
tive antenna with adaptable patterns, utilizing a low-profile
electric and magnetic radiation source for diversified pat-
terns under 6GHz. Pattern adjustments are facilitated by the
integration of PIN diodes in the reconfigurable network.
This arrangement facilitates eight radiation modes for beam
steering, spanning a full 360-degree range.

The above literature illustrates the wide range of reconfig-
urable MIMO antennas used in WiMAX, LTE, ISM, WLAN,
and 5G sub 6GHz applications. Although some antennas are
compact in size, simple geometry, and design, they have rela-
tively low gain, narrow bandwidth, and low isolation. Though
some designs may have higher gain and high isolation, their
disadvantage is complex structure and non-compactness, and
a product like this can be costly to manufacture. Based on the
above study, a wide band and compact reconfigurable MIMO
antenna should be created using simple geometry, as well as
being small and having high gain and isolation. A part from
that, the proposed antenna has both frequency and pattern
reconfigurabilty. Which find application in wireless commu-
nication system, MIMO systems, IOT and mobile devices.
This study proposes an antenna of the same kind constructed
using a simple and cost-effective substrate. PIN diodes can
be used to set it for use over a wideband covering sub-6GHz
applications, such as WLAN, WiMAX, 4G, 5G, and X-band.
In the rest of the letter, four sections are presented. Section II
explores the MIMO antenna design process, the suggested
antenna’s form, its operational principle, and the equivalent
circuit model. In section III, the measured results and the
hardware prototype are discussed. The diversity analysis and
comparison of the suggested MIMO antenna with the most
recent research are covered in section IV. Section V con-
cludes with final remarks.

II. THE PROPOSED MIMO RECONFIGURABLE ANTENNA
DESIGN METHODOLOGY
A. MIMO ANTENNA CONFIGURATION
The proposed geometry of a reconfigurable MIMO system is
shown in Figure 1. The W1 is used to excite the antenna’s
stepped radiators, which has the benefit of having wide-
band characteristics. Two open-circuited quatre wavelength
transformers are coupled to stepped rectangular radiators via
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PIN diodes D1, D2, D3, and D4 for frequency and pattern
reconfigurability. Modifying the distance between the feed-
line and the ground plane matches the proposed antenna to
50� feedlines. A common ground plane is connected via
L6, as depicted in Figure 1. On the top side of an FR4
substrate with a loss tangent of 0.025, relative permittivity
of 4.3, and thickness of 1.6mm, the MIMO antenna is etched.
The antenna’s performance was optimized using Advanced
Design System (ADS) and Computer Simulation Technology
(CST). Table 1 displays the optimal parameters of the sug-
gested antenna.

FIGURE 1. The proposed CPW-fed frequency and pattern reconfigurable
MIMO antenna’s geometry is (a) front view, (b) side view, and (c) back
view.

TABLE 1. Dimensions of the proposed configurable MIMO antenna.

B. EVOLUTION STEPS
The stages that were necessary to complete the development
of the CPW-fed rectangular monopole antenna are depicted in
Figure 2(a). The MIMO antenna was designed using a 7GHz
center frequency. The S11 spectra of the MIMO antenna in
Fig. 2(b) are limited. When a rectangular patch is added
to the second stage on top of the initial radiator, the S11
response experiences a further enhancement in the lower
band. In the third step, a rectangular patch of different lengths
and widths is added to the top of the second patch. This
step, as seen in Fig. 2(b), greatly enhances the S11 response,
while it is not precisely matched. In the fourth step, the
additional stepped rectangular patch is attached. This resulted
in introducing two wideband frequency modes starting from
2.7 – 5.8GHz and 8 – 11.5GHz, and an impedance match
of more than -30dB & -15 dB. The fifth phase involves the

addition of an additional rectangular patch atop the fourth
one. This new patch enhances the antenna’s capabilities,
resulting in a UWB response spanning 2.8 – 12 GHz. The
The foundation of the suggested antenna is rooted in the
fifth step. To achieve reconfigurable architecture, the quatre
wavelength transformer remains linked to the primary radia-
tor via PIN diode switches, which can be toggled between the
‘‘on’’ and ‘‘off’’ states. The quatre wavelength transformer is
3mm × 3mm, calculated using equation (1).

λ6

4
=

[
C

√
εeff×f

]
(1)

where c = 3 × 108m/s is the speed of light, f = 6 GHz, and
εeff = 4.3.

FIGURE 2. (a) Evolution stages of suggested MIMO antenna, (b) S11
spectra of the various stages.

C. EQUIVALENT CIRCUIT MODEL ANALYSIS
1) EQUIVALENT CIRCUIT FOR CASE-00 (OFF STATE)
The ADS software was utilized to optimize the equivalent
circuit of the proposed MIMO antenna when it’s in its
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off state, as depicted in Figure 3. The basis to choose the
value of resistance is based on the use of lumped elements
from the ADS software and assigning a certain range of
values from the simulation variable setup of 1 × 10^-6 to
1.5 × 10^6 which is large enough for convergence during the
optimization process. The gradient optimization technique is
employed to refine the model parameters within the specified
range of minimum and maximum values for each compo-
nent [32]. The model consists of connections between the
feedline’s first parallel RLC circuit and an inductor on the
left-hand side representing the first port, followed by four
cascaded RLC circuits with a second inductor for the second
port. Two inductors, Lf3 and Lf4, in series with two parallel
shunt capacitors 0.15pF that represent the four diodes in their
off states. The graphical representation of the S11 spectra
is illustrated in Figure 4, showcasing a comparison with
the full-wave CST model, which enables two narrow bands
of 2.8GHz & 3.5GHz, and two ultra-wideband response of
4.8 – 7GHz & 9 -13GHz, respectively. The optimized circuit
components are given in Table 2.

FIGURE 3. Equivalent circuit model for case-00 (off-state).

FIGURE 4. Equivalent circuit model S11 for case-00 (off-state).

TABLE 2. Components used in case-00 (off state), (R(�), L(pH), C(pF)).

2) EQUIVALENT CIRCUIT FOR CASE-01 (ON STATE)
A similar analysis was performed for a proposed config-
urable MIMO antenna. The diode is activated, and the four

shunt capacitors are replaced with four 1.5� resistors. The
values of the circuit parameters are re-optimized to produce
a wide impedance width from 2.7 – 4GHz, 6 – 8GHz and
9 – 11.5GHz. The equivalent circuit of the diodes status is
shown in Figure 5, four sections of parallel RLC resonators
have been utilized to represent the UWB behavior of the
designed antenna, the more resonators the more the band-
width [32]. The effect of adding one resonator at a time
is shown in Figure 6b, after adding each resonator a wide
optimization has been conducted to predict the components
values. The four resonator case match the antenna behavior
with the optimized parameters have been determined using
ADS simulator. The refined parameter values for the circuit
components are detailed in Table 3.

FIGURE 5. Equivalent circuit model for case-01 (on-state).

FIGURE 6. (a) Equivalent circuit model S11 for case-01 (on-state), (b) S11
responds for various resonators.
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TABLE 3. Components used in case-01 (on state), (R(�), L(pH), C(pF)).

3) EQUIVALENT CIRCUIT FOR CASE-02 (OFF, ON, ON, OFF
STATE)
Further optimization processes were performed on the com-
ponents shown in Figure 7 to see the effect on the S11 spectra.
In this state, the first resistor is replacedwith a shunt capacitor
in the first diode. For the fourth diode, the resistor is also
replaced with one shunt capacitor representing the ‘‘OFF,
ON, ON, OFF’’ state after the four cascaded RLC circuits,
which produce a single wideband and one ultra-wideband at
2.7 – 4.2GHz and 6 – 11GHz respectively. Figure 8 depicts the
MIMO model S11 as compared to the CST model. The opti-
mized values of the circuit parameters are given in Table 4.

FIGURE 7. Equivalent circuit model for case-02 (off, on, on, off-state).

FIGURE 8. Equivalent circuit model S11 for case-02 (off, on, on, off-state).

4) CIRCUIT MODEL PARAMETRIC ANALYSIS
Some circuit components have undergone an optimization
process to examine the effects on antenna responses and the
critical effect components. Varying the resistor ‘R4’ values
will impact the antenna in terms of its matching around
2.8GHz, 7GHz, and 10 – 14GHz. The value of the ‘R4’

TABLE 4. Components used in case-02 (off, on, on, off state), (R(�),
L(pH), C(pF)).

for 1�, 3.481�, 135.8� and 3484.5� are visualized in
Figure 9(a); as the resistance increases, achieving S11 match-
ing becomes possible. The optimal value is 3484.5�. The
second investigated component is ‘L2’. Its effect is depicted in
Figure 9(b) around 2.8GHz, 7GHz, and 10.7GHz. The impact
of capacitance ‘C4’ on enhancing the matching of the pro-
posed antenna is explored in Figure 9(c). As the capacitance
value rises, the frequency alignment also increases.

D. PRINCIPLE OF OPERATION
Four PIN diodes, D1 – D4, are coupled to two open-circuited
transformers; when D1 – D4 are activated in forward DC
bias mode, the lower rectangular monopole antenna radiates.
As explained below, the four PIN diodes offer different bias-
ing scenarios.

1) CASE-00
The four diodes in this instance are reverse-biased (switch
OFF). Hence, the MIMO antenna radiates at 2.8GHz,
3.5GHz, 4.9 – 7.6GHz and 8.6 – 13.4GHz. In this case, adding
a biasing circuit does not affect S11, as depicted in Figure 10.

2) CASE- 01
The four PIN diodes D1 through D4 in this instance are
forward-biased (switch ON), thus connected to the main
radiator. This antenna configuration, therefore, resonates at
(2.5 – 4.16GHz, 6.1 – 8.5GHz, and 9.1 – 11.8GHz) band-
widths. The effect of adding a biasing circuit affected the S11
in this second case, as depicted in Figure 11.

3) CASE-02
Diode D1 is reverse-biased (switched off) in this last scene,
while D2 and D3 are forward-biased (switched on), and
D4 is reverse-biased (switched off). In this situation, the
antenna radiates at frequencies between 2.56 - 4.3 GHz,
6.3 - 11.4 GHz, and 12.4 - 14 GHz. Figure 12 depicts the
S11 after adding the biasing circuit.

III. MEASURED AND SIMULATION RESULTS
This section demonstrates the simulated andmeasured results
of the proposed reconfigurable MIMO antenna. The RF PIN
diode employed in the proposed MIMO antenna’s equivalent
circuit model is shown in Figure 13 for both forward bias
(switch on) and reverse bias (switch off) conditions. The
experimental setup is depicted in Figure 14, while Figure 15
showcases the constructed antenna. The MIMO antenna’s
S11 spectra and isolation capabilities were evaluated using a
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FIGURE 9. Optimization of the circuit components when the diodes are
all ON (a) R4, (b) L2, and (c) C4.

vector network analyzer (ROHDE & SCHWARZ ZVL VNA
model) covering the frequency range of 9kHz to 13.6GHz.
An anechoic chamber (Model 6000, S/N 2019017) was uti-
lized to measure far-field patterns. Reception was facilitated
by a standard horn antenna, maintaining a 1-meter separation
between the test antenna and the reference horn antenna. Only
three cases were reported because all the remaining thirteen
states were analyzed, but there were no changes with respect
to the states.

FIGURE 10. The effect of a biasing circuit for OFF state.

FIGURE 11. The effect of a biasing circuit for ON state.

FIGURE 12. The effect of a biasing circuit for OFF, ON, ON-OFF state.

A. CASE-00
When both PIN D1 – D4 are turned off, the S11 and S21 spec-
tra, realized gain and total efficiency are shown in Figure 16.
Indicating that the suggested antenna resonates at 2.8GHz,
3.5GHz narrow bandwidth, wide impedance width of
4.9 – 7.6GHz and 8.6 – 13.4GHz. The peak realized gain
is >5dBi at 11GHz, and the peak measured efficiency is >

80%, ranging from 3GHz to 15GHz. The simulation results
align well with the measurement data.
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FIGURE 13. The equivalent circuit for the PIN diode is (a) forward-biased
and (b) reverse-biased.

FIGURE 14. Experimental setup for CPW-fed configurable MIMO antenna
at On state.

B. CASE-01
The measured and simulated (S11 & S21), peak realized gain,
and MIMO antenna’s efficiency when D1 through D4 are in
the ON state is depicted in Figure 17. In this configuration
modes, three wideband resonance frequencies have been real-
ized, i.e., 2.5 – 4.6GHz, 6.1 – 8.5GHz and 9.1 – 11.8GHz
respectively. The measured peak realized gain is 6.2dBi at
13.4GHz. The measured peak efficiency is 81% at 8.6GHz.
The simulation results align well with the measurement data.

C. CASE-02
Figure 18 presents the spectral profiles of S11 and S21, as well
as the gain and radiation efficiency of the proposed MIMO
antenna across four distinct switching conditions: D1 off, D2
on, D3 on, and D4 off. In this case, the antenna resonates
at three different wideband responses of 2.56 – 4.3GHz,
6.3 – 11.4GHz, and 12.4 – 14GHz. Both measured and sim-
ulated isolations are below -30 dB. The highest efficiency,
reaching 83.2% at 9.2 GHz, corresponds to a peak realized
gain of 4.7 dBi at 11 GHz. Consistency between simulation
and measurement is evident. In Table 5, the performance
of the MIMO antenna is detailed under various PIN diode
switching conditions. It is significant to observe that the

FIGURE 15. Prototype of the proposed frequency and pattern
configurable MIMO antenna (a) front view, (b) back view.

antenna consistently upholds intense isolation levels below
-20 dB, attains peak gains exceeding four dBi, and sustains
a radiation efficiency surpassing 80%. The information pro-
vided in the table underscores the proposed MIMO antenna’s
flexibility for diverse applications, such as WLAN, WiMAX,
and X-band, as it can be electronically adjusted.

TABLE 5. Performance of an antenna when subjected to different
switching scenarios involving PIN diodes.

D. FAR-FIELD PATTERN RECONFIGURABILITY
The radiation mechanism of the antenna elements is based
on the excitation of surface currents on the patch and
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FIGURE 16. The spectral profiles of S11 and S21 realized gain and
efficiency for the suggested MIMO antenna under the condition where
both PIN diodes are reverse biased (switched off).

the subsequent radiation of electromagnetic waves. In this
design, the antenna elements are optimized for frequency and

FIGURE 17. Spectral characteristics of S11, S21, gain, and efficiency for
the suggested MIMO antenna under the condition where both PIN diodes
are biased forward (turned on).

pattern reconfigurability, which is achieved through specific
geometric configurations and the inclusion of slots and vias.
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FIGURE 18. The S11 spectra and S21 spectra realized gain and efficiency
response when the diodes are in the OFF, ON, ON, and OFF modes.

When the antenna is fed with a signal, surface currents are
induced on the patch. These currents create electromagnetic

fields that radiate away from the antenna. The distribution
of the surface current is influenced by the shape and dimen-
sions of the radiator, as well as the presence of slots and
vias. The antenna was subjected to measurement within a
calibrated anechoic chamber to assess its far-field radiation
characteristics, illustrated in Figure 19. The prototype that
was fabricated was placed atop a rotating platform, facing a
wideband horn antenna positioned at a distance of 1 meter.
The diodes were regulated using a DC source set at 6.8V
according to the datasheet specifications. Figure 20 exhibits a
measured radiation pattern of the antenna for the PIN diodes
in state 00-02 at a frequency of 2.8GHz, observing both
the E-plane and H-plane. The MIMO antenna at 2.8GHz
showcases omnidirectional patterns in the E-plane during
the OFF state, exhibiting a slight tilt in the ON state, and
a broadside direction is observed for the OFF-ON-ON-OFF
configuration. In the H-plane, radiation occurs in two oppo-
site directions for the OFF-OFF states, while for the case of
02, the pattern displays bidirectional characteristics.

FIGURE 19. The proposed configurable MIMO antenna’s far-field setup.

For cases 00 to 02 at 3.5GHz and 5.8GHz, the E-plane
showed a broadband pattern, while the H-plane displayed a
bidirectional pattern. Figures 21 and 22 illustrate this. The E
and H planes also exhibit a different pattern when the antenna
is in case 00 – case 02 at 10.5GHz, as shown in Figure 23.
There is excellent agreement between the measured and sim-
ulated far-field patterns for diodes in OFF, ON, and OFF, ON,
ON, OFF states.

The configurable MIMO antenna’s surface current density
was investigated when both port one and port 2 were excited.
Figure 24 presents the surface current density at 2.8GHz,
3.5GHz, 5.8GHz and 10.5GHz, respectively, when port 1 is
excited. Similar plots were obtained when port 2 was excited
as shown in Figure 25. An input port experiences a more
pronounced accumulation of currents. The majority of these
currents were centered around the feedlines and the tips of the
patch antenna.

IV. RECONFIGURABLE MIMO ANTENNA DIVERSITY
ANALYSIS
This section analyzes and discusses the MIMO metric per-
formance of the suggested antenna. In our proposed design,
we did not use any decoupling network because there is
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FIGURE 20. Simulation and measurement pattern reconfigurability at
2.8GHz (a) case-00, (b) case-01, and (c) case-02.

a quadrature phase shift of the two antenna orientations.
A parametric analysis is carried out for different distances
between the two antenna elements, which shows the effect in
the isolation of the reported antenna, as depicted in Figure 26,
where the optimum value has been selected. There are several

FIGURE 21. Simulation and measurement pattern reconfigurability at
3.5GHz (a) case-00, (b) case-01, and (c) case-02.

ways to quantify performance, including measuring the total
active reflection coefficient (TARC), the envelope correla-
tion coefficient (ECC), the channel capacity loss (CCL), the
diversity gain (DG), and the mean effective gain (MEG).
TARC quantifies signal interference between MIMO chan-
nels. It was calculated using the following equation (2) [33]:

TARC =

∑N
n=1 |bi|2∑N
n=1 |ai|2

=

√(
Sii + Sij

)2
+

(
Sjj + Sji

)2
n

(2)
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FIGURE 22. Simulation and measurement pattern reconfigurability at
5.8GHz (a) case-00, (b) case-01, and (c) case-02.

The incident wave from port to patch is represented by ai,
and bi signifies the waves reflected from patch to port. The
variable n indicates the count of MIMO elements engaged
in transmission or reception. TARC also imparts insights

FIGURE 23. Simulation and measurement pattern reconfigurability at
10.5GHz (a) case-00, (b) case-01, and (c) case-02.

into the observable return loss of the MIMO antenna. The
measured and simulated TARC, shown in Figure 27, is below
-10 dB, in compliance with established norms. Another gauge
of element correlation in the antenna is the ECC, which influ-
ences the capacity of the MIMO system’s channel. As per
standards, the ECC should be below 0.1, as indicated by [34]
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FIGURE 24. Current distribution at (a) 2.8GHz, (b) 3.5GHz, (c) 5.8GHz, and
(d) 10.5GHz when port 1 is excited.

and [35]. It can be evaluated using equation (3) [36].

ρe =

∣∣∣∫∫4π [
F⃗1(θ, φ) × F⃗2(θ, φ)d�

]∣∣∣2∣∣∣∫∫4π [
F⃗1(θ, φ)

]∣∣∣2 d�

∣∣∣∫∫4π [
F⃗2(θ, φ)

]∣∣∣2 d�

(3)

The far-field characteristic of the MIMO is denoted by
F⃗i (θ, ϕ) when either port 1 or 2 is stimulated. The alteration
in ECC is illustrated in Figure 28, with a measurement below
0.0012.

The diversity gain (DG) serves as an additional perfor-
mance measure to confirm the extent of power reduction in
transmission. It is calculated based on the ECC using the
approach outlined in [37].

DG = 10 ×

√
1 − ρ2 (4)

The diversity gain (DG) of the antenna under consideration
is 9.994dB, depicted in Figure 29. Increasing the number
of antenna elements results in a linear reduction of chan-
nel capacity. To effectively accommodate real data rates,
MIMO systems benefit from a higher number of antenna

FIGURE 25. Current distribution at (a) 2.8GHz, (b) 3.5GHz, (c) 5.8GHz, and
(d) 10.5GHz when port 2 is excited.

FIGURE 26. Parametric analysis of the distance between the two
antennas.

elements, resulting in improved channel capacity and a cru-
cially desired decrease in Channel Capacity Loss (CCL). This
relationship is depicted in Figure 30, where both measured
and simulated CCL can be evaluated through the method
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TABLE 6. Comparison of frequency and pattern reconfigurable antenna.

described in [38].

CCL = − log2
(
Aρ

)
(5)

where,

Aρ
=

∣∣∣∣ ρ11 ρ12
ρ21 ρ22

∣∣∣∣ (6)

The effective gain stands as a metric gauging the power
received through the diversity antenna relative to the total
average power received through the isotropic antenna [39].

The computation of the (MEG) employs the method detailed
in [40].

MEG = 0.5
⌊
1 −

∑N

j=1

∣∣Sij∣∣2⌋ (7)

N denotes the count of antennas, with (i) indicating the input
port. The MEG is graphically presented in Figure 31. The
proposed MIMO antenna has been compared to other related
literature in various aspects, and the comparison is summa-
rized in Table 6. The bandwidth dimensional ratio (BDR) is
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FIGURE 27. Comparison of simulated and measured TARC.

FIGURE 28. Variation of ECC with frequency.

FIGURE 29. Variation of DG with frequency.

computed tomeasure the antenna’s compression, as described
in [41].

BDR =
%BW

λw × λL
(8)

Based on the comparison Table, the proposedMIMO antenna
has a smaller size than [19, 20, 21, 22, 24, 25 and 27]
with a peak realized gain better than most of the referenced
works. Furthermore, the proposed antenna has achieved the
best isolation, although no decoupling mechanism has been
utilized.

FIGURE 30. Measured and simulated channel capacity loss.

FIGURE 31. Variation of MEG with frequency.

V. CONCLUSION
In this study, a frequency and pattern reconfigurable MIMO
antenna is designed and simulated for high gain and effi-
ciency while operating in different frequency bands. Two
open-circuited transformers are coupled to a stepped rect-
angular radiator via diodes D1 – D4. MIMO antennas are
capable of tuning four different frequency bands, including
WiMAX, WLAN, 4G and X-Band. The pattern reconfigura-
bility can be achieved with competitive results, depending on
the activation state of the diodes (ON/OFF). Furthermore, the
antenna boasts a maximum gain of 6.2dBi and a radiation
efficiency of more than 80%. Also, the antenna shows good
MIMO performance and can, therefore, be used in various
wireless communication systems.
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