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ABSTRACT This paper presents a compact penta-band Multiple Input Multiple Output (MIMO) Dielectric
Resonator Antenna (DRA). The proposed MIMO DRA consists of two rectangular DRs incorporating
complementary split ring resonators (CSRRs) and an inverted T-shaped slot. The MIMO DRA achieves
low impedance matching through simple microstrip feedlines, which is further enhanced by integrating
a microstrip line with the DRA itself. Remarkably, the introduction of CSRRs enables the design to
resonate at five distinct frequency bands, namely 2.8-GHz, 4.4-GHz, 5.8-GHz, 6.4-GHz, and 6.9-GHz. The
simulated properties of the MIMO DRA were validated through over-the-air measurements performed on a
fabricated prototype. The proposed MIMO design demonstrates impedance bandwidths of 2.09 %, 2.43 %,
2.17 %, 2.55 %, and 4.91 % at the above respective resonance frequencies. The proposed design exhibits
exceptional stability in radiation pattern, featuring a noteworthy peak gain of 6.08 dBi and an efficiency of
91.35 %. Notably, the incorporation of an inverted T-shaped slot effectively enhances isolation between the
MIMO elements, achieving a maximum diversity gain of 10 dB and an envelope correlation coefficient of
0.005 over 20-dB isolation. A good agreement between the simulation and measured results is obtained,
which underscores the suitability of the CSRR-based MIMO DRA for multiband wireless applications
(blue tooth, radio astronomy, remote sensing, WIFI, satellite television and 6G), making it a very valuable
contribution to the field.

INDEX TERMS DRA, CSSR, envelope correlation coefficient, ECC, diversity gain.

I. INTRODUCTION
The wireless technologies are currently experiencing an
exponential growth which requires wireless nodes for
Internet-of-Things (IoT) and other applications. Therefore,
there is an increasing demand for compact, multiband, and
high-performance antennas [1], [2] for smart devices oper-
ating at multiple frequencies, where multiband Microstrip
patch antennas (MPAs) are commonly employed [3].

The associate editor coordinating the review of this manuscript and
approving it for publication was Tao Zhou.

However, MPAs typically exhibit narrowband response, low
gain, low efficiency, and limited feeding options [3]. On the
other hand, Dielectric Resonator Antennas (DRAs) with their
dielectric material composition offer wideband response,
high efficiency, and negligible conductor losses [4], [5], [6].
Due to their three-dimensional (3D) structure, DRAs allow
multiple feeding options [7], [8], [9]. In the literature
there are several reports on single input single output
(SISO) designs [10], [11]. However, the techniques used
for multiband generation in SISO designs, such as DR
deformation, defected ground structure and metamaterial

4910

 2023 The Authors. This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.

For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/ VOLUME 12, 2024

https://orcid.org/0009-0004-8439-3469
https://orcid.org/0000-0003-4097-0928
https://orcid.org/0000-0002-9792-0959
https://orcid.org/0000-0001-9067-4807
https://orcid.org/0000-0002-6020-2259
https://orcid.org/0000-0003-0369-7520


H. Sarfraz et al.: Next-Generation Multiband Wireless Systems

utilization [12], [13], suffer from low data rates, multipath
fading etc. [14], [15].

The growth of wireless technologies has necessitated the
utilization of MIMO DRAs, due to their ability to provide
high data rates, enhanced channel capacity, and improved
signal reliability [16], [17]. However, these MIMO DRAs
exhibit limitations such as restricted operating bands, cum-
bersome size, and insufficient isolation [18]. The existing
literature presents only a handful of MIMO DRAs and
associated techniques that effectively address these critical
issues [19], [20], [21], [22]. Notably, these techniques involve
the deformation of DR shapes, deflection of the ground
plane, or the adoption of hybrid structures [23], [24], [25].
While these techniques demonstrate favorable outcomes, they
are accompanied by complexities and potential performance
degradation [26], [27].

Consequently, numerous strategies to accomplish the real-
ization of multiband MIMO DRAs are explored. In [28],
a compact back-to-back four-port MIMO antenna system,
specifically designed for LTE applications, is proposed. Their
antenna incorporates an L-shaped aperture coupling feed-
ing mechanism, utilizing an L-shaped monopole feeding
structure and a slot aperture. This configuration enables
multiband operations at 1.8 GHz, 2.6 GHz, and 3.6 GHz,
with corresponding gains of 5.5 dBi, 5.9 dBi, and 6.9 dBi,
respectively. However, the proposed design is bulkier and
intricate configuration restricts its suitability for real-time
applications. Similarly, in [29], a MIMO DRA design for
ultra-wideband applications is proposed. Such a design incor-
porates two cross-shaped parasitic strips on the DRAs,
excited by quadrature wave transformer microstrip feed-
lines. This configuration achieves resonance frequencies at
4.4 GHz, 8.3 GHz, and 10.8 GHz, with a peak gain of
5.7 dBi and a peak radiation efficiency of 96.6 %. However,
the design’s overall geometry remains complex, posing chal-
lenges in the fabrication process. In [26], a dual-band MIMO
DRA, for mm-Wave applications, is explored. This design
integrates two rectangular DRAs, each excited by a CPW
feedline with etched slots in a dedicated metal ground plane.
The antenna resonates at 28 GHz and 38 GHz, with mini-
mized coupling between ports through modified CPW feed
lines. Mutual coupling is enhanced by placing the DRAs with
opposite orientation. However, the compactness of this design
comeswith complex geometry, whichmay present challenges
in fabrication. In another study [30], a 4-port MIMO DRA is
developed for WLAN and WiMAX applications, operating
at 5.0 GHz and 3.5 GHz. Their proposed antenna has a ring-
shaped architecture, fed by a Z-shaped aperture along with
a modified microstrip line. However, the antenna geometry,
with its large dimensions (80 mm × 80 mm), poses chal-
lenges in the fabrication process. In [31], a multiband MIMO
DRA for LTE applications is introduced. Such an antenna
operates at 0.9 GHz, 1.8 GHz, and 2.3 GHz, using a hybrid
technique that combines a meander line with RDRA. While
this design yields a peak gain of 3.7 dBi and a radiation

efficiency of 80 %, the presence of meander lines introduces
complexity and impacts the overall gain and efficiency. The
antenna measures 90 mm × 107.8 mm. Furthermore, in [32]
a dual-band MIMO DRA optimized for sub-6 GHz wireless
applications is presented. The proposed antenna resonates at
3.5 GHz and 5.5 GHz and consists of two Ring-DRAs placed
on an RT Duroid substrate. With a size of 110 mm × 50 mm,
the antenna achieves a peak gain of 6.8 dBi. It should be
noted that this design operates in two frequency bands and
has a relatively large size. In [33], a hybrid MIMO DRA with
dual-band operation is proposed. This is achieved through
the use of a modified annular ring and cylindrical DRA.
Such a design offers a commendable isolation of 20 dB,
but with a bulky size and intricate complexity. Similarly,
in [34], a triband hybrid MIMO DRA is proposed, enabling
multiband operation by combining a circular ring, T-shaped
line, and cylindrical DRA. Although the design demonstrates
good isolation and multiband capabilities, its effectiveness
is compromised due to the complex technique employed
and the resulting bulky DRA. In [35], an approach is pre-
sented, introducing a DRA with a meander line for achieving
multiband operations. The design exhibits a wide impedance
bandwidth, enabling multiband functionality. However, due
to its hybrid nature, the design suffers from low gain and
backward radiation.

Another technique employed to achieve multiband MIMO
DRAs is the utilization of multiple DRAs with different
permittivities, as discussed in [36]. The proposed design
incorporates two DRAs with permittivities of 10 and 30,
resulting in two distinct bands at 3.6 GHz and 5.2 GHz,
respectively, with a gain of 5 dBi. It is important to note that
this technique introduces design complexity and increases the
overall size of the DRA. In [37] authors achieved a mutual
coupling reduction in MIMO antenna system by incorporat-
ing a T-slot, which acts as an impedance transformer of the
slot formed by the edges of two PIFAs. The aforementioned
MIMO systems, although innovative, face limitations such as
limited operating bands, bulky size, and design complexity.
Therefore, it is crucial to develop techniques that can facil-
itate the creation of simple, compact, and high-performance
MIMO DRAs with multiband capabilities.

In the present paper we present a novel technique for
achieving a multiband MIMO DRA that offers several note-
worthy contributions. Specifically, we utilize a CSSR in
conjunction with the DR to generate multiple operating
bands. To the best of authors knowledge, a CSSR is used for
the first time with the DR for the realization of five distinct
operating bands, including 2.8 GHz, 4.4 GHz, 5.8 GHz,
6.4 GHz, and 6.9 GHz. To ensure improved impedance
matching, a strip line is integrated with the DR, while an
air gap between the DR and substrate further enhances the
impedance matching performance. Moreover, the design is
extended to MIMO to enhance the data rate and mitigate
multipath fading. To reduce mutual coupling between the
ports, an inverted T-shaped slot such as the one reported
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FIGURE 1. (a) Front view of design (b) Bottom view of proposed design.

TABLE 1. Detail of all dimensions of the proposed design.

in [37] is introduced, thus improving isolation performance.
The proposed MIMO design presents impedance bandwidths
at the above respective resonance frequencies, with values of
2.09 %, 2.43 %, 2.17 %, 2.55 %, and 4.91 %. The design
shows exceptional radiation pattern stability, characterized by
a peak gain of 6.08 dBi and an efficiency of 91.35 %. A max-
imum diversity gain of 10 dB and an envelope simulation
and measurement results which confirms the suitability of the
CSRR-based MIMO DRA for multiband wireless applica-
tions. Themain contributions of this work can be summarized
as follows:

• The integration of a DR with CSSR, enabling a compact
and multiband design.

• The achievement of five operating bands with a compact
size, while maintaining high performance.

• The introduction of a novel decoupling technique to
enhance port isolation.

The rest of the paper is organized as follows: Section II
discusses the mathematical model of the proposed design.
Section III discusses the parametric study of the proposed

design. Section IV discusses the simulated and measured
results. Section V gives details of the MIMO design and
Section VI concludes the paper.

II. DESIGN AND METHODOLOGY
A. ANTENNA CONFIGURATION
The proposedMIMODRA incorporates two rectangular DRs
positioned on the top surface of the substrate, as illustrated
in Fig. 1 (a) and (b). These DRs possess similar dimensions,
specifically characterized by the parameters a, b, and d. They
are strategically located above the substrate with dimensions
Lg and Wd, while being accompanied by microstrip lines
of height hst2, attached to each DR. It is important to note
that both DRs feature a 1mm air gap. On the underside of
the design, two CSSRs with a length of a are positioned
beneath each DR. These CSSRs consist of two split rings
with a defined gap denoted as g. Furthermore, the pro-
posed design ensures port isolation through the incorporation
of an inverted T-shaped slot. The excitation of the MIMO
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DRA is accomplished by utilizing simple microstrip feed-
lines. The utilization of rectangular DRs allows for efficient
utilization of the available substrate area while maintain-
ing a compact design. The rectangular shape offers a good
compromise between size and performance, enabling the
accommodation of multiple resonant frequencies within a
limited space. The inclusion of microstrip lines facilitates
effective coupling with the DRs, ensuring efficient energy
transfer and impedance matching. This arrangement helps
in achieving optimal performance and reducing losses. The
introduction of an air gap between the DRs and the substrate
is a deliberate choice to enhance performance. The air gap
acts as a dielectric discontinuity, reducing parasitic effects
and improving the overall radiation characteristics of the
antenna. This design consideration contributes to increased
efficiency and improved radiation pattern stability. The incor-
poration of CSSRs beneath the DRs serves a crucial role
in achieving multiband operation. CSSRs are known for
their ability to exhibit resonance at multiple frequencies.
By carefully selecting the dimensions and positions of the
CSSRs, the proposed design achieves five distinct operating
bands, enabling compatibility with a wide range of wire-
less applications. To ensure effective isolation between the
MIMOelements, an inverted T-shaped slot is introduced. This
innovative decoupling technique minimizes mutual coupling
and maximizes the independence of each port, enhancing
the performance of the MIMO system. It enables simulta-
neous transmission and reception with reduced interference,
resulting in enhanced data rates and reduced multipath fading
effects. The choice of simple microstrip feedlines for exciting
the MIMO DRA contributes to ease of implementation and
practicality. Microstrip feedlines are widely used in antenna
designs due to their simplicity, low cost, and compatibility
with various fabrication processes. The summary of parame-
ters is given in Table 1.

B. DESIGN EQUATIONS
The proposed MIMO DRA design combines two key com-
ponents: the design of the rectangular DRs and the design
of the CSSR. Both of these components are based on math-
ematical principles and equations, which provide a solid
foundation for their behavioral structure. The dimensions of
the single-element DRA are determined based on fundamen-
tal equations [34]. The resonance frequency (fr ) of the DRA
is calculated using the following equation:

fr =

√
k2x + k2y + k2z(
2π

√
µ0ε0εr

) (1)

Here, √
k2x + k2y + k2z = εrk20 (2)

where kx , ky, and kz are the wave vector components in each
plane, as described by equations (3)-(5). The parameter εr
represents the relative permittivity of the material, while

µ0 signifies the permeability of the DR [3].

k2x =

(mπ
a

)2
(3)

k2y =

(nπ
b

)2
(4)

k2z =

(pπ
d

)2
(5)

where integersm, n, and p represent wave numbers across the
respective dimensions of the DR (a, b, and d). The CSSR,
another important component of this design, operates based
on equations (6)-(13), which describe its behavioral structure.
The CSSR unit cell behaves as an LC circuit with a resonance
frequency (fo) defined by equation (6) [26]:

fo =
1

2π
√
LC

(6)

In equation (6) L and C are the total inductance and capac-
itance of the CSSR which are calculated with the help of
equations (7)-(12).

L = l
(
2.303 log10

(
4l − γ

w

))
2 × 10−4 (7)

For the CSSR square geometry, the parameter γ =2.853 is a
constant, and l is the length of CSSR which is computed as
follows:

l = 4a− g (8)

where a denotes the area of the CSRR unit cell and g rep-
resents the CSRR split ring gap. The total capacitance C is
given by equation (9):

C =
Cs + Cg

2
(9)

Here, Cs and Cg represent the series and gap capacitances of
the CSSR unit cell, respectively. The gap capacitance Cg is
calculated using equation (10):

Cg =
ε0wt
g

(10)

while the series capacitanceCs is determined by equation (11):

Cs = Cpul (4ae−g) (11)

The width w and thickness t of the metal ring, as well as
the free space permittivity (ε0), are incorporated into the
calculations. The per unit length capacitanceCpul is evaluated
using equation (12):

Cpull =

√
εr

vZ0
(12)

In equation (12), v denotes the velocity of light and Z0 signi-
fies the characteristic impedance. By substituting the values
of Cs and Cg into equation (9), the overall capacitance is
obtained as follows:

C =

(
2ae −

g
2

)
Cpull +

ε0wt
2g

(13)

These equations play a fundamental role in the initial design
of the CSSR-based SISO DRA, enabling the determination
of optimal dimensions and operating characteristics.
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FIGURE 2. Design steps of the proposed MIMO DRA.

FIGURE 3. Return Loss for different design steps of the proposed design.

C. DESIGN EVALUATION
The design process of the CSSR-based MIMO DRA is
illustrated in Figure 2, and the corresponding reflection
coefficients are shown in Figure 3. The finalization of the
design involves six steps, each contributing to the desired
performance characteristics. Step 1 focuses on the initial
excitation of a rectangular DR using a simple microstrip
line, as depicted in Figure 2a. At this stage, the DR exhibits
resonant behavior with relatively low impedance matching,
as shown in Figure 3. In Step 2, the impedance match-
ing is improved by introducing a thin stripline that extends
from the feedline to the DR. This addition significantly
enhances the impedance matching. To enable multiband

operation, Step 3 involves the incorporation of a CSSR (Cou-
pled Split Ring Resonator) into the ground structure. This
addition of the CSSR introduces multiple resonant frequen-
cies. However, it is observed that some of these resonance
frequencies still exhibit low impedance matching. To address
this issue, Step 4 introduces an air gap between the DR
and the surrounding structures. This air gap enhances the
impedance matching of all the resonance frequencies, result-
ing in improved performance across the entire frequency
range. In Step 5, the design is transformed into a MIMO
(Multiple-Input Multiple-Output) configuration. Due to the
inherent symmetry of the MIMO arrangement, the reflection
coefficients remain consistent and repetitive for each port,
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as shown in Figure 3. Finally, to enhance the decoupling
between the MIMO ports and further improve the isolation,
Step 6 incorporates an inverted T-shaped slot between the two
ports. This slot etching enhances the isolation between the
ports, as demonstrated in Figure 4. It is worth noting that the
introduction of the decoupling slot causes a slight right shift
in the operating bands. As a result of these design steps, the
finalized CSSR-based MIMO DRA exhibits multiband oper-
ation, high port isolation, and improved impedance matching.

FIGURE 4. Mutual coupling comparison before and after T-slot addition.

III. PARAMETRIC STUDY
A. EFFECT ON REFLECTION COEFFICIENT
A comprehensive parametric study was conducted to inves-
tigate the impact of various key parameters in the proposed
design. These parameters include the height of the DR, the
height of the printed strip, and the inner and outer areas of the
CSSR.Additionally, a studywas conducted on the decoupling
slot.

The height of the DR plays a crucial role in determining
the overall compactness of the design. Figure 5 illustrates
the effect of changing the DR height on the reflection coef-
ficients. The results clearly indicate that increasing the DR
height leads to a downward shift in the upper operating
band. This shift aligns with the analytical equation for the
DR, thereby validating its impact on the operating frequency
range. Moreover, the observed trend confirms the expected
behavior of the DRA. Based on the |S11| response and consid-
ering the available materials, a height of 5 mm is selected as
the optimal value for the proposed DRA. This choice ensures
a suitable balance between compactness and desirable oper-
ating frequency range.

Figure 6 presents the influence of the printed strip height
on the reflection coefficients. It is evident from the figure
that altering the strip line height affects both the impedance
matching and the operating band. By increasing the height of
the printed strip, the impedance matching is improved, result-
ing in better performance of the DRA. Simultaneously, the

FIGURE 5. Impact of DR height on reflection coefficients.

operating band experiences a shift towards lower frequencies
due to the modified electrical length introduced by the strip.

Through careful analysis, it is determined that a height of
4.5 mm for the printed strip yields the maximum number of
operating bandswith good impedancematching. This optimal
value ensures effective coupling between the feed line and
the DR, facilitating improved overall performance.

FIGURE 6. Impact of vertical strip height on reflection coefficients.

The inner and outer areas of the CSSR also significantly
impact the operating band and impedance matching. Figure 7
demonstrates that increasing the length of the CSSR’s inner
area a2 results in a shift of the operating band towards lower
frequencies. This behavior can be attributed to the additional
capacitance provided by the extended inner area, affecting
the overall resonant behavior of the DRA. Based on the
response of the reflection coefficients and considering the
available space, a length of 29.7 mm for the inner CSSR
area is chosen as the optimal value. This length allows for
the desired resonance frequencies while maintaining good
impedance matching throughout the operating band.
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FIGURE 7. Impact of the inner area of the CSSR on the reflection
coefficient.

Similarly, Figure 8 reveals that the length of the CSSR’s
outer area a1 affects the impedance matching and operating
band. Increasing the length of the outer CSSR area leads to
a lower operating band and improved impedance matching.
This effect can be attributed to the increased capacitance
introduced by the extended outer area, which modifies the
resonant behavior of the DRA. At a length of 32.5 mm
for the CSSR, the design exhibits the maximum number of
operating bandswith good impedancematching. This optimal
length ensures the desired multiband operation while achiev-
ing excellent impedance matching across the entire operating
frequency range.

FIGURE 8. Impact of outer area on the reflection coefficients.

Through this detailed parametric study, the optimal values
for the height of the DR, the height of the printed strip, and
the lengths of the CSSR’s inner and outer areas have been
determined. These values ensure the achievement of multi-
ple operating bands with satisfactory impedance matching,
thereby enhancing the overall performance of the proposed
DRA design. The insights gained from this study provide
valuable guidelines for designing and optimizing similar
CSSR-based MIMO DRAs, facilitating their application in
various wireless communication systems.

B. ISOLATION IMPROVEMENT
To improve the isolation between the ports, an inverted
T-shaped decoupling slot is incorporated into the design. The
dimensions of this slot have been carefully selected based
on a comprehensive parametric study. The vertical part and
horizontal part of the slot are critical factors influencing
the ports isolation. Figure 9 and 10 illustrate the impact of
increasing the length and width of the horizontal slot on the
impedance matching across the entire operating band. The
results clearly indicate that as the length (lt_1) and width
(Wt_1) of the horizontal slot are increased, the impedance
matching is gradually enhanced. After thorough analysis,
it has been determined that a horizontal slot length of 23 mm
and width of 1.5 mm achieve maximum impedance match-
ing. These dimensions ensure effective coupling between the
ports, resulting in improved overall performance.

FIGURE 9. Impact of lower part of T-slot (lt1) on the reflection
coefficients.

FIGURE 10. Impact of T-slot upper part (wt1) on mutual impedance.

Similarly, Figures 11 and 12 depict the effect of the ver-
tical slot in the inverted T-shaped strip on ports isolation.
By increasing the length (lt_2) and width (Wt_2) of the
vertical slot, the isolation between the ports is improved.
Through careful evaluation, it has been determined that a
vertical slot length of 30 mm and width of 2 mm provide the
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FIGURE 11. Impact of T-slot (lt2) on mutual impedance.

FIGURE 12. Impact of T-slot upper part (wt2) on mutual impedance.

optimal isolation between the ports. These dimensions enable
effective suppression of unwanted coupling, ensuring a high
level of isolation.

IV. SIMULATED AND MEASURED RESULTS
This part displays the suggested design’s final simulation and
measurement data, offering a thorough assessment of its per-
formance. Reflection coefficients, mutual impedances, gain
and efficiency, current distribution, and radiation patterns
throughout all operating bands are among the important vari-
ables evaluated. In order to assess the degree of interference
and coupling between the elements, the mutual impedances
between the antenna ports are also analyzed.

A. EXPERIMENTAL SETUP
The proposed DRA and CSRR design are thoroughly mod-
eled, simulated, and analyzed using CST Microwaves Studio
software. This powerful electromagnetic simulation tool
enables accurate representation and evaluation of the antenna
system’s performance. To validate the simulated results,
the design is fabricated, and experimental measurements
are conducted. An anechoic chamber, which provides an
environment free from external reflections and interfer-
ence, is utilized for accurate measurement of the antenna’s

performance. The measurements are carried out using a
Vector Network Analyzer (VNA), which allows for pre-
cise characterization of the reflection coefficients, gain, and
other important parameters. During the measurement pro-
cess, one port of the proposed design is terminated with
a 50 � impedance to ensure proper impedance matching
and accurate measurement of the reflection coefficients by
eliminating any undesired effects that may arise from open
or short-circuited ports, allowing for reliable and consistent
measurements.

B. SCATTERING PARAMETERS
The reflection coefficients of the proposed design are eval-
uated through simulation and measurement, as shown in
Figure 13. Overall, there is a close agreement between the
simulated and measured results, indicating the validity of the
design. However, some minor discrepancies in impedance
matching are observed, particularly at higher bands. This can
be attributed to fabrication inaccuracies and imperfections in
the measuring environment. Additionally, a slight shift in the
last operating band towards higher frequencies is observed,
which may be influenced by the presence of a minor air gap
in the individual DRA structure. Despite these discrepancies,
the general agreement between the simulated and measured
reflection coefficients validates the design’s performance.

FIGURE 13. Simulated and Measured reflection coefficients of the
proposed design.

Figure 14 presents the simulated and measured mutual
impedance of the proposed design. The measured mutual
impedance closely follows the simulated results, demonstrat-
ing the accuracy of the design model. However, at 4.5 GHz,
a mismatch between the simulated and measured results is
observed, which can be attributed to fabrication imperfec-
tions. It is important to note that the accurate fabrication
of complex antenna structures can be challenging, lead-
ing to slight variations in performance. Nonetheless, the
overall agreement between the simulated and measured
mutual impedances indicates the effectiveness of the pro-
posed design. For a comprehensive overview of the simulated
and measured results, Table 2 provides detailed information
on the reflection coefficients and mutual impedances at dif-
ferent frequencies.
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FIGURE 14. Simulated and Measured mutual impedance of the proposed
design.

TABLE 2. Detail of the simulated and measured reflection coefficients.

FIGURE 15. Gain of the proposed design for the multiple operating bands.

C. GAIN AND EFFICIENCY
The performance and effectiveness of an antenna’s capacity to
radiate and transmit power are strongly influenced by its gain
and efficiency characteristics. Figure 15 shows the evaluation

of the gain of the proposed design over the operating bands
using simulation and measurement. Overall, the simulated
gain values for the lower and higher operating bands closely
agree with the measured results. At the mid-range frequen-
cies, a minor difference between the simulated and measured
results is noticed. Fabrication tolerances and measurement
errors are just two reasons for this mismatch in the simulated
and measured results. The broad consistency between the
simulated and measured gains, despite this little variation,
shows that the design is successful in providing the desired
radiation properties. Table 3 summarizes the simulated and
measured gain and efficiencies at all operating frequencies.

Figure 16 illustrates the efficiency of the proposed design
across the entire operating band. Initially, the design exhibits
high efficiency at low frequencies. However, a decline in both
gain and efficiency is observed around 4 GHz and 5 GHz.
This decrease in performance can be attributed to the low
mutual coupling between the elements at these specific oper-
ating frequencies. The current distribution analysis confirms
that there is limited current flow between the ports at these
frequencies, resulting in reduced gain and efficiency. Con-
versely, at higher frequencies, the gain and efficiency of the
design improve due to better isolation between the ports.

FIGURE 16. Efficiency of the proposed design over the operating bands.

D. CURRENT DISTRIBUTIONS
The current distribution within the proposed design at the tar-
get resonance frequencies provides insights into the behavior
and mode of operation of the antenna. Figure 17 presents
the current distribution patterns at specific frequencies.
At 2.8 GHz (Figure 17(a)), the current is uniformly dis-
tributed along the inner CSSR, while it is concentrated on
the lower parts of the outer CSSR. This distribution pattern
indicates a balanced current flowwithin the design, contribut-
ing to the desired resonance at this frequency. At 4.4 GHz
(Figure 17(b)), the current is uniformly distributed on both the
outer and inner CSSR, with no significant activity between
Port 1 and Port 2. This behavior ensures a high level of mutual
coupling, enabling effective communication and transmission
at this frequency. At 5.8 GHz (Figure 17(c)), the current
distribution on the inner and outer CSSR is relatively reduced,
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TABLE 3. Detail of the simulated and measured gain and efficiency.

FIGURE 17. Surface current at (a) 2.8GHz (b) 4.4GHz (c) 5.8GHz (d) 6.4GHz and electric field distribution on the DR at (f) 7.04 GHz.

and a noticeable flow of current between Port 1 and Port 2
is observed. This current flow between the ports decreases
the mutual impedance at 5.8 GHz, indicating a change in the
mode of operation. Similarly, at 6.4 GHz (Figure 17(d)), the
current distribution on the inner and outer CSSR is present,
while no significant current flow is observed between the
ports. This current distribution pattern maintains a higher
mutual impedance at 6.4 GHz, suggesting a different res-
onance mode. At 7.04 GHz, no significant current activity
is observed on the inner and outer CSSR, indicating that
this frequency is primarily influenced by the electric field
distribution within the DR. Figure 17(f) further demonstrates
the electric field distribution on the top surface of the DR,
revealing the operation of a TE110 mode at 7.04 GHz.

E. FAR-FIELD RADIATION PATTERN
The target resonance frequencies of the proposed design
together with the electric (E) and magnetic (H) far-field
radiation patterns are shown in Figure 18(a–e). By activat-
ing Port 1 and terminating Port 2 with a 50-ohm load, the
radiation patterns were analyzed. Both ports simulated and
measured radiation patterns show an omnidirectional nature
and both are in good agreement. Every port exhibits the
same radiation patterns, demonstrating uniform performance

across the working bands. Peak gains for both ports range
from 2 to 6.08 dBi, indicating the antenna’s radiated power
in various directions.

It should be emphasized that small differences between the
measured and simulated radiation patterns at 7.04 GHz might
be attributable to manufacturing mistakes and less-than-ideal
testing conditions. These factors may cause minor changes
in the antenna performance at particular frequencies. The top
and bottom views of the fabricated prototype are shown in
Figure 19 (a) and (b), respectively. Figure 19(c) shows the
fabricated prototype set up within the measuring apparatus
for measurements of the far-field radiation pattern, ensuring
reliable assessment of the antenna’s radiation properties.

V. MIMO PARAMETERS
In this section, important factors like the envelope correla-
tion coefficient (ECC), diversity gain (DG), channel capacity
loss (CCL) and total active reflection coefficient (TARC)
are analyzed in order to evaluate the MIMO and diversity
performance of the proposed antenna.

A. ENVELOPE CORRELATION COEFFICIENT
In MIMO antenna systems, the ECC is a critical parameter
since it measures the correlation or isolation between the
various communication branches. Equation 14 is used to
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FIGURE 18. Radiation pattern (a) E-field and (b) H-field of the proposed
design at 2.8GHz, 4.4GHz, 5.8GHz, 6.4GHz and 7.04GHz respectively.

represent the ECC in this work, which computes it using
the S-parameters of the proposed MIMO antenna. For good
MIMO performance, an ECC value less than 0.5 is often
preferred [31]. The provided MIMO antenna’s simulated and

measured ECC is shown in Fig. 20. The findings firmly show
that the ECC is still considerably below 0.1 in the targeted
frequency ranges. Excellent isolation between the antenna
elements is necessary for attaining high-quality MIMO com-
munication, is indicated by the low ECC values.
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∗
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ij|
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k−ij [1 −
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∗
knSnk −

∑N
n=1 L

n
kk

(14)

where ‘i’ and ‘j’ are two antennas in the proposed MIMO
antenna system.

B. DIVERSITY GAIN (DG)
Another important variable that assesses the improvement
offered by a MIMO system over a single antenna system is
the diversity gain (DG). DG is calculated using Equation 15,
which quantifies the improvement in signal quality achieved
through diversity techniques. The simulated and measured
DG of the designed MIMO antenna is illustrated in Fig. 21.
The findings show that the DG is approximately 10 dB in
the relevant frequency ranges. For a two-element MIMO
system, this high DG value signifies outstanding MIMO per-
formance [31]. The achieved DG highlights the effectiveness
of the proposed antenna design in improving signal reliability
and robustness in MIMO communication scenarios. Table 4
provides comprehensive information on the MIMO perfor-
mance of the proposed antenna.

DG = 10
√
(1−ECC2) (15)

C. CHANNEL CAPACITY LOSS (CCL)
CCL, or channel capacity loss, is an essential MIMO metric.
It refers to the reduction in the data rate due to numerous
factors which include some practical limitations and imper-
fections, multipath loss and environmental factors. CCL
reflects the efficacy of the design throughput. Good data rates
are indicated by a lower CCL value. CCL is based on certain
mathematical equation, which is given in equations (16)-(19):

C (Loss) = − log2 det(ψ
R) (16)

where ψR is the correlation matrix at the receiving antenna.

ψR
=

[
ρ11 ρ12
ρ21 ρ22

]
(17)

ρii = 1 −

(
|Sii|2 + |Sij|2

)
, for i, j = 1 or 2 (18)

ρii = −(Sii ∗ Sij+ Sji ∗ Sij), for i, j = 1 or 2 (19)

A high correlation between the antennas elements induces
loss of capacity which is explained by channel capacity loss.
Thus, determination of CCL depends on the S-parameters.
A good impedance matching and port isolation ensures a
good CCL. A 0.4 bits/sec/Hz CCL is an indicator of good
data transmission. Figure 22 describes the simulated CCL
for the five operating bands. Figure 22 shows that at all
operating bands, the design has values of CCL lower than
0.4 bits/sec/Hz CCL.
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FIGURE 19. (a), (b). Fabricated design top view and bottom view respectively, (c) fabricated design in anechoic chamber
measurement facility.

TABLE 4. Simulated and measured ECC and DG.

FIGURE 20. ECC of the proposed MIMO design.

D. TOTAL ACTIVE REFLECTION COEFFICIENT (TARC)
Total active reflection coefficient is an important parameter
used to analyzeMIMO antenna systems performance. It gives
detail of the total reflection of the active power at the trans-
mitting and receiving antennas ports. It also defines the total
effective bandwidth of the antennas. Equation (20) is used to
determine the TARC of the proposed design [26].

TARC = N−0.5
∗

√∑N

i=1

∣∣∣∣∑N

k=i
s
ike

jθ k−1

∣∣∣∣2 (20)

A TARC of 0 db is considered an acceptable value for the
effective communication. Any value better than this further
strengthen the effectiveness of TARC for the proposed design.

FIGURE 21. Diversity Gain of the proposed MIMO design.

Figure 23 shows that the proposed design has achieved the
values of TARCbetter than 15 db at all resonance frequencies.

Table 5 provides a thorough comparison of the aimed
research with previously published studies. A number of
important factors are compared, including electrical and
physical dimensions, the number of working bands, max-
imum gain, envelope correlation coefficient (ECC), and
diversity gain (DG). From the comparison, it is evident that
the proposed work offers a compact size while delivering
impressive performance characteristics. The antenna design
achieves a smaller electrical and physical size compared
to the published studies, indicating its potential for space-
constrained applications. Moreover, the proposed design
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TABLE 5. Comparison of the proposed work with the state of the art.

FIGURE 22. Channel capacity loss of the proposed design at the
operating bands.

FIGURE 23. TARC of the proposed design at five operating bands.

demonstrates a comparable or superior number of operating
bands, maximum gain, ECC, and DG when compared to the
referenced works. This highlights the effectiveness and com-
petitiveness of the proposed antenna design in terms of size,
performance, and MIMO capabilities over 20 dB isolation.
The fabricated prototype aligns closely with the simulated
results, confirming the suitability and and introducing an
air gap. Moreover, the inclusion of an inverted T-shaped

slot in the ground plane has significantly improved mutual
impedance, leading to enhanced isolation between theMIMO
elements. The MIMO DRA exhibited impressive diversity
parameters, including a maximum diversity gain of 10 dB
and an envelope correlation coefficient of 0.005 over 20 dB
isolation. The fabricated prototype aligns closely with the
simulated results, confirming the suitability and reliability
of the CSRR-based MIMO DRA design. With its compact
size, high performance, and the provision of five operating
bands, the proposed design holds promise for various wireless
applications.

VI. CONCLUSION
A compact MIMO DRA based on CSRRs and an inverted
T-shaped slot has been successfully designed, simulated,
fabricated and tested. The proposed MIMO DRA demon-
strates excellent performance characteristics and versatility
for multiband wireless applications. Through the integration
of CSRRs, the MIMO DRA achieves resonance at five dis-
tinct frequency bands, namely 2.8 GHz, 4.4 GHz, 5.8 GHz,
6.4 GHz, and 6.9 GHz, offering a wide range of operating
frequencies. The impedance matching has been effectively
enhanced by incorporating a printed strip to the DR and
introducing an air gap. Moreover, the inclusion of an inverted
T-shaped slot in the ground plane has significantly improved
mutual impedance, leading to enhanced isolation between
the MIMO elements. The MIMO DRA exhibited impressive
diversity parameters, including a maximum diversity gain of
10 dB and an envelope correlation coefficient of 0.005 over
20 dB isolation. The fabricated prototype aligns closely with
the simulated results, confirming the suitability and reliability
of the CSRR-based MIMO DRA design. With its compact
size, high performance, and the provision of five operating
bands, the proposed design holds promise for various wireless
applications.
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