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Abstract—The deployment of ultra-wideband (UWB)
technology offers enhanced capabilities for various Internet of
Things (10T) applications, including smart cities, smart buildings,
smart aggregation, and smart healthcare. UWB technology
supports high data rate communication over short distances with
very low power densities. This paper presents a UWB printed
antenna design with multiple input and output (MIMO)
capabilities, specifically tailored for Routed Satellite Sensor
Systems (SRSS) to enhance loT applications. The proposed UWB
printed antenna, designed for the 2-18 GHz frequency band, has
overall dimensions of 14.5 mm x 14.5 mm, with an efficiency
exceeding 70% and a gain ranging from 2 to 6.5 dB. Both
simulated and measured reflection parameters (|]S11|) at the
antenna input show strong agreement. Furthermore, a compact
MIMO system is introduced, featuring four closely spaced
antennas with a gap of 0.03%, housed in a 60 mm x 48 mm module.
To minimize coupling effects between the antennas, the design
incorporates five Split Ring Resonator (SRR) elements arranged
linearly between the radiating elements. This arrangement
achieves a mutual coupling reduction to -35 dB at 8 GHz,
compared to -20 dB isolation in systems without SRR. The results
demonstrate that the proposed MIMO antenna system offers
promising performance and meets the requirements for effective
space communication within satellite sensor networks.

Keywords—5G antenna; 5G satellite networks; millimeter band;
wireless communications; SRR; loT

. INTRODUCTION

UWB technology was originally developed for military
applications but began to be used in civilian applications.
Arousing growing interest within the scientific and industrial
community, it was transferred to telecommunications
applications [1-12]. This technology is used in other
applications, such as structural health monitoring (SHM) for
large structures, and in particular in the aeronautics and space
fields are under development [13].

Other applications of wireless sensor networks operating
using UWB spectrums appear in smart homes, the biomedical
field, natural disaster detection, intrusion detection, pollutant
detection, agriculture, and many other fields [14]. They provide
great ease of use and reduce the cost and time of deployment.
One can't talk about UWB without mentioning Internet of
Things (loT), the concept of connected devices, continues to
show promising progress, and now, with the re-emergence of
UWB technology, loT devices that require location and

movement data are performing better than ever for the cost and
time of deployment [15]. Thanks to UWB interoperability, this
communication protocol can be used to take advantage of smart
technologies such as Bluetooth, WiFi, and the [oT’s. UWB can
play a key role in redesigning the 10T devices already available
and in introducing more sophisticated networks of
interconnected devices in the future [16]. In wireless
communication systems, antennas play a very important role as
it is the backbone of any wirelessly communicating system. To
meet the emerging requirements of the smart loT devices an
enhanced performance antenna is required [17]. Moreover, to
meet the requirements of the MIMO system a compact yet low
mutual coupling antenna has become essential for
communication systems.

Thus, the researcher puts a lot of effort to design compact
size UWB antenna for 10T devices [18-28]. For instance, a
metamaterial inspired circular split ring resonator shaped
antenna is designed for UWB application in study [18].
Although the antenna offers a UWB operational band with a
notch band ranges 7 — 8 GHz it had a setback of bigger
dimension along with lower cutoff frequency around 3.4 GHz.
In study [19] a dual stub loaded antenna having dual
reconfigurable notch band is proposed for UWB applications.
However, the insertion of the diodes and biasing circuit causes
the degrading of antenna performance resulting in a low gain
throughout the band of interest. Likewise, in [20] a rectangular
monopole antenna exhibiting broad bandwidth is converted into
a UWB antenna by initially modifying the ground plane, then by
truncating the radiating structure and finally loading some
parasitic elements. The resulting antenna offers UWB ranges
2.5-18 GHz at the cost of complex structure along with low gain
and large physical size. The study in [21- 22] present the
conversation of circular and semi-circular monopole antenna
into UWB antenna by truncating the radiating structure along
with ground plane. Resistor loaded anti-spiral shaped UWB
antenna is presented in [24], where flexible antenna is designed
by compromising the size of antenna along with partial covering
the UWB spectrum. Moreover, the work reported in study [26—
28] has a relatively big size as compared to other literary works.
Furthermore, none of the discussed can be used for loT
applications due to their SISO nature.

Considering the requirements of 10T and future networks
that require MIMO antenna, there is a dire need to design UWB
MIMO antenna with low mutual coupling in study [29-35]. A
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compact size two-port UWB antenna is presented in study [29]
where two open ended stubs are loaded, and their structure is
modified to achieve a mutual coupling of -15 dB between
adjacent elements. On the other hand, a truncated corner shaped
UWB antenna is utilized to design a 4-element UWB MIMO
antenna. The antenna elements are placed orthogonal to each
other to achieve low mutual coupling along with defected
ground structure to further reduce the mutual coupling to < -20
dB. A flower shaped semi-fractal antenna is proposed in study
[31], which is converted into 4-element MIMO antenna. Four-
open ended stubs were loaded to reduce the mutual coupling
among MIMO elements; however, the MIMO antenna system
only offers the mutual coupling of < -18 dB. Likewise, in study
[32] a hollow ground plane and inverted L-shaped stub loaded
UWB MIMO antenna is presented. The antenna offers UWB
ranges 2.84 — 15.88 GHz having a overall size of 58 x 58 mm2
along with a setback of high mutual coupling. Another MIMO
antenna for UWB application is proposed in study [33] in which
the orthogonal placement of MIMO element is utilized to
achieve a low mutual coupling while compromising the overall
size of antenna. A tapered-fed circular shaped MIMO antenna is
designed for UWB applications while neutralization lines along
with DGS and inverted L-shaped open stubs are utilized to
reduce the mutual coupling [34]. On the other hand, a pair of C-
shaped parasitic patches are loaded at the back of antenna to
reduce the mutual coupling [35]. However, both the works have
the disadvantage of bigger size along with complex geometrical
structure.

All of the aforementioned works either lack in covering
complete UWB spectrum or have large physical dimension
along with most of them suffering from complex geometrical
structure. Therefore, this study focuses on the design of
geometrically simple yet UWB MIMO antenna having low
mutual coupling along with high gain is given in Section Il. The
antenna design methodology is discussed in Section IlI,
afterward the results will be discussed in Section IV, and the
manuscript is concluded in Section V.

Il.  ANTENNA DESIGN

The design methodology started from designing a
conventional rectangular patch antenna that resonates at central
frequency of 10 GHz, as depicted in Fig. 1. The length and width
of the rectangular patch along with microstrip feedline can be
estimated using the equations provided in [36]. The setback of
conventional microstrip antenna, the narrow bandwidth, is
nullified using the partial ground plane technique along with
truncated corners, as shown in Fig. 1 (a). This helps in achieving
abroad |S11| < -10dB impedance bandwidth ranging 4-9.5 GHz,
as illustrated in Fig. 1(b). Although there is significant
improvement observed in bandwidth, still the antenna didn’t
cover the entire UWB spectrum ranges 3-10.3 GHz. Therefore,
to further improve the performance of the antenna another
iteration is performed by truncating the lower corners of
radiators along with implementing the DGS, as shown in Fig.
1(a). After optimizing the results, the antenna again offers wide
operational bandwidth ranges 5-15.7 GHz, as shown in Fig.
1(b). It is important to note here that although the bandwidth of
the antenna increases but operational spectrum shifted toward
higher frequency.
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Thus, there is need to shift the lower end of the resonating
band. For said purpose two u-shaped slots were utilized, they are
etched from the radiator and by optimizing the parameters of the
slots the antenna resonance can be shifted toward lower side.
The other parameters of the proposed antenna are also optimized
which results in UWB spectrum ranges 2 — 18 GHz, covering
UWB, extended UWB and Ku-band, as shown in Fig. 1(b).
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Fig. 1. (a) Geometrical configuration (b) Reflection coefficient of various
modifications in radiator and ground plane.

Fig. 2 depicts the geometrical configuration of the proposed
ultra-wideband antenna, while Table | summarizes the optimal
parameters obtained by simulation.

For in-depth understanding of UWB behavior of antenna,
Fig. 3 depicts the impedance characteristics of the antenna. It
can be observed that the proposed antenna offers real impedance
value around 50 Q while the imaginary value stays around 0 Q
which also proves the ultra-wideband behaviour of the antenna.
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Fig. 2. Final geometry of the proposed antenna: (a) the front view, (b)
backside view.
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TABLE I. PROPOSED ANTENNA DIMENSIONS IN DETAIL
Elements Parameters Values(mm)
r=r, 25
W, 34
Ly 75
I3=r4=I5=Tg 15
Patch W, 6.17
L¢ 135
Wi 3
W, 7.2
F 0.3
W, 25
Dielectric substrate Ls 30
Hs 1.6
& 4.4
L, 12.5
W, 35
Ground Plane n 24
i 0.75
k 23

Vol. 15, No. 8, 2024

The radiation pattern of the proposed antenna at the selected
frequencies of 8 and 15 GHz is shown in Fig. 5. The antenna
offers a nearly omni directional radiation pattern in E-plane for
both selected frequencies, while for H-plane the antenna offers
a dual beam like structure. Moreover, Fig. 6 illustrates the
radiation efficiency in the operational band, where antenna
offers a minimum efficiency of 80% throughout the band of
interest.

The distribution of the current at 8 GHz and 15 GHz of the
proposed antenna is shown in Fig. 7. It can be seen that
additional paths for surface currents are formed when slits are
present. This results in a second resonance, increasing the
bandwidth.
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The gain of the proposed UWB antenna is shown in Fig. 4.
The antenna offers a minimum gain of 2.4 dB around 2 GHz, it
tends to start increasing for higher frequency and reach up to the
maximum value of 5.8 dB around 17.7 GHz. Thus, the gain
results strength the potential of the proposed work for UWB and
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Fig. 6. Efficiency variation of proposed work.
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Fig. 3. Proposed antenna impedance characteristics.
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Fig. 7. Current distribution of proposed UWB antenna.
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To validate the various performance parameters of the
proposed UWB antenna a sample prototype is fabricated and
later used for measurements, as shown in Fig. 8. Various
parameters including |S11| and radiation pattern were measured
and compared with simulated results. The comparison among
estimated and measured |S11| results of proposed UWB antenna
is shown in Fig. 9. A strong comparison among both results is
found having identical wideband operation, a little deviation is
observed in values of return loss which may be due to inaccuracy
of measurement setup or due to fabrication tolerance.

ITT

(a) (b)
Fig. 8. Fabricated Antenna: (a) Top view and (b) Bottom view.
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Fig. 9. Comparison of reflection coefficient among simulated and measured
results.

For the selected frequency of 8 GHz, the comparison among
the radiation patterns found using the EM tool and measurement
is presented in Fig. 10. A strong correlation is observed, with
nearly identical patterns in both cases. Thus, in terms of all
performance parameters, strong results are observed among the
simulated and measured values, which illustrates the
performance stability of the proposed antenna.
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10

Fig. 10. Radiation pattern at 8 GHz: (a) E-plane and (b) H-plane.
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I1l.  COMMON TECHNIQUES TO REDUCE MUTUAL COUPLING
AMONG MIMO ANTENNA ELEMENTS

Diversity and MIMO systems require good isolation
between antennas. Much research has been done over the years
to find techniques to reduce mutual coupling and increase
isolation between antenna elements. In this part, a short
explanation of various major techniques is done to better
understand the working and then utilized a combination of them
to reduce mutual coupling of proposed MIMO antenna system.

A. Structural Change of Ground Plane

This method is well known as DGS and consists of
modifying the structure of the ground plane to change the current
distribution [37]. MIMO systems use the effect of notch filters
to minimize mutual coupling between radiating elements. In
fact, a common use of the DGS method is to insert a slot in the
ground plane [38]. The DGS solution is very easy to implement
because its operation depends on the resonant frequency and not
on the antenna type. However, the main drawback of this
method is mainly integration issues on mobile phones.

B. Use of EBG (Electromagnetic Band Gap) Structure

Generally, in antenna decoupling, the EBG structure is
similar to a notch filter [39]. In fact, a typical EBG cell has a
mushroom-shaped structure containing patches and grounded
vias. Moreover, the EBG structure can be used as a magnetic
wall through which the phase of the reflection coefficient
becomes zero for an incident wave. Therefore, surface wave
propagation will be suppressed [40]. On the other hand, this
method requires considerable space, especially for low
frequencies [41]. Moreover, this solution is not commonly used
in practice due to its complexity and large size [42]. In study
[43], four rows of fork-shaped EBG patches were inserted
between the E-plane coupling antennas to reduce mutual
coupling. A mutual coupling reduction of 6.51 dB was achieved
at 5.2 GHz when using the EBG structure.

C. Use of the Neutralization Line

This approach is generally used to ensure better isolation
between two PIFA (Planar Inverted-F Antenna) antennas [44].
Indeed, it is a question of introducing a simple suspended metal
line, integrated between the power supplies or the short circuits
of the PIFA antennas. In addition, the neutralization line
supports strong currents so that the direction of the current is
radiated towards the antenna itself and not towards the power
connector of the second antenna. It is also possible to cut all path
couplings (OTA (over the air) couplings and ground plane
power couplings) by changing the dimensions of the
neutralization lines. For example, in study [45], the authors
inserted an interrupted neutralization wire physically connected
to two PIFA elements (operating in the UMTS band of 1920—
2170 MHz).

The introduction of neutralizing lines was used to cancel pre-
existing mutual coupling. This is because the line stores a certain
amount of current that is fed from one antenna element to the
other. In other words, the antenna achieved less than -18 dB of
mutual coupling at a frequency of 2 GHz because an additional
path was created to compensate for the antenna-to-antenna
current on the circuit board. Recently, a new print diversity
monopole antenna for WiFi and WiMAX applications was
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presented in study [46]. It's based on the same concept, but with
a much more complex kill line integration. The antenna consists
of two crescent-shaped radiators placed symmetrically about a
faulty ground plane, with neutralizing lines to achieve a
bandwidth of 2.4 to 4.2 GHz and mutual coupling of less than -
17 dB connected between them.

D. Using an Isolation Network

This method aims to reduce the mutual impedance or
transmission coefficient between the radiating elements to zero
while maintaining good impedance matching in each element
[47]. In the literature, we have found various antenna array
configurations based on 180° hybrid couplers or RF switches.

E. Use of Parasitic Resonators

This is similar to neutralizing wire-based solutions in that the
parasitic resonator is integrated in the middle of the two antennas
to minimize mutual coupling between them. In other words, this
solution artificially creates an additional coupling path between
antennas. However, simply changing the spacing between the
radiating elements requires changing the structure of the
resonator to ensure good isolation. This limitation then hinders
the serial application of the parasitic resonator [48].

Although the above solutions overcome the coupling effect
between the antennas, there are other innovative and more
efficient means. In fact, recently, the development of
metamaterials to design and optimize antenna characteristics has
shown great importance, not only to minimize antenna size, but
also to provide better isolation and reduce the spacing between
elements radiating [49].

At this stage of our research, part of the solutions developed
within the framework of the study of multi-antenna systems
intended for wireless communications or intended to be used in
applications of the diversity or MIMO type have been presented
[50-53]. These solutions have been investigated with the aim of
covering several wireless communication standards and
improving the isolation between the antennas that make up these
systems. Consequently, having antennas very close to each other
and operating in neighboring or even identical frequency bands
is an ever-present challenge because communication systems
must have increasingly new, numerous, and innovative
functionalities.

In the proposed study the EBG structure along with DGS is
utilized to reduce the mutual coupling and explain in
forthcoming sections.

IV. RESULTS AND DISCUSSIONS

Increasing the number of transmit and receive antennas
without increasing radiated power can improve communication
quality and channel capacity. The MIMO antenna design
proposed in this article has four identical radiating elements,
extracted by already designed unit element, as shown in Fig. 11.
The overall dimensions of MIMO antenna system are Lsub x
Wsub (60 x 48 mm2), having edge to edge distance between all
elements is 5mm, as depicted in Fig. 11.
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(a) (b)
Fig. 11. UWB-MIMO antenna system without decoupling structure.

A. Initial Prototype Simulation Results

The simulated S-parameters of the 4-element MIMO
antenna without any decoupling structure are shown in Fig. 12.
Due to the symmetry in structure, the S-parameter analysis can
be easily performed. The |S11| of the MIMO antenna remain
almost identical to the unit element having |S11| < -10dB
bandwidth ranges 2-18 GHz. On the other hand the transmission
coefficient |Sij|, where i,j=1,2, offers a high value of more than
-10 dB. This high value of transmission coefficient is not
acceptable for present and future MIMO systems. The easiest
way to reduce the value of [Sij| is to increase the edge-to-edge
distance, however, it will increase the size of the antenna and
thus compactness will vanish.

According to Fig. 13, the surface current circulation in the
radiating element is high which leads to strong coupling as
already indicated by the high values of |Sij|. Surface currents
generated by the excited antenna flow to the other non-excited
elements, as shown in Fig. 13.

~ 20k,

S-parameters (dB)

=30

— 40 . L . L . h L
2 4 6 8 10 12 14 16 18
Frequency (GHz)
Fig. 12. S-parameters of UWB-MIMO antenna system.

Fig. 13. Effect of the current distribution of antenna 1 on the three other
antennas at frequencies: (a) 8 GHz (b) 15 GHz.
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Only one element of the MIMO antenna is energized
(antenna 1), but we can see currents in the other three
components that are not energized. As a result, without
excitation, hot spots occur on at least one additional radiating
element (2, 3 or 4). Although the maximum current on the
unexcited antenna does not equal the maximum current on the
excited antenna, it is sufficient to increase coupling between the
components. However, compared to the minimum frequency in
the operating band (2 GHz), the distance between them is only
0.03A.

The mutual coupling comes from the capacitive coupling
between the radiating elements and the current flowing on the
PCB. Because the isolation value obtained is insufficient for a
powerful multi-antenna system, thus a more effective way is
required to reduce the coupling while leaving the four elements
in their original places, i.e., to have a compact size MIMO
antenna.

B. Design of SRR Unit Cells

A two small rectangular square split ring resonator (SRR)
unit cells operating at frequencies corresponding to well-defined
bands WiMAX and X-Band. Afterwards, a rectangular strip is
loaded to widen the band of coverage by the SRR unit cell, as
shown in Fig. 14.

K . 0

|
s

Frequency (GHz)
(a) (b)

Fig. 14. (a) Geometry of proposed SRR (b) Reflection and transmission
coefficients of the proposed SRR.

S-parameters (dB)

For ease of understanding the S-parameter-based method is
adopted and used to analyze the performance of the
Metamaterial unit cell. The designing approach is based on a
systematic approach to unit cell design, for this reason, the
overall cell size should be smaller than the wavelength (dA)
(approximately A0/11 in presented case). The geometrical
structure along with respective S-parameters is shown in Fig. 14.
The unit cell of the metamaterial operates from 2.2-16.7 GHz
band, covering almost the entire band offered by proposed unit
element of the MIMO antenna. The metamaterial cell is
mounted on an FR4 type epoxy dielectric substrate with a
dielectric constant of 4.4, a loss factor of 0.02, and a thickness
of 1.6mm. This SRR square has an outside side of 2 mm, a track
width of 0.2 mm, and a 0.3 mm gap cut on one of these sides. It
is two concentric rings with a spacing of 0.15 mm between them
and an inner ring measures 1.3 mm on the outside. Before
starting the simulation, an electric and magnetic wall was
installed in a 2.5 x 2.5 x 5 mm?3 radiation box, these dielectric
walls must be used to verify the SRR's requisite excitation
conditions. The magnetic field must be positioned along the
ring's axis to provide greater magnetic excitation and circulation
of the induction current. To do this, two domain walls parallel to
the XY- and XZ-plane and an electric wall are provided. The
electric field is parallel to OY-axis and the propagation vector is
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along the OX-axis to ensure a symmetrical current distribution.
The optimized dimensions of the unit element are enlisted in
Table I1.

TABLE Il DIMENSIONS OF SRR UNIT CELL

Parameters Values(mm)

(%]

0.3
q 0.2
w 0.15
k
L

2
0.75

C. Improved Insulation by Loading SRR and DGS

Initially, to improve the separation of this initial structure by
known methods based on MTM applied to MIMO systems [54].
Therefore, four chains consisting of five SRR unit elements are
inserted between the four excitation-radiating elements of the
MIMO system. The UWB MIMO antenna configuration is
illustrated in Fig. 15(a), the MIMO antenna design is the same
as the previously design MIMO antenna with edge-to-edge gap
of 5 mm, except that four strings of SSRs on the top layer of the
substrate are added to improve the isolation between the antenna
elements, (1-2, 2-3, 3-4 and 1-4). SRRs can act as a reflector and
decrease the surface current between antenna elements which
consequently reduce the mutual coupling between MIMO
antenna elements. Furthermore, a t-shaped like dual slots were
also etched in the ground plane which helps in further decrement
of mutual coupling between elements placed side by side (1-2,
3-4), as depicted in Fig. 15(b).

A4 ] A3

EEEEE __ EEEEE

Al o} A2

(a) (b)

Fig. 15. Proposed four-element MIMO UWB antenna configuration with
decoupling network.

A fabricated prototype is used to verify the results of the
MIMO antenna loaded with SRR and DGs, as depicted in Fig.
16. Comparison among |S11| of the MIMO antenna loaded with
decoupling structure is shown in Fig. 17. It can be observed that
a good comparison between simulated and measured results is
offered while covering the entire band spectrum globally
allocated for UWB and Ku-band applications.

The mutual coupling of the MIMO antenna loaded with
decoupling structure is depicted in Fig. 18. The antenna offers a
low mutual coupling of less than -20 dB in the entire bandwidth
having a good relationship among simulated and measured
results.
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Fig. 16. Manufactured MIMO UWB antenna system with decoupling
structure.

—— [S,| Simulated

- eeeeees |S,,| Measured
—40 L L s 1 L 1 2 1 L 1 L 1 1 1 L

2 4 6 8 10 12 14 16 18

Frequency (GHz)
Fig. 17.|S11| of MIMO antenna system with SRRs.
0

-101 — |S,| Simulated

....... S| Measured

IS:| (dB)

—40 L L 1 s 1 L 1 s L L L L
2 4 6 8 10 12 14 16 18
Frequency (GHz)

Fig. 18.|S12| (Simulated and measured) of 4-element MIMO UWB antenna
system with isolation based on SRRs.

The other performance parameters that characterize the
MIMO antenna are the envelope correlation coefficient (ECC)
and diversity gain (DG). These parameters are analyzed and
their impact on the overall performance of the antenna is
considered. As already mentioned, the ECC measures the
correlation between the radiating elements. It is also important
to note that it is better to have the minimum possible ECC to
crystallize the good performance of our MIMO system. In a
MIMO system, the signals received must be sufficiently
decorrelated to have good diversity. The parameter that
describes the independence of the signals is called the
correlation envelope. It is zero in the ideal case and must be less
than 0.5 in order to obtain good diversity. In a 4-port MIMO

Vol. 15, No. 8, 2024

system, ECC can be determined between ports 1, 2, 3, and 4
using the expression (1) and (2).

[ [ (B.(6.9)x(B,(6.4))dQ

=HI(Bi(9,¢))|2deH(B,.(e,qﬁ))fdg

Bi(0, ¢) is the 3D radiation pattern when the i" antenna is
excited, Bj(0, ¢) is the 3D radiation pattern when the j™ antenna
is excited, Q is the solid angle[ 55].

The disadvantage of this formula is to require a very precise
estimation of the radiation patterns and therefore to lead to heavy
calculations [56]. Another simplified solution is to calculate the
correlation envelope using the S parameters [57]. Therefore, for
a system with N antennas, equation (2) allows us to use:

isrnsr’:]
— )
Hk:i,j|:1_ nzzllsi,nsn,j }

N: Number of antennas, i and j denote antennas i and j

2

ECC =

To use this formula (2), it is however necessary to satisfy
certain conditions. When one of the antennas is powered, the
others are loaded with a reference impedance (usually 50 Q).
The antenna system must be lossless, therefore with very high
radiated efficiency [58], and low mutual coupling (< -6 dB).

To ensure that the signal-to-noise ratio (SNR) of the
combined signal is better than the signal-to-noise ratio received
from a single antenna in a MIMO system, the diversity gain
(DG) should also be set to its recommended value should be
inspected against value of about 10 dB.

The comparison among simulated and measured ECC and
DG is shown in Fig. 19. The ECC offered by proposed work is
less than 0.125 while the diversity gain > 9.9 dB is found, as
shown in Fig. 19(a) and (b), respectively.

Table 111 shows a comparison of the UWB MIMO antenna
with other existing antennas in the literature for similar
applications. It can be observed that work presented in [32 — 33]
offers large size as compared to proposed work along with
setback of low mutual coupling and high ECC value. On the
other hand, although the antenna proposed in [29-31, 34-35]
offers a relatively compact size but most of the antennas are 2-
port MIMO along with that they have set back of not covering
the lower cut off frequency of UWB spectrum and high value of
mutual coupling. Thus, it is evident from the comparison with
recent works that proposed work offers a good combination of
4-port compact size MIMO antenna having UWB spectrum
along with low mutual coupling and ECC values.
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TABLE Ill.  COMPARISON OF UWB MIMO ANTENNA
Ref Dimensions Element .Band Mutual Coupling Gain R_ange R_agiation ECC
(mm xmm) Number With (GHz) (dB) (dBi) Efficiency(%)

[29] 30x18 2 43-15.6 <-15 25-5.35 89 <0.05
[30] 35x35 4 38-15 <-20 3-5 Not given <0.07
[31] 40 x 40 4 31-14 <-15 44-5 70 <0.015
[32] 58 x 58 4 2.84-15 <-16 35-6.35 >78 <0.07
[33] 80 x 80 4 3-14 <-17 12-48 >78 <0.02
[34] 30 x 60 2 2.7-20 <-13 37-6 Not given <0.07
[35] 31x78 2 3.1-135 <-17 2-4 >78 <0.18
Proposed Antenna 60 x 48 4 2-18 <-25 2-6.5 >90 <0.0125
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Fig. 19. The simulated and measured parameters of UWB MIMO antenna: (a)
ECC and (b) DG.

V. CONCLUSION

In this work, a novel technique was developed to enhance
isolation between two antennas in MIMO systems for 5G
networks and loT applications. This approach involved
incorporating Split Ring Resonators (SRRs) between the MIMO
elements, which led to excellent simulation results for
interconnection. We analyzed various simulation parameters
and constructed a physical system to measure factors such as S-
parameters. The system demonstrated impressive diversity
performance, with an envelope correlation coefficient (ECC) of
less than 0.07 across the relevant frequency bands.The proposed
design features four resonators arranged in an anti-parallel
configuration, achieving over 17 dB isolation throughout the
operating range. We evaluated both simulation and experimental
data for gain, S-parameters, isolation, ECC, and radiation
patterns. The results validate that using decoupling SRRs
effectively reduces inter-element coupling and provides a strong
diversity response. These findings suggest that the proposed
MIMO antenna design is promising for ultra-wideband (UWB)
applications. Future work could explore its potential in wireless
communication systems, such as base station terminals.
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