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In this work, a novel fractal multiple-input multiple-output (MIMO) antenna is designed for ultrawideband (UWB) applications. The
radiating structure of the MIMO configuration employs a circular fractalradiating structure excited through a modified coplanar
waveguide (CPW) feed. The fractal shape is designed by employing small circular rings inside the main circular ring patch element, which
led to enhanced impedance bandwidth spanning from 3.15 to 20 GHz with acceptable radiation properties. The results show that the
designed antenna has a peak gain of 6.13 dBi and radiation efficiency of > 85% in the operating bandwidth. Moreover, the single-antenna
element exhibits stable radiation patterns in the UWB frequency spectrum. For MIMO communication systems, a polarization diversity-
based quad-port MIMO antenna is designed. From the designed MIMO antenna configuration, an isolation of > 15 dB is achieved among
the radiating elements without the use of any isolation enhancement network. Furthermore, MIMO performance parameters such as
envelope correlation coefficient (ECC) of < 0.008, mean effective gain (MEG) of < —3 dB, channel capacity loss (CCL) of < 0.25 bps/Hz,
and total active reflection coefficient (TARC) of > 20 dB are obtained from the proposed UWB MIMO antenna.

Keywords: fractal antenna; MIMO; polarization diversity; UWB

1. Introduction

Recent developments in wireless communication demand
a system that has the ability to share vast amounts of data at
a fast rate while maintaining low complexity [1]. These
requirements can be achieved with the use of ultrawideband
(UWB) technology because it has the capability to accom-
modate the transmission of high data rates with low-cost
infrastructure. However, traditional UWB technology faces

challenges with multipath propagation. To overcome this
issue, one of the solutions is to employ multiple-input
multiple-output (MIMO) antennas. Designing such anten-
nas is challenging due to the additional performance
characteristics that need to be considered, such as isolation
among antenna elements to prevent channel capacity loss
(CCL). For this purpose, various designs have been dis-
cussed in the previously published works to enhance the
isolation among MIMO antennas.


https://orcid.org/0000-0002-0159-9655
https://orcid.org/0000-0002-9631-6901
https://orcid.org/0000-0003-4767-4371
https://orcid.org/0000-0002-6515-7813
https://orcid.org/0000-0002-3127-4923
https://orcid.org/0000-0003-1756-4315
mailto:binghaowang@seu.edu.cn
mailto:mramlee@uthm.edu.my
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1155%2Fijap%2F3826899&domain=pdf&date_stamp=2024-12-07

One of the most common techniques for the enhance-
ment of isolation between MIMO antennas is to design
a decoupling network. In [2], a 4-port MIMO antenna was
designed for UWB applications. The UWB characteristics
were achieved by etching a metamaterial structure from the
coplanar waveguide (CPW)-fed rectangular patch element.
The results showed that the MIMO antenna offers a band-
width of 14.58 GHz from 1.8 to 16.38 GHz. To achieve high
isolation (> 27.8 dB), a decoupling network consists of four
slits and one square slot etched from the common ground of
the MIMO structure. In [3], a flexible UWB MIMO antenna
was designed where the single radiator was composed of
a CPW-fed circular patch. For enhanced isolation,
a decoupling structure composed of cross-shaped branches
was designed. It was noted that the MIMO antenna con-
figuration offers an isolation of > 22dB in the frequency
range of 2.9-10.86 GHz. The same kind of configuration was
presented in [4], where the antenna elements are arranged in
a face-to-face configuration. For high isolation (> 15dB),
slots were etched on the ground plane.

In [5], a UWB response was achieved by cutting a cir-
cular-shaped monopole antenna into a semicircular shape
connected to the stepped microstrip feed line. A stub was
placed on each element’s ground plane, which acts as
a decoupling structure. This configuration leads to an iso-
lation of > 17 dB in the UWB frequency range. The same kind
of configuration was used in [6] to achieve UWB charac-
teristics with high isolation. The MIMO radiators consist of
a modified rectangular patch and a C-shaped ground that are
connected with each other with the help of a decoupling
network. In [7], the authors designed a modified semicircular
patch radiator-based MIMO antenna for UWB applications.
The modification in the semicircular patch was done by
etching a guitar-shaped slot. The MIMO antenna was
designed by placing the antenna elements in front of each
other. A mesh-like decoupling structure was used on the top
and back sides of the structure to get high isolation. In [8],
a four-element MIMO antenna resembling a stingray fish
skeleton was designed for UWB communication systems. For
isolation improvement, a window-like decoupling structure
was placed between the antenna elements, which tend to
achieve > 22dB isolation among radiating elements. The
second possible technique to achieve high isolation is to utilize
defected ground structure (DGS). In [9], a design of a fractal
patch radiator-based MIMO antenna was presented for UWB
applications. The isolation between MIMO radiators was
achieved with the help of a square-shaped DGS. In [10],
a DGS-based MIMO antenna design was presented for UWB
communication systems. The use of a DGS tends to achieve an
isolation of > 20dB in the operating bandwidth.

In the above-reported literature, it is observed that
different kinds of decoupling structures are used to achieve
high isolation. These kinds of configurations sometimes lead
to complex antenna geometries that are difficult to fabricate.
In addition, most of the discussed literature focused on the
isolation improvement of the MIMO antennas; they did not
consider other performance parameters, such as antenna
radiation performance that gets lower below expectations.
So, there is a need to make a trade-off among MIMO
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antenna performance parameters. Therefore, in this paper,
an effort has been made to design a novel, small, and efficient
UWB MIMO antenna. The radiating structure of the MIMO
configuration consists of a CPW-fed fractal radiating ele-
ment that operates from 3.15 to 20 GHz. It is worth saying
that an isolation of > 15 dB is achieved between the MIMO
radiating elements without the use of any decoupling net-
work, which ensures the self-decoupling property. More-
over, the designed MIMO antenna offers stable radiation
characteristics over the entire operating bandwidth. In ad-
dition, envelope correlation coefficient (ECC) of < 0.008,
total active reflection coefficient (TARC) of > 20 dB, mean
effective gain (MEG) of < —3 dB, and CCL below 0.25 bps/Hz
are achieved over the operating bandwidth.

2. Polarization Diversity—Based
MIMO Antenna

Before explaining the design of the quad-port MIMO an-
tenna, the performance of the single radiating element is
presented and discussed in detail.

2.1. Single Fractal Radiating Element. The design of the
CPW-fed fractal radiating element is depicted in Figure 1. It is
printed on a 1.57-mm-thick low-loss dielectric substrate,
namely, Rogers RO5880, with a relative permittivity (e,) = 2.2.
The antenna design consists of fractal geometry, which is
formed by incorporating small circular rings within the main
radiator (a circular ring) and a modified CPW ground plane.
For the design of the radiating element, the radius of the outer
circular ring is determined using the design formulas pro-
vided in [11], while the inner circular rings are evenly spaced
and rotated by 60°. The change in the ground plane shape is
done by truncating the edges in a circular pattern, which helps
to achieve wideband multiresonance characteristics, as dis-
cussed in [12]. The overall antenna design parameters are Ly =
30, Wg =25 W, =28, L, = 9.2, W, = 10.65, Ry =6, D =
19, D, =84,t=0.8,andg =12 (all dimensions are in
millimeters).

To evaluate the performance of the proposed UWB
antenna, CST Microwave Studio v2023 is used. The re-
flection coefficient (|S;|) response of the designed fractal
antenna is illustrated in Figure 2(a), and it is observed that it
resonates well in the UWB frequency band (3.15-20 GHz).
On the other hand, the simulated radiation efficiency and
realized gain results are shown in Figure 2(b). The radiation
efficiency of the designed antenna is noted to be > 85%, while
the gain fluctuates in the range of 1.13-6.13 dBi (see
Figure 2(b)).

The radiation patterns of the UWB antenna for both
planes (E- and H-) for different resonant frequencies are
depicted in Figure 3. In the H-plane, for low-band fre-
quencies, the pattern is omnidirectional (see Figure 3(a)).
With the increase in frequency, the H-plane pattern becomes
quasi-omnidirectional, as shown in Figures 3(b), 3(c), and
3(d). On the other hand, in the E-plane, the antenna gen-
erates bidirectional patterns for low- and mid-band fre-
quencies, as shown in Figures 3(a), 3(b), and 3(c). As the
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F1GURE 1: Design of the CPW-fed fractal UWB antenna.
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Figure 2: Simulated (a) |S;,| and (b) radiation efficiency and realized gain of the CPW-fed fractal UWB antenna.

frequency increases, more nulls are generated in the radi-
ation patterns (see Figure 3(d)), which may be associated
with the higher order modes excitation at higher frequencies
[12]. To further explain the distortions observed in the E-
plane radiation patterns, the three-dimensional (3D) radi-
ation patterns of the UWB antenna are plotted and shown in
Figure 4. From the 3D patterns, it is observed that they are
well aligned with the E-plane patterns (see Figure 3, red
dashed curve).

It is mentioned above that the ground plane plays a vital
role in achieving the UWB response. Therefore, a parametric
analysis is conducted by changing the ground plane length
L, from 8 to 10 mm with a step of 0.4 mm. It is observed that
as the value of L increases (see Figure 5), the impedance
matching improves in the operating bandwidth. The wider
impedance bandwidth is achieved when the L value reaches
up to 9.2mm. After that, the matching becomes worse at
lower frequency bands, as shown in Figure 5.

In addition to the frequency-domain analysis, it is es-
sential to evaluate the time-domain performance of the
UWB antenna. For the analysis, two antenna elements are
arranged in a transceiver mode apart from each other at
a distance of 15cm. The performance is evaluated for two
configurations, i.e., side-by-side (SbS) and face-to-face (F2F)
configurations. For the excitation of the antennas,
a Gaussian pulse is generated, whose operating range is from
1 to 20 GHz. This analysis will tell how much the pulse was
distorted when it reached the receiver side. Figure 6(a) shows
the normalized pulse response for both configurations, and
it can be noted that the UWB antenna is able to receive the
signals with low distortions. This phenomenon is also
verified by checking the fidelity factor for both configura-
tions. For the SbS configuration, the fidelity factor is noted to
be 78.60%, while for the F2F configuration, the fidelity factor
is equal to 77.42%. In addition to the pulse response, to
analyze the phase distortion and dispersion characteristics of
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FiGuRre 3: Simulated far-field radiation patterns of the CPW-fed fractal UWB antenna: (a) 4 GHz, (b) 8 GHz, (c) 12 GHz, and (d) 16 GHz.

the UWB antenna, the average delay between the output and
the input signal is calculated, which is known as group delay.
Figure 6(b) shows the group delay response for both SbS and
F2F configurations. Ideally, the group delay should be less
than 2 nsec, and for the proposed UWB, a group delay of less
than 1 nsec is noted for both configurations.

2.2. Four-Port MIMO Antenna Configuration. After dis-
cussing the performance of the single antenna element, the
design of the proposed polarization-diversity—based MIMO
antenna configuration is presented, as shown in Figure 7(a),
while the fabricated prototype is shown in Figure 7(b). To
obtain polarization diversity, four antenna elements are
arranged in an orthogonal manner. The dimensions of the
single MIMO radiator are the same, as shown in Figure 1. One

can observe from Figure 7(a) that the fractal radiating ele-
ments are arranged close to each other, which leads to
a compact size with dimensions of W, x L, = 55 x 55 mm?.

The equivalent lumped components’ circuit model of the
proposed MIMO antenna is shown in Figure 8(a). The
circuit is modeled by connecting three parallel RLC resonant
circuits (considering the resonant frequencies in the oper-
ating bandwidth) in series to cover the desired operating
bandwidth. The input port resistance (R,), self-probe in-
ductance (L;), and the static antenna capacitance (C,) are
placed serially with the parallel RLC resonant circuits. In the
circuit model, R, L;, andC, represent resistance, in-
ductance, and capacitance, respectively, of each resonant
section. Based on the equivalent circuit model, the antenna
impedance (Z,) can be calculated as follows:
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FiGure 4: Simulated 3D radiation patterns of the CPW-fed fractal UWB antenna: (a) 4 GHz, (b) 8 GHz, (c¢) 12 GHz, and (d) 16 GHz.
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FIGURE 7: (a) Configuration and (b) fabricated prototype of the four-port CPW-fed fractal UWB MIMO antenna.
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where w is the angular resonant frequency, m=3, and k
represent the number of resonant RLC branches. The
designed circuit model is simulated, and the component
values are optimized in the advanced design system (ADS)
simulation software. The optimum values of the circuit
components are R, = 500, L, = 0.256 nH, C, = 0.0013 nF,
R, =35Q, L, =0.0186nH, C, = 0.00182nF, R, = 25.5Q,
L, = 0307nH,C, = 0.00258nF, R, =27.3Q, L, =
0.121 nH, and C; = 0.0014nF. The comparison between |S |
response of the equivalent circuit model and CST simula-
tions is shown in Figure 8(b). It can be observed that the
equivalent circuit model response matched well with the
simulated data.

The simulated and measured reflection coefficients of the
proposed MIMO antenna are illustrated in Figure 9(a). The
reflection coefficients are measured using a precision net-
work analyzer (PNA) E8363C in the frequency range of
1-20 GHz. Due to symmetry, the reflection coefficients of
Antennas 1 and 2 are presented. One can observe from the
result of Figure 9(a) that both the reflection coefficient
curves (simulated and measured) are matching well. It can
also be noted that the MIMO antenna elements resonate well
from 3.15 to 20 GHz. The simulated and measured isolation
characteristics of the MIMO antenna are shown in
Figure 9(b). In MIMO antennas, there should be high
isolation between the radiating elements, which is crucial for
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maintaining the independence of each antenna’s signal path,
which is essential for achieving the desired diversity and
multiplexing gains. High isolation between radiating ele-
ments also reduces interference and crosstalk, thereby im-
proving the overall system performance, enhancing data
throughput, and ensuring reliable communication in MIMO
systems. From Figure 9(b), it can be seen that the proposed
MIMO configuration offers an isolation of > 15 dB between

radiating elements over the entire operating bandwidth. The
minor differences between the measured and simulated data
can be attributed to SMA connector losses and
manufacturing tolerances.

For practical applications, it is necessary that the MIMO
antenna system should be connected to the device ground
plane to avoid unnecessary complexities. Therefore, an
analysis is conducted where the MIMO antenna ground
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FiGURE 11: Far-field radiation patterns of Antenna 1 of the CPW-fed fractal UWB MIMO antenna: (a) 4 GHz, (b) 8 GHz, (¢) 12 GHz, and

(d) 16 GHz.

planes are connected to each other, and the results are shown
in Figure 10. From Figure 10(a), one can note that the
proposed MIMO antenna works well with the connected
ground configuration. A minor impedance mismatch is
observed between 4 and 6 GHz, which could be associated
with the surface current interaction of MIMO antenna el-
ements. Furthermore, from the isolation plot (see
Figure 10(b)), it is observed that for connected ground
configuration, the isolation between adjacent antenna ele-
ments is less than 15 dB, and for diagonally placed elements,
the isolation value is less than 12 dB, which aligns well with
the minimum required isolation value. Based on the results,
one can say that the proposed MIMO antenna has the ability
to perform well even in connected ground configuration.
The simulated and measured far-field radiation patterns
of the proposed MIMO antenna for both E- and H-planes
are shown in Figures 11 and 12. To verify the polarization

diversity, the radiation patterns are characterized only for
two antenna elements, i.e., Antenna 1 and Antenna 2, for
different frequencies. For lower frequency bands (4 and
8 GHz), as shown in Figures 11(a) and 11(b), Antenna 1
exhibits bidirectional patterns in the E-plane. For the H-
plane, the pattern is omnidirectional at 4 GHz and quasi-
omnidirectional at 8 GHz. As the frequency increases
(> 8 GHz), the pattern becomes quasi-omnidirectional with
some distortions in both planes, as shown in Figures 11(c)
and 11(d). Furthermore, in a polarization diversity con-
figuration, the antenna elements are arranged orthogo-
nally; therefore, the radiation characteristics should be the
same. The only difference is that the E-plane pattern of
Antenna 1 is equal to the H-plane pattern of Antenna 2, and
vice versa [13]. This kind of behavior can be noted from the
plots in Figure 12, where the radiation patterns of Antenna
2 are plotted.
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FIGURE 12: Far-field radiation patterns of Antenna 2 of the CPW-fed fractal UWB MIMO antenna: (a) 4 GHz, (b) 8 GHz, (c) 12 GHz, and
(d) 16 GHz.

2.21. MIMO Performance Parameters. When designing  indicate greater independence and better spatial diversity,
MIMO antennas, it is essential to evaluate MIMO system  which is ideal for maximizing MIMO system efficiency,
performance parameters, such as ECC, MEG, TARC, and  while ECC < 1 is less optimal. ECC can be calculated using
CCL. ECC measures the correlation between signals from  the far-field radiation characteristics of the designed MIMO
different antenna elements, where lower ECC values (< 0.5) antenna system as follows [13-15]:

2 rrM 9’ .M* 9’ . eded 2
ECC = 127 [71M, (6,9).M3 (6, ¢)] sin 616 d| )

(J57 15 1M, 6.0 sinedodg )  [37 [ v 6. 9 sin ededgb)’

where M, (6,¢) and M, (6,¢) are the far-field radiation
patterns of the two antennas, and 0 and ¢ are the elevation
and azimuth angles, respectively.
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FiGure 13: (a) ECC, (b) MEG, and (c) CCL of the CPW-fed fractal UWB MIMO antenna. In the ECC plot, the solid line shows simulated

data, while the dashed (--) line shows measurement data.

The comparison between simulated and measured ECC
is shown in Figure 13(a). It is observed that for the entire
frequency band, the simulated and measured ECC values are
less than 0.008.

The second important parameter evaluated to assess the
MIMO antenna performance is MEG. It shows the mea-
surement of the amount of received power by the MIMO
radiators compared to an isotropic radiator. For MIMO
antennas, one can compute MEG by using S-parameters as
follows [15]:

N
MEG, =0.5<1—Z|s,.j|2>, i=1,2,34. 3)
j=1

For the proposed MIMO antenna, the MEG is plotted by
considering two antenna elements, and the results are
plotted in Figure 13(b). It is observed that the value of MEG
is less than —3dB for the operating bandwidth, and it
matches well with the practical requirements. In addition,
the ratio of both the MEG values is noted to be less than 3 dB,
as shown in Figure 13(b).
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TaBLE 1: Comparison among the proposed UWB MIMO antenna with state-of-the art literature.
Dimensions . . . .
References Ports 2 Jp Bandwidth (GHz) Isolation (dB) Peak gain (dBi) ECC CCL (bps/Hz)
mm
[2] 4 51.2x51.2 0.17x0.17 1-17 > 27.8 7.81 < 0.002 N.A.
[3] 4 65 X 65 0.62 % 0.62 2.9-10.86 > 22 5.5 < 0.01 N.A.
[4] 4 56 X 68 0.72x0.88 3.89-17.09 > 15 6.8 < 0.02 < 0.2
[5] 4 45 x 45 0.46 x 0.46 3.1-13.1 > 17 4.0 < 0.02 N.A.
[6] 4 34x34 0.34x0.34 3-12 > 20 7.2 < 0.35 < 0.34
[7] 4 45 x 45 0.69 x 0.69 4.6-16.4 > 20 8 < 0.002 < 0.2
(8] 4 58 x 58 0.85x%0.85 4.4-144 > 22 3.6 < 0.01 N.A.
[9] 4 40 x 40 0.42x0.42 3.2-12.44 > 26 4.9 < 0.0016 < 0.35
[10] 4 40 x 40 0.42x0.42 3.2-134 > 20 2.0 < 0.005 < 0.1
Prop. 4 55x%x55 0.57 x 0.57 3.15-20 > 15 6.13 < 0.008 < 0.25

Note: The bold values in the table show the author’s presented work.

The third parameter evaluated to assess the MIMO
system’s performance is CCL, which occurs due to corre-
lation losses. It can be calculated as follows [9]:

CCL = -log, det[ocR], (4)

where

[“R] _ [ ®11 O ], (5)

0 G

in which, &, = 1= (IS, 1> + 1S1%), a3 = = (S1,815 + S$3,812)s
a1 = — (S8 +S155,1), and ay, = 1 — (ISy,1* + IS, 1%). For
the proposed MIMO antenna configuration, CCL is calcu-
lated between two antennas, and it is observed that both the
simulated and measured CCL are less than acceptable ranges
(< 0.5bps/Hz), as shown in Figure 13(c).

To efficiently characterize the operating bandwidth of
the MIMO antenna system, the analysis of S-parameters is
not enough. Therefore, TARC is used for the bandwidth
characterization of the MIMO antenna, and it can be
expressed using the S-parameters of the MIMO antenna as
follows [16]:

< Sua t+ Sahej0'>2(|8bu + SbbejeDz (6)
TARC = 5 >

where S,, and S, are the reflection coefficients, S, and S,
represent transmission coeflicients between Port a and b,
and 0 is the input wave phase. To calculate the TARC, the
value of 6 is changed from 0° to 180° with a step of 30°. In
addition, two MIMO antenna elements are considered to
evaluate TARC, and the results are shown in Figure 14. From
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both simulated and measured plots, it is noted that the
TARC value is well below —20dB, which satisfies stable
performance in the entire operating bandwidth.

Table 1 shows a comparison between designed and
previously reported UWB MIMO antennas. Although the
physical dimensions of the proposed antenna are large
compared to the designs presented in [2, 5-7, 9, 10], it offers
a higher impedance bandwidth compared to the previously
presented designs. Furthermore, from the gain values, it is
observed that the single MIMO element offers high gain
compared to the designs presented in [3, 5, 8-10]. In terms of
the MIMO performance parameters, the isolation perfor-
mance of the proposed MIMO antenna is in an acceptable
range; it offers low ECC compared to the designs of [3-6, 8].

3. Conclusions

This study presents the design of a novel fractal antenna for
UWB MIMO applications. It is observed from the presented
results that the designed fractal antenna, with the help of
a modified CPW-feed structure, offers a wide impedance
bandwidth from 3.15 to 20 GHz. To utilize the proposed
UWB antenna design for MIMO communication systems,
a polarization-diversity-based MIMO antenna configura-
tion is designed. From both simulated and measured per-
formance, it is noted that the isolation of > 15 dB is achieved
between radiating elements without the use of any decou-
pling network. In addition, the single radiating element of
the MIMO antenna system offers a peak realized gain of 6.13
dBi and a radiation efficiency > 85%. The MIMO key per-
formance parameters, such as ECC, MEG, CCL, and TARC,
were evaluated and found to be within satisfactory limits,
confirming the reliability and effectiveness of the proposed
design for UWB MIMO applications.
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