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ABSTRACT: Multi-input multi-output (MIMO) antennas have garnered significant attention for addressing the demands of high channel
capacity, reliable and uninterrupted signal transmission, and high data rates, especially with recent advancements in 5G low Earth orbit
(LEO) satellite communications. In addition to these features, automotive applications require antennas with minimal mutual coupling,
high gain, multiple resonant frequencies, and compact size for user equipment. To meet these requirements, a 1 × 2 defected ground
structure (DGS)-based fractal MIMO antenna array is proposed, covering various frequencies in the sub-6GHz bands, including 0.7GHz,
2.6GHz, 3.1GHz, and 3.5GHz. The proposed antenna provides sufficient channel bandwidths and achieves a gain of 12.9 dBi in the
n78 frequency band. The design has been fabricated, and the measured results show good agreement with the simulated ones. Moreover,
the proposed antenna design can be integrated into the plastic parts of a car body, offering various automotive applications. It achieves a
realistic data rate of approximately 10–12Mbit/s, as verified through link budget calculations that consider the key parameters of LEO
satellite systems.

1. INTRODUCTION

The recent advancements inwireless communication indicate
the need for higher channel capacity, reliable and uninter-

rupted connections for extended durations, system stability, and
higher data rates [1]. All these features have been explored in
introducing the 5th generation (5G) new radio (NR) releases
by 3rd generation partnership project (3GPP) [2]. Among the
above-mentioned features, high data rate and free space path
loss play a significant role in efficient and uninterrupted wire-
less communication in rural areas while travelling in the auto-
mobiles. Moreover, due to recent developments in the newly
launched LEO satellite ventures like star link, one web, and
amazon, the free space path loss decreases significantly as
the orbital height of these satellites is in the range of 250–
500 km [3]. This will provide the advantage to design compact
and medium gain user equipment antennas which can be eas-
ily integrated with mobile phones or plastic parts of the mod-
ern passenger car. Further, high data rate will depend upon the
choice of frequencies for efficient 5G communication. Accord-
ing to 3GPP new releases, sub-6GHz and mm-wave frequency
bands have been selected for the 5G communication [4, 5].
Further, these bands include n77/78/70 band (3.3 to 5GHz)

and n257 band (26.5 to 29.5GHz) [6]. These bands have
* Corresponding author: Ahmed Jamal Abdullah Al-Gburi (ahmedjamal@
ieee.org, engahmed_jamall@yahoo.com).

been selected on the basis of various key performance indica-
tors like uplink and downlink data rate, antenna size, transmit-
ter/receiver cost, corresponding chipset availability and electro-
magnetic compatibility [7]. It is required to introduce geomet-
rical perturbations in the patch antenna to cover multiple fre-
quencies in these bands and other 5G frequency bands, which
can cause further current distribution variation on the radiating
patch. In view of this, fractal structure is one of the promi-
nent solutions to address the issues of multiple frequencies [8–
11]. In this direction, various researchers have put their efforts
like in [12], and a spiral-shaped MIMO antenna is proposed
for various low frequency bands like Wi-Fi, Wi-Max, etc. The
performance has been improved by utilizing DGS. Similarly, a
four-port MIMO structure is designed to operate at mm-wave
frequency bands. In this structure, DGS has been implemented
to achieve the gain of the antenna up to 8.3 dBi [13]. A wide-
band four elementMIMO antenna on a flexible transparent sub-
strate has been discussed in [14]. The proposed design covers a
wide bandwidth of 92.32% with a low gain of only 0.53 dB. In
a similar research, an 8-port MIMO antenna has been proposed
for ultra-wideband (UWB) coverage of the frequency bands.
Again, a modification is proposed in the ground layer to re-
cover the mutual coupling among the patch elements [15]. In
another research article, a series of slots have been etched into
the ground plane to recover the coupling among the four radi-
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FIGURE 1. Proposed fractal antenna (FFA) iterations, (a) 0th, (b) 1st, (c) 2nd, (d) 3rd (Metal: Green color, Substrate: Yellow color).

ating antennas designed on the top of the substrate. The de-
sign covers the narrow bandwidth and resonates for the entire
2.4GHz frequency band [16].
From the above discussion, it can be inferred that numer-

ous authors have experimentally demonstrated MIMO anten-
nas incorporating DGSs on the bottom plane to reduce mu-
tual coupling and enhance performance parameters. However,
most existing designs primarily cover frequency ranges start-
ing from WLAN applications and extending to the UWB spec-
trum. In contrast, this article proposes a fractal antenna struc-
ture in a 2-elementMIMO configuration, which not only covers
sub-6GHz frequency bands but also includes a resonating fre-
quency at 700MHz. The structure of the paper is as follows.
Section 2 discusses the proposed design considerations. Sec-
tion 3 presents the results and analysis, and Sections 4 and 5
provide the measured results and conclusions, respectively.

2. PROPOSED ANTENNA DESIGN
The proposed MIMO antenna design begins with a unit frac-
tal element. The initial (0th) iteration starts with a triangular
patch antenna, which is designed using Equation (1). Subse-
quent iterations ensure that the final design covers all the fre-
quencies of interest, as outlined in [17]. The final iteration of
the fractal antenna is developed on an FR4 substrate with a di-
electric constant of εr = 4.4, a thickness of 1.6mm, and a loss
tangent (tan δ) of 0.02. All iterations of the proposed single-
element fractal antenna are illustrated in Figure 1. In the liter-
ature, this design is referred to as a fractal antenna, constructed
using the Iterated Function System (IFS) method. Figure 1(a)
represents the initial stage of the design, while the final itera-
tion is achieved by combining two scaled-down versions of the
preceding shape. The attractor, denoted asD, represents the set
where all subsetsD0 intersect, forming the fractal pattern. This
process is mathematically described by Equations (2) to (4), as
referenced in [17]. This iterative approach ensures a compact

and efficient design capable of covering the targeted frequency
bands. Here the counteractivities of two identical duplicates
=

√
5/4

s =
2c

3fr
√
εr

(1)

D =
∩∞

i=1
Di (2)

Dn = f1 (Dn−1) ∪ f2 (Dn−1) (3)
D0 ⊃ D1 ⊃ D2 ⊃ ... ⊃ Dn−1 ⊃ Dn (4)

The proposed antenna design is excited by microstrip line
feeding matching the 50Ω port impedance and edge of the ra-
diating element. Moreover, the feed line has been shifted from
the center position to the negative Y direction due to design
requirements as the 1st iteration demands a cut at central part
of the triangle. The dimensional pictorial view of the proposed
design can be seen in Figure 2(a), and the side view of the pro-
posed design can be visualized in Figure 2(b). All the dimen-

TABLE 1. Design specifications of fractal antenna.

Specifications Value in mm
Length of the substrate (Lsub) 52
Width of the substrate (Wsub) 97
Side length of triangle (a) 17.2
Side length of triangle (b) 10.5

Side length of the triangle cut (c) 8.11
Vertical length of the triangle (d) 13.3

Quarter wave transformer feed length (Fql) 6
Quarter wave transformer feed width (Fqw) 1.5

Feed width (FW ) 5.5
Feed length (FL) 11

122 www.jpier.org



Progress In Electromagnetics Research M, Vol. 130, 121-128, 2024

TABLE 2. Various output characteristics of the proposed FFA.

Iterations Frequency (GHz) Bandwidth (MHz) Fractional bandwidth (%) S11 (dB)

0th Iteration
1.17 82 7 −13 dB
5.2 155 2.98 −12

1st Iteration
0.69 105 15.21 −16.4

2.22 20 1.2 −10.7

3.18 52 1.7 −12.3

2nd Iteration
0.69 — — −8

1.9 — — −4

3.5 103 2.9 −15.2

3rd Iteration

0.59 57 9.66 −11

1.9 97 5.1 16
2.6 70 2.69 −12

3.1 71 2.29 −13

3.57 117 3.27 −20

(a) (b)

FIGURE 2. Dimensions of the proposed fractal antenna. (a) Top view with geometrical descriptions. (b) Side view.

sional specifications of the proposed FFA are illustrated in Ta-
ble 1. The width of the substrate is slightly extended, because
the lowest resonating frequency is very small. The resonance
characteristics of the design are shown in Figure 3, which il-
lustrates that 0th iteration does not provide any resonance in
the sub-6GHz frequency band. Then in the 1st iteration, res-
onance is achieved at 0.7GHz but still not all the frequencies
of interest. Similarly in the 2nd iteration, three resonating fre-
quencies have been achieved, but with poor impedance match-
ing. Therefore, in the final iteration, all the required multi-
ple resonating frequencies with excellent impedance matching
have been achieved. These frequencies include 0.69–0.74GHz
(n12), 1.9GHz (n2), 2.6GHz (n41), and 3.5GHz (n78) [18].
Moreover, the 3.57GHz resonating frequency covers the re-
quired channel bandwidth Bch = 100MHz. All the perfor-
mance parameters of all the iterations are illustrated in Table 2.
The current distribution of the proposed design at different

frequencies can be visualized in Figure 4 which shows that cur-
rent is more dominated only on the left side of the design at the
lowest frequency of operation, but as the frequency increases,
the current distributes to the other portion of the design. At
1.9GHz, the current at central and right parts of the design dom-

FIGURE 3. Simulated reflection coefficient variation with frequency of
the proposed FFA.

inate as compared to the left part. Similarly at 3.5GHz, the cur-
rent distributes evenly on all the parts of the proposed design.
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FIGURE 4. Current distribution of the proposed FFA at different frequencies in GHz, (a) 0.6GHz, (b) 1.9GHz, (c) 2.6GHz, (d) 3.1GHz, (e) 3.5GHz.

(a)

(b)

FIGURE 5. Proposed FFA MIMO configuration. (a) Top view. (b)
Bottom view (All dimensions are in mm).

The finalized unit cell radiating element is transformed into
1 × 2 MIMO array structure as shown in Figure 5. The
two elements are placed at λ/2 distance to avoid coupling
among the elements. The overall size of the design would be
195mm × 52mm. Ground plane has been modified as shown
in Figure 5(b) to improve the output parameters like impedance
matching and gain.

3. RESULT AND ANALYSIS
Figure 6 illustrates the variation of the input reflection coef-
ficient with respect to frequency and coupling, highlighting a
significant improvement in the reflection coefficient upon the
introduction of the defected ground structure (DGS). This en-
hancement also results in improved bandwidth, particularly at
0.6GHz. Additionally, the mutual coupling (S12) is observed
to be less than −20 dB across the entire resonating frequency
range, ensuring effective isolation between the MIMO antenna
elements. Beyond these parameters, other critical metrics, such
as envelope correlation coefficient (ECC), directive gain (DG),
and channel capacity loss (CCL), must be evaluated to compre-
hensively assess the overall performance of the MIMO antenna
configuration. These metrics are essential for determining the
antenna’s suitability for high-performance communication sys-
tems.

3.1. Envelope Correlation Coefficient (ECC)
The coupling can also be examined in terms of ECC which is
represented by Equation (5) [12, 21, 22].

ρs =
|S∗

11S12 + S∗
21S22|2(

1− |S11|2 − |S21|2
)(

1− |S22|2 − |S21|2
) (5)
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FIGURE 6. S-parameters of the proposed FFA MIMO antenna. FIGURE 7. Simulated ECC variations with frequency.

FIGURE 8. Diversity gain of the proposed antenna. FIGURE 9. Diversity gain of the proposed MIMO antenna.

where S11 and S22 are the input reflection coefficients of both
the ports, and S12 is the coupling between the ports. The value
of the ECC should be as low as possible to ensure a high cou-
pling between the radiating elements. The ECC variations with
frequency are shown in Figure 7. The value should be less than
0.5, and it has been observed from Figure 7 that the ECC value
< 0.5 in all the operating frequency bands.

3.2. Diversity Gain (DG)
Diversity gain quantifies the reduction in transmission power
required when diversity techniques are implemented on the
module, as defined in Equation (6) [15]. Figure 8 demonstrates
that the DG for the group of interest remains approximately
10 dB, indicating consistent and effective performance of the
diversity scheme.

DG = 10

√
1− |ECC|2 (6)

3.3. Channel Capacity Loss (CCL)
CCL provides detailed insights into the system’s performance
based on correlation effects, as described in Equations (7)–
(10) [15]. The corresponding values are illustrated in Figure 9,
which shows that the CCL remains below 0.5 bits/s/Hz in the
frequency bands of interest. This indicates that the proposed
antenna achieves high throughput, ensuring its suitability for
the intended application.

C(loss) = − log2 det(a) (7)

a =

[
σ11 σ12

σ21 σ22

]
(8)

σii = 1−
(
|Sii|2 − |Sij |2

)
(9)

σij = −
(
S∗
iiSij + SjiS

∗
jj

)
(10)
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TABLE 3. Comparison of proposed design with recent literature.

References
Operating
Frequencies

(GHz)

Bandwidth
(MHz)

Gain
(dBi)

Diversity
Gain (dB)

Mutual
Coupling
(dB)

ECC Applications

[12]

2.43
3.83
4.4
5.8

2.24–2.5
3.6–3.99
4.4–4.6
5.71–5.90

>= 2 9.5–10 <= −10 < 0.08
WLAN/WiMAX, Wi-Fi,

Bluetooth, C-band

[14] 3 2.21–6 0.53 9.9–10 <= −15 < 0.016
Sub-6GHz 5G
and WLAN, IoT

[15]
7.5
10

2.84–11 > −15 - 7.2 < 0.02 Portable and UWB

[16] 2.4 100 2.8–3.52 - <= −25 0.022 2.4GHz WLAN

[19] 4.8 3.15–5.61(2.46) 2.36 - - -
Low frequency
5G applications

[20] 3.82 2240 4 10 <= −11 -
Portable wireless
routers/adaptors
for 4G and 5G

Proposed
Work

0.7 530 7.9

10

<= −20

0.001
Low frequency

automotive applications
2.6 110 10.2 <= −30

3.1 150 11.6 <= −40

3.5 100 12.9 <= −50

(a)

(b)

FIGURE 10. Fabrication prototype of the proposed antenna. (a) Top
view. (b) Bottom view.

4. FABRICATION ANDMEASURED RESULT ANALYSIS
Figure 10 presents the fabricated sample of the proposedMIMO
fractal antenna array. The simulated and measured S11 (in
dB) are depicted in Figure 11, showing good agreement over-
all, with minor variations observed at 0.7GHz and 3.1GHz.
Additionally, the radiation patterns of the proposed design, il-
lustrated in Figure 12, demonstrate a high degree of concor-
dance between the measured and simulated results in both co-

FIGURE 11. Simulated and measured S11 (dB) vs frequency of the pro-
posed antenna.

polarization and cross-polarization planes, confirming the de-
sign’s robustness and accuracy.
The simulated and measured gains versus frequency plot is

shown in Figure 13, which depicts that the measured gain val-
ues are less than the simulated values. Because simulations are
performed in the ideal boundary conditions and optimized envi-
ronment. However, during fabrication and measurement, there
are certain factors that play significant roles. The factors in-
clude fabrication imperfections, material loss, environmental
interactions, connector and feed network loss, very sharp edges
in the proposed design, and impedance mismatch.
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(a) (b)

(c) (d)

FIGURE 12. Radiation patterns, (a) 0.7GHz, (b) 2.6GHz, (c) 3.1GHz, (d) 3.5GHz.

FIGURE 13. Comparison of simulated and measured gains of the pro-
posed antenna at resonating frequencies.

The proposed MIMO antenna design, as highlighted in Ta-
ble 3, outperforms other referenced works in several key pa-
rameters. It achieves a significantly higher gain, reaching up to
12.9 dBi, and demonstrates exceptional mutual coupling per-
formance of ≤ −50 dB, ensuring excellent isolation between
antenna elements. The design’s envelope correlation coeffi-
cient (0.001) is remarkably lower than other designs, as shown
in the table, indicating highly uncorrelated MIMO channels
for enhanced throughput and reliability. Furthermore, it offers
wide bandwidth across multiple operating frequencies, such as
530MHz at 0.7GHz, and a diversity gain of 10 dB, matching
or surpassing the best values reported in the literature. Un-
like other antennas, the proposed design is specifically tailored
for low-frequency automotive applications, with practical in-
tegration into plastic car body parts, making it ideal for real-
world deployment. These advantages, summarized in Table 3,
demonstrate the superior versatility and performance of the pro-
posed antenna in applications like 5G, IoT, and automotive
communication.

127 www.jpier.org



Kumar et al.

5. CONCLUSION
This paper presents a 1 × 2 MIMO fractal antenna system for
sub-6GHz 5G automotive applications. The single element
fractal antenna is finalized with various iterations, and then the
unit cell is transformed into a MIMO configuration to improve
the overall channel capacity of the system. The proposed design
achieves an excellent impedance bandwidth in the sub-6GHz
frequency bands and maximum gain of around 13 dB in n78
frequency band. The proposed design also achieves the signif-
icant coupling between the elements and shows excellent per-
formance in all the MIMO parameters. With these parameters,
the proposed design accomplishes acceptable data rate values
considering the low earth orbit satellite constellations accord-
ing to link budget calculations. The achieved data rate will be
utilized for various 5G wireless automotive applications.
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