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ABSTRACT This paper presents the design an study of a DSRC/sub-6 GHz Koch fractal antenna single,
two and four elements integrated with metamaterial structures, are proposed for the C-V2X and IEEE
802.11p/V2X. The design of automotive antenna is a challenging task due to the degradation of the MIMO
antenna performance because of mutual coupling and cause spectral regrowth. Initially, a single antenna
exhibits very good performance at 5.9-GHz. Subsequently, two elements and four MIMO elements were
designed and analyzed which are placed orthogonally at the corner of the substrate introducing a diversity
polarization. Meanwhile, to overcome the mutual coupling effects and improve the isolation between the
radiating elements, two new different shaped left-handed metamaterials based on broadside and electri-
cally coupled square split-ring resonator (SRR) with negative permeability and negative permittivity are
suggested and their reflection properties are analyzed. However, the performances of various MIMO antenna
configurations are investigated before and after inserting the metamaterial structures to assess the potential
enhancements achieved. Finally, a further investigation concentrates on the effects of these metamaterial
structures on the MIMO antenna radiation pattern and surface current density. In summary, the study
demonstrated through simulations and measurements that the suggestedMIMO antenna configurations, with
the integration of metamaterial structures, exhibit improved performance, achieving a mutual coupling of
-45 dB and demonstrating good MIMO diversity attributes

INDEX TERMS Koch fractal, DNG metamaterial, MIMO antenna, V2X communication, mutual coupling.

I. INTRODUCTION
Intelligent transportation systems (ITSs) that aim to improve
transport safety and efficiency, low-latency, high-reliability,
high-speed, and secure communication in a high-speed, con-
gestive and dynamic environment, such as a solution for
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vehicle road collaboration by including novel applications,
services, and technologies [1]. ITSs is based on the Vehic-
ular ad Hoc Networking (VANETs) and consider a group
of technologies that allow vehicles to share information and
talk to each other as well as with the infrastructure, besides
to provide the driver with various information about road-
way conditions, reporting accidents and traffic jams, colli-
sion safety distance, gas stations, driver assistance including
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parking, rest location, cruise control and so on [2], [3].
However, ITSs also cover the use of Information andCommu-
nication Technologies (ICT) for rail, water, and air transport
including navigation systems. The main technologies used
for vehicular communications around the world include Ded-
icated Short Range Communication (DSRC) and Cellular
Vehicle to Everything (C-V2X) [1] as explained in Fig.1.
DSRC based on IEEE 802.11p has standards well estab-
lished in almost world countries in the range of 5 GHz due
to the spectral environment and propagation characteristics
[1], [2]. Therefore, in Europe, the European Telecommuni-
cations Standards Institute (ETSI) has allocated 30MHz of
the spectrum in the 5.8 GHz band for DSRC in 2008 whilst
the FCC reserved around 75 MHz in the 5.9 GHz band.
Such connected vehicle networking lies in On-Board Units
(OBU) installed in the vehicle as well as fixed Road Side
Units (RSU) placed in a spot of the infrastructure [2], [3], [4].
As it is well known that the antenna plays a decisive role
in achieving high performance of wireless communication
system. Therefore, it is a great challenge to develop an
automotive antenna module that provides various services,
whereas maintaining high technical performances and good
aesthetic aspects. However, most of the antenna designs that
have been used in the recent ITS systems can be considered as
conventional antenna models with a single antenna element,
such as wire monopole/dipole, printed monopole/dipole,
or PIFA. Nevertheless, the V2X communications systems
suffer from such limitations due to the multipath fading envi-
ronment andweaker signal in the process of data transmission
caused by surrounding buildings, trees, and other vehicles [5].
To overcome this problem, multiple-input multiple-output
(MIMO) systems use multiple antennas at the transmit-
ter and receiver side respectively are used. They permit
to achieve high data rates and throughput, to enhance the
capacity of a wireless radio channel, and reduce the effect
of fading [6], [7], [8], [9]. The MIMO performance can
be further enhanced by exploiting the spatial and/or polar-
ization diversity. On other hand, MIMO antenna which is
able to reconfigure their radiation performance, with a high
end of coverage, high gain, better signal-to-noise ratio, and
fewer channel losses are becoming more and more suitable
candidates in order to get the more improved features for
automotive applications [5], [6], [7], [8], [9], [10], [11].
One of the most important tracks of MIMO fractal antennas
is their self-similar and space-filling behavior. Therefore,
FractalMIMO antenna arrays are inherently self-similar, self-
affine, and have space-filling characteristics those permit
to provide an enhanced bandwidth, better radiation pattern,
low correlated signals [12], [13]. In this concept, various
types of MIMO antenna fractal arrays such as Sierpin-
ski geometries [14], [15], [16], Hilbert curve [17], [18],
Minkowski [18], [19], Koch [20], [21], [22], and Cantor
[23], [24] have been reported to achieve miniaturization,
wide bandwidth and multiband characteristics. Other MIMO
antenna designs have been proposed in [25], [26], for mul-
tiple applications. It is known that the very low mutual

coupling between MIMO antenna elements is highly desir-
able for efficient MIMO system performance. In this regard,
several techniques are used to eliminate the undesirable
effect of this coupling as well presented in [27] and [28].
Using metamaterial structure is one of the very promoting
method. Furthermore, metamaterials are considered artifi-
cial materials with unnatural electromagnetic properties such
as negative permittivity and permeability. In other words,
a negative refractive index (n) of those materials is named a
double negative [28], [29]. These properties lead to backward
wave propagation and these materials are known as left-hand
materials [30], [31]. It is worth noting that the metamaterial
electromagnetic properties are controlled by the structure of
the design. Metamaterial structures can effectively provide
a stop band at specific frequencies regarding the design
structure. This feature has been used in order to reduce the
mutual coupling between the radiating elements on a MIMO
antenna system. Various kinds of the metamaterial designs
have been performed in literature [32], [33], [34]. Although
utilizing the metamaterial solution enables one to interrupt
the surface current associated to the mutual coupling between
the MIMO antenna elements, hence to improve the isolation
and diversity performance of the system [35].

In the literature, the sub-6 GHz vehicular communication
spectrum for 5G is of great interest in academia and industry
due to its high data rate and high spectrum efficiency. Hence,
the operating frequency band (from 2.5 GHz to 5.9 GHz)
is the main sub-6 GHz frequency band for V2X commu-
nications. For a successful implementation of sub-6 GHz
5G standards, the antenna of multiple-input multiple-output
(MIMO) systems is an important design consideration.

For instance, the target of the work at hand was the synthe-
sis and investigation of multiple MIMO antenna configura-
tions based on single Koch fractal antenna element properties
to achieve a significant diversity performance and bandwidth
enhancement with dual-polarization and enhanced diversity
performance. The novelty of the proposed antenna configu-
ration is to mitigate the mutual coupling and enhancing the
diversity performance by introducing two new double nega-
tive (DNG) metamaterial structures on either side of the FR4
substrate. The basic element of the projected configurations
is the Koch fractal patch antenna of the third iteration. The
design and simulation of the proposed antennas are carried
out using CST microwave studio using a time-domain solver.
Thereby, the single antenna element is studied in section I.
Whilst, the 2 × 1 MIMO antenna is given in section II.
Section III will cover the detailed design of the 2× 2 MIMO
with and without DNG metamaterial cells along with the
diversity analysis. The conclusion of the study is given in
Section IV.

II. SINGLE ELEMENT DESIGN
A. PROPOSED ANTENNA DESIGN
TheKoch fractal geometry is generated in the following steps.
In the zeroth iteration, a line of length Lf is considered, in the
first iteration, the length Lf is divided into three equal parts.
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FIGURE 1. Vehicular network architecture cellular and DSRC.

FIGURE 2. Koch geometry.

Then, the central part is formed by combining two identical
slices, which form an equilateral triangle. In the second itera-
tion, each sub-length (Lf /3) is divided into 3 equal parts. The
process is repeated in consecutive iterations multiple times to
construct the Koch curve. Furthermore, the Koch fractal is
placed along the sides of an equilateral triangle.

Koch standard geometry (Fig.2) is characterized by two
main factors: the iteration factor (r = IF = 1/3) which
represents the construction law of fractal generation, and
the iteration order (n = 2) which describes how many
iteration processes are performed. This procedure is slow
and complicated and to avoid these design complications, the
fractal is generated using an easily implemented algorithm
in MATLAB based on the generation rule defined by an IFS
(Iterative Function System) approach based on the applica-
tion of a series of affine transformations, w, given by (1):

w
[
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y

]
=

[
a b
c d

]
×

[
x
y

]
+

[
e
f

]
(1)

Here a, b, c, and d are control rotation and scaling, while e
and f are control linear translation on the x-axis and y-axis
respectively [12], [29]. For the dominant mode of the cavity
model of the equilateral triangle patch, the resonant frequency

is defined as (2) and (3).
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√
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where:
fr =5.9 GHz is the resonant frequency, ϵr is the substrate
dielectric constant, c is the velocity of light, (m, n, p) are
mode-defining integers and s is the triangle sides initial
length. It is worth reminding that applying the Koch geometry
to the equilateral triangle patch increases its electrical path
length by increasing s and thus the fractal length decreases
the resonant frequency. The single antenna element designed
operating at 5.9 GHz for DSRC and C-V2X communication
is printed on a 1.6 mm thick FR-4 substrate with permittivity
of ϵr = 4.4, and dimensions of 40×40mm2. The geometrical
stepwise evolution of the designed snowflake Koch antenna
along with defected ground plane is shown in Fig.1. Initially,
a snowflake Koch patch fed by a 50� microstrip line is feed
by 50� microstrip lines with a tuning stub (Lf ,Wf ) and a
partial ground plane (W × Lg is used (Antenna 2). Then,
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FIGURE 3. (a) variation of the S11 (dB) and (b) VSWR for the stepwise evlution of the proposed antenna.

a small Koch curve is etched from the ground plane’s upper
edge to achieve range as shown for Antenna 3. Furthermore,
for achieving high impedance bandwidth, multiple defects in
the ground plane are created using a square slot under the fed
line which provides an improvement in matching conditions
(Antenna 4). The proposed antenna involves a parametric
analysis and optimization process using CSTMWS software.
The optimized dimensions of the proposed antenna are: L =

W = 40mm, h = 1.6 mm, Lg = 32mm, Lk = 12mm,
Wf = 2mm, Lf = 20.5 mm, Ls = 7mm, and Ws = 2mm.
The comparison of the simulated reflection coefficient S11
in dB is demonstrated in Fig.3a. One can note that antenna 1

provides 2 bands but not the desired one, the antennas 2, 3,
and 4 provide 3 bands including the desired band around the
5.9 GHz. It can be denoted that the proposed antenna 4 has
a better reflection coefficient characteristic at the 5.9 GHz
band as compared to Antenna 2 and Antenna 3. One can
conclude that the antenna provides good impedance behavior
and scattering parameters due to the etched slot and Koch
curve on the partial ground structure. VSWR is an image
of impedance matching of the simulated proposed antenna
stepwise evolution (Fig.3b). It can be seen that the antenna
presents a very good impedance matching represented with
a VSWR less than 2 over the operating band. Moreover, the

VOLUME 11, 2023 77623



F. Ez-Zaki et al.: DNG Metamaterial-Based Koch Fractal MIMO Antenna Design

FIGURE 4. Antenna radiation pattern in XZ-Plane( black line) and
YZ-plane(Blue line).

FIGURE 5. The designed single Koch antenna prototype.

FIGURE 6. Simulated and measured S-parameters comparison.

proposed antenna reaches a bidirectional radiation patterns
in the XZ plane and YZ plane respectively. In addition, the
radiation patterns have low levels of cross-polarization and
a symmetric form at 5.9 GHz as projected in Fig.4. It is

FIGURE 7. (a) The experimental setup, (b) Measured radiation pattern.

observed that the etching of rectangle slot and Koch curves
on the ground plane make a significant impact on the antenna
features. The final design provides an excellent value of
the reflection coefficient (the reflection coefficient S11 is
higher than -50 dB) as well as the VSWR of 1.023 for the
DSRC band which means that the proposed antenna design
is properly matched and represents a very good candidate for
the V2X communication as well as for other standards.

B. PROPOSED ANTENNA MEASUREMENT
To validate the proposed single-element antenna structure,
a prototype was fabricated and characterized. The photo of
the prototype as well as the measurement set up are shown
in (Fig.5). The measurement of the fabricated antenna was
performed using an ANRITSU MS2026C vector network
analyzer operating in the frequency range of 10 kHz to 6GHz.
These measurements were also repeated using another vec-
tor network analyzer, ZVB 20, operating in the frequency
range of 10 MHz to 20 GHz. (Fig.6) shows the measured
and simulated reflection coefficient of the proposed fractal
antenna. As we can observe, there is good agreement between
the simulated and measured resonance frequencies, despite a
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slight increase in the reflection coefficient toward higher fre-
quencies for the measurements taken with the ZVB 20 VNA.
The difference between the two graphs is due to measure-
ment uncertainties. The radiation pattern measurements were
performed, as shown in (Fig.7a)). The normalized radiation
patterns measured in the XY and YZ planes at 5.9 GHz are
depicted in (Fig.7b). These measurement results allow us to
clearly observe the variations in the radiation pattern of the
fabricated antenna prototype at the resonance frequency of
5.9 GHz. In the XY plane, we can see that the radiation
pattern of the proposed antenna tends towards an omnidi-
rectional shape with slight degradation due to measurement
uncertainties. In the YZ plane, the radiation pattern tends
towards a bidirectional shape. However, we can observe that
the radiation pattern in this YZ plane shows small variations
due to reflections on the edges of the fractal antenna structure
and also due to the surrounding measurement environment.

III. MIMO DIVERSITY ANALYSIS
The performance of the MIMO antenna entirely depends on
diversity performance. This diversity performance is evalu-
ated by some parameters that include envelope correlation
coefficient (ECC), mean effective gain (MEG), diversity gain
(DG), and total active reflection coefficient (TARC), and
CCL (channel capacity loss). The ECC describes the corre-
lation between the radiating elements of a MIMO antenna.
Ideally, the ECC should be zero, but anything less than 0.5 is
acceptable in a practical sense. It explores how the radiat-
ing element provides interference to another element of the
system during excitation. It can be calculated by either using
S-parameter value or using radiation pattern. Equations (4)
derives ECC using S-parameter.

ECC(i,j) =

∑N
n=0

∣∣∣S∗
i,nSn,j

∣∣∣2∏
k=i,j

(
1 −

∑N
n=1 S

∗
k,nSn,k

) (4)

Diversity gain (DG) derives using equation (5) is another
important diversity parameter, it is very powerful to measure
the signal-to-noise ratio of the MIMO antenna. The diversity
gain magnitude should be around 10, but practically more
than 9.5 is acceptable.

DG = 10
√
1 − |ECC|

2 (5)

The mean effective gain (MEG) is another important per-
formance analyzer for the multiple antenna system. The
power intensity between the signals from each radiator of a
MIMO antenna is evaluated using MEG. It also analyzes the
antenna performance in adverse environmental conditions.
The MEG performance of a MIMO antenna is calculated
using the S-parameter of the specified antenna mentioned
in Eq.6, Eq.7, and Eq.8. Where i is the exciting port and
j denotes the other terminated ports of the antenna. Good
isolation performance is obtained when the k value does not
exceed 3dB.

The overall isolation performance of the MIMO antenna is
also expressed in the term of total active reflection coefficient
(TARC) curves. It simply reflects the ratio between reflected
and incident power. It derives the effective operating band-
width of a MIMO antenna system. The operating bandwidth
of the TARC is observed here with the variation of input
phase from 0◦ to 180◦ with a 30◦ step size. The operating
bandwidth (−10dB) at all phase angles should cover the
desired frequency band. The total active reflection coefficient
(TARC) is calculated using the S-parameter values of the
proposed antenna according to Equations (9)-(10) for 2 ports
and 4 ports MIMO antenna respectively, where θ , θ ′, θ ′′ are
the excitation phase angles of the input feeding ports.

MEGi = 0.5
(
1 −

∣∣Si,i∣∣2 −
∣∣Si,j∣∣2) (6)

MEGj = 0.5
(
1 −

∣∣Sj,i∣∣2 −
∣∣Sj,j∣∣2) (7)

MEG = k =
∣∣MEGi −MEGj

∣∣ (8)

TARC2ports =

√∣∣S1,1 + S1,2ejθ
∣∣2 +

∣∣S2,1 + S2,2ejθ
∣∣2

√
2

(9)

TARC4ports =

√√√√√√√√
∣∣S1,1 + S1,2ejθ + S1,3ejθ ′

+ S1,4ejθ ′′
∣∣2

+
∣∣S2,1 + S2,2ejθ + S2,3ejθ ′

+ S2,4ejθ ′′
∣∣2

+
∣∣S3,1 + S3,2ejθ + S3,3ejθ ′

+ S3,4ejθ ′′
∣∣2

+
∣∣S4,1 + S4,2ejθ + S4,3ejθ ′

+ S4,4ejθ ′′
∣∣2

√
4

(10)

Further investigation on channel capacity, is channel
capacity loss (CCL) which must be specified in a rich mul-
tipath environment. It allows reliable communication over
channel for a channel capacity loss (CCL) < 0.4 bits/s/Hz.
The CCL value can be computed employing equation (11).

CCL = − log2 ×Det

ρ1,1 . . . . ρ1,N
. . .

ρN ,1 .. ρN ,N

 (11)

where, N is the element number and ρi,i and ρi,j are defined
as following:

ρi,i = 1 −

N∑
j=1

∣∣Si,j∣∣2 (12)

ρi,j = −

(
S∗
i,iSi,j + S∗

j,iSj,j
)

(13)

IV. TWO ELEMENTS MIMO ANTENNA RESULTS
ANALYSIS
A two elements MIMO is designed (Fig.8), simulated using
CST Studio Suite as depicted in Fig.9. Meanwhile, to verify
the accuracy of the simulated results, a fabricated prototype
of the proposed two elements antenna is illustrated in Fig.10.
The S-parameters of the fabricated antenna prototype were

measured by an ANRITSU MS2026C vector network ana-
lyzer with a range frequency of 500 kHz to 6 GHz. The
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FIGURE 8. Proposed antenna: (a) Front view, (b) Back view.

FIGURE 9. Antenna simulated S-parameters.

measured S-parameter are given in Fig.11. It is clear that,
the impedance bandwidth (<-10dB) for simulated S11/S22
operates from 5.62 GHz to 6.16 GHz, while the measured
one operates from 5.52 GHz to over 6 GHz. Also, it can be
seen that measured and simulated S11/S22 have one reso-
nance at 5.8 GHz and 5.9 GHz, respectively. However, the
main resonance of the measured S11/S22 is shifted from
that of the simulated one by about 100 MHz. Whilst, the
measured S12/S21 have the same values as the simulated
ones at 5.9 GHz. Whereas the measured results S12/S21 are
also 7 dB lower than the one simulated at 5.8 GHz. It can be
concluded that the fabricated prototype operates at 5.8 GHz,
a bandwidth of 480MHz, besides the mutual coupling of the
antenna is lower than −24 dB. It is worthwhile to note that
the shifting between simulation and measurement is because
of tolerances in the soldering and manufacturing of the con-
nector, the quality of the substrate, the fabrication process,
and losses in the long coaxial cable used in the process of
measurement. Furthermore, the performance of the proposed

FIGURE 10. Antenna Prototype: (a) Front view, (b) Back view.

FIGURE 11. Measured S-parameters of the proposed antenna.

MIMO antenna system is quantitatively evaluated by means
of analyzing the envelope correlation coefficient (ECC), the
diversity gain (DG), the total active reflection coefficient
(TARC), and channel capacity loss (CCL). Moreover, for
the attractive MIMO system, the value of ECC should be
lower than 0.5, whilst the DG value should be close to
10, TARC lower than 0 dB, and CCL must be lower than
0.4 b/s/Hz. The corresponding ECC results are plotted in
Fig.12a. The simulated ECC is lower than 0.005 within the
operating bandwidth, while the measured values of ECC are
observed to be below 0.01 for the operating frequency band
with a peak value of 0.008 at 5.8 GHz. Low ECC value
indicates that the investigated MIMO antenna can provide
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FIGURE 12. Comparison of Simulated and Measured: (a) ECC, (b) DG.

FIGURE 13. Antenna Measured TARC with the variation of theta.

good pattern diversity among the operating frequency band.
In addition, the simulated and measured DG is observed
to be more than 9.9 dB for the operating frequency range
according to Fig.12b. Besides; the measured and simulated
values of TARC observed with the variation of input phase
are computed using the S-parameters and shown in Fig.13.
The TARC graphs demonstrate that the values of TARC are
less than −15 dB for the entire band. One can sum that the
operating bandwidths of the TARC at all phase angles cover
the operating band with stable resonant characteristics which
yield a good isolation performance.

FIGURE 14. MIMO Antenna configuration (MIMO Antenna 1): (a) Front
view, (b) back view.

V. 2 × 2 ELEMENTS ANTENNA (SPATIAL AND
POLARIZATION DIVERSITIES)
It is worth noticing that the channel capacity is proportional
to the antenna number on a MIMO system. For instance, this
section analyses the performance of four elements MIMO
antenna. The geometrical configuration of the first proposed
four elements MIMO antenna is shown in Fig.14. The design
is printed on 1.6mm thick 95×95mm2 substrates, it is worthy
tomention that the space between adjacent elements is 15mm
in all projectedMIMOconfigurations. As per the observation,
all the axis of the radiating elements is placed with angle of
90 and the spacing between the radiators are optimized in
such a way that a compact geometry with minimum mutual
coupling is achieved.

The reflection coefficients of four Koch fractal MIMO
(Antenna 1) are presented in Fig.15a. It is found that the
antenna covers the desired frequency band of 5.9 GHz with a
peak Sii (i=1, 2, 3, 4) of−50 dB. The transmission coefficient
characteristics for the four Koch fractal MIMO Antenna 1 as
a function of frequency are plotted in Fig.15b. It is observed
that the simulated S21, S41, S12, S32, S23, S43, S14, and
S34 parameters are−19.75 dB whilst S31, S13, S24, and S42
parameters are −22 dB at 5.9 GHz.

VI. ISOLATION ENHANCEMENT USING DNG
METAMATERIALS
The isolation of the proposedMIMO antenna is pretty poor in
the desired frequency. To reduce themutual coupling between
MIMO elements two new broadside coupled square SRR
structures are analyzed and attached on both ground plane
and between radiators.

A. DNG METAMATERIAL UNIT CELL LA CELLULE ECSRR A
COUPLAGE LATERAL, (MMT 1)
The first proposed unit cell is a broadside-electrically coupled
metamaterial structure composed of two open electrically
coupled conducting square rings which are etched at both
sides of a dielectric substrate and with the gaps in opposite
positions named MTM1. Figure Fig.16a depicts the side
and 3D views of the MTM1 unit cell designed at 5.9 GHz.
The length of the unit cells along the z-axis was token in
order to be identical with the antenna substrate thickness.
Fig.16b shows the simulated results of the reflection coeffi-
cients S11/S22 and transmission coefficients S21/S12 of the
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FIGURE 15. (a) MIMO Antenna 1 simulated reflection coefficients,
(b) MIMO Antenna 1 simulated transmission coefficients.

suggested broadside-electrically coupled metamaterial unit
cell besides of the reflection phase (Fig.16c), which is very
important to be close to zero at the resonant frequency. The
effective relative permittivity and permeability of the meta-
material unit cell have been retrieved utilizing the method
proposed in [23]. The extracted characteristics are plotted in
Fig.16d, it can be observed that the real parts of the effec-
tive relative permittivity and permeability are simultaneously
negative in a frequency range from 5.4 to 6.2 GHz. The
MTM1 unit cell present a high impedance around the oper-
ating frequency (Fig.16e). Therefore, the proposed metama-
terial structure could be used to reduce the mutual coupling
between the adjacent MIMO antenna elements.

B. DOUBLE NEGATIVE METAMATERIAL COMPOSED OF
WIRE STRIPS/EC-SRR, (MTM2)
The second proposed metamaterial unit cell (MTM2)is
designed and simulated using CST microwave studio soft-
ware. The reflection property of proposed unit cells was
investigated by setting up the perfect magnetic conductor
(PMC) boundary condition for the XY plane, whilst the
perfect electric conductor (PEC) boundary conditions are
applied for the YZ plane, and the waveguide ports are applied
in the Z direction. Fig.17a depicts the front, back, and 3D
views of the second designed unit cell for the V2X frequency

FIGURE 16. (a) Illustration of first DNG metamaterial unit cell and
simulation set-up (MTM1), (b) simulated S-parameters, (c) reflection
phase, (d) extracted characteristics, and (e) unit cell Impedance.

band. As seen from the simulated results (S-parameters,
reflection phase, the dielectric constant ϵ), and the permeabil-
ity (µ)) as illustrated in Fig.17b, Fig.17c, Fig.17d and Fig.17e
that the extracted effective permeability and permittivity of
the designed unit cell are negative with very high impedance
around 5.9 GHz frequency band. One can also note that
the proposed metamaterial achieves a bandwidth of both the
permittivity and permeability values are negative of 800MHz
(from 5.4 to 6.2 GHz).

C. RETURN LOSS (S11/S22/S33/S44) AND ISOLATION
ANALYSIS OF MIMO ANTENNA 1 WITH THE MTM1
AND MTM2 CELLS
The first proposed DNG structure is inserted on between the
adjacent MIMO elements as appears in Fig.18, and Fig.19.
The reflection and transmission coefficients of the four ele-
ments MIMO antenna with the first suggested metamaterial
structure (MIMO Antenna 2) are plotted in Fig.20a, and
Fig.20b, respectively. From these figures, one can see that the
return loss of the antenna at the 5. 9GHz frequency is−30 dB.
Besides, the simulated transmission coefficients are lower
than −40dB at 5.9 GHz. It is observed that isolation between
port-4/ port-2, and port-1/port-3 is of 35 dB. In addition,
it is observed that the isolation between port-1/port-2 and
port-4/port-3 is up to −40dB. Meanwhile, significant isola-
tion is obtained for port-1/port-4 and port-2/port-3. Hence,
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FIGURE 17. (a) Illustration of first DNG metamaterial unit cell and
simulation set-up (MTM2), (b) simulated S-parameters, (c) reflection
phase, (d) extracted characteristics (ϵ, µ), and (e) unit cell Impedance.

FIGURE 18. MIMO Antenna 2: (a) Front views, (b)Back view.

the minimum obtained mutual coupling between the sug-
gested MIMO antennas is below -35 dB. Then, one can
conclude that the use of the proposed metamaterial cells
considerably increases the isolation of the MIMO antenna
with a good impedancematching. The characterization of the
KochMIMOantennawith the second suggestedmetamaterial
structure (MIMOAntenna 3 as illustrated in Fig.19) is carried
out by plotting the reflection coefficients Sii (with i=1, 2,
3, 4) and transmission coefficients Sij (with i‘#j) using CST
MWS software. Fig.21a provides S-parameter graphs, it is
well observed that the reflection coefficients Sii cover the
operating bandwidth of 5.6-6.19 GHz with a peak value of
−40dB at 5.9 GHz. Besides, Fig.21b exhibits the transmis-
sion coefficient curves. It is observed that isolation between
adjacent and opposite ports is less than −35dB. The trans-
mission coefficient results validate the isolation enhancement

FIGURE 19. MIMO Antenna 3: (a) Front views, (b)Back view.

FIGURE 20. (a) MIMO Antenna 2 simulated reflection coefficients,
(b) MIMO Antenna 2 simulated transmission coefficients.

between the MIMO antenna elements after incorporation of
the metamaterial cells.

VII. DIVERSITY ANALYSIS OF THE THREE MIMO
ANTENNA CONFIGURATIONS
Subsequently to observe the three proposed MIMO antenna
performance, a detailed analysis of MIMO parameters, such
as ECC, D.G, M.E.G, CCL, and TARC, is discussed in detail.

In the current work, the ECC is computed through the
S-parameters way. Ideally, ECC should be zero but for uncor-
related diversity, the values should lie at ECC< 0.5. The graph
in Fig.22 explores a comparative analysis of the three MIMO
configuration ECC performance. One can denote from these
graphs that the proposed antenna configurations have ECC
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FIGURE 21. (a) MIMO Antenna 3 simulated reflection coefficients,
(b) MIMO Antenna 3 simulated transmission coefficients.

FIGURE 22. ECC Comparison of three MIMO antenna.

lower than 0.001 for the desired frequency range, hence,
a very low correlation is observed at the 5.9 GHz band
due to uncorrelated patterns because of the ports orthogo-
nal polarization. Whereas, the simulated DG is mentioned
in Fig.23. The DG values>9.999 in the frequency band
from 5.25-6.5 GHz. This result indicates the low correla-
tion between the MIMO antenna elements and this could be
explained by the mean of polarization diversity as well as the
metamaterial cells.

FIGURE 23. DG Comparison of three MIMO antenna.

FIGURE 24. MEG Comparison of three MIMO antenna.

Mean effective gain (MEG) is a characteristic that includes
antenna radiation power pattern, antenna efficiency, and prop-
agation effects. For optimum antenna design, MEG values
should be equal for all the antenna elements. One can observe
from Fig.24 that the MEG values are equal for all ports as
well as k (equation 8) is less than 3dB within operating fre-
quency and close to zero at 5.9 GHz. This makes the antenna
a good candidate to be implemented in the real multipath
environment. For further behavior analysis, the simulated
CCL curves are illustrated in Fig.25. The values of CCL are
recorded to be lower than 0.3 for the operating frequency
range. It is apparent that at 5.9 GHz, CCL reaches a value
lower than 0.25 b/s/Hz for the application band which makes
the proposed MIMO antenna configurations a good choice
for practical vehicular communications.

TARC takes into account impedance matching, mutual
coupling, and radiation efficiency under the random phase
excitations at input ports. Indeed, higher mutual coupling
leads to worse TARC. In the proposed system the TARC is
calculated using (10) between Port-1 and Port-2 for various
input phases, the simulated TARC curves are depicted in
Fig.26a, Fig.26b, and Fig.26c for MIMO antenna 1, MIMO
Antenna 2 and MIMO Antenna 3 respectively. One can
easily notice that the incoming signal phases have a small
impact on the TARC at the operating frequency, especially at
5.9 GHz, besides the MIMO Antenna 3 show a stable TARC
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FIGURE 25. CCL Comparison of three MIMO antenna.

TABLE 1. Various MIMO antenna fields’ distribution comparison.

performance around the 5.9 GHz. Please note that the lower
correlation between ports in the MIMO antenna could be the
reason to obtain a family of TARC graphs less susceptible
to the phase variations of the input signals. Furthermore,
it is apparent based on the suggested MIMO antenna 3
S-parameters analysis, one can assumes that the transmission
coefficients must be smaller than reflection coefficients in
order to reduce significantly the effect of the phase of the
incoming signals.

VIII. EFFECT OF SUGGESTED METAMATERIAL CELLS ON
RADIATION PATTERN
It is evident that the mutual coupling alters the antenna
pattern. So, to show the mutual coupling effect on antenna
patterns, the three studied MIMO antennas simulated 3D
radiation patterns if all ports are excited simultaneously as
well as surface current density if port 1 is the only exciting
port at 5.9 GHz are projected and analyzed in this section.

A further investigation included comparison between sur-
face current density of the three suggestedMIMO antennas at
same input phase. Fig.28 provides a study of surface current
density distribution which is simulated at 5.9 GHz by exciting
port-1 while ports 2/ 3/4 were terminated with a matched
load. As expected, the maximum surface current density is
strongly concentrated within/around the fed line, patch edges

FIGURE 26. Simulated TARC: (a) MIMO Antenna 1, (b) MIMO Antenna 2,
(c) MIMO Antenna 3.

and ground plane bounds with negligible density in other
antenna parts. Moreover, it is clearly seen that the induced
surface current density in the feeding line at port-2, port-3
and port-4 as well as the induced current on the ground plane
edges of the adjacent antennas (port-2 and port-4) is high
when the metamaterial cells are absent. So then, it is worth
to mention that by placing metamaterial cells in between
the MIMO antenna adjacent elements the surface current is
mainly concentrated in addition to the patch and ground plane
edges and through the metamaterial structures. The one can

VOLUME 11, 2023 77631



F. Ez-Zaki et al.: DNG Metamaterial-Based Koch Fractal MIMO Antenna Design

FIGURE 27. Simulated 3D radiation pattern: (a) MIMO Antenna 1, (b) MIMO Antenna 2, (c) MIMO Antenna 3.

FIGURE 28. Surface current density distribution: (a) MIMO Antenna 1, (b) MIMO Antenna 2, (c) MIMO Antenna 3.

conclude that the ability to forbid the propagation of surface
waves afterward is the main key to provide an enhancement
of the mutual coupling between theMIMO antenna elements.
Another attempt which may be interesting to study more

in-depth the metamaterial behavior is the antenna field distri-
bution. As the Table.1 lists, the field values have been derived
and compared for the three investigated MIMO antennas.
The performed comparison ensures the crucial role of the
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TABLE 2. Comparison of the proposed antennas with previous works.

metamaterial structures in MIMO antenna diversity perfor-
mance quality improvement. A comparison of the proposed
MIMO antenna configurations with the some other same
kinds of MIMO antenna systems from the literature is given
in Table.2.

IX. CONCLUSION
In this research article, a new compact single, two ele-
ments, four elements MIMO antenna based on Koch fractal
geometry are characterized at sub 6GHz 5G for vehicu-
lar communications. To reduce the mutual coupling among
MIMO antenna ports, the diversity polarization technique
was employed. Additionally, we introduced two left handed
metamaterial structures to enhance the isolation and the diver-
sity features of the 2 × 2 MIMO antenna. The metamaterial
shapes are based on broadside/electrically coupled square
ring resonators and stub which are installed between MIMO
antenna adjacent elements. The reflection coefficients, and
isolation besides the diversity performance in term of ECC,
DG, MEG, TARC and CCL are analyzed. From this analysis
it was determined that the projected MIMO antenna con-
figurations offer good diversity performance. However, the
obtained parameters were as follows: reflection coefficients
lower than 30dB at the resonant frequency for all configu-
rations, isolation of -20 dB and > −35dB. Before and after
introducing the metamaterial cells, MEG close to 0 dB for
all configurations, and TARC values below −20dB that are
slightly affected by the incoming excitations phases. Nev-
ertheless, the reflection coefficients are quite badly affected
by introducing the metamaterial cells. In contrast, the MIMO
diversity parameters as well as isolation were all considerably

enhanced with the addition of the metamaterial structures
between MIMO adjacent elements. Moreover, the behavior
of the MIMO antenna with and without metamaterials is
analyzed by comparing the 3D radiation pattern and current
density of the three projected 2 × 2 MIMO configurations.
In summary, we can affirm that the MIMO antenna configu-
rations presented in this work are good proposal in sub 6 GHz
5G and IEEE 802.11p based vehicular applications.
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