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ABSTRACT This paper introduces a compact Multiple input Multiple output (MIMO) antenna system
for vehicular application in the sub-6GHz 5G systems that operates in the middle and high frequency
bands from 1.71GHz to 5GHz. The proposed design consists of two symmetrical raised printed monopoles
on Flame Retardant 4 (FR4) dielectric material with Partial Ground Plane (PGP) structure to improve
bandwidth impedance and achieve higher isolation across the operating frequency range. The design is
an excellent candidate to be implement in a shark-fin housing due to its low-profile characteristics and
good electrical performance. The antennas are simulated using HFSS software and then prototypes are
made and measured on a one-meter rolled-edge ground plane in an anechoic chamber. The electrical
performance results of the proposed design and its MIMO characteristics are discussed and plotted in
terms of Voltage Standing Wave Ratio (VSWR), passive isolation, radiation patterns, radiation efficiency,
linear average gain (LAG), Diversity Gain (DG), and Envelope Correlation Coefficient (ECC).

INDEX TERMS MIMO, 5G, ECC, automotive shark-fin antennas, wireless vehicular communications.

I. INTRODUCTION

THERAPID increase in development for advanced wire-
less communication systems has led to high demand for

these systems to be deployed in the automotive field. The
vehicle structure has transformed to a smart device con-
sisting of many sensors and wireless technologies to support
autonomous driving standards. 5G and Vehicle-to-everything
(V2X) communications has evolutionized wireless technolo-
gies compared to the previous systems such as Bluetooth,
WLAN, 2G (GSM), 3G (UMTS) and LTE. 5G and V2X
are upcoming standards for vehicle communication with
surrounding environment including Vehicle-to-Infrastructure
(V2I), Vehicle-to-Vehicle (V2V), and Vehicle-to-Pedestrian
(V2P). These communications require very low latency, high
speed data rate, higher reliability, efficient power usage, and
the ability to handle high number of nodes which is essen-
tial in self-driving technology, improving traffic safety, and
connecting the vehicle to different nodes in an Internet of
Things (IoT) network [1], [2].
The 5G network consists of two frequency bands:

sub-6GHz band from 617MHz-5GHz and milli meter
Waves (mmWaves) from 28 GHz up to 40GHz [3]–[4].

The wide increase in bandwidth with advanced modulations
schemes compared to legacy wireless communications has
helped 5G network to achieve data rates up to 10Gbps,
maximum latency of 1 milli second (msec), high capacity
of user nodes, and up to hundred times better power usage
efficiency [5]–[6].
To achieve the requirements for 5G and V2X autonomous

communications, multiple input multiple output (MIMO)
antenna system should be implemented. MIMO systems
have many antenna elements placed at both receiver and
transmitter that operate at the same frequency range which
will increase the number of channels across the radio
frequency (RF) link, and hence significantly improving
the total data rate and throughput in the network without
increasing the transmit power or enlarging the frequency
band [7]–[8]. The RF performance of the MIMO system
is very dependable on the efficient design of the antenna
elements. The antennas should have a good radiation efficien-
cies and high isolation or very low correlation between them
which will result in very reliable and low latency system
even in a highly scattering electromagnetic environment [9].
The Envelope Correlation Coefficient (ECC) is an important
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parameter that is used to measure the correlation between the
antenna elements. A low value of ECC (ideally zero) shows
a high isolation (low correlation) between the antennas that
results in independent RF channels in the system which is
needed to achieve the required MIMO performance [10].
The MIMO antenna design in the automotive field has

many limitations that affects its performance. Physical
dimensions, size limitations, and interference (coupling)
between different antennas are challenging issues specially
if the antennas are placed in one housing. These challenges
make it hard to meet the standards of MIMO performance in
terms of radiation efficiency, isolation, and diversity specially
when multiple applications are implemented in one single
housing such as: AM/FM, Digital Audio Broadcast (DAB),
cellular 5G, Satellite Digital Audio Radio System (SDARS),
Dedicated Short Range Communications (DSRC), Global
Navigation Satellite system (GNSS) [11].
In this paper, a novel wide band raised printed monopole

with defected ground has been developed for vehicular appli-
cations that has unique shape and physical dimensions which
makes it suitable for placement inside a shark-fin module on
the car’s roof. The proposed design can cover wide frequency
bands from 1.71GHz-5GHz with reasonably small dimen-
sions because of its unique shape in addition to using slots,
partial ground plane (PGP) structures. A 2x2 MIMO antenna
system is also analyzed to achieve the high-performance
requirements for 5G communications. The proposed MIMO
system was able to achieve good performance and iso-
lation between elements by using ground plane structure
on the back side of the monopole that improves passive
isolation without increasing spatial distance between the ele-
ments specially at lower frequency bands. Compared to our
previous work in [1], [2], [7], and [8], the proposed design
in this paper provides a smaller footprint by using Flame
Retardant (FR4) as dielectric material to reduce the overall
occupied volume of the radiating element while maintain-
ing a very good RF performance. In [12], and [13], the
authors presented a printed antenna elements with a bit big-
ger dimension, however, the designs operate from (3GHz to
6GHz) and doesn’t cover the lower frequency bands start-
ing from 1.71GHz. In [14], and [15], 2x2 MIMO antenna
systems are presented for automotive application, however,
the high frequency bands don’t go up to 5GHz and the phys-
ical dimensions of the high band section of the element are
bigger than the proposed design in this paper. The work
in [20], and [21] describes the MIMO performance for 5G
sub-6GHz for smart phone applications covering the bands
from 3.4GHz to 6GHz, and compared to proposed design,
the elements don’t cover lower frequency band starting from
1.71GHz that would require bigger height, volume, and
increased spatial distance for better isolation between ele-
ments. Table 3 summarizes the comparison between existing
work in literature and work presented in this paper.
The antenna element and the MIMO system proposed in

this work are modeled using HFSS simulation software and
then a proper prototype was made and measured on 1-meter

FIGURE 1. Simulated antenna with front, back and side views with its geometrical
parameters.

ground plane in an anechoic chamber to present real time
data for various RF properties including Voltage Standing
Wave Ratio (VSWR), passive isolation, radiation patterns,
electric field intensity, current distribution, antenna radiation
efficiency, linear average gain (LAG), ECC, and DG.
This paper consists of the following sections: Section II

discusses the proposed element design, geometrical param-
eters, simulation and measurement setups, and RF
performance of the individual element. Section III presents
the proposed MIMO antenna system, and its MIMO char-
acteristics and performance with a table of comparison to
existing work in literature.

II. PROPOSED ELEMENT DESIGN AND PERFORMANCE
The design consists of raised monopole printed on FR4 mate-
rial with dielectric constant (εr) of 4.4, permeability of 1, loss
tangent of 0.025, and high mechanical strength and insulat-
ing characteristics with low cost which makes it an excellent
candidate for a substrate material. Fig. 1 and Table1 shows
the antenna layout and its optimized geometrical parameters
with total dimensions of 30mm (height) x 27mm (length) x
1mm (width or substrate thickness).
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TABLE 1. Values of the optimized geometrical parameters of the proposed antenna.

TABLE 2. Design goals and performance specifications.

The monopole structure consists of feeding line and wide
rectangular shape with two branches. The feed line has a
height of 11mm (Fh) and a width of 3mm (FL) that feeds
the rectangular shape with RF signal. A reversed U-shape
slot is constructed along the feed line to increase the traveling
path of RF current which supports higher wavelengths and
hence helps tune the antenna towards lower frequency bands.
The wide rectangular shape is excited by the feed line, its
height and length allow the antenna to operate across the
whole frequency range from 1.71GHz to 5GHz in addition
to two branches connected to the structure that will increase
the total height of the element to make the element operate
at lower frequency bands. As a guideline for the antenna
design, the feed line, and the rectangular shape with two
branches should be loaded at λc

4 distance from the ground
plane where λc is the center frequency of the operating
frequency range (fc = 2.5GHz) to provide good impedance
matching and radiation pattern values. The length of the wide
rectangular shape increases the total volume of the antenna
and hence allows it to cover a wide frequency range. The
FR4 material and the reversed U-shape slot will load the
antenna element and further increase the current path which
enables the design to operate at lower frequencies.
The partial ground plane shape on the back side has a

height of 8mm (Hg) and a length of 27mm (Lg). This
structure has significant effect on improving the VSWR
of the antenna and provides a better isolation between the
elements in the MIMO system as presented in the next sec-
tion. The height and length of the PGP were optimized
to improve the impedance bandwidth across the operating
bands and to reduce the mutual coupling between the ele-
ments. Fig. 2 shows the fabricated antenna prototype with
front and back views.
Table 2 presents the design goals and requirements for

antenna performance for vehicular applications in terms of

FIGURE 2. Fabricated antenna prototype with front and back views.

FIGURE 3. Antenna Setup on ground plane.

polarization, VSWR, radiation efficiency, and LAG. VSWR
requirement is better than 3.3:1 for 5G frequency bands with
LAG higher than −4dBi at theta from (75-87 degrees) as
specified by many automotive Original Equipment manufac-
turers (OEMs) [1]–[2].
The antenna is simulated using HFSS software that imple-

ments Finite Element Method (FEM) and then the fabricated
prototype is measured on a one-meter rolled-edge ground
plane in an anechoic chamber. The antenna setup inside the
chamber is shown in Fig. 3 where an SMA connector is being
used to connect the antenna feed point with the chamber’s
measurement coaxial cable.
Fig. 4 shows a comparison between the simulated and

measured VSWR of the proposed design. It can be depicted
from the results that the performance of VSWR is bet-
ter than (2:1) across the whole frequency band (1.71GHz
to 5GHz). Fig. 4 also shows good agreement of antenna
impedance between simulated model and fabricated proto-
type with minor differences due to antenna placement on
ground plane and small cable loss across frequency bands.
In addition, Fig. 4 shows a reasonable rejection for GNSS
and DSRC bands which makes the design suitable to be
integrated with multiple application in a single housing.
Fig. 5 shows the effect on bandwidth impedance of the PGP
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FIGURE 4. Measured and simulated VSWR on ground plane.

FIGURE 5. Comparison of simulated VSWR with and without partial ground plane
structure on the back side of the element.

shape that is placed on the back side of the element. The
VSWR gets better with around 2.5 across the entire 5G band
when the rectangular ground plane is implemented which is
essential to meet the impedance matching requirement for
the design.
The surface current distribution and electric field intensity

on the front and back side of the element is shown in Fig. 6.
The magnitudes are shown in decibels (dB) which is acquired
by obtaining the magnitude of magnetic field (H-field) mea-
sured in (A/m) and electric field (E-field) measured in (V/m)
then applying the formulas:

Surface Current (dB) = 20 ∗ log(|H(A/m)|) (1)

E-field (dB) = 20 ∗ log(|E(V/m)|) (2)

It can be concluded that at low frequencies, the cur-
rent distribution is more intense and spread across the
entire structure of the antenna up to the two branches.
However, when increasing the frequency band, the cur-
rent supports shorter paths to radiate at higher frequencies.

FIGURE 6. Current distribution and electric field intensity measured in (dB) on the
front and back side of the antenna: (a) 1710MHz, (b) 3600MHz, and (c) 5000MHz.

The effect of PGP on the current is also shown in
Fig. 6 across different frequencies. It can be concluded
that a significant amount of in-phase current is going
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FIGURE 7. Horizontal cuts of radiation patterns of simulated and measured on GND
gain in (dBi) at theta equals 80 degrees: (a) 1.71GHz, (b) 3.6GHz, and (c) 5GHz.

through the partial ground plane shape which helps
improving the impedance bandwidth across the whole
band.

FIGURE 8. Measured antenna radiation efficiency on ground plane.

For optimal performance of 5G antenna on vehicle, it is
important to have an omni directional radiation pattern for
theta between 75-87 degrees across the operating frequency
bands. In Fig. 7, horizontal cuts of the radiation patterns
with vertical polarization at theta equals 80 degrees are plot-
ted at multiple frequencies (1.71GHz, 3.6GHz, and 5GHz).
The data traces present a comparison of radiation patterns
of the simulated model on 1-meter ground plane against
fabricated prototype radiation measurements on one-meter
rolled-edge ground plane. It can be noticed from Fig. 7 plots
that both simulation and measurement have a very good
omni directional behavior across the whole operating bands,
even though at high frequencies, the pattern shapes get a bit
squinted at the sides (azimuth angles 90 and 270 degrees)
but still have a very good omni directional shape across the
entire azimuth angles with lowest gain value around 0dBi.
Furthermore, the average gain obtained from ground plane
measurements inside the chamber is found to be 1.75dBi,
3.20dBi, and 3.32dBi at frequencies 1.71GHz, 3.6GHz, and
5GHz, respectively, which indicates an excellent radiation
performance of this antenna at 5G bands.
The measured antenna radiation efficiency is shown in

Fig. 8. It is obtained as a ratio of the power radiated from
the antenna to the power delivered to the antenna’s input. In
another words, it describes how much of the delivered input
power is being radiated by the antenna. It can be noticed from
Fig. 8 that the minimum radiation efficiency is about 65%
with total average efficiency of 74.4% which shows a very
good radiation properties of the proposed design that makes
very suitable for 5G application in automotive industry.
The measured LAG of the antenna (in dBi) is shown in

Fig. 9. LAG is computed by calculating the average sum-
mation across the azimuth (phi) of linear average gain at
every theta angle from 75 to 87 degrees across the whole
frequency band than converting the results to dBi by using
the formula:

LAG (dBi, f) = 10 ∗ log(average gain across phi) (3)
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FIGURE 9. Measured LAG in dBi on ground plane across 5G band.

Fig. 9 shows that minimum value of LAG is found to be
1.7dBi with most of operating frequency range having better
than 3dBi which gives an excellent gain performance for the
proposed antenna.

III. PROPOSED 2X2 MIMO ANTENNA SYSTEM
In this section, two identical elements of the proposed
antenna in the previous section are placed on the same
Printed Circuit Board (PCB) with a spatial distance of 80mm
(approximately 0.5 lambda of the smallest frequency in the
band “1.71GHz”). Each antenna element is orientated on the
opposite direction of each other (mirrored across z-axis) as
shown in Fig. 10 where the simulation and ground plane mea-
surement setups for the proposed MIMO system is presented.
The defected ground plane structure of each element is facing
each other which is optimal for isolation improvement.
Fig. 11 presents the passive isolation between the two

antennas. Both measured and simulated isolation are in good
agreement across the whole frequency band with minor
differences due to antennas placement on PCB and small
attenuation from RF cables at different frequencies. It can
be noticed that the worst mutual coupling between the
two antennas has passive isolation of 16 dB at the lower
bands of the operating frequencies since the RF wave-
lengths are longer at these frequencies. However, most of the
frequency points have better isolation than 20dB as shown
in Fig. 11 which shows a good isolation in the system.
Fig. 12 shows the difference in passive isolation on sim-
ulation model with and without PGP shape on the back
side of the element. The existence of the rectangular ground
plane improves the isolation by approximately 3dB across
the whole frequency bands.
In Fig. 13, horizontal cuts of combined radiation pat-

terns at theta 80 degrees are plotted for multiple frequencies
1.71GHz, 3.6 GHz, and 5GHz. The radiation patterns are
measured by measuring one antenna while terminating the
other antenna with 50 ohms then the two measurements are
combined to get the total radiation pattern of the MIMO

FIGURE 10. Simulation model and prototype measurement setup for proposed
MIMO system: (a) Simulation model. (b) Fabricated prototype.

FIGURE 11. Passive isolation measured in dB of simulation model and prototype.

system. Fig. 13 also shows a very good omni directional
behavior across the bands which is significant requirement
for the RF coverage around the MIMO system. Moreover, the
combined average gain observed from the measured radia-
tion patterns is found to be 3.15dBi, 5.12dBi, and 5.22dBi at
frequency points 1.71GHz, 3.6GHz, and 5GHz, respectively.
The ECC and DG of the proposed MIMO system

is presented in Fig. 14. and Fig. 15. The ECC has
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FIGURE 12. Passive isolation measured in dB with and without defected ground
plane structure.

been calculated using the electric field components
formula [7], [9], [10]:

ρe,ij =

∣
∣
∣
∣
∣
∣
∣
∣

∫ 2π
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∫ π
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∣

2

(4)

where Eθ i and Eθ j represent the E-field complex compo-
nents in the theta direction for the first and second elements
(i, and j). Eϕi and Eϕj are also the complex E-field compo-
nents but in the phi direction. XPR is the cross-polarization
factor that takes into account the difference in wave polar-
ization (vertical or horizontal) of the received wave. Pθ and
Pϕ represent the power densities for theta and phi angles. To
simply the calculations for equation (4), uniform power den-
sities can be assumed across elevation and azimuth angles,
and XPR could be equal to 1 to assume no polarization
differences between the antennas.
The diversity gain which is known to be as the quantified

improvent in signal-to-noise ratio when the antennas in the
MIMO system receives the RF signal and is calculated by
the formula [16]:

DG = 10 ∗ √

(1 − ρ) (5)

The electric field components were extracted from the
ground plane measurements which include the amplitude and
phase of E-field in theta and phi planes then a MATLAB
script process the electric field data using the above equa-
tions. It can be shown from Fig. 14 that the worst-case of
ECC value is about 0.05 that corresponds to DG of 9.98dB
which shows the antennas are highly uncorrelated across
the 5G bands which is crucial requirement for the MIMO
performance.

FIGURE 13. Comparison of combined radiation patterns of simulation and ground
plane measurements in (dBi) at theta equals 80 degrees: (a) 1.71GHz, (b) 3.6GHz,
and (c) 5GHz.

A comparison between proposed design in this paper
and existing work in literature is presented in Table3. The
proposed design operates on wide frequency range on 5G
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FIGURE 14. ECC values for ground plane measurements.

FIGURE 15. Diversity gain in dB for ground plane measurements.

bands with very good performance in terms of matched
impedance, gain, omni directional radiation patterns, and
efficiency.

IV. CONCLUSION
A compact raised printed monopole antenna has been ana-
lyzed in this paper to be used in automotive applications that
operates on the 5G middle and high frequency bands from
1.71GHz to 5GHz. The design consists of a slotted feed
line exciting wide rectangular shape with two branches. The
slot in the feed line, upper two branches and the dielectric
material (FR4) are used to further tune the antenna towards
lower frequency bands. PGP structure has been implemented
on the back side of the antenna to provide higher isola-
tion and improve bandwidth impedance. Simulation model
was built using HFSS software and then a prototype was
measured on one-meter rolled-edge ground plane in an ane-
choic chamber. The performance of the design shows VSWR

TABLE 3. Comparison between presented element and literature.

performance better than 2:1 with average radiation efficiency
of 74.4% on ground plane. LAG was measured from theta
equals 75 to 87 degrees with minimum value of 1.7dBi
while having higher than 3dBi across most frequency points.
A 2x2 MIMO system was analyzed and presented using two
identical elements of the proposed design but with different
orientation. The MIMO system shows a passive isolation
better than 16dB, ECC lower than 0.05, and DG higher than
9.98dB across the operating frequency bands. In general, the
presented antenna design in this paper is suitable to be used
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for 5G vehicular applications inside shark-fin housing due
to its reasonable dimensions and good RF performance.
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