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Abstract - In this work, a cavity-backed slot antenna has
been designed to cover vehicle-to-everything (V2X) fre-
quencies (5.85 —5.925 GHz). The antenna is made to
be easily integrated in a vehicle windshield or rear mir-
ror. The cavity-backed slot antenna does not require a
ground plane to sit on which makes it an ideal model
for below horizon performance. Antenna simulation
has been done using high-frequency structure simulator
(HFSS) and then on-foam and on vehicle’s windshield
measurements have been carried out inside an anechoic
chamber. The proposed antenna achieved a linear aver-
age gain (LAG) above 2.5 dBi in the targeted V2X ele-
vation and azimuth angles with better than 15 dB return
loss. The antenna performance has been reported in
terms of reflection coefficient, surface current density,
radiation pattern, LAG, and efficiency.

Index Terms — Automotive antennas, V2X, 5G, V2I,
V2P, V2N, V2V, cavity-backed slot antenna.

L. INTRODUCTION

In the recent years, the automobiles industry has
been drastically affected by the new technology advance-
ments. The vehicle is no longer made of primitive
mechanical components; only, however, it is loaded with
many sensors for various applications. Long road trip
hours increased the possibility of car accidents and other
serious socioeconomic problems. Vehicle-to-everything
(V2X) communication technology includes vehicle-to-
vehicle (V2V), vehicle-to-infrastructure (V2I), vehicle-
to-network (V2N), and vehicle-to-pedestrian (V2P), and
it allows the vehicle’s system to exchange informa-
tion with infrastructure, pedestrians, and vehicles to
smoothen traffic flow and improve humans’ safety. There
are two implementable schemes for V2X: dedicated
short-range communication (DSRC) and 5G network.
Both schemes can operate with each other to result in
a complete solution for V2X communication. The 5G
cellular communication can be considered as a backup
to the DSRC while supporting high data rates that can
lengthen the communication path beyond the short range
of the DSRC technology [L1]].
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Vehicular V2X antennas are required to communi-
cate with vehicles, infrastructure, network, and pedes-
trians that are located at various elevations with respect
to the vehicle’s antenna. Thus, good coverage in Theta
angles range 75° < 0 < 95° is important to make sure
that good reception performance is achieved for electro-
magnetic waves originating from antennas mounted in
high locations like base station towers as well as to cover
waves incident from below-horizon angles [2].

In [3], two V2X antennas are designed to fit in
an automotive shark-fin; however, low average gain of
—2.3 dBi was reported at 5.9 GHz. A tri-polarized
antenna was designed to cover 5G and V2X frequencies
in [4] with an H-plane gain of 2.05 —2.88 dBi in the V2X
band; however, it comes with an increased antenna vol-
ume with dimensions of 76 x 76 x 17mm?>. Similar draw-
backs of large volumes can also be seen in [SH9] with less
than zero gain in [7] and [8], whereas a gain of 0.97 dBi
was reported in [9)]. A mean realized gain of 0.043 dBi
was achieved in [10]] with a multiband antenna that cov-
ers long-term evolution (LTE) and V2X with a big vol-
ume of 120 x 70 x 0.Imm?>. In addition to those similar
large volumes, multiband designs that cover both LTE
and V2X with maximum realized gain values of —0.5
and 2 dBi are reported in [11] and [12], respectively.
In [13]], a quarter-wave balun fed Vivaldi antenna with
dimensions of 190 x 187.5 x 187.3mm> was designed
and an average gain of —5 dBi was reported around
5.9 GHz. The work in [2] shows a peak gain of 8 dBi
at 5.9 GHz; however, it does not show average gain
values and it does not tell at which elevation angles
this peak gain is achieved. Unlike the above designs,
the proposed cavity-backed slot antenna is made to be
attached to the vehicle windshield instead of the roof
which allows improved radiation pattern for elevation
angles > 90° and consequently improve the V2X com-
munication scheme.

The work in this paper is organized in two sections:
Section II details the antenna element layout and the
design goals; Section III presents the cavity-backed slot
antenna simulation and measurements results and com-
pares it to the available work in literature.
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II. ANTENNA ELEMENT LAYOUT

The cavity-backed slot antenna is constructed of
metal sheet with volume of 40.5 mm height x 38.7 mm
length x 16.8 mm width. A coaxial cable is used to feed
the antenna where its center pin is used as a monopole
to excite the cavity-backed slot antenna. Figures[T]and 2]
show the proposed antenna with geometrical dimensions
highlighted. The feeding monopole is made of two parts,
the lower part which is coaxial cable center pin with
a length (LFL) of 1.74 mm and diameter of 0.2 mm,
whereas the top part has a length (FL) of 10.97 mm and
a wider diameter (FD) of 1.7 mm to help in having wider
overall bandwidth for the monopole.

Fig. 1. Cavity-backed slot antenna dimensions.

Fig. 2. Cavity-backed slot antenna dimensions with the
top side removed.
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Table 1: Values of the cavity-backed slot antenna geo-
metrical parameters

Parameter | Value (mm) | Parameter | Value (mm)
H 16.8 FL 11
L 40.5 LFL 1.74
W 38.7 FD 1.7
SW 22.5 FX1 13.3
SL 1.6 FY 19.35

Table 2: Design guidelines

Parameter Value
Polarization Vertical linear
polarization (VLP)
Reflection coefficient —10dB (2:1
VSWR)
Avg. total efficiency 45%
LAG for solid angle: | Minimum of 2 dB
—60° < P < 60°
88° < 0 <91°

The total length of the monopole is set to be 12.71
mm which is a quarter-wavelength at 5.9 GHz and can
be calculated as follows:

c
Monopole length = m,

where ¢ is the speed of light (c = Af = 3 x 10 m/s)
and f = 5.9 GHz. The feeding monopole is located at
approximately FX :w from the back side (oppo-
site to the slot side) of the cavity to allow for an in-phase
reflection of energy from the back of the cavity to the
slot side. It is assumed that the cavity is filled with air
and experimental trials are used to determine the geomet-
rical dimensions of the cavity with the assumption that
TE10; mode will be excited in the antenna. Table[T]shows
the values of various antenna parameters with their final
values.

Table 2] lists the targeted design goals for the pro-
posed V2X antenna in terms of polarization, reflection
coefficient, efficiency, and linear average gain (LAG).
The design goals are generated based on the anticipated
coverage and performance of V2X antenna based on the
requirements of some of the original equipment’s manu-
facturer (OEMs) in the automotive industry.

The antenna simulation is done using high-
frequency structure simulator (HFSS), measured on-
foam inside an anechoic chamber as in Figure E[ and,
finally, vehicle level measurement has been performed
with the antenna mounted on the vehicle’s windshield as
can be seen in Figure 4]

288



289

Fig. 4. Antenna placement on vehicle windshield.

III. PROPOSED ANTENNA SIMULATION
AND MEASUREMENT RESULTS

The proposed antenna’s reflection coefficient is
depicted in Figure 5] ~Similar matching characteris-
tics between the simulation and measurements can be
observed with mid-band return losses of 20 and 22 dB
in simulation and measurements, respectively. In order
to further study the antenna, the surface current density
is reported in Figure[6] The high values of surface cur-
rent density at 5.9 GHz near the cavity slot indicates that
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Fig. 5. Comparison of reflection coefficient (dB)
between simulation and measurement.

Jeurt [A/m]

50000
40000

+.5000

i | 30000
i25030

20000
) 1.6000

il
‘|1.l:mu

05000

Q0000

Fig. 6. Simulated surface current density (A/m) at 5.9
GHz.

most of the energy radiated by the feeding monopole is
exiting the cavity through the slot either directly or after
it bounces from the back of the cavity.

Next, a parametric study has been conducted to
study the effect of various cavity parameters on the
V2X antenna performance and to check the possibil-
ity of miniaturizing the antenna without impacting the
performance. The study started by changing the front
side slot width (SW) and length (SL) by 1 mm around
the optimized value listed in Table [I] Increasing slot
length or width by 1 mm moves the resonance fre-
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Fig. 7. Effect of changing SL on reflection coefficient.

quency toward lower frequencies while reducing them
shifts the resonance frequency higher as Figures [7] and
[ suggest. In fact, increasing SL or SW increases resis-
tance and inductance the input impedance antenna input
impedance, while the opposite happens when SL and SW
lengths are reduced. The impact of changing slot dimen-
sions can easily be understood by invoking the Babi-
net’s principle where the horizontal slot can be replaced
by the corresponding vertical half-wave dipole. Since
increasing the slot dimensions is equivalent to increas-
ing dipole dimension, previous argument is proved to
be valid. Furthermore, the cavity with the slot (or
equivalent dipole) acts like a parasitic director to help
make the antenna more directive to the front. Since
the director length is typically slightly less than half of
the wavelength at 5.9 GHz, SW optimized value was
found to be 22.5 mm which corresponds to 0.454 at
5.9 GHz.

Fine-tuning of the resonance frequency can be
achieved by adjusting the y-axis sides of the cavity,
where increasing distance between monopole and cav-
ity sides along the y-axis (FY) allows better radiation
characteristics for bigger wavelength while the oppo-
site happens when monopole to side distance is reduced
as depicted in Figure 0] In order to find the mini-
mum dimensions that result in a satisfactory performance
of the V2X antenna, the relative distances between the
monopole and x-axis sides of the cavity have been stud-
ied. Figure [I0] shows the effect of changing monopole
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Fig. 8. Effect of changing SW on reflection coefficient.
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Fig. 9. Effect of changing FY on reflection coefficient.

to cavity backside distance (FX1). It can be noticed that
reducing FX1 length by only 1 mm entirely sabotages
the antenna reflection coefficient and, consequently, the
overall antenna performance, whereas the change in
reflection coefficient due to 1 or 2 mm FX1 increase is
almost insignificant. As a result, the optimized value
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Fig. 10. Effect of changing FX1 on reflection coefficient.

of FX1 = 13.5 mm represents the smallest monopole
to cavity back-side distance that allows for satisfactory
V2X antenna performance according to the requirements
listed in Table 2] Similar analysis can be shown for
monopole to cavity front-side distance (FX2 = L-FX1
= 27.2 mm) as illustrated in Figure[IT] For this parame-
ter, the variation step has been set to 2 mm to allow for
noticeable change in the reflection coefficient response.
As it can be seen in Figure [TT] as FX2 value decreases
from 31.2 mm, antenna resonance frequency is shifted
toward higher frequencies and a perfect matching is
obtained around FX2 = 27.2 mm. Reducing FX2 value
beyond 27.2 mm results in a complete mismatch of the
antenna at 5.9 GHz, indicating that the antenna size can-
not get any smaller in that direction. To shed some light
on the nature of change the cavity-backed slot antenna
exhibits when the front side of cavity is pushed toward
the monopole, the antenna input impedance is analyzed
at different FX2 distances. As shown in Figure[T2] the
antenna input impedance at FX2 = 27.2 mm is 41.5 +
j2.6 Q at 5.9 GHz. increasing FX2 by 2 and 4 mm results
in increased input reactance (inductive effect) of ;20
and j39, respectively, while having insignificant effect
on the input resistance (around 5 Q) across the whole
V2X band. However, when FX2 is reduced to 25.2 mm,
the antenna sees a huge input impedance of 191+j51 Q
at 5.9 GHz with a significant increase in antenna input
resistance. FX1 and FX2 distances of the cavity-backed
slot antenna were found to have a great impact on the
antenna performance, and they were optimally set to be
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Fig. 11. Effect of changing FX2 on reflection coefficient.

slightly greater than quarter and half of the wavelength
at 5.9 GHz, respectively. In summary, by optimizing the
values of FX1, FX2, FY, SW, and SL, the smallest cavity-
backed slot antenna that satisfies V2X design require-
ments listed in Table[2| can be found.

To meet the V2X wide azimuth front beam (—60 <
@ < 60) and various elevation angle requirements, the
cavity SW and length must be carefully optimized. In
Figures [[I3HI3], the antenna radiation patterns have
been reported at different elevation angles and at sample
frequencies across the V2X band. The elevation angles
are selected in a way that will reflect various V2X com-
munication scenarios. For example, vertical gain radia-
tion pattern at Theta = 80° will mimic electromagnetic
waves incident from base station towers or traffic light
signals, whereas Theta = 90° and Theta = 93° will rep-
resent waves originating from other cars at or below
the horizon, respectively. The on-vehicle’s windshield
average vertical gain in between azimuth angles range
—60° < ® < 60° at 5.9 GHz was found to be 2, 2.8, and
2.2 dB at Theta angles 80°, 90°, and 93°, respectively.

Since the proposed antenna does not sit on a ground
plane by design, the antenna demonstrates a good per-
formance below horizon and that can be seen by looking
at average vertical realized gain at Theta = 93° which
was found to be 2.4, 2, and 2.3 dB at 5.85, 5.9, and
5.925 GHz, respectively.

A practical way to measure automotive V2X

antenna performance is by calculating the LAG across
theta angles from 88° to 91° as in Table J] The theta
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Table 3: Literature review summary

Ref. Type Antenna dimension (L Avg./Peak gain Below horizon
X W x H) (mmj3) (dBi) performance
Proposed Cavity-backed slot 40.5 x 38.7 x 16.8 2.75/6.5 Yes
2] Disc shape m x 80% x 20 NA/8 NA
3] Printed monopoles 14 x 0.8 x 28 —2.3/NA NA
14 x 1.6 x 50 —2.9/NA
4] Tri-polarized 76 x 76 x 17 2.4/2.88 NA
] V-shaped slot T x322%3 NA NA
[8] Stacked microstrip monopolar patch T x85% x 4 <0/7.5 NA
9 Patch antenna T x 422 x 1.6 NA/0.97 NA
[10] Printed flexible 120 x 70 x 0.1 0.043/4.6 NA
(1] Three-port multiband antenna 60 x 87 x 1.6 NA/-0.5 NA
2] Combined LTE and V2X antenna 290 x 40 x 7.6 NA/2 NA
[13] Vivaldi antenna 190 x 187.5 x 187.3 -4/NA NA
e (FXI =25 2mm)
S L0 — where 0; is the spherical coordinate theta angle in
_,_f‘;g:‘,:l.,:z:;]] [fpprr?;:z:}; degrees referenced by the index i; M is the total num-
ber of theta angles (four angles for theta from 88 to 91°);
@; is the spherical coordinate phi angle in degrees refer-
- enced by the index j; N is the total number of phi angles
i ; i : (360 angles for phi from 0 to 359°); and Giipear (65, (0} j)
i H in the gain in linear units for a discrete point on
- I T T i I ——— the spherical surface for a given frequency (f) and
z '___________.—--"""—'—-_,. polarization (}).
o Y S R S Figure [16] depicts the LAG against frequency for
;,' simulated, measured on-foam, and measured on a vehi-
E: i cle’s windshield. In all three cases, the LAG has stayed
B : ] = = above 2.5 dBi across V2X frequencies, satisfying the
g i : design goals listed in Table 2] Finally, the total effi-
= b o o o q . .
E s _*'H“"“""-H-H-hw{m ______________ ciency of the antenna measured on-foam and on vehi-
= S O e e i cle’s windshield is reported across V2X frequencies in
i i o i Figure The.on-foam measurements shoyv a56% aver-
prRE 5 age total efficiency, whereas the on-vehicle measure-
ments exhibit reduced average efficiency of 45.5% indi-
S0l i ', 1 i cating that antenna performance is compromised at other
5330 S860  S8T0 5380 SBS0  S900 2910 5920 elevation and azimuth angles apart from the targeted
Frequency (MHz) ones due to reflections within the vehicle.
Table [3] compares the cavity-backed slot antenna
Fig. 12. Effect of changing FX2 on antenna input  to other V2X antennas in the literature. The pro-
impedance. posed antenna demonstrates a good performance in

angles simulate the electromagnetic waves exchanged
between vehicles. LAG measured in dB for a frequency
(f) and polarization () is given by

LAGgg (f.7)

Z?il le\lzl sin (01) Glinear <f7 9i7 (Pj7 Y)
MN ’

= 1010g10

terms of LAG and peak gain as well as below-horizon
performance as it can be seen in the Figures
The proposed antenna with the demonstrated perfor-
mance in terms of radiation pattern, reflection coeffi-
cient, LAG, and efficiency represent an ideal model for
V2X antenna element that could be used to construct
a complete V2X antenna solution for modern vehicle
communication.
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Theta=93

Fig. 15. Realized vertical gain at 5.925 GHz for simu-
lated, measured, and on vehicle windshield at Theta =
80°, Theta = 90°, and Theta = 93°.
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Fig. 16. LAG against frequency compassion between
simulation, measured on-foam, and measured on vehi-
cle’s windshield.
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Fig. 17. Efficiency against frequency compassion
between measured on-foam and measured on vehicle’s
windshield.

IV. CONCLUSION
In this work, a cavity-backed slot antenna has been
developed to work at V2X frequencies and to allow for
below horizon communication by eliminating the need
for ground plane commonly used by other automotive
antennas for performance enhancement. The proposed
antenna is small in size, i.e., 40.5 x 38.7 x 16.8mm?>,
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and can easily be integrated in a vehicle’s windshield
or rear mirror without the need for protruding parts at
the vehicles’ exterior. Good matching characteristics of
better than 15-dB return loss at V2X frequencies were
observed. The realized vertical gain stayed almost above
0 dBi for the azimuth beam —60° < ® < 60° for all ele-
vations between 75° < 6 < 95°. The antenna demon-
strated good performance for the solid angle —60° <
® < 60° and 88° < 6 < 91° with more than 2.5-dBi
LAG across the V2X band with comparable results for
simulation, on-foam, and on-vehicle’s windshield mea-
surements. Finally, average total efficiencies of 56% for
on-foam measurements and of 45.5% for vehicle’s wind-
shield measurements were reported for the proposed
antenna. In general, the proposed antenna has a sat-
isfactory performance and can easily be used for V2X
automotive applications upon the desired requirement,
styling, and dimension.
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