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Abstract—In this article, low-sidelobe cavity-backed slot antenna
array with simplified feeding structure for vehicular communi-
cation is proposed. Conventional low-sidelobe antennas were re-
alized using power dividing network to obtain the in-phase and
nonuniform-amplitude excitation, which causes complicated an-
tenna’s structure and design. To tackle these challenges, a simplified
feeding method without using power dividing network is intro-
duced to design the low-sidelobe slot antenna array. The slots at the
top walls serve as the radiation elements, and the slots are directly
fed by the electric field of the cavity mode. Nonuniform amplitude
is obtained by simply modifying the slots’ sizes and positions, while
the in-phase excitation of the elements is remained. The nonuse of
power dividers brings out a simpler antenna structure than conven-
tional full-metal waveguide-based antennas. Besides, the full-metal
structure introduces a high power-handling capacity. Then, two
linear arrays with 1 × 4, 1 × 7 elements and a planar array
with 5×4 elements are presented to show the design feasibility.
Finally, the 5 × 4 antenna array is fabricated and measured, which
can achieve 18.2 dBi gain, −20 dB sidelobe level, 94% radiation
efficiency, and -42 dB cross-polarization. Good agreement between
measurement and simulation verifies the feasibility of the proposed
design concept.

Index Terms—Low-sidelobe, cavity-backed slot antenna array,
vehicular communication, simplified feeding structure, full-metal.
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Fig. 1. Application of low-sidelobe antenna for vehicular communication.

I. INTRODUCTION

ANTENNA is a critical component in wireless communica-
tion systems, such as vehicular communication and mobile

communication, as it acts an important role in transmitting and
receiving target’s signal of the electronic devices. Antennas
designed by PCB process [1]–[7] have small size and low
cost. Although the antennas implemented by full-metal structure
[8]–[13] have large size and high cost, they have the advantages
of high gain, high efficiency, and high power handling capacity,
which are highly demanded in long-distance and high-power
communication systems.

Low-sidelobe antenna can reduce the interference produced
by the side lobe, such as the noise signal outside the road can
be effectively reduced due to the low gain of the side lobe, as
shown in Fig. 1, and then improve the resolution capability of the
main lobe. Thus, low sidelobe is a good property for vehicular
communication systems to improve the communication qual-
ity between vehicles and infrastructures. Low-sidelobe antenna
can be implemented by different structures, such as microstrip
[14]–[17], substrate integrated waveguide (SIW) [18], [19] and
metal cavities [20]–[22]. Nonuniform amplitude distribution
is a popular and effective way to design the low-sidelobe an-
tenna arrays [14]–[22]. The pattern synthesis includes binomial
distribution [14], Chebyshev distribution [15], [16], [21], and
Taylor distribution [20], [22]. The nonuniform amplitudes of
the antenna elements of these antennas were obtained by using
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unequal-power dividing network. In [14], a 4×4 low-sidelobe
microstrip antenna array is proposed, the nonuniform amplitude
is obtained using unequal-power dividers, and −17 dB sidelobe
level was achieved. In [20], a modified T-junction power divider
with equal phase and unequal power is introduced to feed the
elements and then obtain a nonuniform amplitude distribution,
this 16×16 array can achieve −25 dB sidelobe level. How-
ever, the aforementioned low-sidelobe antennas suffer from a
complicated structure due to the utilization of power dividers,
especially for full-metal slot antennas. In [23], a low-sidelobe
travelling slot antenna was reported. The feed of the elements did
not require the power dividers. However, the phase shifters were
required to obtain the in-phase excitation. Thus, the conventional
low-sidelobe antenna arrays usually have complicated feeding
structure to obtain desired amplitude distribution and in-phase
excitation.

Up to now, there are two main wireless communication
standards for V2X (vehicle to everything) communications,
one is the dedicated short-range communications (DSRC) and
the other is the cellular V2X (C-V2X) [24], [25]. DSRC with
frequency band of 5.85–5.925 GHz aims at supporting direct
communication between the vehicles and roadside unit. The C-
V2X enables vehicles to communicate with everything through
base stations in licensed band for telecommunication operators
[24], [25]. Today, the 5th-generation (5G) communication and
technology is emerging, and the commercial application of the
5G communication at sub-6G band (such as 3.3G HZ∼3.8 GHz)
is starting. The C-V2X communication will also cater to this
newly-emerging wireless system, which can help C-V2X to
enhance the road safety and improve the connectivity among
vehicles or between the vehicles and other things. The current
standard is commonly referred as LTE-V (long-term evolution-
vehicle) [26].

In this paper, novel low-sidelobe full-metal slot antenna arrays
with simplified feeding structure for 5G-V2X communication
are proposed. Taking advantage of all the slots directly excited
by TE101 cavity mode, a simplified feeding network for the
antenna array is proposed without using power dividers. The
nonuniform-amplitude distribution is obtained by simply ad-
justing the sizes and positions of the radiation slots. While the
in-phase excitation of the elements is almost remained. Three
design examples are presented to show the design feasibility.
The proposed slot arrays demonstrate the merits of high radiation
efficiency, high gain, low-sidelobe level, low design complexity,
and high power-handling capacity. Finally, the 5×4 elements
array is fabricated and measured to verify the design concept.

II. BASIC DESIGN PRINCIPAL

A. Simplified Feeding Structure Based on Cavity Mode

To show the operating mechanism of proposed feeding tech-
nique, we firstly introduce an antenna array with four radiation
slots, as shown in Fig. 2. This antenna array is composed of a
resonant cavity with one feeding slot at bottom wall and four
slots at top wall, and a coaxial-to-waveguide transition formed
by a feeding cavity and a probe. Here, the coaxial-to-waveguide
transition serves as a waveguide input. The four slots are initially

Fig. 2. Configuration of the four-element antenna array using TE101 cavity
mode: (a) Perspective view; (b) Top view; (c) Side view.

Fig. 3. (a) Electric field distribution inside the resonant cavity; (b) Electric
field distribution on the multiple radiation slots.

set identical and are symmetrically arranged on the top wall. The
relevant parameters are marked in the Fig. 2.

The TE101 mode of the rectangular waveguide cavity can be
excited by a feeding slot perpendicular to the direction of electric
field (E-field), as shown in Fig. 3(a). The resonant frequency of
TE101 mode can be obtained using (1), where v represents the
speed of light in free space.

fTE101 =
v

2

√(
1
a

)2

+

(
1
c

)2

(1)

It can be seen that the E-field distribution is symmetrical about
the origin, and the intensity in the center part is larger than the
side part. The E-field in the slots is shown in Fig. 3(b), all the
slots are fed by the E-field of TE101 mode and correspond to
the radiation. These slots are fed without using any power
dividers, which can reduce the complexity and over-all size of
the antenna array. Besides, the amplitude and phase excitation
of the slots are symmetrical.
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Fig. 4. Extraction model for the amplitude and phase.

Fig. 5. Simulated |S21 | and |S31 | versus varying L2: (a) Magnitude; (b) Phase.

B. Analysis of Amplitude Ratio and Phase Difference

For conventional low-sidelobe antenna array, the nonuniform
amplitude distribution is obtained by controlling the internal
coupling strengths of the multistage and multipath power divid-
ing network. While for the proposed design method, the nonuni-
form amplitude distribution is obtained by simply adjusting the
sizes and positions of the radiation slots.

Fig. 4 shows the simulation model for extracting the magni-
tude and phase of elements, and the simulated results are shown
in Fig. 5(a) and (b). The port information is provided in Fig. 4.
As the exaction amplitude and phase is symmetry along x-axis,
only the parameters of |S21| and |S31| are discussed. It can be
seen that the increasing length of slot 2 enlarges the magnitude
of |S31| (Related to slot 2), as the increasing size of the slot

Fig. 6. Excited results of |S21 | and |S31 | against L2, W2, and D2: (a) Amplitude
ratio; (b) Phase difference.

can enhance the radiation energy of the TE101 mode, which
consequently decrease the amplitude ratio of |S21|/|S31|. Fig. 5(b)
indicates that the varying length of slots has very little effect
on the phase difference between slot 1 and slot 2. The same
phase of the slots is achieved due to the fact that the EM field of
TE101 propagates along z-direction, and the slots are located in a
same-distance wave front along the propagation direction. The
in-phase excitation is required for designing the low-sidelobe
arrays using nonuniform amplitude distribution.

Fig. 5 gives the direct insight into the achievement of the
nonuniform amplitude and equal phase of proposed antenna
array by modifying the size of the slots. For the practical design
of the low-sidelobe antenna, it is the amplitude ratio between the
elements that corresponds to the achievement of a low sidelobe,
and different sidelobe levels require different amplitude ratios.
Therefore, the adjustment of amplitude ratio is then discussed.

Fig. 6(a) shows the amplitude ratio of slot 1 and slot 2
(|S21|/|S31|) against L2, W2, and D2, which are the parameters
belonging to slot 2. The data indicates that the increasing length
or width of the slots leads to a decreasing amplitude ratio. A
larger distance of the slot 2, i.e., D2, results in smaller excited
amplitude of slot 2 and then enlarges the ratio. Therein, the
length and width of the slot have greater effect than the distance
between the slot and the origin. Fig. 6(b) indicates that the phase
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Fig. 7. Calculated results of the four-element Chebyshev array with different
amplitude vectors.

difference between slot 1 and slot 2 is less than 3 degree in such
large tuning range of the amplitude ratio (from 1:1 to 8:1).

Similarly, the parameters belonging to slot 1, i.e., L1, W1, and
D1, can be also used to modify the amplitude ratio.

In a word, compared to the conventional design method of
low-sidelobe antenna arrays, the proposed one shows the fol-
lowing merits:

1) No power divider is utilized to feed the elements, which
brings out a simple antenna structure and easy fabrication.

2) Nonuniform amplitude distribution can be easily obtained
by simply modifying the slots’ dimensions.

3) The equal phase of the all the slots are self-remained
during the adjustment of the amplitude ratio without using
additional feeding structures.

III. DESIGN OF LOW-SIDELOBE SLOT ANTENNA ARRAY

A. Four-Element Low-Sidelobe Slot Array

According to the Chebyshev array presented in [27], [28], the
array factor (AF) and the amplitude vector of the arrays with 2n
and 2n+1 elements are given as follow:

AF2n(dB) = 20 lg

∣∣∣∣∣2
n∑

i=1

ai cos(
2i− 1

2
kd sin θ)

∣∣∣∣∣ (2)

AF2n+1(dB) = 20 lg

∣∣∣∣∣2
n+1∑
i=1

ai cos[(i−1)kd sin θ]

∣∣∣∣∣ (3)

V2n =
[
αn · · · α2 α1 α1 α2 · · · αn

]
(4)

V2n+1 =
[
αn+1 · · · α2 α1 α2 · · · αn+1

]
(5)

where an represents the amplitude of the element, k is the
propagation constant, d is the distance between the elements.

The sidelobe level of the array factor of four-element array
calculated using (2) is depended on the amplitude ratio a1/a2,
which is equivalent to the ratio of |S21|/|S31| shown in Fig. 6(a).
According to [28], the amplitude vectors of the four-element
array with −20dB/−25dB/−30dB sidelobe levels are given in
(6), where the amplitude a2 is normalized as 1. The calculated
results are plotted in Fig. 7. It can be seen that a lower sidelobe
level requires a larger amplitude ratio.

V 20dB
4 = [1 1.735 1.735 1]

Fig. 8. Simulated radiation patterns at XZ-plane of four-element array versus
varying L2. The varying L2 produces a varying amplitude ratio, as shown in
Fig. 5(a), which consequently produces a varying sidelobe level.

V 25dB
4 = [1 2.069 2.069 1] (6)

V 30dB
4 = [1 2.331 2.331 1]

In the practical design of proposed slot array, the different
amplitude ratio is obtained by modifying the slots’ sizes and
the distance between the slots and the origin, as discussed in
Fig. 6(a). Besides, Fig. 7 shows that a different ratio of a1/a2
produces a different sidelobe level. Thus, by modifying the slots’
size, a different sidelobe level will be obtained. Fig. 8 shows the
simulated radiation pattern with the function of varying L2. It
can be seen that a larger L2 produces a higher sidelobe level, as
a larger L2 causes a lower amplitude ratio, which is shown in
Fig. 6(a).

Thus, the proposed design concept features a simple feeding
structure and an easy achievement of designing low-sidelobe
antenna arrays. Here, two arrays with −20 dB and −30 dB
sidelobe level, called Type-I and Type-II, are investigated to
show the feasibility of designing antennas with different sidelobe
levels. The amplitude vectors of Type I and Type II are [1, 1.735,
1.735, 1] and [1, 2.331, 2.331, 1], respectively.

Then, these values are modified to match the given ratios
using the previous extracted method shown in Fig. 6. The final
|S11| and realized gain is shown in Fig. 9(a), and the normalized
radiation pattern is shown in Fig. 9(b). Both of them have a
good impedance matching at the operation frequencies. For the
prescribed−20 dB sidelobe level, the simulated sidelobe is about
−22 dB with an 11.7 dBi gain, while for the prescribed −30 dB
suppression level, simulated sidelobe is about −30 dB with an
11.3 dBi gain. Thus, a trade-off should be made between the
suppression level and radiation gain, which also indicates that
this proposed method has flexibility in designing antenna arrays
with varied sidelobe level. The final dimensions of them are
provided in Table I.

B. Seven-Element Low-Sidelobe Slot Array

The conventional low-sidelobe antenna arrays based on the
unequal-power dividing network were usually limited in de-
signing even number of elements. While the proposed design
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Fig. 9. Simulated results of two type of four-element low-sidelobe antenna
array: (a) |S11 | and realized gain; (b) Normalized pattern at XZ-plane.

TABLE I
DIMENSIONS OF TWO FOUR-ELEMENT ANTENNAS (UNIT: mm)

Fig. 10. Top view of the seven-element low-sidelobe antenna array (Other
structures are identical to the four-element array in Fig. 2, including the definition
and position of port 1).

method can be applied to array with odd number of elements.
Here, a seven-element slot array is presented, and the top view
with marked dimensions is shown in Fig. 10. The other structures
and marked dimensions are identical to the four-element array
shown in Fig. 2. Similarly, the adjustments of the amplitude ratio
and phase difference between the slots are firstly discussed.

Fig. 11 shows the simulated amplitudes and phases of the
slots of the seven-element array. If the sizes of the slots are
identical, all the slots are in-phase fed, but with different ampli-
tude excitation, and the amplitude vector is [1, 2.89, 4.87, 6.4,
4.87, 2.89, 1], as shown in Fig. 9(a). When the slots are set with

Fig. 11. Simulated amplitudes and phase of seven-element array with different
slots’ lengths: (a) L1 = 20, L2 = 20, L3 = 20, L4 = 20; (b) L1 = 20, L2 = 22,
L3 = 24, L4 = 26.

different lengths, e.g., L1 = 20, L2 = 22, L3 = 24, L4 = 26
(All in mm), the slots have different phase excitation, but the
difference are within 10 degrees. Besides, the amplitude vector
is [1, 1.75, 1.8, 1.68, 1.8, 1.75, 1]. It can be concluded that the
phase differences between the slots are very small under a large
variation of the amplitude ratio. Thus, a low-sidelobe antenna
can be achieved by properly modifying the sizes of the slots.
Similarly, to show the feasibility of design antenna array with
different sidelobe levels, two seven-element arrays with -20dB
and -30 dB sidelobe level are presented, and called Type-III and
Type-IV antennas, respectively. The amplitude vectors of them
are [1, 1.28, 1.68, 0.92, 1.68, 1.28, 1] and [1, 2.15, 3.31, 1.89,
3.31, 2.15, 1], respectively.

Then, the amplitudes of the slots are modified to match the
given ratios using the previous extracted method shown in Fig. 6.
The final |S11| and realized gain is shown in Fig. 12(a), both of
them has a good impedance matching at the operating frequen-
cies. The normalized radiation pattern is shown in Fig. 12(b). For
the prescribed −20 dB sidelobe level, the simulated sidelobe is
about −22 dB with a 13.3 dBi gain, while for the prescribed
−30 dB suppression level, simulated sidelobe is about −32 dB
with a 12.7 dBi gain. The final dimensions of them are provided
in Table II.

C. Design of Low-Sidelobe Planar Slot Array

The proposed design method can be used to design low-
sidelobe planar slot array. The linear array can only achieve
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Fig. 12. Simulated results of two type of seven-element low-sidelobe antenna
arrays: (a) |S11 | and realized gain; (b) Normalized pattern at XZ-plane.

TABLE II
DIMENSIONS OF TWO SEVEN-ELEMENT ANTENNAS (UNIT: mm)

low sidelobe in one observed plane, which can be seen from
Fig. 1. In order to achieve low sidelobe level in both XZ-plane
and YZ-plane, a 5×4-element antenna array is proposed, and
the configuration is plotted in Fig. 13(a). The realization of
planar array can also help to enhance the radiation gain. This
antenna has four-column and five-row elements in x- and y-axis,
respectively. The slots are arranged symmetrically along x and
y axis, and have symmetrical excitation of phase and amplitude
about the origin.

Thus, the same marked number of slots shown in Fig. 13(a)
have the same amplitude and phase and excitation. The sizes of
the slots are Li and Wi, where i = 1, 2, 3, 4, 5, 6, which are the
marked labels shown in Fig. 13(a). The electric field inside the
resonant cavity and on the radiation slots are shown in Fig. 13(b)
and (c). It can be seen that the antenna operates at TE101 mode,
and all the slots have electric field with a same direction, of the
electric field of TE101 mode. Thus, all the slots are directly fed
by the cavity mode TE101.

Fig. 13. Proposed 5×4-element antenna array: (a) Top view; (c) Electric field
inside the cavity; (c) Electric field in the radiation slots.

Fig. 14. Simulated radiation pattern at 3.44 GHz. Dimensions (Unit: mm):
a = 230, b = 200, c = 44, p = 75, q = 48, s = 31, d1 = 50, d2 = 54, d3 = 37,
d4 = 46, Dp = 12, L = 66.2, L1 = 26.5, L2 = 31, L3 = 24.5, L4 = 25, L5 =
22.5, L6 = 23.5, LP = 42, W = 13, W1 = 10.9, W2 = 11.9, W3 = 12, W4 =
12, W5 = 12, W6 = 12, t1 = 4, t2 = 3, t3 = 5, h = 11.

The target is to achieve 20 dB sidelobe suppressions in both
XZ-plane and YZ-plane. The amplitude vectors of the four-
element in x-axis and five-element in y-axis are [1, 1.736,1.736,
1] and [1.035, 1.664, 1, 1.664, 1.035], respectively. Thus, the
amplitude vector of 5×4 array is given in (5), where the four
elements in each row (x-axis) should be matched to the amplitude
vector [1, 1.736, 1.736, 1] and five elements in each column
(y-axis) should be matched to the amplitude vector [1.035, 1.664,
1, 1.664, 1.035]. The desired amplitude ratio can be obtained by
properly adjusting the slots’ size. After the adjustment and op-
timization, a 5×4 planar antenna array with simulated sidelobe
level of−23 dB at XZ-plane and−20 dB at YZ-plane is achieved.
The maximum realized gain is 18.3 dBi, as shown in Fig. 14.
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Fig. 15. Photographs of the proposed 5×4 antenna array : (a) Top view and
(b) Bottom view.

Fig. 16. Simulated and measured results of the proposed 5×4 antenna array :
(a) Return loss and realized gain and (b) Radiation efficiency.

The simulated radiation efficiency is 97.4%.

V 20dB
5×4 =

⎡
⎢⎢⎢⎢⎣

1.035 1.8 1.8 1.035
1.664 2.89 2.89 1.664

1 1.736 1.736 1
1.664 2.89 2.89 1.664
1.035 1.8 1.8 1.035

⎤
⎥⎥⎥⎥⎦ (7)

IV. EXPERIMENTAL RESULTS

For proof-of-concept, the proposed 5×4 antenna array is
fabricated using silver-plated lossy copper and based on the
computer numerical control (CNC) process. The photograph of
the proposed antenna is provided in Figs. 15(a) and (b). The
comparison between simulated and measured results is plotted
in Figs. 16 and 17. The measured return loss is 25 dB at 3.44
GHz, the maximum gain and radiation efficiency are 18.2 dBi
and 94%, respectively. As shown in Figs. 17(a) and (b), the
sidelobe levels are better than −20 dB at both XZ-plane and
YZ-plane. While the cross polarizations (X-pol) at XZ-plane and
YZ-plane are−42 dB and−43 dB, respectively. The merit of low
cross polarization is obtained due to the purely directional field
distribution of the TE101 mode, which has no field component
at its orthogonal direction. The measured radiation patterns are
in good agreement to the simulated ones. The small discrepancy
is mainly due to the discontinuity on soldering between SMA
and extended probe and the conductor loss of the cavity.

Fig. 17. Simulated and measured patterns at 3.44GHz: (a) XZ-plane and (b)
YZ-plane.

V. CONCLUSION

Low-sidelobe cavity-backed slot antenna arrays with simpli-
fied feeding structure for 5G-V2X communication are proposed
in this paper. Low sidelobe is a good property for vehicular
communication systems to improve the communication quality
among vehicles or between vehicles and infrastructures. In this
antenna, radiation slots are directly fed by the electric field of the
cavity mode without utilizing any power dividers, which brings
out a very simple antenna structure. Requirements of nonuni-
form amplitude and in-phase excitation for low-sidelobe antenna
are easily obtained by adjusting the slots’ sizes and positions.
Three low-sidelobe antenna arrays with 1×4, 1×7, and 5×4
elements are presented and analyzed to show the flexible design
feasibility. The proposed antenna shows the merits of simple
antenna structure, high efficiency, high gain, low sidelobe, low
cross-polarization. The measurement of the array with 5×4
elements has been conducted to validate the design concept.
In fact, more slots can be accommodated on the top wall of the
cavity and similar performance can be obtained. Besides, the
full-metal structure introduces a high power-handling capacity.
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