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Abstract—An endfire beam-switchable antenna array, which is
designed for vehicular mobile application regulated by the IEEE
802.11p standard, is proposed in this letter. The antenna is a linear
array with four L-shaped elements separated by a quarter of a
wavelength. The horizontal beams of L-elements point to four dif-
ferent directions, and this reduces the antenna height, decreases the
mutual coupling between elements, and also eliminates the blind
zone in the broadside direction. The antenna array has two iso-
lated ports. By switching between two ports, the endfire radiation
pattern can be switched toward opposite directions. A prototype
antenna is built to verify the concept. The gain of the prototype
is better than 6 dBi, and the impedance matching is better than

14 dB in the working band (5.850–5.925 GHz).

Index Terms—Endfire antenna array, switchable beam, vehic-
ular antenna.

I. INTRODUCTION

V EHICULAR land transportation has become an indis-
pensable and necessary element of contemporary society

activities. However, the vehicle transportation environment
has been facing severe situations with increasing number of
accidents and congestions in many metropolitan areas and high-
ways worldwide. This necessitates the adaptation of intelligent
transportation system (ITS) that could improve vehicle driving
environment with respect to safety, efficiency, and information
availability. This demand leads to wireless access for vehicular
environments (WAVE) [1], which is also regulated by the IEEE
802.11p standard. WAVE systems operate in 5.850–5.925
GHz frequency band assigned by the Federal Communications
Commission (FCC). The advanced orthogonal frequency-divi-
sion multiplexing (OFDM) modulation is adopted to achieve
high-speed data rates up to 6–27 Mbs/s.
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Fig. 1. An ideal radiation pattern in the forward direction. (a) Side view and
(b) top view of an ideal pattern.

In an 802.11p system, access points (APs) are installed along
the road and, hence, are either in front or behind a moving ve-
hicle. An antenna that is specifically tailored for this kind of
application should provide two switchable beams, one toward
the front and one toward the back of the vehicle. A car can use
its forward beam to connect an AP in front of it and switches to
the backward beam after it passes the AP to maintain the good
connection.

Fig. 1 shows what an ideal pattern should look like in 802.11p
systems. Because the roadside AP is far away most of the time,
the radiation pattern needs to have a narrow beamwidth in the
elevation plane. In the azimuth plane, the road system is not
always perfectly straight, and vehicles also need to change lanes
from time to time, so the radiation pattern needs to have certain
beamwidth in this plane to guarantee a stable connection to the
roadside AP.

In all antenna array configurations, the endfire array is the
best candidate to generate the ideal pattern shown in Fig. 1. Un-
like broadside array, an endfire array could be designed to have
only one peak in the azimuth plane, thus eliminate the require-
ment of a reflector. By selecting the total number of array el-
ements, the beamwidth in the azimuth plane can be easily ad-
justed. Endfire arrays have been investigated for many years and
may include Yagi and log-periodic antennas [2]. Wideband an-
tenna elements have been used in the designs of endfire arrays.
Diamond-shape dipoles have been used to achieve 100% band-
width with a stable endfire pattern [3]. Fan-shaped bow-tie an-
tennas can also be used to achieve an endfire radiation [4]. In
both [3] and [4], grounds are used as the reflector to improve
the front-to-back ratio of the antenna. Therefore, they are only
suitable for fixed beam application. Drossos et al. [5] proposed
a bidirectional endfire array, which radiates at both endfire di-
rections. Its gain is around 3 dB lower than a unidirectional
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Fig. 2. Simulation model of the antenna array (in mm).

array. Kamarudin et al. [6] proposed a switch beam array that
can cover all azimuth angles; to achieve that capability, a com-
plex feeding network and multiple switches must be used. The
endfire array proposed in this letter is an improved version of
endfire beam switchable array proposed in [7], which is a linear
array with four L-shaped elements separated by a quarter of a
wavelength. The feed network of the array has two isolated in-
puts and four outputs. Each input can generate equal amplitude
signals with 90 incremental or descending phase distribution
on fouroutput ports, thus forming two orthogonal endfire radia-
tion patterns as will be described in the following sections.

II. DESIGN APPROACH

As shown in Fig. 2, the proposed array is a quarter-wave-
length-separation linear array. It consists of four L-shaped
elements instead of monopole antennas to decrease the overall
height. The horizontal beam of each L-element points to a
different direction, thus reducing the mutual coupling between
adjacent elements. In 802.11p systems, the AP might be located
just on top of the vehicle. If monopole array elements are
used or horizontal beams of all L-elements are parallel to each
other, there will be a deep null in the broadside direction. The
rotational arrangement of the horizontal beams proposed in
this letter can eliminate this deep null and improve the overall
quality of connections with APs along the road.

Fig. 3(a) shows the back view of the prototype array. The
feeding network can be clearly observed from this side. The cir-
cuit is composed of two 3-dB branch-line 90 hybrid couplers,
whose port impedance is 100 , and a microstrip line power dis-
tribution network. The feeding network has two isolated input
ports, which are ports 1 and 2, and four output ports, which are
numbered from antenna 1 to 4. When fed from Port 1, the 50-
input microstrip line is split to two 100- microstrip lines by a
T-junction first, and then connected to directional couplers 1 and
2, respectively. The microstrip line that connects to directional
coupler 1 is a half-wavelength shorter than the line that con-
nects to directional coupler 2, and this generates a 180 phase
delay at directional coupler 2 at 5.9 GHz. When fed from the
top-left port of either directional coupler, the output signal from
the bottom-right port has a 90 phase delay compared to the
bottom-left port. Combining phase delays from the feeding net-
work and directional couplers, the output signal at antenna 1 to
4 has a descending phase distribution with a 90 difference be-

Fig. 3. Photographs of fabricated endfire array: (a) back view and (b) front
view.

tween adjacent elements. It is easy to see that the amplitudes of
output signal at antenna 1 to 4 are all equal.

As the space separation between the array elements is also
90 , thus the signal distribution on antenna 1 to 4 when Port 1
is fed can generate an endfire radiation pattern with peak points
from antenna 1 to antenna 4. When Port 2 is fed, the phase re-
lationship between adjacent elements will be reversed, which
generates an endfire pattern pointing to the opposite direction,
which means from antenna 4 to antenna 1.

III. MEASUREMENT RESULTS

The printed circuit board (PCB) is made of low-loss RF lam-
inate material with a permittivity of 2.3. The size of the PCB
is 80 60 mm . The detailed antenna array dimension can
be found in Fig. 2. The distance between adjacent elements is
12.7 mm, which is a quarter of a wavelength in free space at
5.9 GHz. The L-shape element is made of copper wire with a
diameter of 0.35 mm. The vertical segment is 6.8 mm long, and
the horizontal beam is 3.3 mm long. The input impedance of
each antenna was tuned to 100 by adjusting the total length
of the antenna and the value of a shunt capacitor as shown in
Fig. 3(a). The capacitance of those components is 1.8 pF in the
current design. There are two ground patches in Fig. 3(a), which
are used for testing purposes only and do not have any function
in the finished prototype.

Shown in Fig. 4 are simulated phases at four antennas when
they arefed from Port 2. The phase difference between adjacent
ports is 90 at 5.9 GHz, which is required to generate an endfire
radiation pattern.

To verify the design of the feeding circuit by itself, four
antennas are removed and replaced by four 100- resistors.
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Fig. 4. Simulated phases at antennas when fed from the Port 2.

Fig. 5. Simulated and measured S-parameters at both ports 1 and 2 when all
four antennas are replaced by 100-� resistors. (a) Return loss. (b) Transmission
loss (S21).

Fig. 5(a) shows the simulated and measured return loss at both
ports 1 and 2. Although all return losses are below 20 dB, the
difference between simulation and measurement at Port 1 is
larger than at Port 2. Shown in Fig. 5(b) are the simulated and
measured results of S21.

Fig. 6 shows the measured S parameters between ports 1 and
2 after the entire array is assembled. In the working band, the
return loss of ports 1 and 2 is better than 21 and 14.5 dB,
respectively. The isolation between ports 1 and 2 is better than

15.5 dB. Comparing the result of the full array to the results
of the feeding network terminated by 100 , it is clear that four
handmade antenna elements are not ideally 100 .

Fig. 7 shows the simulated and measured array gain. The solid
line represents the simulated results using HFSS software. In the

Fig. 6. Measured S-parameters of the whole array.

Fig. 7. Simulated and measured array gain.

simulation, the impact of the feeding networking is not included.
The simulation model has only the four-port antenna array as
shown in Fig. 2 with a lumped matching capacitor attached to
each port. The ground has limited size, which is 60 80 mm .
All ports use 100 as input impedance, and each port is ex-
cited by the same amplitude but 90 phase shift with respect to
the adjacent port. The simulated results show the best achievable
antenna gain when all antennas are identical and when there is
no mismatch at the antenna port. Due to the symmetric prop-
erty of the array configuration, the simulated gain when either
Port 1 or 2 is excited is the same. The lines with triangle markers
and square markers in Fig. 7 are for measured antenna gain
when Port 1 and Port 2 are excited, respectively. Over the en-
tire working band, the array gain is better than 6 dBi. When the
array is excited from Port 1, the measured antenna gain is about
1 dB lower than the simulated result. This means that the array
efficiency is 80%. When excited from Port 2, the efficiency is
around 65%. The extra 15% efficiency loss may be contributed
to mismatch in the feeding network. At 5.9 GHz, the feeding
network does have noticeable loss.

Fig. 8 shows the measured 3D radiation pattern at 5.9 GHz
when the array is excited from Port 1 and 2, respectively. The
two radiation patterns are similar in shape and point toward op-
posite directions. These patterns have narrow beamwidth in the
elevation plane (57 ) and wide beamwidth in the azimuth plane
(130 ), which is suitable for the 802.11p applications. Clearly,
these beamwidths could be further reduced and the array gain
further increased by including additional elements in the array.
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Fig. 8. Measured 3D radiation pattern at 5.9 GHz for (a) Port 1 and (b) Port 2.

IV. CONCLUSION

An endfire phased array, which can be used in IEEE 802.11p
systems, is proposed in this letter. The array is capable of
switching between two radiation beams in opposite endfire
directions and can hence provide suitable performance for
vehicular mobile applications. A prototype antenna was man-
ufactured and measured. The prototype has a gain better than
6 dBi and a matching better than 14 dB in the working IEEE
802.11p band (5.850–5.925 GHz).
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