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Abstract—A pattern reconfigurable antenna for 2.6 GHz LTE
is flush-mounted in a chassis antenna cavity. The driven element
is a top-loaded monopole, that is steered based on the electron-
ically steerable parasitic array radiator (ESPAR) principle. The
radiation pattern can be configured in 45 degree steps, e.g. front,
diagonal front-right, right, etc. The cavity prototype is made from
carbon fiber reinforced polymer and includes a chassis mockup.
Antenna performance is evaluated based on measured gain
patterns, which show that the antenna retains its reconfiguration
capabilities when it is flush-mounted. Further, a parametric
measurement study with regards to antenna height inside the
cavity is performed to investigate the option of mounting an
electronics module underneath the antenna.

Index Terms—antenna, automotive, cavity, ESPAR, flush-
mounted, measurement, reconfigurable, vehicular.

I. INTRODUCTION

The orientation of vehicles towards base stations is initially
considered to be unknown. For the past decades the goal of
automotive antenna design was therefore to achieve omnidi-
rectional radiation patterns [1]. However, once the vehicle is
connected to a specific base station it is desirable to steer
a beam in the direction of the base station or a strong
multipath component. In automotive applications, the beam
steering is done with pattern reconfigurable antennas that use
pin-diodes or micro-electromechanical systems (MEMS), as
they meet the requirements for fast switching and temperature
stability. Pattern reconfigurable antennas for the automotive
environment are presented in [2], [3].

Vehicular antennas are increasingly moved away from pro-
truding modules when the aesthetic appearance is important,
and to reduce the drag coefficient — and therefore fuel con-
sumption. Transparent antennas can be applied to vehicle
windows, which is already state of the art for radio antennas
on the rear windows [4], [5]. Finer metal meshes allow more
complex geometries [6]. A promising paradigm is to build
flush-mounted antennas inside cavities in the chassis [7], [8],
[9], [10]. Such cavities can be manufactured as part of the car
roof [11], [12], [13]. Smaller cavities have been proposed for
flush-mounted antennas in the monocoque of racing cars [14].

Few antennas have been proposed that are suited for auto-
motive applications, hidden and pattern reconfigurable. [15],
[16] investigate such antennas based on phased driven ele-
ments inside chassis cavities. A pattern reconfigurable antenna
integrated in the rear view mirror is demonstrated in [17]. The
antenna is based on the theory of characteristic modes.
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Fig. 1: Exemplary location of an ESPAR flush-mounted in a

chassis antenna cavity. The beam can be reconfigured in steps
of 45°.
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Contribution — A pattern reconfigurable antenna for
2.6 GHz LTE is flush-mounted in a chassis antenna cavity. It
is designed as ESPAR that allows beam steering in 45° steps.
Fig. 1 shows a possible position of the antenna in the center
of a car roof. The cavity prototype is built with a chassis-
mockup as carbon fiber reinforced polymer (CFRP) laminate.
Calibrated gain patterns are measured in an anechoic chamber.
Additionally, a parametric measurement study is performed to
quantify the influence of mounting height inside the cavity,
e.g. to place electronics modules underneath the antenna.

II. ANTENNA DESIGN

The pattern reconfigurable antenna was first described
in [18]. The antenna is a three-dimensional structure that
is erected from a ground plane manufactured in printed
circuit board (PCB) technology. The ground plane is a
500 mmx 500 mm FR-4 substrate with thickness 1.6 mm and
permittivity €, = 4.3. The driven element of the antenna is a
vertical post in its center. To reduce the height of the antenna,
the quarter-wavelength long post is top-loaded capacitively
with a perpendicular metal square with a side length of 13 mm.
This reduces the post height from A/4 to A/10. Switchable
parasitic elements are then added to design an electronically
steerable parasitic array radiator (ESPAR). Four top-loaded
parasitic posts are added around the driven post. Two wires
are used to short each parasitic element to the ground in
order to improve the antenna matching and the gain. The
shorting wires are moved to the edge of the parasitic element to
reduce the coupling between the driven and parasitic element
and further improve the gain. To increase the mechanical
stability of the antenna, all top-loading elements are combined
on a second PCB. Therefore, the height of the parasitic
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Fig. 2: Geometry of the ESPAR antenna. Image reused from
[18].

elements is fixed to the height of the driven element. To
reduce losses, the PCB for the top-loading elements is built
from a Rogers RT5880 substrate with a thickness of 0.508 mm
and permittivity €, = 2.2. Sector-ring geometries are chosen
for the top-loading of the parasitic elements, because their
alignment around the driven element is circularly symmetric.
The resonance frequency of the parasitic elements is designed
to be slightly lower than that of the driven element, such
that they can act as resonant reflectors. The opening angle
of the ring sectors . = 17°, their inner radii 7;, = 12mm
and their outer radii 75,4 = 10 mm are found numerically by
simulation. Reducing r;, increases the resonance frequency
and the bandwidth, it improves impedance matching as well
(up to some point). The antenna geometry is shown in Fig. 2.

The parasitic elements can be configured as either reflector
or director, by connecting their electric potential to ground
or letting it float. This is done with pin-diodes connected to
the ground plane on the bottom PCB. A parasitic element is
configured as reflector when its electric potential is connected
to ground, which is done by activating its diode on the
bottom PCB. When the diode is switched on, the current
on the parasitic element post is approximately -80° out of
phase with the current on the driven post. With a distance
of 0.14 \ between driven and parasitic element, this results
in destructive interference towards the parasitic element and
constructive interference towards the driven element, i.e. the
parasitic element acts as a reflector. A parasitic element is
configured as a director when its electric potential floats (i.e.
it is not connected to ground), which is done by deactivating
the diode on the bottom PCB. The current on the parasitic
element post is then approximately 140° out of phase with
the driven post. The DC biasing for the pin-diodes is done via
a resistor in order to block the RF signal from the DC supply.
A choice of 5k for the resistor allows to switch the diodes
on and off with 5V and 0V, respectively. Which means that

I DC Voltage supply.
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Fig. 3: PCB layout on the ground plane with pin-diodes and
biasing circuit for switching the parasitic elements: a) top view
and b) bottom view. Images reused from [18].

the switching can be done with 5V logic voltage levels, e.g.
transistor-transistor logic (TTL) and complementary metalox-
idesemiconductor (CMOS). The layout of the ground plane is
shown in Fig. 3.

To steer the beam towards the front, back, left or right, the
respective diode in this direction is configured as a director
(i.e. OFF), while the remaining three diodes are configured
as reflectors (i.e. ON). To steer the beam towards a diagonal
direction, the two diodes in this direction are configured as
directors (i.e. OFF), while the two diodes in the opposite
direction are configured as reflectors (i.e. ON). The ESPAR
can also be configured for joint front/back and left/right
patterns, but these are not considered in this work.

III. CHASSIS ANTENNA CAVITY

The antenna is flush-mounted in a chassis antenna cavity
[11]. The cavity is built into the center 1 mx1m carbon fiber
reinforced polymer (CFRP) sheet, which acts as a chassis
mockup. The CFRP sheet is built as a laminate with the
autoclave method from plain weave preimpregnated fibers
(prepreg). Eight fabric layers are stacked as [(0°/90°)4] to get
a part thickness of about 2 mm. In the investigated frequency
band the woven CFRP can be modeled as an isotropic con-
ductor [19]. The same cavity geometry as in [11], [15], [16],
[19] is used to keep comparability with previous results. The
cavity has a rectangular shape with tilted walls. The cavity is
40mm deep and its dimensions are 150 mmx500 mm on the
cavity floor and 220 x570 mm at the sheet.

The cavity was not covered during the measurements. In
practice the protective covers are not only designed due to an-
tenna considerations, but also to meet mechanical and aesthetic
requirements. The antenna evaluation would then depend on
a specific selection of a cover geometry and material. This
is undesired for a principal investigation, but a radome is
expected to influence the antenna and should be considered
for applications.

A. Antenna Height Sweep

The chassis antenna cavity is 40 mm deep, but due to the
top-loaded monopole design, the ESPAR has a height of only
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Fig. 4: a) Photograph of the ESPAR in the chassis antenna
cavity. b) Closeup of the ESPAR on an electronics module
mockup. All dimensions are in millimeter.

11.5mm. This leaves space underneath the antenna, which
could be used to move control and communication electronics
close to the antenna and reduce cables from the roof to the car
electronics [20]. Influences of antenna mounting height inside
the cavity are investigated with measured gain patterns. For
this purpose module mock-ups of different height are placed
underneath the antenna during measurement. The mock-ups
are made from hard-foam that is wrapped in adhesive alu-
minum foil. They have a hole in the center such that the
bias-voltage and coaxial cables can be pulled through. The
measured heights range from 0 mm (no mockup, ESPAR on
cavity floor) to 25 mm in 5 mm steps.

IV. MEASUREMENT RESULTS

The measurements are performed in the anechoic chamber
at Karlsruhe Institute of Technology. The chamber is a far-
field measurement system. The pin-diodes are switched by
connecting them to a DC power supply. The antenna and the
chassis cavity are symmetric. Therefore, only patterns towards
three directions are measured: front, diagonal and side. The
antenna cavity is designed for automotive applications and for
the following discussion it is considered that the module is
mounted as depicted in Fig. 1 with its short side towards
the front and its long side towards the side. The 0° state
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Fig. 5: Absolute value of the measured S-parameters.

then corresponds with the front of the car and the side state
corresponds with the right side of the car.

The matching of the antenna is evaluated based on the abso-
lute values of the measured scattering parameters. The return
loss is about 5dB or better in the 2.6 GHz LTE frequency
bands 7 and 38. There is dependence on the selected state. In
the diagonal state the return loss is reduced by 1dB, which
is within acceptable bounds. In comparison to the return loss
without the cavity [18] small deviations are evident. Without
the cavity the return loss in the diagonal state was slightly
better than 6 dB and is therefore reduced by about 1dB. The
return losses of the front, back, left and right states were
about 12dB, but are reduced when the antenna is placed in
the cavity. Moreover, while the antenna is symmetric for the
front and side state, these return losses differ by 1dB, which
we speculate to be either a result of prototype production
tolerances or coupling with the closer cavity wall in front
direction.

Fig. 6 shows the measured gain patterns. The gain patterns
in Fig. 6a show the vertical cuts towards the front (short cavity
side). As expected, the gain towards the front is largest when
the antenna is configured in front state and the gain is reduced
when the antenna is configured in a diagonal or side state.
The gain of the front state is > 0dBi for polar angles 45° <
6 < 80°. The pattern is smooth in this area and no nulls are
introduced by the cavity. The gain of the diagonal state is ~
1dB lower than the front state and the pattern is also smooth.
However, the back lobe of the front state is quite large and
the gain of the front state towards the rear is almost as large
as the gain towards the front. This is a direct influence of the
cavity walls being closer to the antenna in this direction. The
front/back gain difference is larger without the cavity (5dB,
compare [18]) and towards the longer side of the cavity, where
the cavity walls are further away from the antenna (compare
Fig. 6b). This problem could be accounted for by considering
the cavity walls in a design iteration on the antenna, or by
changing the cavity design to increase the distance between
walls and antenna.

The vertical gain pattern cuts towards the sides are shown
in Fig. 6b. The diagonal state has a gain > 0dBi from 30° <
6 < 90°, a maximum gain of 8dBi and 5dB larger gain than
the front state has in this direction. The gain of the diagonal
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Fig. 6: Measured gain patterns at 2.6 GHz, vertical polarization, antenna on floor in cavity center, a) Vertical cuts towards the
short side of the cavity (¢ = 0° and 180°; towards the front/back of the car when cavity is mounted according to Fig. 1).
b) Vertical cuts towards the long side of the cavity (¢ = 90° and 270°; towards the sides of the car when cavity is mounted
according to Fig. 1). ¢) Horizontal cuts for polar angle 8 = 90°.
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state is =~ 2dB lower towards the side than the gain of the
side state. The flush-mounted performance in this direction is
similar to the case when the antenna is used without cavity
[18].

Fig. 6¢c compares the horizontal cuts of the gain patterns
for polar angle § = 90°, which corresponds with the plane
of the CFRP chassis mockup. Generally, radiation patterns
get pushed upwards, when an antenna is placed on a large
ground plane. This sets the gain target at around 0dBi in
the horizontal plane for vehicles. Fig. 6c¢ nicely illustrates
the pattern reconfiguration between the different states. The
antenna beam can be electronically steered by 45° with
opening angles of about +30°. For the front state the gain
is lower in the horizontal plane, which is again a result of the
proximity to the walls on the short cavity side. The gain of the
side state reaches 0 dBi and the gain of the directional state is
larger than the front and side state gains for 310° < ¢ < 345°.

Fig. 7 shows the results of the parametric study with variable
height of the ESPAR in the cavity. The height of the electronics
module mockup is given, which then also corresponds to
the height at which the ESPAR is placed above the cavity
floor. The gain around the horizontal plane is not significantly
influenced by the mounting height. Most notably, two nulls
in the gain pattern appear the further the antenna is elevated
from the floor. on the floor the nulls start around 6 ~ 15° and
move to 60° when the ESPAR is placed at the cavity opening.

V. CONCLUSION

Previous works [15], [16] showed that pattern reconfigurable
antennas based on phased driven elements can be flush-
mounted inside a chassis cavity. In this work it is demonstrated
that ESPARs can be used in automotive applications with
chassis cavities.
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Fig. 7: Measured gain patterns for different heights of the
electronics module mockup underneath the antenna; 2.6 GHz,
vertical polarization, side state.

An electronically steerable parasitic array radiator (ESPAR)
for the 2.6 GHz LTE frequency band is flush-mounted inside
a rectangular chassis antenna cavity. The antenna retains its
reconfiguration capabilities when flush-mounted, but the gain
towards the short cavity side is improvable.

While the presented ESPAR is designed for the 2.6 GHz
LTE band, it can be assumed that the same solution (flush-
mounted ESPARs in chassis cavities) is feasible for other
services with frequency bands in the same region, e.g. WLAN
at 2.4 GHz or V2X at 5.9 GHz.
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