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Abstract—Pattern-reconfigurable antennas for the 2.45 GHz
ISM band are concealed inside a chassis antenna cavity. Three
antennas are designed to reconfigure between near-optimum
radiation patterns for urban scenarios by toggling between
front/back and left/right radiation. The three antennas follow
distinct design principles and have different gain switching
capabilities. Antenna performance is evaluated based on gain
pattern measurements. It is shown, that the antennas retain their
reconfiguration functionality when they are placed in the chassis
cavity beneath the vehicle’s roof.

I. INTRODUCTION

It is not a trivial task to design pattern reconfigurable low-
profile antennas for vehicles, due to the roof acting as a large
ground plane. An excellent example is a 2.45GHz low-profile
antenna for vehicles that is reconfigurable between twelve
patterns [1]. The authors show that any reconfigurability is lost,
when the antenna is mounted on a ground plane larger than
1.2λ (≈ 15 cm). Also optimality criteria for the number and
shapes of the patterns is typically not given in the literature.

Roof mounted automotive shark-fin antenna modules have
been introduced in the 2000’s. They now contain antennas for
telephony (long term evolution, LTE), car-to-car communica-
tion (C2C), Wi-Fi, satellite navigation systems, satellite audio
radio and remote keyless entry [2], [3] with multiple-input-
multiple-output (MIMO) antennas to increase throughput and
reliability [4], [5]. However, shark-fin modules can not exces-
sively grow in size as they protrude from the vehicle.

Instead of designing low-profile antennas to put in shark-
fins on the car roof, we propose to place the antennas in a
cavity in the vehicle chassis [6]. This allows antennas with a
taller profile that are nevertheless fully concealed below the
roof. We recently proposed such an antenna cavity, which can
be hidden in the vehicle chassis [7]. The chassis cavity can
be seamlessly mass-produced as part of the car roof and it is
significantly larger than previously proposed roof cavities [8],
[9]. The concealable module keeps the car roof as preferred
mounting position for vehicular antennas. Measurements in
[10] show that the cavity is operable in a wide frequency range
and includes all services currently used in shark-fin modules.
The cavity prototype is placed on a 1m2 (≈ 8λ) ground plane,
to show that pattern-reconfigurability is retained on vehicles.

The antennas presented in this work can be reconfigured
between near-optimum radiation patterns, which were derived
in prior work. These near-optimum vehicular MIMO radiation
patterns are synthesized in [11], [12] from ray-tracing simula-
tions. It is shown that in urban scenarios mutual information

Fig. 1. A pattern reconfigurable antenna is concealed inside a chassis antenna
module. Exemplary mounting location on a car roof.

can be increased by using MIMO systems with radiation
patterns pointing towards front/back and left/right directions,
instead of omnidirectional radiation patterns. An exemplary
position of the chassis cavity on a vehicle with near-optimum
radiation patterns is depicted in Fig. 1.

Contribution — Three pattern reconfigurable antennas for
the industrial, scientific and medical (ISM) band at 2.45GHz
are fully concealed for vehicular applications. All three anten-
nas reconfigure between near-optimum radiation patterns, but
they are designed with different gain between reconfigurable
states in driving direction. The synthesis methodology for
near-optimum patterns is summarized in Sec. II. The antenna
designs and measurements on small ground planes are given in
[13]–[15], but are recapitulated for the sake of completeness.
The chassis cavity prototype made from carbon fiber rein-
forced polymer (CFRP) is discussed in Sec. III. In Sec. IV
the antennas are evaluated based on measured S-parameters
and measured gain patterns. Conclusions for vehicular antenna
design are drawn in Sec. V.

II. PATTERN SYNTHESIS AND NEAR-OPTIMAL PATTERN
RECONFIGURABLE ANTENNAS

Channel simulations from a ray tracer are used to synthesize
patterns for vehicular antennas. The procedure for vehicular
antenna pattern synthesis for multiple antenna systems is
presented in [11]. In [12] the synthesis procedure is enhanced
and real-world dynamic channel measurements are used for the
pattern synthesis. First, for each channel realization radiation
patterns are synthesized, which are optimum in that they
maximize channel capacity for that given channel. In a second
step radiation patterns are averaged over time, as vehicular
antennas can not adapt to the channel instantaneously. Finally,
the patterns are averaged over different driving scenarios,
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Fig. 2. Dimensions of the antenna prototypes. The antennas are denoted as a) antenna 1 (Reprinted with permission from [13]; c©2016 IEEE.), b) antenna 2
(Reprinted with permission from [14]; c©2016 IEEE.) and c) antenna 3 (Reprinted with permission from [15]; c©2017 IEEE.) Dimensions are in millimeter.

which are either simulated in the ray tracer or measured in
drive campaigns. This way radiation patterns are synthesized
that are optimum in an average sense (depending on the
used metric), but are near-optimum for any given channel
realization. In all cases the best synthesized radiation patterns
have high gain towards front and back of the car, which is due
to the waveguide effect in street canyons. The radiation pattern
synthesized for second best sub-channel covers the directions
to the sides of the car (left/right) [16].

The three antennas in this paper are reconfigurable between
these near-optimum front/back and left/right radiation patterns
[13]–[15]. All antennas consist of two radiating elements and
a switchable feeding network embedded into the antennas.
Different patterns are obtained by switching the signal phase
between the radiators. If an antenna is oriented along the
x-axis (see Fig. 2) a phase difference of 180◦ is required
between inputs of the radiating elements, such that the two
radiating elements placed in distance of about λ/2 interfere
constructively along the x-axis to generate patterns covering
front/back direction. If there is no phase difference between
the inputs of the radiating elements the radiated fields interfere
constructively along the z-axis to generate patterns covering
left/right directions. This idea is implemented in different ways
in the three antenna designs.

Antenna 1 is presented in [13] and uses two bent monopoles.
The feeding line is connected in the middle to a coaxial
connector and thus a T-junction is established. The lines routed
to the radiating elements are modified so that a tapered line
balun is formed (see Fig. 2a). This way a signal with either
0◦ or 180◦ phase is generated at the feeding point of one
of the radiating elements. The phase change is obtained by
connecting one of the radiators to the front feeding point line
(0◦) or the back line (180◦). The switching is done by applying
DC to pin-diodes. When the upper front diode is on and the
other two are off, the radiators are fed with a signal which is
in phase. For the opposite phase the upper front diode has to

be off and the other two on.
Antenna 2 uses two monopoles that are fed in series (see

Fig. 2b, [14]). The left one is fed with a coaxial connector and
loaded with a line on top, which is connected to a monopole on
the right. The phase switching is realized by choosing between
two lines feeding the second monopole either on top (180◦)
or bottom (0◦). This concept functions such that the length
of the left monopole is λ/4, and the line feeding the second
monopole is chosen to be 3λ/4 long. In order to place a 3λ/4
line at λ/2 distance, the feed lines to the second monopole are
meandered. The chosen line lengths result in good matching
in both states, since the 3λ/4 line transforms the open at the
switch to an open at the T-junction. Thus the wave does not
enter the inactive branch and most of the power is directed to
the active branch.

The radiating elements (inverted-F antennas) of antenna 3
[15] are fed in parallel and a more flexible feeding network
is designed. A back-to-back balun (see Fig. 2c) is used to
generate the phase difference between the radiating elements.
It can generate almost any phase difference and therefore
different radiation patterns could be realized too, unlike for
the tapered line balun used in antenna 1. Back-to-back baluns
are mostly used for microstrip-to-slotline transition (or vice-
versa). If a circular slot is used for slotline-to-microstrip
transition (like in Fig. 2c), a symmetrical signal (0◦ and 180◦

phase) at the output lines is obtained. This feeding structure
also decouples the input port from the DC. A T-junction is
established as power splitter by feeding the horizontal slotline
with a vertical microstrip connected to the coaxial SMA
connector.

All antenna prototypes are printed on Rogers 5880 sub-
strate, but FR4 is applicable for mass production. Pin-diodes
are chosen as switches over microelectromechanical systems
(MEMS) for automotive application. Just like spatial-diversity
antennas, pattern-diversity antennas can be switched with
different strategies [17].



III. CHASSIS ANTENNA CAVITY

Hidden automotive antennas have been proposed in side
mirrors [18], bumpers [19] and modules in the windshield
[20]. Positions on the roof are preferred, because they offer
omnidirectional coverage and the front-end can be placed
close-by [21]. A number of authors have suggested to place
antennas in small cavities in the vehicle roof. Cavities are
preferred over apertures [22], as they offer increased isolation
to the vehicles’ passengers and electronics. An antenna for
satellite digital audio radio services (SDARS) and the global
positioning system (GPS) embedded in a 40 × 40 × 10mm3

cavity in the car roof is measured in [8]. An LTE antenna
inside a 200×200×30mm3 hole is discussed in [9]. The cavity
prototype in [9] is located on the roof and not underneath
it and deviations over 10 dB are caused in the gain pattern
by inserting the antenna into the hole. A cavity-backed spiral
antenna hidden in the trunk is presented in [23]. A wideband
antenna concealed in a 43mm deep circular cavity with a
diameter of 280mm in an aircraft fuselage is presented in
[24].

Previously proposed cavities are only large enough to con-
tain a single antenna, but it is not desirable for car manufac-
turers to build a separate cavity for every antenna. The cavity
used in this work is presented in [7] and it is significantly
larger such that it can also contain other antennas. The cavity
has a size of about 500 × 150 × 40mm3 and inclined walls.
Antennas inside the cavity can be concealed by a protective
cover such that it visually blends into the vehicle roof, but
measurements in Sec. IV are performed without cover such
that the results don’t depend on an arbitrarily chosen material.
The chassis cavity is dedicated space for antennas, contrary
to side mirrors or bumpers where antennas share the available
space with other functional units that interfere with antenna
performance.

The prototype of the chassis integrated antenna cavity is
manufactured from plain weave carbon-fiber reinforced poly-
mer (CFRP) (Fig. 3), to show the applicability for electric
cars. Mechanical engineers increasingly use sandwich- and
honeycomb-structures and CFRP in the construction of mass
produced cars; lightweight construction methods that are al-
ready used for airplanes and sports cars.

The car roof is modeled by a CFRP sheet with a size of
1000× 1000× 2mm3. Vehicle specific features like roof cur-
vature or protective cover are not considered in the prototype.
Influences such as roof windows [25], [26], gaps between car
body elements [27], paint [28], etc. on the antennas inside the
chassis cavity are expected to be similar to other locations on
the car roof. These influences on the radiation characteristics
of vehicular antennas are typically investigated separately and
then considered by the car manufacturer during development
[29]. The replacement of metals with woven CFRP as ground
plane material has only negligible influence on vehicular
antennas [30].

Fig. 3. Pattern reconfigurable antenna 1 inside the CFRP chassis antenna
cavity.

IV. MEASUREMENT RESULTS

The antennas are placed centered on the chassis cavity’s
floor. For measurement purposes cables are routed through
the floor of the cavity. In production it will be more suitable
to connect the cables through the wall of the module as the
vehicle roof thickness is limited. The states of the pattern
reconfigurable antennas are switched by connecting the pin-
diodes to a DC-power supply.

The absolute values of the measured S-parameters are
depicted in Fig. 4. The resonance frequency of the left/right
state of antenna 1 is slightly shifted towards higher frequencies
(Fig. 4a) compared to [13] while no change is observed for
the front/back state. A return loss better than 10 dB is still
achieved in the band of interest. Antenna 2 has a return loss
better than 10 dB in left/right state in the whole ISM band, the
resonance frequency of the front/back state is shifted towards
lower frequencies (compared to [14]) and therefore antenna 2
only has a return loss better than 6 dB in the ISM band (Fig.
4b). The resonances of antenna 3 are slightly shifted towards
lower frequencies for both states compared to [15], however
|S11| is still lower than −10 dB in the whole ISM band. For all
studied antennas a shift towards lower frequencies is observed
after embedding the antennas into the cavity. These shifts in
resonance frequency can easily be accounted for in future
designs iterations.

Calibrated gain pattern measurements are performed inside
an anechoic chamber. All gain patterns are measurements of
realized gain. Gain pattern cuts are depicted for 2.45GHz,
which is the center frequency of the ISM band. The chassis
cavity with the antenna inside is mounted on an azimuth rotary
column. All antennas work as expected with increased radia-
tion in the desired directions. The antennas retain their ability
to reconfigure between a front/back and left/right pattern when
placed inside the chassis cavity below the roofline.

The horizontal gain pattern cuts are depicted in Fig. 5. All
three antennas have a gain close to 0 dBi in the directions
of their desired pattern states. 0 dBi gain in the horizontal
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Fig. 4. Measured absolute values of the S-parameters with the antennas placed inside the chassis module a) antenna 1, b) antenna 2 and c) antenna 3.
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Fig. 5. Measured horizontal cuts of the gain patterns at 2.45GHz for polar angle θ = 90◦ of a) antenna 1, b) antenna 2 and c) antenna 3. If the cavity is
mounted on the vehicle according to Fig. 1, the left sides of the plots (ϕ = 0◦) coincide with driving direction.

plane is a good performance, considering that the antennas
are placed below the surface of a large ground plane. In
front/back direction the pattern of the undesired state of
antenna 1 has a null, resulting in a gain difference >10 dB
between states in front/back direction (Fig. 5a). Switching
antenna 1 into left/right state results in a gain increase of about
5 dB in left/right direction. Antenna 2 shows good overall
performance. Results in Fig. 5b show that switching between
the states results in a gain increase >5 dB in the horizontal
plane for all four directions. As is evident in Fig. 5c antenna 3
offers the smallest gain difference between the two states in
the horizontal plane. For most angles the difference in the gain
patterns is close to 3 dB.

Analyzing all three plots in Fig. 5, the influence of the
cavity on the radiation pattern can be observed. Without cavity
the gain patterns in horizontal plane (θ = 90◦) have nearly
elliptical form, and changing the state rotates the elliptical
patterns by 90◦ (compare [13]–[15]). However, the patterns
become flat in left and right directions (ϕ = 60◦ to 120◦

and ϕ = 240◦ to 300◦) when the antennas are embedded in
the cavity. The exact angular values differ slightly between
the three antennas, since their original patterns without cavity
are also slightly different. Also a kind of step in gain (gain

increase) is observed for the front/back state in the named
angular ranges (ϕ = 60◦ to 120◦ and ϕ = 240◦ to 300◦); see
Fig. 5. The form of the radiation patterns in the front/back
directions remain nearly elliptical for all antennas, and thus
corresponds very well with antenna placement on the car-
roof. This difference between antennas mounted on the roof
and concealed in the cavity can easily be explained by doing
short geometrical analysis of the cavity. The chassis module is
narrower in the driving direction (220mm around 1.75 λ) and
wider to left/right (570mm around 4.5 λ) and the observed
pattern changes correspond well with the cavity’s corners.

The vertical gain pattern cuts are depicted in Fig. 6 and
Fig. 7. Interfering reflections from the cavity walls cause
additional nulls in the vertical patterns, but the cavity is
designed such that the nulls appear close to zenith. In the
vertical cuts at ϕ = 90◦ the typical nulls at zenith (θ = 0◦) are
observed for both states (see Fig. 6). However, if the vertical
cut at ϕ = 0◦ is considered, the null at zenith disappears for
the left/right state (see Fig. 7). The field re-radiated at the
long edge of the chassis module interferes constructively with
field radiated from the antenna and erases the null at zenith.
In applications where omnidirectional antennas are used this
influence is of little concern. Typically vehicular antennas are
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Fig. 6. Measured vertical cuts of the gain patterns at 2.45GHz for azimuth ϕ = 0◦ of a) antenna 1, b) antenna 2 and c) antenna 3. If the cavity is mounted
on the vehicle according to Fig. 1, the ϕ = 0◦ coincides with driving direction and ϕ = 180◦ are the patterns towards the rear of the vehicle.
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Fig. 7. Measured vertical cuts of the gain patterns at 2.45GHz for azimuth ϕ = 90◦ of a) antenna 1, b) antenna 2 and c) antenna 3. If the cavity is mounted
on the vehicle according to Fig. 1, these cuts coincide with the left and right side of the vehicle.

monopole antennas, whose radiation patterns intrinsically have
a null towards zenith.

Measurements in Fig. 6 confirm, that differences in antenna
gain towards front and back are kept when placing the antennas
inside the cavity. Among the three antennas, antenna 1 has
the largest gain difference between states in the front/back
direction of 15 dB. While in the left/right direction a difference
between the states is only present for polar angles θ > 50◦.
Antenna 2 shows good overall performance, with gain differ-
ences of about 5 dB. Antenna 3 has the smallest difference
between states ≈ 3 dB.

Declaring a favorable antenna is not meaningful without
application. The antenna choice depends on the service and
transmissions schemes. The presented antenna designs show
that several strategies are achievable. While antenna 1 is a

good choice to decrease the reception of interfering vehicles
in the front and back, both states of antenna 3 offer near-
omnidirectional radiation. This allows to use the antenna 3 in a
given state most of the time, with the option to switch patterns
to double the received power when necessary.

V. CONCLUSION

Pattern reconfigurable antennas for automotive wireless
communication are concealed inside a chassis cavity and
their performance is measured. The three antennas are re-
configurable between a front/back and a left/right radiation
pattern, which are near-optimal for vehicular communication.
Prototypes ranging from 3 dB to 15 dB gain difference between
the reconfigurable states have been designed, manufactured,
and measured. The influence of the chassis antenna module on



the antennas is assessed quantitatively. The antennas function
properly when placed in the cavity below the roof.

The design of extremely low-profile pattern-reconfigurable
antennas for vehicular applications is hard, because of the
presence of a large ground plane. By placing the antennas
in a cavity, their height requirements are relaxed. This in
return allows the use of inverted-F antennas (IFA) and (bent)
monopole antennas, both of which excel on large ground
planes. Pattern-reconfigurable antennas can be fully hidden in
the vehicle roof with the use of a chassis antenna cavity.

A large antenna module suitable for concealing several
antennas enables smart vehicular communication systems,
which no longer are constrained by drag or aesthetic design
limitations of the vehicle. This work proves the feasibility
of smart, concealed, automotive antennas for services in the
2.4GHz ISM band like WLAN and Bluetooth.

Due to the close proximity in frequency it can be expected
that the concept is also applicable for automotive antennas for
mobile telephony and car-to-car communication.
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