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Abstract—This paper presents a compact switched-beam
antenna (SBA) mounted on the bottom of a car. The antenna and
associated circuits read RFID data sensed directly from all four
tires. The frequencies of interest are the European UHF RFID
band (866 MHz) and the 2.45 GHz ISM-band. In both cases, the
antenna is electrically close to the conductive floor of the vehicle.
In order to improve performance, dual-band periodic printed sur-
faces are designed and the efficiency, pattern, and loss are charac-
terized for the antenna mounted above the FSS. In the UHF-band,
the size of the assembly is 0.87λ0 × 0.87λ0 × 0.11λ0 and its
performance is not sensitive to the position of the conductive car
bottom surface. The antenna over FSS assembly has a directivity
of 5.6 dB and the efficiency is enhanced by a factor of 2.35 (3.7 dB).

Index Terms—Antennas, beam steering, efficiency, frequency
selective surfaces, metamaterials, radio-frequency identification.

I. INTRODUCTION

A CTIVE tire pressure monitors in vehicles employ an on-
board unit (OU), which communicates with sensor nodes

in the wheels. These are usually mounted on the rim and pow-
ered by a battery [1] and operate in the UHF range (315 or
433 MHz). In advanced tire monitoring systems, the sensor
is in the tire and capable of collecting additional data such as
temperature and vibration from which the contact area can be
estimated [2]. Such sensors can be implemented using radio-
frequency identification (RFID) technology to eliminate the
need for batteries. The acquired tire sensor information extends
classical active safety systems like electronic stability control
(ESC) [3]. However, the rubber and metal in the tires have high
attenuation [4], resulting in poor RFID antenna performance.
Additionally, the losses and reflections between the metal car
and the road make the communication channel between the
onboard unit and the RFID-based sensor very poor [5]. The
radiation pattern of the tire–antenna assembly is determined

Manuscript received February 24, 2015; revised September 30, 2015;
accepted December 02, 2015. Date of publication February 05, 2016; date
of current version April 05, 2016. This work was supported by the Christian
Doppler Laboratory for Wireless Technologies for Sustainable Mobility.
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by the orientation of the antenna in the tire [6], potentially
deteriorating the communication link [7].

Fig. 1 shows a sketch of the desired RFID OU antenna posi-
tion. A reconfigurable OU antenna which steers the antenna
beam toward one wheel at a time is desirable for two reasons.
The directive beam improves the communication channel for
both forward and reverse (backscattered) links. Furthermore,
this minimizes the cross talk between RFID sensors associated
with the remaining wheels [8]. This in turn reduces the required
power and simplifies sensor tagging. The OU antenna should
be placed centrally between the wheels, and for manufactura-
bility and ease of integration with the electronics, we desire
a printed antenna which can be placed parallel to the ground
and close to the metal vehicle body. Since the vehicle floor
pan is usually constructed from steel, such a printed antenna
will suffer from a mostly reactive impedance difficult to match,
and degraded efficiency and radiation patterns. Therefore, in
this paper, a periodic frequency selective surface (FSS) that is
placed between the antenna and car floor is presented, with the
goal of shielding the antenna from the metal part of the vehicle
while maintaining a low overall antenna profile.

Such a FSS needs to have a plane wave reflection phase
close to 0◦ and is referred to as an artificial magnetic conductor
(AMC). While the size of a unit cell of many AMCs is in the
order of half a free-space wavelength λ0 [9], [10], the unit cell
dimensions presented here are smaller than λ0/17 at 868 MHz
resulting in a closer approximation to a homogeneous artificial
surface impedance.

In the following section, we briefly explain the switched
beam antenna (SBA) in its two configurations: 1) for the
European UHF RFID band at 866 MHz and 2) for the
2.45-GHz ISM-band. This section is followed by a descrip-
tion of the developed AMC surface suitable for both frequency
bands. In Section IV, we will present measurement results of
the SBA mounted atop the designed AMC surface, including
return loss, radiation pattern, and efficiency.

II. SWITCHED BEAM ANTENNA

The goal is to create a compact antenna which can steer
an equal beam in all four azimuth sectors. SBAs are covered
in many publications, but most deal with large phased arrays,
exceptions being [11]–[14]. The configuration described in [14]
is in some aspects similar to the configuration discussed in this
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Fig. 1. Sketch of the RFID-based tire pressure monitoring system. The on-
board unit (OU) contains the RFID reader, which has an SBA that points in
the direction of one wheel at a time in order to reduce the channel loss and the
interference from other sensor nodes.

Fig. 2. Antenna geometry of the UHF-SBA for simulation showing feeding
side in red (bright) and dipole side in blue (dark). (a) Bottom view, (b) side
view, and (c) perspective view showing beam numbers in roman numerals.

contribution. The antenna itself has similar dimensions with
respect to the wavelength and it is operated close to a FSS.
However, our antenna uses a single feeding point and is opera-
tional in free space, while the design in [14] relies on a modified
Sievenpiper structure. Furthermore, these patch elements have
an edge length in the order of half a wavelength prohibiting
the homogeneous surface assumption of the FSS. Section III
describes techniques to reduce the size of a unit cell to 0.058 λ0

at 868 MHz and 0.163 λ0 at 2.45 GHz. Furthermore, our unit
cells are identical, whereas [14] uses vias only at the outer cells
of the FSS aimed at reducing surface waves.

Both versions of our SBA are fabricated on a printed circuit
board (PCB) that contains four dipoles with balanced centrally
shorted lines on the one side, and the feeding network on the
other side, as can be seen in Fig. 2. For normal operation, only
one dipole is fed, whereas the three other dipoles are deacti-
vated by shorting their feed lines. The directivity of the antenna

Fig. 3. Feeding network of the UHF-SBA including discrete components.

is based on the fact that the balanced lines connecting the
neighboring deactivated dipoles act as a reflector for the driven
element.

A. UHF-Band Antenna

The UHF version of this antenna was initially published in
[8]. It is constructed on a PCB of FR-4 material with dimen-
sions 190 × 190 mm or 0.55λ0 × 0.55λ0 and a thickness of
1.5 mm. The feeding network is shown in Fig. 3. From the
central feed point short thin transmission lines connect to DC
blocking capacitors which lead to low-impedance microstrip
lines departing toward the PIN diodes. The overall electrical
length from the feed point to the PIN diodes corresponds to a
quarter of a guided wavelength λ/4. The low-impedance lines
transform the 50-Ω impedance of the coaxial cable to the lower
impedance required at the symmetric feed point of a single
dipole element. Additionally, this line acts as a balun to con-
vert the asymmetric microstrip line to the balanced dipole feed.
At the end of the λ/4 feedline, three PIN diodes are connected
in parallel to create an appropriate low inductance short, which
deactivates the corresponding dipole. For the same reason, to
reduce inductance, the balanced dipole feed is connected to
the feedline with three vias and three DC blocking capacitors
in parallel. The biasing circuit for the PIN diodes is a high-
impedance quarter wavelength transmission line with an RF
short capacitor. The DC signal is applied at this point through a
via that is routed to an additional small biasing control PCB at
the center of the antenna. Since this PCB is only covering parts
of the antenna which are also covered by the central ground
plane of the dipole layer, it does not influence the antenna
properties.

The measured gain pattern corresponding to Eϕ of this
antenna is plotted in Fig. 4, with the coordinate system as
shown in Fig. 2. When the beam is pointed in y direction, a
peak at ϕ = 90◦ is created. Switching to different beams will
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Fig. 4. Normalized gain patterns corresponding to Eϕ for the UHF-SBA in free space. (a) Azimuth beam comparison. (b) Azimuth cut for three frequencies and
beam I at θ = 90◦. Polar cut for three frequencies and beam I. For beam orientation, see Fig. 2.

Fig. 5. Photograph of the manufactured ISM-SBA feed side printed to scale
(1:1). The dipole side can be seen through the semitransparent FR-4 printed
surface board material. The four screws attach a standard SMA flange from the
opposite side to the antenna PCB.

produce peaks at ϕ = 0◦, 90◦, 180◦, and 270◦ without chang-
ing the polar behavior. The azimuth peak slightly shifts over
frequency, due to the varying electrical length of the balun
feedline.

B. ISM-Band Antenna

The principle of the antenna operation for the 2.45 GHz vari-
ant is the same, but the feeding network is different. Fig. 5
shows the feed-side of the antenna at a scale of 1:1, the dipole
layer can be seen through the FR-4 PCB with dimensions
70 × 70 × 0.8 mm. Here, the first section of transmission line
from the central SMA connector to the PIN diodes is a 50-Ω
line so no impedance transformation occurs. Two parallel PIN
diodes each short three of the four arms for normal operation.
From this point, a high-impedance λ/4 line connects to one arm
of the dipole. Its high-impedance matches the dipole feed point

to the 50-Ω line. The balanced lines connected to the dipole
elements are shorted at λ/4, thus in combination with the sec-
ond high-impedance part of the feed line, which bridges the gap
near the dipole, they act as a balun. The DC bias for the diodes
is again applied using a quarter wavelength line. The bypass
capacitor at the dipole feed point and the diodes are soldered on
extended pads so that the exact position of these elements can
be fine tuned for production tolerances of the PCB material to
achieve optimum matching.

III. FREQUENCY SELECTIVE SURFACE DESIGN

The design goal for this FSS is to create a high-impedance
plane when placed between the antenna and the metal body
floor pan of the car, thus removing the shorting effect of the
ground plane. This FSS should also conserve key parameters
such as efficiency and a low-elevation angle of the antenna
beam. A promising approach is to design an AMC, which has a
phase response of 0◦ for incident plane waves. Periodic struc-
tures allow the propagation of surface waves or spoof plasmons
[15]–[17], which can degrade the antenna. We decided to base
this design on mushroom-shaped unit cells that are proven to
feature a stop band and to suppress surface waves [9], [10].
Depending on the permittivity of the substrate and the ground
plane separation distance, the classical Sievenpiper mushroom
unit cells extend up to almost a quarter wavelength. Interesting
antenna designs as in [14] use these rather large FSS patches,
but here the antenna element acts more like a feed to the peri-
odic patch resonator array. We used techniques similar to [18],
[19] by implementing meanders in the unit cell design to reduce
its size [20], [21]. To obtain two independent controllable reso-
nances, lumped capacitors are employed in one FSS design, as
suggested in [22]. These lumped components further enhance
flexibility of the AMC design.

We designed two variants of the AMC structures, called
FSS1 and FSS2. Both are manufactured from two single-sided
PCBs made of FR-4 with dimensions of 300 × 300 × 1.5 mm.
The copper layers from both PCBs face outside and nylon
spacers with a height of 8 mm are used to separate the
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Fig. 6. Unit cell geometry of the designed AMC FSS1. Dark areas indicate top
copper, capacitor positions shown in gray.

PCBs. So the overall dimensions of a single AMC panel are
300 × 300 × 11 mm. We found that less separation between
the PCBs reduces the bandwidth of the AMC, so 8-mm separa-
tion distance was chosen as a compromise between bandwidth
and physical height. The lower PCB acts as a ground plane, and
the copper layer of the top PCB is structured to form the unit
cells of the AMC.

The top layer of the unit cell of FSS1 is shown in Fig. 6. In
the center of the unit cell, a tinned copper wire with 0.51 mm
diameter connects to the ground plane. The small planar induc-
tor spiraling around the via does not lower the AMC resonance
frequency, i.e., the frequency where the 0◦ phase reflection
occurs. Rather, the center ground path for the AMC is essen-
tial to suppress transverse magnetic (TM) surface waves. The
inductor, therefore, lowers the TM spoof plasmon frequency
[15] or widens the band gap for TM waves. Transverse electric
(TE) waves are not altered by the central inductor or the via.

To reduce the size of the unit cell, we partition the outer area
of the cell in four sectors which are all identically constructed.
We use meander inductors [(B) in Fig. 6] in every sector to
lower the first resonance frequency to the European RFID UHF-
band at 866 MHz. The coupling to the next cell by fringing
fields is reduced by shrinking the outer dimension of the unit
cell, so the dominant capacitance between cells is the discrete
capacitor on every cell edge (E) which connects to the next
cell. This component also tunes the first resonance of the AMC
structure. We used ceramic capacitors in 0402 package with
C1 = 0.4 pF. For the resonance at the ISM-band, we bypass
the meander by means of the diagonal line (C) which runs from
the center ring to a coupling capacitor C2 (D) which couples
to the cell edge bar. The width of this line and the capacitance
C2 = 0.2 pF sets the second resonance at 2.45 GHz. Capacitors
C1 and C2 make the design of FSS1 relatively insensitive to
the often variable permittivity of the FR-4 substrate, since they
dominate the relevant capacitances when compared to those of
fringing fields between cells or stubs.

For FSS2, we substituted the discrete capacitors for struc-
tures in the copper layer of the top PCB. The coupling capacitor
to the next cell C1 is simply substituted by reducing the gap
between adjacent top cells to 1.1 mm. The second capaci-
tor which tunes the 2.45 GHz resonance is replaced by a
small single stub interdigital capacitor. FSS2 is, therefore, more

Fig. 7. Reflected phase of the designed AMC surfaces, showing simulation and
measurement, and the simulated return loss of FSS2.

sensitive to substrate variations than FSS1. For a single AMC
panel holding 15 × 15 unit cells approximately 1300 precision,
capacitors are eliminated in this way.

A comparison of the phase response behavior of both FSS1
and FSS2 is shown in Fig. 7. The dashed lines show the simu-
lation results of a single unit cell using master slave boundaries
in HFSS. The relative bandwidth of the second resonance is
20%, while that of the first resonance is 9.8% in the case of
FSS1, while the difference is even larger for FSS2 at 25%
compared to 7.5%. This is beneficial, since the second reso-
nance is more affected by the permittivity value of the substrate.
Measurements also plotted in Fig. 7 were obtained in an ane-
choic chamber using the same methodology as in [9]. The AMC
structure was placed on an absorber slab mounted on a wooden
stand. Two identical ridged horn antennas were placed side by
side facing the AMC structure at 61 cm distance. A slab of
foam absorber was placed between the horns to reduce direct
coupling, especially at higher frequencies. The horn antennas
were connected to a vector network analyzer and the transmis-
sion coefficient was measured. For calibration, an equal-sized
metallic reflector was placed at the exact same position. The
phase response is obtained by subtracting the phases of the two
measurements, and adding the known phase response of 180◦

for the metallic reflector. We see that the results from FSS1 are
in close agreement with the simulation data. The phase response
of FSS2 is slightly shifted toward higher frequencies for the
second resonance.

Fig. 7 also shows the simulated return loss of FSS2 for plane
wave excitation, including metal and substrate losses. At the
lower design frequency of 865 MHz, the return loss is 4.4 dB,
whereas the loss at 2.45 GHz is 1.1 dB. This plane wave
characteristic does not directly relate to the application in the
reactive near field of an antenna, but gives strong evidence that
the designed AMC surfaces hold the intended properties of a
somewhat lossy, phase-tuned reflector.
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Fig. 8. UHF-SBA mounted atop FSS2 using foam spacers for a spacing of
28 mm (Setup 2b).

IV. ANECHOIC CHAMBER MEASUREMENTS

In this section, we describe the pattern and efficiency mea-
surements of an antenna system consisting of one variant of the
SBA being mounted with foam spacers above FSS1 or FSS2,
as shown in Fig. 8. The fundamental-analyzed antenna sys-
tem geometries are shown in Fig. 9. We compare the radiation
patterns of the SBA in free space to the ones obtained above
either a reflector manufactured from copper or one of the AMC
structures. To mimic the effects of the body floor pan, we use
a circular ground plane with a diameter of 600 mm which is
mounted directly below the FSS for particular measurements.
Finally, for the UHF-band we also performed measurements
on a FSS constructed by placing four panels of identical FSS2
structures beside each other, mounting them on the large cir-
cular ground plane. Two configurations were measured, such
as the square arrangement and the “T” arrangement. Since
both are asymmetric with respect to the mounting of the SBA,
the selected beam which is indicated by roman numerals is
important.

A. Return Loss Measurement Results

As the AMC surface for the complete antenna setup is placed
in the reactive near field of the SBA, an influence on the return
loss of the antenna is expected. The return loss of the UHF
antenna is measured for four values of spacing between the
SBA and FSS2 or a metal reflector of identical size, correspond-
ing to the setups 1 to 4 specified in Table I. In Fig. 10, the free
space return loss of the UHF-SBA is compared to two of these
distances, Setup 1a with 12 mm separation and Setup 3a with
46 mm separation. The return loss degrades for both distances,
if the SBA is mounted atop a metal reflector.

For the FSS and 46 mm of separation (Setup 3b) correspond-
ing to 0.13 λ0, the return loss in the operating band is increased.
For frequencies up to 925 MHz, the return loss is increased
as well, most likely because here surface waves are exited on
the AMC structure. The return loss for Setup 2b (28 mm) is
not shown here for clarity of the plot, but is similar to the one
just described. For very close mounting of the FSS2 structure
corresponding to 12 mm separation or 0.03 λ0, the return loss

again starts to degrade and two new resonances below the nor-
mal operation frequency appear. This is caused by detuning of
some of the unit cells of the AMC structure due to the close
dipoles of the SBA, causing different resonances for the differ-
ent unit cells. The return loss behavior for FSS1 was found to
be very similar to the one of FSS2 for all measured separation
distances.

B. UHF-Band Pattern Measurement Results

The following measurements of the UHF-SBA plus AMC
structure assembly were taken in an anechoic chamber using a
spherical near field scanning system. Since our intended appli-
cation is the mounting of this assembly on the body floor pan
of a car, we seek for an overall assembly with low height, while
keeping the elevation angle of the main beam as low as possible
and without too much degradation of the efficiency. The relative
efficiency of the overall antenna system is defined as

ηr =
η

η0
(1)

where η is the efficiency of the antenna assembly (with FSS)
and η0 is the efficiency of the SBA in free space. Both efficien-
cies include the matching losses, so we refer to efficiency as the
ratio of total radiated power and available power at the antenna
input. In Fig. 11, ηr is plotted for different separations and con-
figurations. As expected, the efficiency decreases for antenna
positions close to the metallic reflector. For the observed fre-
quency range, the efficiency degradation is almost constant and
much larger than the matching loss introduced by detuning. For
FSS2, the efficiency is frequency dependent, which is clear due
to the narrow-band behavior of FSS2 as discussed in Section III.
For Setup 4b at 880 MHz, there is even a small positive gain in
efficiency, most likely caused by better matching. For the other
scenarios, there are losses induced by FSS2, but for many fre-
quencies the overall efficiency is better than the one using the
metal reflector of the same size. When we compare the mea-
surements of Setups 2b and 2c [adding the large circular ground
plane (GP) underneath the FSS], we see only a minor degra-
dation in efficiency which is 0.5 dB at maximum. Therefore,
the size of a single AMC panel with 0.87 × 0.87 λ0 is suffi-
cient to effectively shield the SBA from the GP with respect to
overall antenna efficiency. For FSS1 the situation is very simi-
lar, except that the efficiency curves are shifted approximately
20 MHz toward higher frequencies.

For Setup 2, which seems to be a reasonable compromise
between assembly height and efficiency, we plot the normal-
ized gain patterns in Fig. 12 for three mounting scenarios of
the SBA: Setup 2a mounted above the metal reflector sized as
the FSS2, Setup 2b mounted atop FSS2, and Setup 2c mounted
atop the FSS2 plus the large circular GP. The gain plots are
individually normalized and logarithmically show the gain cor-
responding to the electric field in ϕ direction, where ϕ is the
azimuth angle measured in the x/y-plane and θ is the polar
angle measured from the z-axis. As these plots show beam I, the
desired main lobe is at ϕ = 90◦. The azimuth plots Fig 12(a)–
(c) are shown for θ = 27◦, since this corresponds to the polar
peak of Setup 2c at the design frequency [see Fig. 12(e)]. In the
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Fig. 9. Schematic representation of the different measurement Setups, dimensions given in mm. The green (dark) square indicates the position of the SBA, the
roman numerals in it indicate the beam numbers of the SBA. (a) SBA atop the reflector, (b) SBA atop a FSS, (c) SBA atop a FSS plus a ground plane, (d) as (c) but
with twisted FSS, (e) SBA mounted atop 4 FSS2 panels in square arrangement, (f) on SBA mounted above 4 FSS2 panels in “T” arrangement.

TABLE I
USED MEASUREMENT SETUPS

Fig. 10. Return loss of UHF-SBA mounted atop either a metal reflector or FSS2
at different heights according to Table I. The thicker line without markers shows
a free space measurement of the SBA for comparison. The design frequency
band is 865–868 MHz.

2

Fig. 11. Relative efficiency of the SBA mounted atop different substrates in
four different heights when compared to the SBA in free space, according to
Table I and Fig. 9.
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Fig. 12. Comparison of normalized gain patterns for beam I corresponding to Eϕ for the UHF-SBA separated 28 mm to: Reflector (Setup 2a), FSS2 (Setup 2b),
and FSS2 plus large circular GP (Setup 2c). Azimuth cuts at θ = 27◦ for (a) 850 MHz; (b) 866 MHz (b); and (c) 930 MHz. (d)–(f) Polar cuts at ϕ = 90◦ and
ϕ = 270◦ for the same frequencies.

polar plots, Fig. 12(d)–(f), we see that adding a GP to the SBA
raises the elevation angle and reduces the front-to-back ratio
of the antenna. When the three mounting scenarios are com-
pared, the scenario using just the FSS2 as substructure creates
the lowest elevation angle with considerable radiation between
θ = 60◦ and θ = 90◦, but this effect is not usable in practice as
adding the circular GP will alter the gain pattern toward lower
polar angles. We see that a single AMC panel at UHF is large
enough to shield the antenna with respect to efficiency, but not
regarding the radiation pattern. If the frequency is increased to
930 MHz as in Fig. 12(c) and (f), the SBA plus FSS2 assem-
bly starts to behave as if the FSS2 structure would not be there.
The radiation is also directed to the lower hemisphere and the
peak of the main beam is close to θ = 90◦. Of course, this effect
vanishes if the circular GP is added, still the front-to-back ratio
exceeds the values of the pure SBA. In this frequency band,
the FSS supports leaking TE surface waves and we assume that
they influence the front-to-back ratio and elevation angle.

Results for FSS1 are similar to the results discussed for FSS2
with respect to the gain pattern. However, since the efficiency
is shifted toward higher frequencies it is possible to create a
pattern behavior similar to the FSS2 pattern in Fig. 12(f) with

an efficiency penalty of just 1 dB compared to the pure SBA.
Furthermore, at 910 MHz the pattern of the SBA using FSS1
as a substructure is also similar to the one using FSS2, but here
even an efficiency improvement of 0.5 dB relative to the pure
SBA is found.

The elevation angle of the different assemblies is further
studied in Fig. 13. The plot shows the polar peak position θP
conditioned that the peak is in the forward direction—thus it
is at ϕ = 90◦. Interestingly, larger FSS2-SBA separation dis-
tances lead to lower elevation angles. This behavior would be
expected for a regular GP or perfect electric conductor (PEC),
but not for an AMC. We see that this holds for the entire
observed frequency range, but higher frequency values lead
to polar peak positions θP with lower elevation angles. When
the frequency is further increased, the reverse beam becomes
stronger than the forward beam, and the corresponding line is
truncated. For the preferred Setup 2, we see that twisting the
FSS by 45◦ corresponding to Fig. 9(d) leads to high polar peak
values despite the presence of the ground plane.

We conducted further measurements to see if a larger sub-
structure improves the radiation pattern at UHF. A pattern
comparison for various assemblies, especially including the
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Fig. 13. Polar peak position of the SBA mounted atop different substrates in
four different heights when compared to the SBA in free space. The different
setups correspond to SBA-FSS-spacings according to Table I and configura-
tions drawn in Fig. 9. The lines are truncated for frequencies where the reverse
beam peaks are larger than the forward beam ones.

variants (d)–(f) of Fig. 9, is shown in Fig. 14 at the design fre-
quency of the SBA. Angles larger θ > 150◦ are not drawn since
here our spherical measurement system does not produce satis-
factory results due to its limited θ arm swing range. The pattern
plots are jointly normlized for the global peak, so relative effi-
ciencies are included, and the effects of losses in antenna,
FSS, and due to mismatch are observed. The SBA backed
on the reflector performs worst, it radiates almost omnidirec-
tional to the upper hemisphere with a low-relative efficiency
ηr = −5.3 dB. The degradation of the pattern due to the circu-
lar GP is observed when comparing Setups 2b and 2c. Setup
2d shows a better front-to-back ratio and slightly more radia-
tion for 60◦ < θ < 90◦. The efficiency penalty here is 1.6 dB
to the pure SBA. Lower main peak angles are achieved with a
larger AMC structure as the two last curves show. Interestingly,
for the main peak an additional FSS2 panel in opposite of the
selected beam direction does not improve the elevation angle
(Setup 2e), but it enhances the front-to-back ratio. In the “T”
configuration (Setup 2f), beam I has its polar peak at θP = 38◦

with an efficiency penalty of 1.8 dB.

C. ISM-Band Pattern Measurement Results

A sinlge AMC panel of 300 × 300 mm electrically is a large
structure at 2.45 GHz (2.45λ0 × 2.45λ0), and therefore, little
effect of the large circular GP is expected. This was verified by
measurements. In fact, the results for the setups corresponding
to Fig. 9(b) and (c) are almost identical, so we only present
Setup 2c corresponding to our relevant use case. Gain plots
for three frequencies are shown in Fig. 15, for a spacing of
28 mm or 0.23 λ0. Surprisingly, these results for almost a quar-
ter wavelength separation are beneficial to the ones in Setup 1

Fig. 14. Thetacut for SBA at 865 MHz atop different substrates in 28 mm
separation and configurations according to Fig. 9 for Beam II except where
noted otherwise. The radiation plots are normalized to the peak value of the
SBA in free space. The region θ > 150◦ is not plotted here due to mechanical
limitation of our measurement hardware.

(0.1 λ0), both in efficiency and in elevation angle. This shows
that the simple prediction of the behavior of the ISM-SBA plus
the FSS according to the AMC model and the measured 0◦

phase response for a plane wave incident (Fig. 7) does not
accurately describe the radiation mechanisms of the antenna
plus FSS assembly. An eigenwave analysis (shown in [21] for
FSS1) provides more insight and confirms the stopband behav-
ior, but since the FSS is in the near field of the antenna, only
a full wave simulation of the SBA and the FSS would accu-
rately predict the system behavior. At the time of FSS design
(fall 2013), this was infeasible due to memory constraints on
the available computers. Although the phase response of the
FSS alone is not a perfect way to describe the AMC’s behavior,
the slightly different phase responses of FSS1 and FSS2 (Fig. 7)
allow to understand the cause of the pattern differences seen in
Fig. 15.

In Setup 1, both FSSs outperform the reflector in terms of
efficiency by more than 1 dB. In Setup 2, at the design fre-
quency, both assemblies show beams with directivity values of
10.1 and 10.2 dB, for FSS1 and FSS2, respectively. The peak
of the main beam is at θP = 50◦. For both AMC surfaces, the
efficiency penalty to free space operation is just 0.5 dB. The
reflector performs identical in terms of efficiency, but a higher
(undesired) elevation angle is observed. At 2.8 GHz, FSS2 is
operated at the measured AMC resonance frequency and the
radiation pattern becomes slightly more confined in θ. FSS1 at
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Fig. 15. Normalized gain patterns for beam I corresponding to Eϕ in Setup 2c (28 mm separation) for the ISM-SBA assembly atop FSS1+GP (solid lines) or
FSS2+GP (dashed lines) for three different frequencies f . Azimuth cut (a) drawn for θ = 50◦; polar cut (b) for ϕ = 90◦ and ϕ = 270◦.

the same frequency is already operated outside the AMC band-
width (see Fig.7 and the pattern shows a reverse beam pointing
toward low θ values.

V. CONCLUSION

In this contribution, we present the design and measurement
of dual-band FSS structures that reduce the negative effects
of a large ground plane on an SBA. The design is targeted
for applications where an antenna needs to be placed under
the body floor pan of a vehicle. The presented compact SBA
antenna variants for the 868 MHz UHF-band and 2.45 GHz
allow a beam to be steered in one of the four azimuth quadrants.
Two dual-band AMC structures, FSS1 and FSS2, are presented,
with unit cell dimensions of 0.058 λ0 at UHF and 0.163 λ0

at the ISM-band and relative AMC bandwidths of 7.5% at
UHF and 25% in the ISM-band for FSS2. The use of discrete
components in FSS1 yields to bandwidths of 9.8% and 20%
while keeping the design insensitive to permittivity variations
of the substrate. Based on this design method, we were able to
present phase response measurements for the FSS1 type AMC
which follow the designed values extremely well although
the unpredictable but cost economic substrate FR-4 had been
used.

Measurements of the various SBA plus substructure assem-
blies reveal that the relatively small AMC structure with an
edge length of 0.87 λ0, spaced 0.08 λ0, effectively shields
the SBA from a metal ground plane providing an efficiency
enhancement to the mounting above metal of 3.7 dB at UHF.
The optimum radiation pattern at the design frequency of
868 MHz using a single AMC structure panel was found for a
45◦ slanted orientation of the AMC resulting in a peak value at

θP = 27◦ and a −3 dB forward polar angle of θ−3 dB = 65◦. A
lower main beam at θP = 38◦ is achieved using a larger AMC
structure by concatenating four AMC panels. Above the design
frequency similar peak values were observed for a single AMC
panel, here the FSS itself and its edges act as a radiator. At
the ISM-band, a high directivity of 10.2 dB, good front-to-back
ratios and a high polar angle at θP = 50◦ were achieved with
an efficiency improvement of 3.7 dB. In this band, the effects
of the ground plane below the FSS are negligible.
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