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Coding Metasurface Integrated Dual-band
Antenna for Vehicular Communications

Peiwen Chu, Xuezhi Zheng, Member, IEEE, Zhicheng He, Eric Li, Vladimir Volski, Member, IEEE,
Zhensheng Chen and Guy A. E. Vandenbosch, Fellow, IEEE

Abstract—T his paper presents an ultracompact dual-band
vehicular antenna for simultaneous satellite, terrestrial and
in-car communications. The antenna consists of 16 dual-
band units and a double layer coding metasurface (CMS)
which can transmit and reflect electromagnetic (EM) waves
in the sub-6 GHz and X-band, respectively. The CMS is
located underneath the antenna array, which is not only
used as the reflector to increase gain and to transform the
polarization for the higher frequency band, but also acts as
a bandpass lens to realize the beam-forming for the lower
frequency band. The proposed antenna has a very low
profile (8.5 mm) and the bandwidth is sufficiently large to
meet the need of vehicular communications. The simulated
and measured results show that the -10 dB impedance
bandwidth is from 5.58 to 5.85 GHz for the lower band and
is from 9.79 to 10.09 GHz for the higher band. The
maximum gain at 9.88 GHz (for satellite), at 5.73 GHz (for
terrestrial) and at 5.83 GHz (for in-car) are more than 19.54
dBic., 14.03 dBi and 5.35 dBi, respectively.

Index Terms—coding metasurface, dual-band double-
sided antenna, vehicle satellite communications, V2X
communications

l. INTRODUCTION

mart cars, mainly referring to driverless cars, which
integrate safety, efficiency, and convenience, are gradually
entering people's lives and will play a very important role in
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Intelligent City Systems [2-4]. Not only are the traditional car
manufacturers actively investing in the research and
development of smart cars, but also Internet giants, such as Ali,
Tencent, and Google, are rapidly progressing in the field of
smart cars.

The driverless function of smart cars relies on the
coordination of four aspects: environment perception, vehicle
communication and data processing, and actuators [6]. Among
them, vehicular communication builds a bridge between the
vehicle and everything in the world.

Usually, the vehicular communication mainly consists of
three parts: satellite communication, terrestrial communication
and in-car communication. Satellite communication refers to
the information transfer between the car and the satellite,
terrestrial communication refers to the communication with
surrounding vehicles and roadside units (RSU), and in-car
communication refers to devices inside the car. On the one hand,
in-car communication can optimize the audio-visual
entertainment experience of passengers in the vehicle. On the
other hand, more importantly, it also provides a platform for the
installation of more in-depth smart technologies such as in-car
smart butlers [8], health monitoring [10] and gesture
recognition [11] in the future.

In practical applications, since the space in a car is limited,
and the number of antennas that need to be installed in the car
has increased exponentially in recent years, both the industrial
and academic communities tend to reduce the number of
antennas by designing multi-band antennas, thereby saving
space and cost. In recent years, many dual-frequency or multi-
frequency antennas in automobiles have been reported [1, 5, 12-
15]. For instance, in [12], a dual-band linearly polarized (LP)
antenna is proposed. By stacking two different metal patches,
two radiation patterns with a broadside beam and a conical
beam are generated in different bands, which are used for
satellite and base station communications, respectively. For the
same application scenario, [1] proposed another solution, a
dual-band circularly polarized (CP) all-metal antenna. The
antenna emits left-handed and right-handed circularly polarized
(LCP and RCP) waves at two working frequencies for
simultaneous satellite and base station communications.
Thanks to two different circular polarizations, this design has
less coupling between the channels compared with [12]. Further,
in [5] , the authors propose another design. There, the antenna
works in two frequency bands. For both bands, the antenna
transmits via the LCP wave and receives via the RCP wave,
which further improves the band utilization and reliability of
the antenna.
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In general, to achieve the above-mentioned functions, on the
one hand, a more complicated feeding network is required
which increases the costs, and on the other hand, the thickness
of the antenna is often relatively large. Its installation on the
roof of the car will not only affect the appearance but also
weaken the aerodynamic performance. In order to reduce the
cost and the profile, many works based on, e.g., planar array
antennas, matching radomes, reflectors, have been reported [7,
9, 16-20]. In [17], a radome was proposed. By adding split ring
slots on a frequency selective surface (FSS), a simultaneous
absorption of the horizontally polarized waves and transmission
of the vertically polarized waves is realized. In [7], an array of
antennas with a simple feeding network is placed on top of a
multilayer structure. This multilayer structure consists of, from
top to bottom, an artificial magnetic conductor (AMC), a FSS,
and another AMC. The FSS composes of two layers of loop-
shaped elements with an air gap in-between. The antenna array
emits LP waves in two frequency bands. In the lower frequency
band, the LP waves transmit through the top AMC and the FSS
but are reflected by the bottom AMC and converted to LCP
waves. In the higher frequency band, the LP waves get
immediately reflected by the top AMC and are converted to
RCP waves. In this way, a vehicle-mounted dual-band antenna
with a simple feeding network, that can transmit the positioning
signal, while receiving the broadcasting signals from a satellite,
is realized. But this design has two disadvantages. One is that
the multi-layer structure significantly increases the overall
thickness of the system. More importantly, the second is that
the design is much complicated by the fact that the top AMC,
the bottom AMC and the sandwiched FSS must be tuned
altogether to realize the dual-band dual-circularly polarized
radiation. In [9], a monopole antenna together with an
underneath dielectric is placed on top of a dual-layer FSS with
an air gap in between. The FSS consists of a patch layer and a
layer composing of complementary split ring resonators
(CSRRs), with a sandwiched dielectric. The antenna is fed by a
coaxial cable. The incident wave irradiated by the antenna
excites two cavity modes supported by the FSS. The
bianisotropy of the CSRRs enables the excited cavity modes to
satisfy the conditions which allow the dual band radiation of a
circularly polarized wave. In this way, a dual band dual CP
system with a simple one-port feeding is realized.

A metasurface (MS) is an artificial ultrathin 2-dimensional
structure with unit cells small compared to the operating
wavelength [21]. It can be used for beamforming, energy
harvesting, and EM field manipulation functions [22]. By
designing these thin and light EM wave control devices, it is
possible to reduce the size and the cost of a system. This idea is
gradually applied to microwave [23-27], optical [28, 29] and
even acoustic problems [30].

However, designing a metasurface is not easy. The design
of the constitutive elements and their arrangement in a
metasurface is a complex multivariable optimization problem,
which requires considerable computing resources. To simplify
the design process, in 2014 the concept of a coding metasurface
(CMS) was proposed [31], implementing digital coding inside
the MS elements [32]. Using this technique, an n-bit binary
number is made to correspond to the phase of the element. The
total phase variation, i.e., 360 degrees, in this way can be
divided into 2™ steps, and a phase control as fine as 360/2"

. ©2023 IEEE. Personal use is permitted, but republication/redistribution rex
Authorized licensed use limited to: KU Leuven Libraries. Downloaded on

degrees can be realized. The hardware implementation can be
done in various ways, e.g., by using PIN diodes [33], varactor
diodes [34], and liquid crystals [35].

CMS can be considered as a very promising technique to
reconfigure structures. That is, different functionalities can be
implemented by using different binary codes that reconfigure
the structure appropriately. The reuse of the same MS design
for different scenarios is thus possible.

In this paper, a dual-band multi-function antenna with a low
profile and high gain integrated with a CMS is proposed. By
multi-function, we mean that this antenna realizes satellite,
terrestrial and in-car communications at the same time. The
antenna mainly consists of two parts. The first part is a dual-
band double-sided LP dipole array, operational in the 5.82 GHz
band and at 9.88 GHz. Below the antenna, a multi-functional
CMS with 4 X 8 unit cells is placed. As shown in Fig. 1, the
antenna is mounted on the roof of the car. At 5.82 GHz, on the
one hand, the double-sided antenna can directly radiate EM
waves to the outside of the car for terrestrial communications.
On the other hand, the EM waves that are radiated by the array
pass through the metasurface and split into 2 beams or 4 beams
for in-car communications. In addition, at 9.88 GHz, the MS
acts as a reflector and transforms the polarization of the antenna
from linear polarization to circular polarization for the satellite
communication. Comparing with previous work such as [7] and
[9], our antenna realizes more functions and is ultra-compact.
The rest of this article is arranged as follows: Section 2
introduces the structure and describes the design process of
each part of the antenna. The performance optimization and
experimental verification are given in Section 3.
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Fig. 1. Schematic diagram of the working scene of the antenna.
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Il. DESIGN OF THE ANTENNA

A. Dual-band Double-sided Array

The configuration of the double-sided dipole element is shown
in Fig. 2. This antenna topology has been discussed in detail in
previous works [7, 36]. We use this well-known topology [28]
and tune the geometry and the material. In short, the antenna
consists of a dipole with two arms. The arms are printed on

|
Bottom  Top TABLE |
Fig. 2. Double-sided dipole array element. DIMENSIONS OF THE PROPOSED ANTENNA ARRAY
Parameter \(/rﬁlr?]()e Parameter \(/nilr;lf Parameter \(/nilr;lf
l 115.4 w 192 o 0.5
Ly 10.25 7 05 Diz 7.7
g le, 3.56 Wy, 0.88 Dis 2.6
5 It 4.4 W3 20.5 Dia 4
£ d, 30 Dwt 4.85 Ds 0.2
g- d, 24 Dz 0.56
2 Rsupt 0.254 Dws 1.26
opposite sides of the substrate. The antenna is fed by a balanced
25, . . . . m = transmission line. The arm of the dipole takes a bow tie-shape,
Frequency (GHz) and two L-shaped slots are added to generate a second working
Fig. 3. Reflection coefficient of the double-sided dipole antenna element. frequency band. The substrate used in this paper is Rogers

4350B (&, = 3.66, tan =0.0037 ) with a thickness of 0.254
mm. The reason for choosing such a thin substrate is to reduce

_ the phase difference between the arms on both sides, thereby
ensuring the consistency of the radiation pattern on both sides.
The simulated reflection coefficient is shown in Fig. 3. The two
resonant frequencies at 5.9 GHz and 10 GHz can be clearly
observed.

The 16-element array formed with this element is shown in
Fig. 4. All design parameters are listed in Table I. The size of
the array is wx1=192mm X 1154 mm. The distance
between two dipoles is 30 mm in the x direction (see d,, in Fig.
4) and 24 mm in the y direction (see d,, in Fig. 4). The spacing
in the y-direction is consistent with the period of the MS (MS
will be detailed in the next section) in the y-direction so that the

Wiy - interaction between an element in the array and a corresponding
Fig. 4. configuration of the 16-element antenna array. unit cell in the MS is maximized. To reach an optimal
impedance matching, we add rectangular patches with a size of
O — wr, X lr, at the intersection between the transmission line and
4 I 212 the balun at the feeding position. The balun, its S;; and S, , are
Viahole —_1l shown in Fig. 5. The S, ; is lower than -10 dB from 4 to 12 GHz.
5 sk \@ | At this point, an antenna that meets our requirements has been
= w , designed.
= . 50Q Coaxial cable B. Coding Metasurface
! The MS consists of 2 substrates (see substrate 1 and 2 in Fig.
-2.][ 6(a)) and 4 metal layers (the receiving layer, the DC feeding,
; . . m ” the ground and the radiating layer in Fig. 6(a)). Substrate 1_ and
Frequency (GHz) Substrate 2 are RO4003C (&, = 3.55, tan = 0.0027) with a
thickness of 1.524 mm. Substrate 1 is glued to the ground by a
Fig. 5. The balun (the inset), the simulated S11 (red solid curve) and the Bondply (i.e., Ro4450F with &. = 3.52) with a thickness
simulated S12 (blue solid curve). 0.1 mm.

The receiving layer (see Fig. 6(a)) is etched on top of
substrate 1. The unit cell of the receiving layer consists of two
types of elements (see Fig. 6(c)). The first type consists of
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TABLE I
DIMENSIONS OF THE PROPOSED CODING METASURFACE
Parameter \(/rﬁ::;e Parameter \(/rﬁ::;e Parameter \(/nims
p 24 a, 16 d, 6.5
S; 0.2 a, 6.5 d, 1.6
s, 0.8 by 13 ds 12.8
Ry, 0.1 b, 9.3 d, 3
Rupa 1.524 o 1~2.2 t 0.035
r1 0.9 [ 2.3
7 1.2 C3 51

square patches with rounded corners (see the “large period”
element positioned at the center of the dual-band element in Fig.
6(c)). This unit cell has a period of 24 mm and operates at 5.82
GHz. The second type consists of small squares with dented
corners (see the “small-period” element positioned at the
corners of the dual-band element in Fig. 6(c)). This unit cell has
a period of 12 mm and operates at 9.88 GHz.

The DC feeding layer is etched at the bottom of substrate 1.
It is noted that the DC feeding does not play a significant role
on the response of the MS. To confirm this, simulations have
been done for the cases where the feeding is deleted or is shifted
to another position. It is seen from Fig. 7 that the magnitudes of
the reflection and transmission coefficients are not significantly
affected.

Through the via-hole 2 (see Fig. 6(a)), the large-period
element at the center of the dual-band element is connected to
the DC feeding layer. The DC current passes through the via-
hole 1 on the receiving layer, through substrate 1, Bondply,
ground, and substrate 2, and is connected to the T-shaped patch

Receiving layer

Substrate 1 (Ro4

DC feeding

Ground

- Substrate

Copper

- Bonding Film

v

Pin Diode

Radiating layer

=4

Bondply (Ro4450f)

Substrate 2 (Ro4003c)

ON NUMBER (DOUBLE-CLICK HERE TO EDIT) < 4

(see Fig. 6(b)) at the center of the radiating layer. The hollow
oval patch (see Fig. 6(b)) on this layer is further connected to
the T-shape patch through the diodes. The diode used in this
article is MACOM MA4SPS402 (C, = 0.045 pF and Ry =
50). Lastly, the whole system is grounded by symmetric via-
holes, i.e., via-hole 3 and 4. All the geometric parameters about

the metasurface are listed in Table II.
0

Reflection coefficient (dB)

Transmission coefficient (dB)

Frequency (GHz)
Fig. 7. Influence of the DC feeding on the response of the MS.
Transmission and reflection coefficients for the different DC feedings are
shown in the top and the bottom panels. The red dashed line gives the
magnitude of the reflection and transmission without (i.e., W/O in the
figure) the DC feeding. The solid blue, solid red, solid black, and dashed
blue lines give the results for C,;=1.5, 1.7, 1.9, and 2.1 mm, respectively.
C, is the length between the via hole 2 and the DC feeding (see Fig. 6(b)).

(b)

DC feeding layer Radiating layer

003c)

Large-period element

UOIRUIGUI0D

Small-period element

Geometry center

New dual-band element

Fig. 6. Topology of a unit cell of the proposed coding metasurface. (a) Exploited view of the unit cell. The radiating layer and the receiving layer are connected
by the via-hole 1. The DC feeding is connected to the receiving layer by via-hole 2. The via-hole 3 and 4 are used to link the radiation layer with the ground.
(b) The schematics of the DC feeding and radiation layer. (c) The “divide-and-rule” strategy. The new dual-band element is formed by combining the small-

period element at 10 GHz with the large-period element at 5.82 GHz.
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It should be emphasized that it is challenging to realize
multiple functions at the same time through one compact
structure. To achieve this, we adopt a "divide-and-rule" design
strategy (see Fig. 6(c)). In this approach, in the first iteration,
the large-period and the small period elements are designed
separately for lower and higher frequencies (See Appendix A
for the separate designs). After that, they are combined in a later
stage to form the dual-band element in the final MS layout.

Then, first, the CMS transmits at 5.82 GHz. This can be seen
from Fig. 8(a) that at 5.82 GHz, the transmission coefficient
peaks with a bandwidth of 0.2 GHz. By further controlling the
direction of the DC currents, the states of the diodes on the
radiating layer, i.c., the “on” and “off” states, can be tuned. The
direction of the currents on the radiation layer is shown in Fig.
9. This allows us to adjust the radiation pattern to suit different
cars.
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Fig. 8. Amplitude (the first two panels) and phase (the last two panels) of
the transmission coefficient for the “on” (in red) and “off” (in blue) states of
the diode. In (a) and (c), the co-polarization case is shown, while, in (b) and
(d), the cross-polarization case is shown. The black line in (c) is obtained in
two steps. In the first step, we calculate the difference between the phase of
the “on” state transmission coefficient and the phase of the “off” state
transmission coefficient. In the second step, we subtract 180 degrees from
the difference obtained in the first step and plot the black line.

State on State off
ay |
° = ] =

Connected to the ground by vias

Fig. 9. Schematics of the currents on the radiating layer under different states
of the diode.
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Fig. 10. Amplitude (a) and phase (b)lof fr:e re)flection coefficient for the
“on” (solid line) and “off” (dashed line) states of the diodes. Red is used
for the cross-polarization and blue is used for the co-polarization. In (c),
the PCRs defined as |R, |/(IRx| + |Rxy|) under state on (blue) and state
off (red) are shown. The fact that the dashed lines coincide with the solid
lines shows that the influence of the state of the diode is insignificant.

Second, at the frequencies other than 5.82 GHz, the CMS
functions as a reflector. Especially, it is seen from Fig. 10(a) that
the cross-polarization reflection coefficient maximizes around
10 GHz with a bandwidth of 1.8 GHz and reaches a polarization
conversion rate (PCR) close to 100% (see Fig. 10(c)) between
9.6 and 10.6 GHz. By further adjusting the distance between the
antenna array and the MS, the phase difference between the
reflected wave and the wave directly radiated by the antenna
can be modified to 90 degrees or 270 degrees (see Fig. 10(b)).
Hence, the CMS reflects and transforms the LP wave generated
by the antenna into a CP wave around 10 GHz and can be used
for the satellite communication.

As a remark, it is noted that the effects of the “on” and the
“off” states of the diode do not have a significant impact on the
response of the MS. This can be seen from Fig. 8 and Fig. 10
that the amplitude and the phase of the reflection coefficients
are almost identical for both states. For the transmission
coefficient, the phase difference between the two states remains
180 degrees over the entire band (see the black line in Fig. 8(c))
which can be beneficial for tolerating fabrication errors, and
provides an ideal platform for realizing multi-functions, while
the amplitudes of the two states are again almost
indistinguishable.

C. Co-design of array and metasurface

The entire system, where the MS is placed under the antenna,
is shown in Fig. 11. Support and fixation are provided through
4 circular holes. The holes are drilled in the MS and the antenna.
Via the holes, a spacer, i.e., a polystyrene foam (whose
dielectric constant is around 1.1), is inserted between the MS
and the antenna.
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Fig. 13. Beamforming by programming the CMS. (a) and (b) show two
configurations of the diode states: red is for “on”, while black is for “off”.
(c) and (d) demonstrate the radiation patterns of the two configurations.
The colors of (c) and (d) are coded from blue to red to the strength of the
radiation (see the color bar between (c) and (d)).

(a) (€)
Far-field at 5.9 GHz @ xoz-plane Far-field at 10 GHz @ xoz-plane

£l
120 L

Fig. 11. Perspective view (a) and top view (b) of the antenna system. 150 (‘h’ 0
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Further, it is found that the optimal distance between the " ‘“\7‘\‘,«.,'
antenna and the MS is 5 mm (see details in Appendix B). It is e ‘)}..iy'
worth noting that the total thickness of the antenna including b iy 718

the gap is then less than 9 mm, which is much thinner than other
multi-functional antenna designs working in the same band
(e.g., [7]). To be complete, we show in Fig. 12 that the effects
of the spacer on the performance of the entire system.

0 0
ot R/ - ol
=10 Fig. 14 The simulated far-field patten and near-field distribution radiated
2 by the antenna array (without the MS) at 5.9 GHz and 10 GHz.
% 5 with foam uneven beams. The research on this aspect will be delayed to
—— w/o foam our future works.
30 . . .

6 8 10 12
Frequency (GHz)

Fig. 12. Effects of the foam on S;, (at the port of the coaxial cable) of the
co-design.

At5.82 GHz, to realize the real-time control of the radiation
pattern, we tune the diodes within each MS unit cell. Fig. 13 (a)
and (b) show two “codes”, where red indicates the “on” state,
and black does the “off” state. Fig. 13 (c) and (d) demonstrate
the radiation patterns due to the “coding”. It is observed that the
beam is split into 2 and 4 sub-beams by the MS. As a remark, it
is noted that although the codes are distributed symmetrically
as in Fig. 13(a), the beams are asymmetrical. This is due to the
fact that the double-sided antenna does not hold reflection
symmetries (see the antenna layout in Fig. 2 and Fig. 4), which
results in asymmetries in both the far and near fields (see Fig.
14) of the antenna. Further, the receiving layer of the MS is lack
of symmetries (see the small period elements in Fig. 7(b)). The
symmetries in the beams may be realized by a systematic use of
symmetric antenna and MS elements, or the same antenna array
but a much larger MS with more controllable elements so that
more sophisticated codes can be implemented to correct the
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Fig. 16 Simulated and measured S-parameter of the antenna.

Further, the simulated and the measured radiation patterns
are shown in Fig. 17. Fig. 17(a)-(b) and Fig. 17(c)-(d) show the
co-polarization (abbreviated as “Co-pol” in Fig. 17, i.e., the
direction of the radiated electric field being parallel with the
direction of the main axis of the antenna, see the x axis in Fig.
4), and cross-polarization (abbreviated as “Cross-pol”, i.e., the
direction of the radiated electric field being perpendicular to the
direction of the main axis of the antenna, see the y axis in Fig.
4) at 5.82 GHz and 9.88 GHz, respectively. It can be observed
that at 5.82 GHz, the antenna directly radiates a co-polarized
wave to the upper half-space (that is, the space outside the car),
forming a wide beam in the main polarization direction (see the
shaded region in Fig. 17(a)), with a gain of 14.03 dBi, which
can be used for the terrestrial communication. For the lower
half-space (that is, the interior space of the car), the wave
radiated by the antenna is incident upon the metasurface, is
transformed into a cross-polarized wave by the radiating layer

A 4 A 8 8 444

B ol T ot o o e AN

00000000
boovoood

e, SR il
Fig. 15. Prototype of the proposed antenna: (a) front view of the antenna
array with the holder. (b) back view (i.e., the radiating layer) of the antenna
and (c) the receiving layer of the metasurface.

To verify the proposed design, a prototype (see Fig. 15) was
fabricated (the machining accuracy is 0.15 mm) and measured.
The simulated and measured S-parameters are shown in Fig. 16.
For the sub-6 GHz band, the —10 dB impedance bandwidth is
from 5.58 GHz to 5.85 GHz, and for the X-band, the —10 dB

(see a further explanation in Appendix C) and is split into two
beams that can be respectively directed to the front and rear
seats in the cockpit (see the two shaded regions in Fig. 17(b)).
The gain reached more than 5.35 dBi for the beam to the front
seats and 2.21 dBi for the beam to the back seat. At 9.88 GHz,

a19.54 dBic circularly polarized beam is generated in the upper
half of the space (see the shaded region in Fig. 17(c) and (d) in
dBi and Fig. 18(a) in dBic), which is for satellite

impedance bandwidth is from 9.81 GHz to 10.08 GHz.

TABLE III: COMPARISON OF DIFFERENT VEHICULAR ANTENNAS

. AR .
Ref. A_r:_tyepr::a b;’:gr(lgl?z) Size (1) (zeBe:E) Ban(((i)/OV\;idth Elear::(re;l)t/s in Realized function
Satellite
1] all-metal 2.4-2.61 0.62>0.62 5.35 0.7 ) communication;
antenna 2.64-3.00 >0.14 5.76 0.68 Terrestrial
communication
cavity Sate_llitg
[5] backed 1.055-1.325 0.78x1.011 9 3.91 ) communlca?lon;
antenna 1.54-1.63 >x0.22 9.53 7.4 Terres_trla!
communication
Patch
. "':‘t”et;r”aqz | 7885 2.9%1.74 161 3 ax7 satellite
FSS and 14-15.3 >0.58 15.2 4.1 communication
AMC
Patch Satellite
[9] antenna 1.8-1.94 0.33>0.33 3.95 2.67 2% communication;
integrated 2.23-2.53 >0.04 5.29 2 Terrestrial
metasurface communication
patch Satellite
This | antenna 558-585 | 3.845.22 %ggg - ixs communieation:
work integrated 9.81-10.08 >Q0.17 19.54 25 communication:
metasurface ' S
In-car communication
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Fig. 17. Simulated and measured radiation patterns of the array at 5.82 GHz ((a) E-theta, (b) E-phi, () E-plane and (f) H-plane) and at 9.88 GHz ((c) E-
theta, (d) E-phi, (g) E-plane and (h) H-plane), respectively. The polarization directions of (a) and (c) are along the x-axis (see the insets of (a) and (c)),
and the polarization directions of (b) and (d) are along the y-axis (see the insets of (b) and (d)).

communications. The measured 3-dB axial ratio in terms of the
frequency is shown in Fig. 18(b). The aperture efficiency of the

antenna is 22% and 20% at 5.82GHz and 9.88GHz, respectively.

The efficiency is low due to the high loss in the active devices,
which is very common in reconfigurable metasurfaces (e.g.,
12.84% in [37], 17.9% in [38] and 13.2% in [39]). The radiation
efficiencies are 91.39% and 82.56% at 5.82 GHz and 9.88 GHz,
respectively. For the sake of completeness, the radiation
efficiencies (without the MS) are also given: they are 94.32%
and 89.34% at 5.82 GHz and 9.88 GHz, respectively.

Table 3 compares the antenna proposed in this article with
other dual-band antennas in literature. As can be seen, in [9],
the all-metal antenna has a low profile (which requires high
accuracy when manufacturing and thus increases the cost), but
the AR bandwidth is too narrow compared to this work. The
antenna in [10] is excellent in performance, but it has a very
complex feeding network. Compared with [9] and [10], [17] has
a simple feeding network and wider bandwidth. However, to
increase the bandwidth, in [17] multiple air gaps have been
added between the components, thereby increasing the overall
thickness. In [20], the profile is reduced while ensuring a good
bandwidth. Through a structural design, the antenna in [20] can
excite two vertical modes through a single feed to generate

. ©2023 IEEE. Personal use is permitted, but republication/redistribution rezuires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.
Authorized licensed use limited to: KU Leuven Libraries. Downloaded on

circular polarization. However, the antenna proposed in this
paper, having a good bandwidth, gain and compact profile,
realizes an additional function: in-car communication, on top of
[20] which only reports the satellite and the terrestrial
communications.
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IV. CONCLUSIONS

A multi-functional dual-band double-sided antenna is
proposed. This antenna consists of two parts, a dual-band

double-sided linear polarization array and a coding metasurface.

Thanks to the coding metasurface, the antenna realizes
beamforming and polarization conversion of EM waves at 5.82
GHz and 9.88 GHz, respectively. At 5.82 GHz, the maximum
gains in the upper and lower half space are 14.03 dBi and 5.35
dBi, respectively, which is suitable for communication
outside/inside a car. At 9.88 GHz, a circularly polarized beam
with a gain of 19.54 dBic is realized with an axial ratio
bandwidth of 0.25 GHz (2.5%), which can be used for satellite
communication. The main advantages are thus the multiple
functions for an ultra-thin structure of less than 9 mm.

APPENDIX A: DESIGN OF SMALL-PERIOD AND LARGE-PERIOD
ELEMENTS IN THE CMS

In this Appendix, we illustrate the performance for the small-
period and large period elements, when they are considered
separately. As shown in Fig. Al, the simulation results of the
separate design are very similar to the ones when the two
elements are considered together (See Fig. 8 and Fig. 10 in the
main text). This indicates that the adopted “divide-and-rule”
design strategy is correct, which greatly facilitates the targeted
MS design.

. ©2023 IEEE. Personal use is permitted, but republication/redistribution rex
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in (a). The transmission coefficient of the large-period elements is shown in

(b).

APPENDIX B: THE DISTANCE BETWEEN ANTENNA ARRAY
AND METASURFACES

In this Appendix, we illustrate how the distance between the
antenna array and the metasurface is determined. It is noted that
the electric field above the system takes the following generic
form,

—Eelk ~ i - ik g - ke
E=Ee "x+R,e ™ -Ee "x+R e " -Eey. (1)

In Eg. (1), x and y are unit vectors along the x and the y
directions. On the right-hand side (RHS) of Eq. (1), the first
term denotes the direct radiation from the antenna array. The
second and the third terms mark the waves reflected by the MS.
To achieve high-quality circular polarization performance, on
the one hand, it is necessary to ensure that the second term on
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Fig. A2. Simulated axial ratio (AR) in the XoZ-plane and the YoZ-plane for
different spacings between the antenna and the metasurface. The solid blue,
yellow, red, cyan, and magenta lines denote the ARs at h, = 3,4,5,6 and
7 mm, respectively. The shaded region marks the range where the AR is
lower than 3dB for the case h, = 5 mm (i.e., the red line).
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the RHS of Eq. (1), i.e., R,,, is as small as possible, thanks to
the high polarization conversion efficiency at 9.88 GHz of the
MS design in Section 11.B (see the lower panel in Fig. 10), the
first condition is easily satisfied. On the other hand, ¢,, +
2khy is to assure a 90-degree phase difference between the
field radiated by the antenna and the field reflected by the CMS.
For this, we tune the distance between the antenna array and the
MS. In the design, we read that the phase of the reflection
coefficient @y Off Fig. 10, calculate hy and find that hy being
less than 7.5mm. After setting this upper bound, we run a
parameter scan to determine the optimal distance where the
axial ratio is the best. The change of the axial ratio (AR) with
the distance is shown in Fig. A2. Itis seen that for h, = 5 mm,
the optimal AR is achieved.

APPENDIX C: THE CURRENT ON THE RADIATING LAYER OF
THE METASURFACE

Here, we further explain the polarization conversion, i.e., the
“Cross-pol” component in Fig. 17(b), at lower band, i.e., 5.82
GHz, by showing the current distribution on the radiating layer
(see Fig. 6(a) and (b)). As shown in Fig. A3, the current on the
radiating layer mainly flows along the y-direction (see the
coordinate system in Fig. A3 below). Hence, the polarization of
the split beams (e.g., the shaded regions in Fig. 17(b)) as a result
of the radiation of the current is dominated by the y-component,
i.e., the “Cross-pol” component.
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Fig. A3. The current distribution on the radiating layer of the metasurface.
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