UNIVERSITAT POLITECNICA
DE CATALUNYA
BARCELONATECH

UPCommons

Portal del coneixement obert de la UPC

http://upcommons.upc.edu/e-prints

© 2020 IEEE. Personal use of this material is permitted. Permission from IEEE
must be obtained for all other uses, in any current or future media, including
reprinting/republishing this material for advertising or promotional purposes,
creating new collective works, for resale or redistribution to servers or lists, or
reuse of any copyrighted component of this work in other Works.

Aquesta és una copia de l'article Design of wideband beamforming metasurface
with alternate absorption publicat a “IEEE access”.

URL d'aquest document a UPCommons E-prints:
http://hdl.handle.net/2117/177742

Article publicat / Published paper-:

Ur Rahman, S. [et al.]. Design of wideband beamforming metasurface with
alternate absorption. "IEEE access", 14 Gener 2020, vol. 8, p. 21393-21400.



http://upcommonsdev.upc.edu/
http://upcommonsdev.upc.edu/
http://upcommons.upc.edu/e-prints
http://hdl.handle.net/2117/177742

IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

SPECIAL SECTION ON ANTENNA AND PROPAGATION FOR 5G AND BEYOND

Received December 29, 2019, accepted January 7, 2020, date of publication January 14, 2020, date of current version February 4, 2020.

Digital Object Identifier 10.1109/ACCESS.2020.2966626

Design of Wideband Beamforming Metasurface
With Alternate Absorption

SAEED UR RAHMAN “', QUNSHENG CAO !, IGNACIO GIL"“2, MUHAMMAD SAJJAD ',
AND YI WANG!, (Member, IEEE)

ICollege of Electronic and Information Engineering, Nanjing University of Aeronautics and Astronautics (NUAA), Nanjing 210016, China
2Department of Electronic Engineering, Universitat Politécnica de Catalunya, 08222 Terrassa, Spain

Corresponding author: Qunsheng Cao (qunsheng @nuaa.edu.cn)

This work was supported by the National Natural Science Foundation of China under Grant number 61871219 and Ministry of Science,
Technology and Information (MOSTI), Malaysia, under Science Fund project number: 03-02-02-SF0216.

ABSTRACT In this paper, we propose a periodic structure that is capable of alternating between absorption
and radiation mode. The designed periodic structure consists of an array of 6 x 6 square shaped unit cell. Each
unit cell consists of a multi-layered structure, with dimensions of 0.5A x0.5A. The resonators are placed on
the top layer and the feeding network is designed and implemented on the bottom layer. The ground layer
is sandwiched between the two dielectric substrates. All resonators are connected to a 50€2 feed-line using
the corporate feeding technique. To achieve broadband absorption, lumped resistors are inserted into the
resonators. The proposed metasurface structure achieves broadband radiation, with low RCS and high gain,
in the propagation direction whereas broadband absorption is achieved, when it is exposed to a free space
plane wave. Moreover, the metamaterial absorber has stable absorptivity for an incident angle of (0°-30°).
To verify the in-band absorption and radiation of the proposed design, a 6x6 periodic array of resonators
has been fabricated and experimentally verified in an anechoic chamber. The measured results validate the

performed simulations.

INDEX TERMS Metasurface-absorber, metasurface antenna, low RCS.

I. INTRODUCTION

Metamaterial absorbers have attracted much interest for many
years for their unique properties; they can be integrated with
several devices to improve the desired performance such as
radar cross section (RCS). The RCS reduction implies the
decreasing of the observability of a radiating structure and
it has an application in stealth technology. The observability
of an antenna can be reduced by means of shaping [1],
using absorbing materials [2], using passive or active ele-
ments such as diodes [3] and by using metamaterial structures
[4]. For example, in [1] the RCS of a monopole antenna
is reduced by applying the principle of bionics. The low
RCS antenna is designed by using a model of insect ten-
tacle. The artificially designed resonating structures mainly
have significant impact in low observable antennas [4]-[7].
Artificially designed resonating structures present a specific
configuration such as circular shaped [5], square shaped [6]
and triangular shaped [7] geometries. For example, a Tri-band
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metamaterial absorber has been designed for X band appli-
cation using circular shaped metallic rings that operate at
tri-narrow bands [5]. Alternatively, a wearable microwave
absorber has been designed with more than 90% absorp-
tion for narrow band applications [6]. Similarly, compact
circular ring resonator exhibits more than 90% absorption
at narrow band, i.e. from 1.3-3.5 GHz [8]. In the literature,
the designed metamaterial absorbers are used to reduce the
RCS of narrow band antennas. In addition, in the previ-
ous research work, the metamaterial structure contributes in
absorption but it does not contribute in terms of electromag-
netic radiation. However, they are designed separately and
combined with an antenna for the RCS reduction [9]-[17].
For example, an active reconfigurable frequency selective
surface (FSS) has been designed to reduce the RCS of a patch
antenna [12]. The designed reconfigurable FSS reflector is
able to switch the stop-band to a pass-band using a diode.
Left handed materials have been designed to reduce the RCS
of microstrip patch antenna [9]. Similarly, in [10] the RCS
reduction of a microstrip antenna is based upon electromag-
netic bandgap (EBG) absorber using a conducting polymer.
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Also in [14], [15] holographic metasurfaces are designed to
reduce the RCS of the regular patch antenna. To design meta-
surface structures with the alternating function of wideband
absorption and radiation is a challenging task. Nevertheless,
considerable effort has been made to integrate a narrow-
band absorber with an antenna [10], [16]-[18]. The reported
structures are a combination of metamaterial absorbers and
antenna, but limited to a single frequency operation. This may
cause malfunction in some high data rate communications
systems [19]-[26].

Another issue related to the reported structures is a trade-
off between RCS and gain. In fact, the RCS reduction may
cause degradation in gain. For example, in [12] and [13] when
an FSS reflector is applied to an antenna, it degrades the
gain by 0.3 dB and 1.5 dB, respectively. Similarly, when a
metamaterial absorber is added to an antenna, the gain of the
antenna is reduced by 0.53 dB [17]. Moreover, the reported
implementations are unable to provide wideband absorption
and radiation, alternatively.

In this paper, we present a periodic structure, which can
alternate between electromagnetic radiation and absorption.
The proposed multilayered structure consists of two F4B
substrates with a dielectric constant of &, = 2.65. The
metamaterial structure has a low RCS about —10 dB within
the operating band from 7.5 GHz to 9.5 GHz and wideband
gain of 9-11 dB.

This paper is organized as follows. In Section II, the work-
ing principle of the dual function metasurface model for both
radiation and absorption is explained. In Section III, the meta-
material absorber design and the simulated and measured
results are discussed. In Section IV, the feeding network and
its implantation to achieve the functionality of a metasur-
face antenna are presented. Finally, the main conclusions are
drawn in Section V.

Il. DUAL-FUNCTIONAL MODEL CONCEPT

The dual-function concept is demonstrated by using single-
pole double-throw switches (SPDTs). The working principle
of both absorber and radiator is depicted in FIGURE 1 using
SPDTs switches. The proposed model has two states, i.e.,
state “A” for the radiating mode and state “B” for the
absorber mode.

In state “A”, the switch ‘S;’ is connected to a load, whose
impedance is R; (playing the role of the radiation resistance)
and the switch S is connected to the input source signal.
Therefore, in state “A”, the proposed dual function structure
corresponds to the equivalent circuit of an antenna. According
to the theory of antennas [27], the input impedance of a
radiating antenna is;

Zin(antenna) = Rr + RL +jX (1)

where, R; is the radiation resistance causing the radiation into
space, Ry is the loss resistance and X represents the reactance
of the antenna.

To achieve a metamaterial absorbing function, in state
“B”, S; is connected to an equivalent plane wave source

21394

Zin (antenna)
"

S2.4.
Add oB

>
e Rr

Zlin (absober)

A Sli B

! S I

Input source signal
Free space plane wave

FIGURE 1. Equivalent circuit model of the multifunctional metasurface
acting as a radiator and absorber.

and S, is connected to a load whose impedance value is Zj .
Under this condition, the incident plane wave represents the
excitation of the absorber as shown in FIGURE 1. The input
impedance of the absorber can be defined as;

Zin(absorber) = ZL + RL +]X (2)

where 7 represents a lumped resistance, Ry, and X1, denote
the impedance of the absorber. From the aforementioned
equivalent circuit model, it is clear that the metamaterial
absorbing structure can also be used as a metasurface antenna.

IIl. METAMATERIAL ABSORBER SIMULATIONS AND
MEASUREMENTS RESUTLS

A. DESIGN OF METAMATERIAL UNIT CELL

The schematic diagram of the designed metamaterial unit cell
is shown in FIGURE 2. The proposed metasurface is a peri-
odic array of sub-wavelength resonant scatters, which control
the electromagnetic response of the surface [28], [29], and
consists of distinct metallic elements (a square ring resonator
and PEC ground) on each side of the upper substrate. The
upper substrate is fully grounded and thus, it presents a very
low transmission level. The equivalent circuit of the proposed
metamaterial unit cell is shown in FIGURE 2(c).

For an electromagnetic normally incident wave, the sym-
metric square metal ring acts as an electric inductive-
capacitive (LC) resonator, supplying the electric coupling to
the incident electric field. The antiparallel currents between
the metallic square loop and ground metal film create the
magnetic coupling to the incident magnetic field. The sug-
gested square loop structure was studied in [30] as a FSS
based metamaterial absorber that provides a narrow band
absorption. However, to enhance the absorption level, three
lumped resistors (R = 140 €2) are inserted into the unit cell.
The periodic array of single square loops are etched on the
metallic substrate. As shown in The equivalent circuit of the
proposed metamaterial unit cell is shown in FIGURE 2(c),
the circuit model of the proposed unit cell is composed of
an RLC series circuit, where C and L are the total equiva-
lent capacitance and inductance, respectively. The free space
impedance Zy = 377 Q2 and the dielectric slab impedance is
Zo1 = Zol\/er = 231.6 Q. Based on the overall equivalent
circuit model, we can determine that the equivalent circuit
of a metamaterial unit cell corresponds to an LC resonant
tank. The square loop resonator is described by the means
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FIGURE 2. (a) Geometrical model of the proposed metamaterial unit cell,
with dimension of Ws = 19.5 mm W5 = 13.5 mm, s =3 mm and g = 0.8
mm h; =3, hy =1, (b) side view and its (c) equivalent circuit model.

of the parameters Wy, W,, s and g. The resonant frequency
is directly proportional to 1/,/ LC where, L and C are the
equivalent capacitance and inductance respectively, as shown
in FIGURE 2(c).

B. SIMULATED AND MEASURED RESULTS

Numerical simulations were carried out using Microwave
Studio CST 2016 based on the finite integration method.
The condition of perfect electric field in x-direction and
perfect magnetic in y-direction boundaries are applied to the
transverse to account for the plane electromagnetic wave,
with the wave propagating along the z-direction (k-direction)
are set to be open boundaries. The optimized dimensions of
the resonating metamaterial unit cell is 0.5Ax 0.5A and the
spacing among two unit cell is 0.16Ax 0.16A, whereas the
free space wavelength ‘A’ is considered at center frequency
of 8 GHz. Since the backside of the upper substrate is fully
metallic, as shown in FIGURE 2(b), the transmission coef-
ficient is expected to be approximately zero. However, due
to the feed network and vias, the transmission coefficient has
to be carefully considered. Based on a tuning optimization
simulation process, a final prototype of 6x6 unit cells has
been designed, fabricated and tested.

The simulated and measured electromagnetic reso-
nance behaviors of the proposed structure are shown in
FIGURE 3(a) - (c). FIGURE 3(a) depicts the simulated and
measured reflection coefficient. It is observed that reflectivity
is lower than -10 dB from 7.5 GHz to 9.5 GHz.

The wideband absorption, A(w), can be calculated by
using Aw) = 1 — T(w)— R(w), where T(w) = |[S;,]?
and R(w) = |§;|* are the transmission and reflectance
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FIGURE 3. (a) Reflectivity (b) absorption characteristics of metasurface
and (c) absorption effect of the incident angle.

coefficients, respectively [31]. The transmission coefficient,
T(w), is very low, but cannot be ignored. For a normal
incident electromagnetic wave, the simulated and measured
absorption characteristics are depicted in FIGURE 3(b).

It is clear from the FIGURE 3(b), that the absorptivity
is more than 90% over the resonant frequency range of
7.5-10 GHz. The total dimension of the fabricated meta-
surface is about 2.96Ax 2.96\ at 8 GHz therefore, mea-
surements were performed carefully, but still there is a
discrepancy between measured and simulated results, which
can be attributed to the fabrication tolerances and the measur-
ing environmental influence.
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(a) (b)

FIGURE 4. Electric field distribution for wideband metamaterial absorber
at (a) 8 GHz and (b) 9 GHz.

FIGURE 3(c) shows the simulated absorptivity as a func-
tion of frequency at various incident angles for TE polar-
ization. For incident angle from 0° to 30° the absorptivity
is greater than 0.9 or 90% in the operating band, which
means that the metamaterial resonator absorptivity perfor-
mance remains high and stable.

To demonstrate the physical behavior of the metamaterial
absorber, the E-field distribution has been simulated at reso-
nance frequencies. FIGURE 4(a) & (b), show the simulated
E-field distribution of the metamaterial unit cell at 8 GHz
and 9 GHz. It can be seen that the E-field distribution is
strong between PEC and metallic resonator showing a strong
dielectric loss that causes the absorption.

In order to integrate the antenna and absorber, a multilay-
ered PCB is designed having two dielectric substrates. The
architecture of the proposed integrated structure is shown
in FIGURE 5 (a)-(d). The metallic loops are symmetri-
cally placed on an F4B substrate with dielectric constant
of 2.65 and thickness of a 3 mm and each metallic loop is fed
through vias from the bottom layer as shown in FIGURE 2(b)
side view.

IV. DESIGN OF METASURFACE RADIATOR

In this section, the same designed metasurface structure
(explained in section III) is demonstrated as a metamaterial
radiator or antenna, where the working principle of the pro-
posed multifunctional equivalent circuit model is explained
in section II. To excite each resonator, a feeding network is
designed on the backside of metasurface. For the feeding net-
work, an additional F4B substrate having a thickness of 1 mm
has been added to the multilayered implementation. The feed-
ing network is designed in a way that it connects all resonators
to a single 50 2 feed line as shown in FIGURE 5(b).

A via with a diameter of 0.6 mm according to the fabri-
cation constraint is chosen to connect the feed line with the
square loop patch. The position of the via is heuristically
optimized to get optimum matching. The matching circuit is
based on microstrip feed lines. All radiators are fed in order
to achieve the highest gain in z-direction.

A. DESIGN OF 3x3 AND 6x6 ANTENNA ARRAY

Simulations have been carried out to analyze the perfor-
mance of 3x3 and 6x6 antenna elements. The architecture
of the proposed 3x3 multilayered design and its feeding

21396

(b)

Feeding Network

Resistor |

(d)

FIGURE 5. Architecture of the proposed structure for (a) multilayered
3x3 antenna array and its (b) feeding network, (c) multilayered
6x6 antenna array and its (d) feeding network.

network is shown in FIGURE 5(a) and (b) whereas the
architecture of the final designed structure is shown in
FIGURE 5 (c) and (d).
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FIGURE 6. Simulated (a) return loss and (b) peak gain of the of 3x3 and
simulated and measured gain of the 6x6 antenna arrays.

The simulated return loss for the 3x3 and 6x6 antenna
elements is shown in FIGURE 6 (a). As can be seen from
FIGURE 6 (a), both 3x3 and 6 x6 unit elements have almost
the same impedance matching from 7.5 GHz to 9.5 GHz. The
simulated peak gain of 33 and 6 x 6 unit elements is depicted
in FIGURE 6(b). The peak gain for 3x3 unit elements is
varying around 4.2 dB whereas the peak gain is increased for
6x6 unit elements to around 11 dB in the resonating band
as shown in FIGURE 6(b). The maximum gain 11.2 dB is
achieved at resonance frequency of 9.5 GHz.

B. SIMULATED AND MEASURED RESULTS

To realize the proposed metasurface antenna, a planar array
of 6x6 unit elements is manufactured on multilayered FAB
substrates. The fabricated multilayered prototype is depicted
in FIGURE 7(a) and (b). The experiments are carried out
with an N5245A network analyzer in an anechoic chamber.
The measured results of the 6x6 antenna array are shown in
FIGURE 8(a)—(c).

FIGURE 8(a) shows that the measured return loss is less
than —10 dB from 7.5 GHz to 9.5 GHz. The simulated and
measured return losses are in good agreement. In FIGURE
8(b), the radiation and total efficiencies of the designed meta-
surface antenna are plotted at resonance frequencies: 7.5,
8, 8.5, 9 and 9.5 GHz. The maximum radiation efficiency
of 83.9% is observed at 8 GHz.
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FIGURE 7. Fabricated prototype of the proposed design (a) top view and
(b) bottom view.

TABLE 1. Comparison of the proposed metasurface with previously
designed regular patch antennas.

. Alternate function . Gain
Ref. Bandwidth Radiation  Absorption Efficiency (dB)
This Broadband Yes Yes >65% 9.5
work 11.2
[11] Narrowband ~ Yes No 75% 6.65
[10] Narrowband ~ Yes No 85% 6
[17] Narrowband  Yes No Not given NA
[15] Wideband Yes No Not given 12
[14] Narrowband  Yes No Not given 10

In order to verify the RCS reduction performance of the
designed metasurface structure, the time domain solver in
CST is used, considering all the boundary conditions set to
be open. The monostatic RCS of the proposed metasurface
antenna and its comparison with a PEC (equal size of antenna
ground) is depicted in FIGURE 8(c). In FIGURE §(c),
the RCS curve versus frequency is plotted for a normal inci-
dent plane wave. FIGURE 8(c) shows an obvious reduction
in RCS in the whole operation band (7.5 — 9.5 GHz) of the
designed metasurface antenna.

To further investigate the principle of RCS reduction,
the bistatic RCS comparison with the PEC and the proposed
metasurface antenna is shown in FIGURE 9(a) & (b) at 8 GHz
and 9 GHz when ¢ = 0° (E-plane). The RCS is significantly
reduced in the angular region —80° < 6 < 80°, where the
largest reduction is observed at 0°. However, little increment
is observed in the angular region such as —80° < 6 < —150°
and 80° < 6 < 150°. This fact may be due to the anomalous
scattering energy. The E-field and H-field radiation pattern
are also depicted in FIGURE 10(a) and (b). It can be observed
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FIGURE 8. (a) Simulated and measured return loss (b) total efficiency and
radiation efficiency and (c) monostatic RCS of the proposed metasurface
antenna.

that the main lobe is generally directed towards the normal
direction at 8§ GHz and 9 GHz.

The performance of the proposed metasurface structure,
and previously designed metamaterial based on patch anten-
nas from the state of the art are listed in Table 1. It can be
concluded that the previously designed metamaterial based
on patch antennas present low RCS but they have no alternate
in-band absorption and radiation feature. In addition, the pre-
viously designed metamaterial loaded patch antennas have a
trade-off in terms of RCS and gain, since the reduction in
RCS implies that the gain of the patch antenna decreases.
Therefore, it is highlighted that the proposed metamaterial
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antenna is able to satisfy both requirement of high gain and
low RCS performance. Moreover, the previously designed
antennas provide a narrowband frequency range, whereas the
proposed metasurface antenna presents wideband operation.
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V. CONCLUSION

A dual-function metasurface structure has been designed with
alternating absorption and radiation characteristics. Simu-
lated and experimental results validate the designed meta-
material structure. The proposed design is implemented on
a multilayered PCB providing a wideband absorption and
high gain radiation. To validate the design, two 3x3 and
6x6 antenna elements are simulated and the 6x6 unit ele-
ment array has been fabricated. The proposed design is exper-
imentally verified showing a gain of 11dB from 7.5 GHz
to 9.5 GHz and -10 dB reduction in RCS. The proposed
metasurface antenna provides an alternative way to design
planar antenna array with high gain, low RCS and beam
steering capability.
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