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Metamaterials and metasurfaces for designing metadevices:
Perfect absorbers and microstrip patch antennas™
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(Received 17 July 2018; revised manuscript received 19 September 2018; published online 8 October 2018)

In the past twenty years, electromagnetic metamaterials represented by left-handed metamaterials (LHMs) have at-
tracted considerable attention due to the unique properties such as negative refraction, perfect lens, and electromagnetic
cloaks. In this paper, we present a comprehensive review of our group’s work on metamaterials and metasurfaces. We
present several types of LHMs and chiral metamaterials. As a two-dimensional equivalent of bulk three-dimensional meta-
materials, metasurfaces have led to a myriad of devices due to the advantages of lower profile, lower losses, and simpler
to fabricate than bulk three-dimensional metamaterials. We demonstrate the novel microwave metadevices based on meta-
materials and metasurfaces: perfect absorbers and microwave patch antennas, including novel transmission line antennas,
high gain resonant cavity antennas, wide scanning phased array antennas, and circularly polarized antennas.

Keywords: left-handed metamaterials, chiral metamaterials, metasurfaces, perfect absorbers, microstrip patch

antennas
PACS: 78.67.Pt, 81.05.Xj, 94.20.ws, 84.40.—x

1. Introduction

Left-handed metamaterials (LHMSs) are artificial sub-
wavelength periodic structure with negative permittivity and

141 These materials

negative permeability simultaneously.!
were theoretically predicted in 1967 by Veselago.!?! In 1996
and 1999, Pendry demonstrated that wires and split resonant
rings (SRRs) could achieve negative permittivity and nega-
tive permeability, respectively.>#! In the past twenty years,
LHMs have become one of the research hotspots in the scien-
tific community due to the unique properties such as negative
refraction, ! perfect lens, ! and electromagnetic cloaks.[7:8!]
The first LHMs were proposed and experimentally verified in
the microwave frequency by Shelby et al.’! From then on,
many types of LHMs at microwave, terahertz, and optical
frequency have been proposed,®°! such as fishnet structure
LHMs,”! H-shaped LHMs, !9 S-shaped LHMs, ' omega-
shaped LHMs,!"?! hexagonal-shaped LHMs, 3! and dendritic
LHMs. 4171 However, it is a challenge to achieve three-
dimensional bulk LHMs in infrared and optical frequencies by
using the present micro-nano fabrication processes. Besides
that, metamaterials suffer from high losses in these high fre-
quencies. Therefore, it is particularly necessary to investigate
high-quality and planar low-loss metamaterials in high fre-

(211 prepared an Ag-MgF,—Ag fishnet-

quency. Dolling et al.
structure LHM with a working wavelength of 780 nm. More-

over, dielectric-based LHMs have been designed to reduce

DOI: 10.1088/1674-1056/27/11/117805

losses. Zhao et al. proposed low-loss microwave ceramic
LHMs.!?2231 Ginn et al.'**! proposed an all-dielectric struc-
ture, which can achieve negative permeability and negative
permittivity in the mid-infrared frequency band.

The most prominent feature of LHMs is that they have
negative refraction, which cannot be found in natural ma-
terials. Besides LHMs, Tretyakov!*’! and Pendry!*!l pro-
posed that the chiral metamaterials (CMs) could exhibit strong
negative refraction as circularly polarized (CP) wave prop-
agates inside the CMs. In addition, CMs, as another class
of artificial materials, are extremely appealing for achiev-

42431 circular dichroism, 4441

ing strong polarization rotation,!
and even the prospect of a repulsive Casimir force.!*®! Among
these properties, polarization rotation is one of the basic
properties of electromagnetic waves conveying valuable in-
formation in the fields of signal transmission and wireless

[47-571 Rogacheva et al.!*7! proposed bilayered

communication.
CMs with giant gyrotropy, which could rotate the polarization
plane of a linearly polarized (LP) wave propagating through it.
Grady et al.'**! demonstrated ultrathin, broadband, and highly
efficient metasurface-based polarization converters that are ca-
pable of rotating a linear polarization state into its orthogonal
one. We proposed several broadband CMs with negative re-

[50-531 Moreover,

fractive index and large polarization rotation.
we have designed CMs-based devices by using our proposed

CMs, such as 90°-polarization rotation devices and circularly
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polarized antennas.>+>7]

Although LHMs and CMs have mysterious electromag-
netic and optical properties, they are three-dimensional bulk
metamaterials, and it is difficult to prepare them, especially
in the high frequency. In the last few years, as the two-
dimensional equivalent of three-dimensional bulk metamate-
rials, metasurfaces have been a research hotspot because they
are lower profile, lower losses, and simpler to fabricate than
bulk metamaterials. 281141 In 2011, Yu et al.'>! first proposed
a V-shaped nanoantenna-array metasurface, which could pro-
vide abrupt phase discontinuities for light propagating through
the interface and drastically change the flow of reflected and
refracted light. Metasurfaces have the exceptional electromag-
netic abilities including light bending,>®! beam focusing,6"!
circular polarizers,[“] anomalous refraction and reflection,

and flat lenses!®3!

across subwavelength thicknesses. Sun et
al.'% demonstrated theoretically and experimentally that a
specific gradient index metasurface converted a propagating
wave to a surface wave with nearly 100% efficiency. Pfeiffer
et al.!% proposed Huygens’ surfaces that could redirect an in-
cident beam with high efficiency into a refracted beam. Very
recently, Ra’di!®! demonstrated that graded metasurfaces can
achieve beam steering in reflection with unitary efficiency.
Following that, broadband high-efficiency metasurfaces[6’-70l
have been proposed successively.

However, these metal-based metasurfaces suffer from
detrimental effects of absorption, heating, and higher losses.
Therefore, metal-dielectric hybrid metasurfaces and all-
dielectric metasurfaces!’!~76] have attracted a lot of attention.
Guo et al.!*! investigated a hybrid metasurface composed of
metal—dielectric nanoantennas that directed light from an in-
cident plane wave or from localized light sources into a pref-

erential direction. Zhan et al.[’4

proposed a dielectric low-
loss metasurface, which could generate a vortex beam. Ma et
al.'>! demonstrated an all-dielectric metasurface operating in
the terahertz band that was capable of engineering a reflected
beam’s spatial properties with high efficiency.

Progress in metasurfaces has led to a myriad of metade-
vices. It is demonstrated that metasurfaces have a wide range
of applications in the fields of absorbers, novel antennas, lens,
and wireless communications. Among these metasurfaces-
based applications, a lot of works focus on novel perfect
absorbers. For instance, Cole et al.”’! proposed an all-
dielectric metasurface consisting of a dielectric cylinder em-
bedded in a low index material that can act as a perfect tera-
hertz absorber. Kang et al.!”8! designed a dipole-like metasur-
face, having coherent perfect absorptions in any polarizations.

[79

Song et al.'”®) proposed a water-resonator-based metasurface

with a near-unity electromagnetic absorption. Recently, some

e[80

active® and multifunctional 3! metasurfaces have been de-

signed, which can be electronically switched between reflec-

tion, cross-polarization conversion, and high absorption. An-
other interesting application is that metasurfaces can be imple-
mented to manipulate the radiation of electromagnetic waves
and can be used to design novel microwave antennas. Wan et
al.’®* designed a transformational metasurface Luneburg lens,
which had a very good performance in controlling the radiated
surface waves. Chen et al.'®3 proposed non-Foster, negatively
capacitive metasurfaces, which could be employed to design
broadband ultrathin cloaks. The proposed active cloak may
impact not only invisibility and camouflaging, but also prac-
tical antenna and sensing applications. Germain et al.!%®! de-
signed a phase-compensated metasurface which could be used
as a reflector in a conformal Fabry—Pérot resonant cavity. The
results showed that it could produce a directive emission in
the desired direction. Li et al.!¥1:32 demonstrated that linear-
to-circular polarization conversion focusing metasurface can
be used to design circularly polarized high-gain antenna. We
have proposed and experimentally demonstrated several types

g,[56:57.87-98] including more di-

of metasurfaces-based antenna:
rectional linearly polarized antennas, circularly polarized an-
tenna, and omnidirectional antenna.

The aim of the paper is to present a comprehensive review
of our group’s work on metamaterials and metasurfaces. Be-
sides, we also summarize some microwave metadevices based
on metamaterials and metasurfaces. This paper is organized
as follows. In Section 2, several typical microwave meta-
materials and metasurfaces are introduced. In Section 3, we
present broadband perfect absorbers based on metamaterials
and metasurfaces. Some new novel microwave antennas are
displayed in Section 4. The conclusion and outlook are given

in Section 5.

2. Metamaterials and metasurfaces
2.1. Several LHMs

In this section, we briefly describe several typical LHMs
which are proposed by our group,!!'°~1?°! including LHMs
consisting of hexagonal SRRs and wires,[!>!19-133] bowknot-
shaped LHMs,'?* and dendritic-shaped LHMs, [14-17.125.126]
Figure 1(a) shows the LHMs consisting of hexagonal SRRs
and wires. The hexagonal SRRs produce magnetic reso-
nance and the wires produce electric resonance.!'3! Figure 1(b)
presents the bowknot-shaped LHMs,!>#! which can produce
the two resonant modes of magnetic resonance and electric
resonance at the parallel incidence (wave vector k along X-
axis) and normal incidence (wave vector k along Y-axis), re-
spectively. As presented in Fig. 1(c),['**! the two resonant
modes appearing overlapped in the II region will lead to the
negative index behavior. Moreover, the negative index fre-
quency band can be tailored at three different regions of I, II,

and III by changing the parameters of the bowknot unit cell.
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Fig. 1. (color online) (a) LHMs consisting of hexagonal SRRs and
wires. (b) Bowknot-shaped LHMs, and (c) the transmission spectra,
wave vector k is along X-axis and Y-axis for the parallel and normal
incidences, respectively.[124]

One of the most representative LHMs proposed by our
group is dendritic structure LHMs as shown in Fig. 2.[15] The
unitary dendritic structure displayed in Fig. 2(a) can provide
overlapping negative permittivity and negative permeability at
a resonant frequency band. Figures 2(b) and 2(c) display the
electric and magnetic resonant modes. As shown in Fig. 2(b),
in this mode, the positive and negative charges distribute on
the two ends of the dendritic structure along the electric field
direction. The resonance is similar to wires, producing an
electric resonance. Figure 2(c) is the second resonant mode,
which shows that the dendritic unit cell can be regarded as four
coupled SRRs, producing a magnetic resonance. Figure 2(d)
shows the transmission spectra and retrieved effective param-
eters of the dendritic LHMs.

As compared with previously proposed LHMs, our pro-
posed bowknot-shaped LHMs and dendritic-shaped LHMs
have the advantages of simple structure and easy fabrication
since we can use one metallic pattern as a unit cell to real-
ize negative permittivity and negative permeability simultane-
ously. Therefore, it can be expected that the proposed LHMs

may be convenient for applications.

(a)

Refractive Index (n)

- - ~-imagn
o realn(exp.)

S-Parameter magnitude

\ —real (=)
-- ’»imag ()
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Permittivity (g)
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Frequency(GHz)

Frequency(GHz)
(d)
Fig. 2. (color online) (a) Unit cell of the dendritic LHMs. Surface cur-
rent distributions of (b) the electric and (c) magnetic resonant modes.
(d) Transmission spectra and retrieved effective parameters. ]

3 4
Frequency(GHz)

Fig. 3. (color online) (a) Schematic view of a unit cell of the DNLHM,
(b) transmission spectra and retrieved effective parameters.[!30]

Besides that, we also investigate dual bands and broad-
band LHMs.[121:122.1301 Figyre 3(a) displays our designed

117805-3



Chin. Phys. B Vol. 27, No. 11 (2018) 117805

dual-band nonlinear left-handed metamaterial (DNLHM). 1301
The DNLHM operates at two left-handed bands where the
refractive index is both negative. As presented in Fig. 3(b),
the transmission coefficient and retrieved effective parameters
show two left-handed transmission bands appearing at the cen-
ter frequencies of 2.15 GHz and 4.3 GHz, where the real parts
of the refractive index, permittivity, and permeability are si-
multaneously negative.

2.2. Broadband polarization rotation chiral metamaterials

LHMs have become hot topics due to the negative refrac-
tion. Besides LHMs, it is demonstrated that CMs can also
have negative refractive index characteristics. Moreover, CMs
have giant polarization rotation power which is several or-
ders of magnitude larger than that of natural materials. How-

ever, resonance-based CMs suffer from highly dispersive po-
larization rotation and high losses at the resonant frequencies.
Therefore, it is a challenge to design broadband nondispersive
polarization rotation CMs with high transmission.

Figures 4(a) and (b) show two planar composite chi-
ral metamaterials (CCM-1 and CCM-2) proposed by our
group.3?>31 The two CCMs can achieve broadband disper-
sionless polarization rotation and high transmission simulta-
neously. Figure 4(c) depicts the results of the CCM1, which
shows that the high transmission over 0.85 can be observed at
the broadband frequency of 10.4—15.8 GHz. The ellipticity n
is approximately zero in the broadband frequency, revealing
that the CCM-1 can realize pure polarization rotation in this
region without distortion of polarization states. The similar
results can also be obtained for the CCM-2.

(c) 1.0 1.0
0.84 0.84

(=) 0.6 = 0.64

é 0.4 é 0.44
0.2 0.2

0.0

0 (degree)

6 (degree)

g [
g 5 £ 5
= =
0o == =— 0-tese s
8 10 4 16 18 20 8 10 12 14 16 18 20

Frequency (GHz)

Frequency (GHz)

Fig. 4. (color online) Units cell of the designed (a) CCM-1 1521 and (b) CCM-2.1531 (¢) Simulation (left column) and measured (right

column) results of the CCM-1.152!
2.3. Circular-polarization-selective transmission based on
a chiral waveguide

CMs
Recently, it has

As an important subset of metamaterials,
present numerous fascinating properties.
been demonstrated that CMs can accomplish asymmetric
transmission! 1311321 for the linearly polarized waves.!133:134]
Here, based on chiral structure, we have designed and fab-
ricated a chiral helical tape waveguide (CHTW), which can
achieve a strong asymmetry between the orthogonal circular
polarizations of transmitted electromagnetic wave. >3]

The configuration and the dimensions of the CHTW are
shown in Fig. 5(a). Figure 5(b) presents the transmissions and

reflections for circularly polarized (CP) incident waves, which

shows a very high transmission of nearly 100% at a broadband
frequency range whereas the reflection is very small for the
right-handed circularly polarized (RCP) wave. Interestingly,
when left-handed circularly polarized (LCP) wave is incident
on the CHTW, the transmission is low where the reflection is
also small. Figures 5(c) and 5(d) display the electric field dis-
tributions of the CHTW. It can be observed that little radiation
occurs for RCP incident wave, resulting in a very high trans-
mission. However, a significant leaky radiation occurs for LCP
incident case, and the leaky radiation forms an interesting vor-
tex. Therefore, a low transmission is observed for LCP wave.
It can be expected that the CHTW can be used to distinguish
the circular handedness of incident electromagnetic wave.
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Fig. 5. (color online) (a) Schematic diagram of the proposed CHTW, (b) simulated transmissions S,; and reflections S, (c) electric
field intensity (right) and phase distributions (left) at z = 0 plane at 9 GHz, and (d) electric field intensity distributions at x = 0 plane

at 9 GHz.%3!

2.4. Gradient phase discontinuity metasurfaces

Metasurfaces comprise a class of the two-dimensional
equivalent of metamaterials which have subwavelength tex-
tured surfaces and can impart discontinuities on electromag-
netic wavefronts. Compared with bulk three-dimensional

metamaterials, metasurfaces have the merits of low loss, low

weigh, and low profile. Here, we summarize gradient phase
p. 76,1351

discontinuities metasurfaces proposed by our grou

Intensity of Trep

arg(Trep) (degree)

.. '\ N teel . .
9.0 9.5 10.0 10.5 11.0
Frequency (GHz)

Figure 6 shows a gradient phase discontinuities meta-
surface based on chiral branched gammadion structure
(CBGS),'3 consisting of eight CBGS unit cells for realiz-
ing a complete high transmission phase covered from —180°
to +180° with 45° intervals at 10 GHz. The metasurface can
refract a normally incident circular polarized wave to an angle
at will by adjusting the geometric parameters of the CBGS. We
demonstrate experimentally that the metasurface can refract a
normally incident RCP wave to an angle of 17°.

9.6GHz
— — 9.8GHz
5. | ——10GHz
o\ | —-—10.2GHz
1----10.4GHz
— - w/o CBGS

1R

30 0 30 60 90
Azimuth (degree)

Fig. 6. (color online) (a) CBGS metasurface, (b) transmission intensity and transmission phase of each unit cell, (c) simulated electric field
distribution of the refraction, and (d) measured far-field radiation patterns for various operating frequencies and incident angles.[!33]

As compared with lossy metal-based metasurfaces,
metal-dielectric hybrid metasurfaces and all-dielectric meta-

surfaces have lots of merits because they do not suffer from

higher losses. Figure 7 is a broadband high-transmission gra-
dient phase discontinuity metasurface consisting of cylindri-

cal dielectric resonators (relative permittivity of & = 36.7 and

117805-5
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tand = 0.002) and metallic wires.[’®! One period of the de-
signed metal—dielectric hybrid metasurface can achieve a com-
plete transmission phase at a broadband frequency from 8§ GHz
to 9.8 GHz. It is shown that the metasurface can also refract
a normally incident circular polarized wave to an angle at the
broadband frequency.

A~ 888
Unit 1= unit 8
(b)

8.6 GHz 8.9 GHz

9.4 GHz

9.8 GHz

Fig. 7. (color online) (a) One period of the metal-dielectric hybrid
metasurface. Simulated electric field distributions of the (b) focusing
and (c) vortex at different frequencies.m]

In addition, we demonstrate the flexibility and utility of

(c)

(b) 1.0 —

0.8-

0.6- . .
= —— Simulation
%) " !
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0.4-
(d)
0.2-
Simulation \
08 - - - Experiment \ z
<

2 06
=
£~
£ 04
2
=
- 024

0.0 : :

8 9 10 1 12

this present metal—dielectric metasurface to produce wavefo-
cusing and vortex beam. The simulated electric field distri-
butions of the wavefocusing are displayed in Fig. 7(b), which
presents that the metasurface can focus the transmission wave
tightly to a spot of the diameter of about 0.06A. Figure 7(c)
presents the electric field distributions of the vortex at various
frequencies, which shows that a clear vortex is observed.

3. Perfect absorbers
3.1. Perfect absorbers with dendritic cells

In our previous studies, we demonstrate dendritic-shaped
LHMs. Here we show that the dendritic structure can be used
to design perfect absorbers. 39142 The perfect absorbers are
composed of metal dendritic resonators, a dielectric substrate,
and a continuous metal copper film. Figure 8(a) shows a
single unit cell of our perfect absorbers.!'**) When an elec-
tromagnetic wave is normally incident on the absorbers, the
transmission is blocked off by the metal copper film. Thus,
only the reflection needs to concern. Figure 8(b) shows that the
measured absorptivity can be up to 95.5% at 10.26 GHz. Next,

© ® NO g H»p W N =

D~
-
o

3 X X A

R L\ xR\, \11
."‘ X X% " X ' 12
1211109876543 21

—‘ AbS
simulation

0.0 T T T T T
8 9 10 11

Frequency (GHz)

Fig. 8. (color online) (a) Unit cell of the perfect absorber, and (b) the reflection and absorption spectra.mg] (c) Prototype of the

broadband perfect absorber, and (d) the absorption spectrum. 1411
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we utilize dendritic structures with different sizes to enhance
the absorption bandwidth. As known, each dendritic unit has
a narrow bandwidth. In this case, we can design a broad-
band absorber consisting of 12 distinct dendritic unit cells
as shown in Fig. 8(c). The absorption spectrum is shown in
Fig. 8(d), which displays that a broadband absorption can be
achieved. 1411

3.2. Dendritic structure perfect absorber based on resis-
tance film

Compared to the broadband dendritic perfect absorber
shown in Section 3.1, we propose a much more lightweight
dendritic perfect absorber based on resistance film.[!*?) As
shown in Figs. 9(a) and 9(b), the perfect absorber consists
of three layers: copper film, polymethacrylimide (PMI) foam;
and dendritic structures etched by indium-tin oxide (ITO) con-
ductive film. Since surface resistivity structure is used instead
of metal structures, the perfect absorber has a low weight. The

experimental results are shown in Fig. 9(c), which presents
that absorption is over 80% at the range of 8—17 GHz. More-
over, this perfect absorber is not sensitive to the incident angle.

3.3. Broadband perfect absorbers with circular patch cells

Genetic algorithms or multilayer structures are often used
to design broadband metamaterial absorbers.[4%:143] However,
they are complicated and not easy to fabricate. In contrast
to the narrow-band absorbers,[3%1441 we propose an ultra-
thin broadband dendritic-based perfect absorber. Here we dis-
play another broadband perfect absorber as shown in Fig. 10,
consisting of multiple circular metallic patches and a metal-
lic ground plane separated by a single dielectric layer.[!43]
The absorption bandwidth can be broadened by increasing the
number of multiple circular unit cells. As compared with the
dendritic broadband perfect absorber, this perfect absorber has
a simple structure, easy fabrication, and low cost.

1.0

I
- .
SN TA
0.8 4 e
.
\I
c
g 0.6 4 —_—10°
g - =20
2 041 -30°
< - -+ 450
60°
0.2 e 700
0.0

2 4 6 8 10 12 14 16 18
Frequency/GHz

Fig. 9. (color online) (a) Unit cell of the perfect absorber based on resistance film, the parameters are shown as follows: @ = 1.8 mm,
b=2.6mm,w=1.2mm, 6 =45°, P=10 mm, » =3 mm, & = 1.4, and the surface resistance of the branch structure r = 40 Q/[].
(b) Fabricated sample of the lightweight perfect absorber, and (c) the absoption spectra for different incident angles. 4]

(c)

D ¢ ) ( ( \ (
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Fig. 10. (color online) Unit cell of the proposed absorbers: (a) sample 1, (b) sample 2, (c) sample 3, (d) sample 4, (e) sample 5, (f)

sample 6, and (g) sample 7. (h) Absorption spectra for the different samples. !

3.4. Discussion

We use multiple unit cells with different geometric pa-
rameters to realize broadband absorbers. Increasing the num-
bers of unit cells can broaden the frequency range when their
resonances are closely packed together, thereby resulting in a
broadband resonance. In addition, the proposed absorbers can

145]

operate at a wide range of incident angles under both trans-
verse electric and transverse magnetic polarizations. We pro-
pose a simple method to achieve broadband absorbers. Ac-
cording to the proposed theoretical model design method,
broadband metamaterial absorbers based on other unit cells

can also be obtained. The absorbers have potential applica-
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tions in explosive detection, as well as in thermal detectors,
cloaking, and other fields.

4. Novel microwave patch antennas

In this section, we present new novel microwave anten-
nas based on metamaterials including the following four kinds
of novel antennas: composite right/left-handed transmission
line (CRLH-TL) microstrip patch antennas, high-gain patch
antennas, steerable beam antennas, and circularly polarized
patch antennas. For CRLH-TL antennas, we have designed
low-cost and easy fabricated rectangular and circular patch an-
tennas by using epsilon-negative transmission line (ENG-TL),
respectively. The antennas can operate at two resonant fre-
quencies and broadband frequencies according to optimized
geometric parameters. Next, we present some high gain res-
onant cavity patch antennas. The gain of the patch antennas
is enhanced drastically as compared with conventional patch
antennas. And then, phased array antennas with a broadly
steerable beam are demonstrated. Interestingly, the proposed
phased array antennas have a much higher gain than conven-
tional phased array antennas at the low elevation angles. Fi-
nally, we show a circularly polarized patch antenna based on
chiral metamaterials. As known, a conventional method to
construct a CP antenna needs to produce two degenerate or-
thogonal modes with equal amplitude and 90° phase difference
on the radiating element. The feeding network complicates the
CP antenna design and fabrication. A simple method for real-
izing a CP antenna by using chiral metamaterials is provided.

(b) O =

5] < = >
) \ /

A-10 \

@ -154 vV

T 204 1

€ 1
-25 Vo —as
30 - =-A-l

Frequency (GHz)

-35 T r v v -
80 85 90 95 100 105 11.0

4.1. Microstrip patch antennas with CRLH-TL

CRLH-TL metamaterials have been originally demon-
strated in the groups of Ttoh, Oliner, and Eleftheriads, 146-147]
respectively. CRLH-TL metamaterials are artificial compos-
ites consisting of a conventional TL loaded with series capac-
itors and shunt inductors,!'*®) and present some novel elec-
tromagnetic properties such as backward-wave radiation,[!4°]
planar focusing,!"*! and infinite wavelength.!'3!! It is demon-
strated that CRLH-TL metamaterials can be used to de-
sign novel antennas.!'>>!133] Here, we summarize our pro-
posed several microwave patch antennas based on CRLH-TL

theory. [96-98,154]

4.1.1. Rectangular patch antenna based on ENG
FPOR

As one type CRLH-TL, ENG-TL has been implemented
by just removing the series capacitance of CRLH-TL, which
was first proposed by Lai and Park et al.!">3-11] We have de-
signed a low-cost and easy fabricated patch antenna by us-
ing ENG-TL. The proposed antenna is based on the ENG
first-positive-order resonator (FPOR) with mushroom unit

1611 Tn order to demonstrate the performances of the

cells.!
ENG FPOR antenna, a conventional rectangular patch antenna
A-1 is fabricated to compare with the FPOR antenna A-4, as
shown in Fig. 11(a). Figure 11(b) displays the antenna reflec-
tions, which shows that antenna A-1 resonates at 9.58 GHz
and A-4 works at 9.74 GHz. The measured far-field radiation
patterns are displayed in Fig. 11(c), which shows that the gain
of the ENG FPOR antenna is enhanced as compared with that

of the conventional patch antenna.

(c) *)

Fig. 11. (a) Fabricated antenna samples, (b) measured antenna reflections, and (c) far-field radiation patterns. 1]

4.1.2. Circular microstrip patch antennas based on
ENG ZOR

We have designed rectangular directional patch antenna
based on ENG first-positive-order resonator (FPOR).[!61]
Some works demonstrate that rectangular ENG zeroth-order
resonator (ZOR) antennas can realize omnidirectional radi-
ation pattern, which are implemented by using the infinite
wavelength property of the ENG-TL.[IPL1571601 Ope of the
most significant advantages is that the ENG ZOR antenna
size/gain is independent of the resonant frequency. However,
because the feed point is not at the center of the antenna, the

radiation pattern is asymmetrical.

We have designed circular ENG patch antennas based on
the ENG-TL.”®%7] The proposed antennas can demonstrate
the characteristics of a monopole-type radiation pattern for
dual-frequency.”®! Figure 12(a) shows a sectorial mushroom
unit-cell consisting of a sectorial patch with a grounded via
hole. By cascading the sectorial mushroom unit-cell N times
without gaps circularly periodically, a circular ENG ZOR
could be realized, as shown in Fig. 12(b). In this antenna, the
frequency of TM mode is not zero, but a finite value. Thus, it

can be used as an operation mode with a monopole-type radi-
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ation pattern. By matching the resistance, a higher mode can
also be excited, and consequently, a dual-frequency antenna
with monopole-type pattern can be achieved. We have de-
signed four antennas (DF6, DF8, DF10, and DF12) as shown
in Fig. 12(c).

Figure 13(a) shows the measured antenna reflections and
farfield radiation patterns. Each antenna presents the first res-

onant peak around 5.25 GHz, and the second resonant fre-
quency decreases with increasing N. All four antennas show
similar radiation patterns. Figure 13(b) presents the radiation
patterns of the antenna DF-8 as representative. Note that the

antenna shows monopole-type radiation pattern at the two res-

onant frequencies.

ground plane

DF-6 DF-8 DF-10 DF-12

7, (mm) 13.00 15.20 16.83 18.10

7, (mm) 25.00 27.20 28.83 30.10

7, (mm) 8.80 10.55 11.70 12.55
7, (mm) 0.40 0.40 0.40 0.40
I; (mm) 5.45 4.80 4.70 4.55
6 (deg.) 60 45 36 30
N 6 8 10 12

()

Fig. 12. (a) Configuration of a sectorial mushroom unit-cell, (b) circular ENG patch antenna, and (c) fabricated antennas DF-6, DF8, DF10, DF 12.19]

o
&
@ 30 {—pFe
- = DF-8
40 {- - - DF-10
= - =DF-12
-50 T - : :
4 5 6 7 8 9
Frequency (GHz)

(a)

180 180

x-z plane x-z plane
== = y-z plane = = y-z plane
= = =x-yplane = = =x-yplane
5.225GHz (b) 7.175GHz

Fig. 13. (color online) Measured antenna (a) reflections and (b) far-field radiation patterns.[%]

4.2. High-gain patch antennas
4.2.1. High-gain microstrip patch antenna with NPM

Microstrip patch antennas have the outstanding proper-
ties of low-profile and light-weight. It is shown that microstrip
patch antennas are suitable for lots of applications. However,
microstrip patch antennas also have some limitations of lower
gain and narrow bandwidth. Metamaterials pave a new way to
improve the performances of microstrip patch antennas.

We have designed a high-gain patch antenna by using
anisotropic negative permeability metasurface (NPM).!87! Fig-
ure 14(a) schematically illustrates the radiation principle of the

proposed antenna with anisotropic NPM cover. When the elec-
tromagnetic wave is incidence onto the NPM cover, the side-
ward radiation will be reduced and forward radiation can be
enhanced, therefore the antenna gain is improved. The pho-
tographs of the conventional antenna and the NPM cover an-
tenna are given in Fig. 14(b). Figure 14(c) presents the mea-
sured antenna reflections, which shows that the two antennas
operate around 10 GHz. The measured far-field radiation pat-
terns displayed in Fig. 14(d) show that the radiation of the
NPM antenna is indeed focused to the forward direction and

the antenna gain is enhanced drastically.
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z
(a) Vo
| 1 1 1 1 '
i I i i I i i l i * ¥
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T
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-354

Frequency(GHz)
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— = conventional antenna

E plane
——— NPM cover antenna
— = conventional antenna

Fig. 14. (a) Radiation principle of the NPM cover antenna, (b) photographs of the fabricated antennas, (c) measured antenna reflections

and (d) far-field radiation patterns.[m

4.2.2. Ultrathin and high-gain resonant cavity antenna

Compared with NPM cover antenna as shown in Sub-
section 4.2.1, the much more ultrathin and high-gain resonant
cavity antenna is presented. The antenna consists of the con-
ventional single microstrip patch antenna and partially reflec-
tive surface (PRS), as shown in Figs. 15(a)-15(d).38] Reso-
nance condition of the antenna can be expressed as

A A
h+d\/e; = (Pprs + Opc) H‘FN?
It is shown that a significantly thin cavity thickness

0.5 mm) is achieved for gprg = —135°.

top side

(e) o1
5]
~10+4
—154
—920-
_925
—30-

—35 T T
8.0 8.5 9.0 9.5

Frequency/GHz

S11/dB

Figures 15(e) and 15(f) show the antenna reflections and
far-field radiation patterns, respectively. Antenna reflection
curves show that the antenna resonates at 8.774 GHz. No-
tably, there are another two reflection peaks at 8.92 GHz and
9.13 GHz. However, from antenna point of view, the modes at
the higher frequencies are not interesting, because they present
multiple lobes in the radiation patterns. The measured maxi-
mum gain can be upto 13.2 dB at 8.774 GHz, which is much
higher than that of the conventional microstrip patch antenna
without PRS.

Square Unit

0

v

\
[ 1 5 ]
3 h=0.5mm = 1/70) N \_Ring
L

A ]
\Ground

Patch antenna

(d)

180
—— E plane
— — H plane

Fig. 15. (a) Unit cell of PRS, and (b) the fabricated PRS sample. (c) Photograph and (d) the schematic view of the proposed antenna.

(e) Antenna reflection curves and (f) measured far-field radiation patterns.

[88]
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4.3. Phased array antennas with a steerable beam

It is shown that metamaterials have been used to real-
ize beam-steerable antennas.['®-1671 For instance, Chen et
al.''%?1 theoretically analyzed that a controllable LHM could
be used to realize a steerable antenna, with scanning capabil-
ity in the range of +40°. Dhouibi et al.!'%3! proposed a planar
metamaterial-based beam-scanning broadband microwave an-
tenna, achieving beam-scanning with a coverage up to 120°.
Pacheco er al.!'%¥ designed an all-metallic steerable beam an-
tenna using epsilon-near-zero metamaterials, with the antenna
In this
section, we demonstrate phased array antennas based on zero
index metamaterials (ZIMs) and gradient phase discontinuity

gain scan loss below 3 dB for angles up to £15°.

metasurfaces.

4.3.1. Wide scanning phased array antenna based on
NZIMs

Near-zero-index metamaterials (NZIMs), as another type

of metamaterials, have also become a vigorous topic of sci-

entific research. We have designed broadband impedance-

matched near-zero index metamaterials (BIMZIMs) consisting

of a cylindrical dielectric resonator with a high-permittivity
material and a thin metallic copper rod through the center of
the cylindrical resonator, as displayed in Fig. 16(a). Retrieved
index n, impedance z, permeability (, and permittivity € are
displayed in Fig. 16(b), which shows that the real part of the
index, Re(n), is near-zero over a broadband frequency range
of 8.45-10.5 GHz and Re(n) equals to zero at 9 GHz.

It is demonstrated that the BIMZIMs have very interest-
ing wave-manipulating properties at the frequencies where the
refractive index is negative near-zero, zero, and positive near-
zero. Based on the unique controlling wave characteristics,
we propose a method for controlling the radiation of a phased
array antenna by using the NZIMs.[??! For phased arrays, the
grating lobes attain full amplitude when the critical scanning
angle!'% is By = sin™! (% —1). If one can make metama-
terials with |n| less than 1, the critical scanning angle 6. will
be enhanced and grating lobes will be forbidden. We have
constructed a phased array antenna with 11 antenna elements.
As shown in Figs. 16(c)-16(f), the antenna grating lobe disap-
pears as the BIMZIMs lens with |n| less than 1 is used.

T v [NEREEARE
3 Ak
@ = |
10— —====s 0 gz SR
10 units¢ 34 € e m(n)
0.8 —
5 6 ; — e Im(z)
2 0.6 6 -
5 [ : | / i\
2044 ! H
E “‘ H ol L. B—
°2 3 e
i 7 —Refg)
0.0 v/ : , s ' | o
7 8 9 10 1 7 8 9 10 ‘-)—11
Frequency(GHz) Frequency(GHz) e —

Fig. 16. (color online) (a) Transmission coefficients and (b) the retrieved index n, impedance z, permeability 1, and permittivity €. Simulated electric
field intensity distributions for (c) the phased array antenna without the BIMZIMs lens, and (d)—(f) the phased array antenna with the BIMZIMs lens

operating at (d) 8.6 GHz with index of negative near-zero, (¢) 9 GHz with n = 0, and (f) 10 GHz with index of positive near-zero.!

4.3.2. Broadly steerable beam antenna based on meta-
surface

We have demonstrated that NZIMs can offer unique grat-
ing conditions in a phased array antenna, with the beam scan-
ning angle range beyond the critical angle limit of the grat-
ing lobes. Unlike the previously studied steerable beam an-
tenna, we have designed a novel phased array antenna with a
broadly steerable beam by using a gradient phase discontinuity
metasurface. !

The designed metasurface shown in Figs. 17(a) and 17(b)
can realize a gradient transmission phase and can refract the
45°.
As shown in Fig. 17(c), as a five-element equally spaced array

incident plane electromagnetic wave at an angle of 6, =

has a zero progressive phase shift between elements, the beam

92]

direction is 0°. The maximum scanning angle is 6, when the
array has an appropriate progressive phase shift between ele-
ments. For realizing a broadly steerable beam, the metasur-
face lens refracting electromagnetic wave to a certain angle 6;
is employed to the array. As presented in Fig. 17(d), when
covered with the metasurface lens, the array has a beam cen-
tered at 6, and the maximum scanning angle would be 6; + 6y,.
Figure 17(e) presents the antenna far-field radiation patterns,
which shows that the main beam is 0° and 45° for the conven-
tional phased antenna and the metasurface phased array an-
tenna, respectively. The results show that the antenna main
beam can be steered drastically. In addition, the proposed ar-
ray antenna has a much higher gain than conventional phased
array antennas at the low elevation angles.
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(a) (b)

(c)

180
-.— Without metasurface lens (Mea.)
—— With metaurface lens (Mea.)
- - - Without metasurface lens (Sim.)
— With metaurface lens (Sim.)

Fig. 17. (color online) (a) One period of metasurface, (b) fabricated metasurface lens, (c) conventional phased array antenna, (d)
phased array antenna with the metasurface lens, and (e) far-field radiation patterns of the phased array antennas.’!

4.4. Circularly polarized patch antenna with CMs sion. Based on these properties, novel microwave devices have
Chiral metamaterials have attracted great interests be-  been designed and fabricated. We propose an ultrathin control-
cause of the unique properties of the negative refraction index, ~ lable CM. Based on the polarization property of the proposed
optical activity, circular dichroism, and asymmetric transmis- CM, a CP patch antenna is constructed.!>%->7]
@ (a) (b) ; :g : —— (c)
11 l@ 2 0.8} u
...... ]S ﬂ%« 2 o7l :
""" : 2 osl
H g = [ 1
niﬂwﬂijgﬁaﬁv niﬂ@ ) gi_ 1 .
i @ ‘”\‘)‘ 0.3} I i
4 5 6 7 8
Frequency(GHz)

-204
.20.
- - - Antenna without CM -104
251 —— Antenna with CM o
30 35 40 45 50 55 6.0
Frequency(GHz) 10°
(d)

Fig. 18. (color online) (a) Unit cell of the proposed LCP CM. (b) Transmission of the proposed LCP CM. (c) Fabricated LP patch
antenna and the LCP patch antenna. (d) Measured antenna reflections, and (e) far-field radiation pattems.[56]

Figure 18(a) shows a unit cell of the LCP CM consist-  respectively. It shows that 7__ is prominent and 77 ; is lit-
ing of four zones.’®! The simulated transmission spectra (T, tle at 6.07 GHz. Based on the polarization characteristic of
and 7__) of the CM are depicted in Fig. 18(b), where T, the proposed CM, a LCP patch antenna can be implemented,
and 7__ represent transmission of the RCP and LCP waves, as shown in Fig. 18(c). Figures 18(d) and 18(e) present the
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measured antenna reflections and far-field radiation patterns,
which show that as the LCP CM is used, the measured an-
tenna LCP gain is much higher than that of RCP. The result
indicates that the antenna polarization mode is changed from
LP mode to LCP mode. It can be expected that CMs will ex-
ploit an avenue for designing CP antennas.

5. Conclusion and outlook

In conclusion, we summarize several representative meta-
materials and metasurfaces, which are designed by our group,
such as LHMs, CMs, and gradient phase discontinuity meta-
surfaces. As compared with three-dimensional bulk metama-
terials, metasurfaces have a reduced dimension and provide
us new degrees of freedom to control the phase, amplitude,
and polarization. Therefore, metasurfaces are more suitable
for designing new microwave metadevices. With the unique
properties of the metamaterials and metasurfaces, some inter-
esting applications including broadband perfect absorbers and
novel microwave antennas are presented in this paper.

Until now, several types of metasurfaces including multi-

resonance metasurface,>1%]  Pancharatnam—Berry-phase

65,171,172

metasurface,”>16%1701 Huygens’ metasurface,! I and

all-dielectric metasurface!71-76:173-176]

are proposed and in-
vestigated extensively.[!””) Each metasurface has different
advantages and limitations. Multi-resonance metasurface is
proposed firstly, such as the well-known metasurface consist-
ing of V-shaped antennas.®! Since ordinary and anomalous
reflection/refraction coexist in this kind of metasurface, the ef-
ficiency of this metasurface is very low. Pancharatham—Berry-
phase metasurface is also known as geometric phase meta-
surface. A complete phase can be achieved easily by varying
the orientation angle of the unit cell. Therefore, this kind of
metasurface can be designed and fabricated easily. However,
this type of metasurface has a limitation to circularly polarized
light operation. As compared to the above two metasurfaces,
Huygens’ metasurface based on the surface equivalence prin-
ciple has a very high transmission efficiency in the microwave
frequency. But the Huygens’ metasurface has a big volume
since it consists of multi-layered unit cells.[®) In addition,
the Huygens’ metasurface in optical regime still has a low
efficiency due to weak magnetic response of natural materials
and metallic loss in this high frequency band.!'”? In order to
enhance the efficiency in optical regime, all-dielectric meta-
surface composed of high refractive-index dielectric nanopar-

[173-176] However, the material choice

ticles has been proposed.
of all-dielectric metasurface is few.!!””) Besides the design and
fabrication of metasurfaces, metasurfaces-based devices have
also constantly being proposed in recent years. Although great
progress has been made in metasurfaces, a broadband meta-

surface with high efficiency and tunable is still a challenge.

Because of the peculiar behavior of metasurfaces, metasur-
faces will remain a research hotspot in the scientific field in
the next few years.
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