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Abstract. This paper presents a review of metasurface-based antennas conducted at the Microwave
Communication Laboratory (MCL) of Ajou University in the Republic of Korea. In this paper, profile
miniaturization, bandwidth enhancement, multiband operation, and radiation pattern control of metasurface-
based antennas are considered. The paper first presents metasurface-based antennas implemented by placing
various radiators on top of the metasurface. It then presents antennas implemented by placing the radiators
below the metasurface with and without the ground plane. Metasurface-based antennas are not only able to
achieve high efficiency with a low profile but they are also able to generate extra resonances from themetasurface
structures, which significantly enhances the overall performance of the antennas. These additional resonances
were utilized in multiband and/or wideband operations. In addition, the design of a planar compact wide-gain-
bandwidth metasurface-based antenna and its radiation characteristics are presented at a terahertz (THz)
frequency range. The THz antennas were designed withmetasurfaces and a planar leaky-wave feeding structure.
Finally, the outlook on future research at the MCL for antenna-related work and their applications using
metasurfaces is provided.
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1 Introduction

The electromagnetic properties of materials can be
classified into four types: double positive (DPS), epsilon
negative (ENG), mu negative (MNG), and double
negative (DNG)� depending on the values of permittivity
and permeability [1]. Dielectrics, magnetic materials, and
plasmas are materials that exist in nature with DPS,
MNG, and ENG values, respectively. A material that has
negative permittivity and permeability � that is, a
material that has a negative refractive index (DNG) � is
defined as a metamaterial that typically does not exist in
nature and can only be implemented through artificial
processing [2]. In 1968, Veselago published the first study
on the properties of materials with negative permittivity
and permeability simultaneously [3]. These materials are
called left-handed materials (LHM) because they have the
characteristic of electromagnetic waves that the group
velocity and the phase velocity are reversed and propagate
in the opposite direction. In 1999, Pendry published a
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study on the implementation of a medium with negative
permeability using split ring resonators (SRRs) [4]. In
2000, Schultz and coworkers experimentally demonstrat-
ed the properties of materials with a negative refractive
index using periodically implemented metal lines and
SRRs [5,6]. Since then, many studies have been under-
taken that have obtained excellent results. The history
and development of metamaterials are well documented in
reference [7]. However, materials with a negative refrac-
tive index have a narrow bandwidth, high dispersion, and
anisotropy characteristics, and they are very difficult to
implement and apply in real applications because of their
high loss.

In addition to DNG materials, researchers are
studying metamaterials with other extreme values [8],
such as zero-index materials (ZIM), epsilon near zero
(ENZ), mu near zero (MNZ), and perfect magnetic
conductors (PMC). Permittivity and permeability can be
implemented with a positive value for these materials,
thereby facilitating fabrication and practical applica-
tions. In particular, in 1999, Sievenpiper et al. imple-
mented a PMC with the high-impedance surface (HIS) of
a periodic mushroom structure composed of patches and
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Fig. 1. Surface waves propagating on the metasurface-based
antenna: The driven radiator is placed (a) above the metasurface
structure and (b) sandwiched between the metasurface and the
ground plane.
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vias [9]. Since then, several structures have been found
that have properties similar to this HIS structure,
namely, reactive impedance surfaces and electromagnet-
ic bandgap (EBG) structures; these structures are
generally referred to as artificial magnetic conductors
(AMC). Thus, many metamaterials can be defined as
materials in new or artificial structures that have been
designed to have properties that are not present or
difficult to obtain in nature. Unlike perfect electric
conductor (PEC), AMCs have characteristics whereby
phase change does not occur when the electromagnetic
wave is vertically incident and reflected. The current
flowing in the conductor on the AMC is in the same
direction as the imaging current formed in the AMC.
Such a physical phenomenon can improve the antenna
characteristics due to constructive interference, even
when the antenna is positioned very close to the AMC,
which can be very useful for the miniaturization of the
antenna and improvement of its characteristics [10]. An
AMC structure that has recently attracted attention is a
metasurface structure that implements AMC character-
istics through a periodic surface that consists of a single
layer [11]. The metasurface structure is realized in two
dimensions and thus requires a small physical space; this
is in contrast to general metamaterials, which have a
three-dimensional structure. These properties open the
door to the development of new theory and applications
[12], and many excellent review articles on the funda-
mentals and applications of metasurfaces can be found
[13–22]. Because AMCs are typically constructed in a
two-dimensional structure and they are included in a
subset of metasurfaces [14], these AMCs are termed as
the metasurface throughout this paper.

A metasurface, which is a two-dimensional equivalent
of a metamaterial, is essentially a surface distribution
of electrically small scatterers that can manipulate and
control electromagnetic waves [11,14,20–22]. The func-
tionality of the metasurfaces is governed by the
specific geometrical shape of the scatterers that are
fabricated on the dielectric substrate [23]. Metasurfaces
can provide the novel characteristics of an ultra-low
profile and enhanced performance in gain, radiation
pattern, and bandwidth [24,25]. These metasurfaces have
many other inherent advantages, such as low cost, low
mass, extreme flatness, and easy fabrication, which have
led to metasurface research expanding from microwave
to optical frequencies [11], and many extraordinary
properties of metasurface antennas have been demon-
strated [26–29]. In this paper, an attempt is made to
review some of the applications of antennas designed
using metasurfaces at the Microwave Communication
Laboratory (MCL) of Ajou University. One major
concern regarding antennas that use a metasurface is
the existence, due to the presence of a finite-size
metasurface structure, of resonances that are additional
to the conventional resonance created in the main
radiating element. Based on the characteristics, various
metasurface-based low-profile antennas that perform
much better than conventional antennas were designed
and investigated.
2 Cavity model for surface wave resonances

Any primary radiation elements, such as horizontal dipoles
and microstrip patch antennas, that are based on a finite-
sized metasurface structure yield extra resonances for
the radiation structures [30,31]. These extra resonances
are caused by surface waves propagating on the metasur-
face structure, as shown in Figure 1. The driven radiator
can be placed above the metasurface structure or
sandwiched between the metasurface and the ground
plane. At resonances, the total length of the metasurface
structure is equal to the resonant length for a given surface
wave that travels along the metasurface. Therefore, for
an antenna structure, different waves generate different
additional resonances. A detailed description of the cavity
model for the surface wave resonances can be found in
references [32,33].

By considering the finite-sized metasurface structures
as a cavity, the surface wave resonances on a finite
metasurface-based antenna can be qualitatively deter-
mined by the following equation:

bSW � LMS ¼ p; ð1Þ
where bSW represents the propagation constant of the
surface wave resonances, and LMS is the total length of the
metasurface structure given by

LMS ¼ N � P ; ð2Þ
where N represents the number of cells, and P is the
periodicity of the metasurface. Inserting equation (2) into
equation (1), we have

bSW ¼ p

N � P
: ð3Þ



Fig. 2. Geometry of the general metasurface structure: (a) side
view and (b) top view. The metasurface structure periodically
arranged with square metal patches on a grounded substrate. Its
periodicity is P and the size of the metallic patch is Wp.

Fig. 3. Simulation results for the metasurface structure:
(a) reflection phase and (b) dispersion diagram.
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It was shown in reference [9] that the propagating
constant of the surface waves traveling and decaying away
from the metasurface is related to the decay constant (a)
and the frequency (v) by the following expression:

bSW ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2v2 þ a2

p
: ð4Þ

The propagation constant for the transverse magnetic
(TM) and transverse electric (TE) waves can be expressed,
respectively, as follows:

bTM ¼ v

c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� Z2

s

h2

s
; ð5Þ

bTE ¼ v

c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� h2

Z2
s

s
; ð6Þ

where bTM and bTE represent the propagation constant of
the TMandTEwaves, respectively, c is the speed of light in
a vacuum, h is the intrinsic impedance, and Zs is the surface
impedance of the metasurface structure.

Figure 2 shows the metasurface structure, which is
periodically arranged with square metal patches on a
grounded substrate. Its periodicity is P, and the size of the
metallic patch isWp. As an example of the prediction of the
surface wave resonances, RO4003 (Rogers Corporation)
was chosen as the substrate for the metasurface structure
with a relative permittivity of 3.38, a loss tangent of 0.0027
and a thickness of hMS=4.064mm. Other design param-
eters are P=15mm and Wp= 14.4mm.

A simple model based on a simulation of the scattering
parameters of a single-port air-filled waveguide with two
PEC and two PMC walls was used to simulate the design,
as shown in the inset of Figure 3a [34]. The reflection phase
of the metasurface was calculated, as illustrated in
Figure 3a. The resonance frequency for the 0° reflection
phase was 2.91GHz, and the ±90° reflection phase
bandwidth was 2.57–3.29GHz. Dispersion diagrams of
the metasurface structure were obtained with linked
boundary conditions using an ANSYS high-frequency



Fig. 4. Basic geometry of the antenna with a radiator over a
metasurface structure.

Fig. 5. Geometry of the low-profile CP crossed dipole on the
metasurface for dual-band operation: (a) top view of the
metasurface-integrated antenna and (b) top view of the single-
band arrowhead-shaped crossed-dipole radiator.
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structure simulator [35] and are illustrated in Figure 3b.
The first three eigenmodes were calculated and are
presented in Figure 3b. The first eigenmode is the TM
waves, the second eigenmode is the TEwaves, and the third
eigenmode is the higher order waves. The resonances were
obtained graphically, with the intersection between the
dispersion curves and the vertical lines representing the
quantity on the right side of equation (1). It was shown that
the surface wave resonances on a metasurface-based
antenna are mainly determined by the size of the
metasurface structure. With the chosen metasurface
structure, the dispersion curves for the TM and TE waves
are relatively close within the frequency range of interest.
Thus, in some cases, there was some overlapping in the
resonances generated by these two waves [33].

3 Application of metasurfaces in antenna
design

3.1 Antennas with radiators above the metasurface

The main problem associated with a planar antenna
positioned above a metallic reflector is that a quarter-
wavelength space is required between the radiating
elements and the metallic reflector to obtain optimal
antenna characteristics. To overcome this problem, a
metasurface can be used instead of a metallic reflector as
shown in Figure 4. The metasurface, which generally
consists of a lattice of metal plates on a grounded dielectric
substrate, can mimic a PMC over a certain frequency band
[36,37]. Consequently, the metasurface allows close
placement of the antenna with good impedance matching
and a unidirectional radiation pattern. By combining
various types of radiators and metasurface structures, low-
profile multiband or wideband antennas with good antenna
performance characteristics can be implemented. More
interestingly, surface waves propagating on the metasur-
face structure are excited and generate extra resonances
for the radiating system. It was shown that these extra
resonances could be favorably used to enhance the band-
width of the antenna. Various designs of antennas using
theses extra resonances are reviewed in this section.

3.1.1 Dual-band antenna with a single-band CP radiator
over metasurface structure

Adual-band circularly polarized (CP) antenna by placing a
single-band CP crossed-dipole radiator on a finite metasur-
face structure was presented in reference [38]. Dual-band
operation was obtained by utilizing the original band of the
crossed dipole radiator and the first extra resonance caused
by the surface waves propagating on the finite metasurface
structure; the original band is the lower one, while the
additional band is the upper one, which is mainly
controlled by the size of the metasurface structure. The
dual-band antenna configuration is shown in Figure 5. It
consists of a compact arrowhead-shaped crossed dipole [39]
above a 5� 5 metasurface. The antenna was optimized for
the GPS L1/L2 bands with low-profile, broadband
characteristics and excellent CP radiation. The final
design, with an overall size of 85� 85� 11.493 mm3

(approximately 0.3485� 0.3485� 0.047l3o at 1.23GHz),
yields a measured �10 dB impedance bandwidth of



Fig. 6. Geometry of the crossed trident-shaped dipole element
over a metasurface structure for multi-band operation: (a) top
view of the metasurface-integrated antenna and (b) top view of a
trident arm with a vacant-quarter printed ring.
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1.202–1.706GHz and the 3-dB axial ratio (AR) bandwidths
of 1.205–1.240GHz and 1.530–1.625GHz. The proposed
antenna exhibits right-hand circular polarization (RHCP)
in both bands and yielded gains of 5.60 and 5.31 dBic and
radiation efficiencies of 95.0 and 96.5% at the GPS L1/L2
bands, respectively. Based on the proposed design method,
the antenna volume can be significantly decreased by using
high-permittivity materials for the metasurface substrate.
This was also demonstrated in reference [38] with a dual-
band design that used er = 20.

3.1.2 Multiband antenna with multibranch CP radiator
over metasurface structure

Several wireless communication systems use multiple
frequency bands that have a large frequency ratio to
improve throughput [40]. For example,WLAN uses a lower
frequency band of 2.4–2.485GHz for the IEEE 802.11b/g
standard and two upper frequency bands of 5.150–5.350
and 5.725–5.875GHz for the IEEE 802.11a standard. The
basic crossed multibranch dipole with a single-feed
structure can be easily modified for use in these systems.
As an example, a crossed trident-shaped dipole was
optimized to have CP radiation at the 2.4, 5.2, and
5.8GHz WLAN bands [41]. As shown in Figure 6, the
triband-crossed dipoles are backed by a finite metasurface
structure to achieve low-profile, broadband characteristics
and a unidirectional radiation pattern at three bands. The
metasurface structure was designed to act as a PMC over
the 2.4GHz band while performing like a PEC over the 5.2
and 5.8GHz bands. In addition, the extra resonance
generated by the surface waves propagating on the
metasurface structure was properly utilized to produce
an improvement of the 3-dB AR bandwidth at the 2.4GHz
band. The fabricated prototype has an overall size of
approximately 0.576� 0.576� 0.14l3o (lo is the free space
wavelength at 2.4GHz). At 2.4GHz, it has a �10 dB
impedance bandwidth of 2.21–2.62GHz, 5.02–5.44GHz,
and 5.62–5.96GHz, and a 3-dB AR bandwidth of 2.34–
2.58GHz, 5.14–5.38GHz, and 5.72–5.88GHz. In addition,
the antenna system has a unidirectional RHCP radiation
pattern, high radiation efficiency, and stable operation over
all three bands.

3.1.3 Dual-band antenna over dual-band metasurface
structure

A novel miniaturized dual-band metasurface structure was
utilized for dual-band operation. A metasurface unit cell
that employs four slots in the metallic patch was used to
achieve miniaturization as well as easy control of the
second/first resonant frequency ratio by simply changing
the slot shape for a given metallic patch size [42,43]. A
dual-band metasurface structure was employed as a
reflector to achieve a low profile and broadband character-
istics for dual-band operation with a large frequency ratio
[42]. Figure 7 shows the geometry of a single-feed low-
profile dual-band crossed asymmetric dipole antenna. The
radiator was designed to produce CP radiation at the 2.4
and 5.2GHz bands. To match the operating frequencies of
the radiator, the first and second resonances of the
metasurface structure were adjusted by using four T-
shaped slits in each of the unit-cell patches, as shown in
Figure 7c. More importantly, the extra resonances caused
by the surface waves on the finite metasurface structure
were generated and were consequently utilized to improve
the 3-dB AR bandwidths at both bands. The final design,
with an overall size of 0.5760� 0.576� 0.088l3o at 2.4GHz,
results in a �10 dB impedance bandwidths of 2.20–
2.60GHz and 4.90–5.50GHz, and 3-dB AR bandwidths
of 2.30–2.50GHz and 5.05–5.35GHz, as well as a highly
efficient unidirectional radiation pattern. This antenna is a
good candidate for dual-band wireless communications,
such as WLAN, RFID, and WiMAX applications.

Another dual-band antenna composed of a wideband
planar monopole horizontally suspended over the dual-
band metasurface structure was designed and tested [43].
The measurements resulted in a good matching condition
for the dual-band antenna. Both PEC and PMC surfaces
are known to have a strong coupling with the antennas
above them [37]. When the antenna is placed in close
proximity and parallel to a PEC, its impedance matching is
rather difficult. In contrast, the impedance matching of an
antenna in close proximity to a PMC appears to be easier.
Accordingly, the antenna system was designed to prove



Fig. 7. Geometry of the dual-band antenna over the dual-band
metasurface structure: (a) top view of a crossed asymmetric
dipole radiator, (b) unit-cell of the dual-band metasurface
structure, and (c) photograph of the fabricated antenna.

Fig. 8. Geometry of the dual-band antenna over the dual-band
metasurface structure: (a) side view of the antenna, (b) top view
of an ultra-wideband monopole, and (c) photograph of the
fabricated antenna.
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that the proposed metasurface structure worked as a PMC
at the resonance frequencies. We confirmed the features of
the proposed metasurface structure shown in Figure 8 by
designing, fabricating, and measuring a dual-band anten-
na. A 10� 10 cell array was chosen to form a metasurface
structure with an overall size of 100� 100� 1.27 mm3. A
wideband monopole antenna was suspended 6mm above
the metasurface using Rohacell structural foam having
er = 1.07 and tand=0.0006. Awidebandmonopole that was
fed by a 50Vmicrostrip line was fabricated on both sides of
an RT/Duroid 5880 substrate having er = 2.2, tan
d=0.0009, and thickness= 0.7874mm. The final design,
with an overall size of 0.8� 0.8� 0.06l3o at 2.4GHz, yielded
measured impedance bandwidths of 2.37–2.59GHz and



Fig. 9. Geometry of a crossed triangular bowtie dipole antenna
over a metasurface structure for a wideband CP operation.

Fig. 10. Geometry of a crossed triangular bowtie with a barb-
shaped dipole antenna over a metasurface structure for dual
wideband CP operation.

I. Park: EPJ Appl. Metamat. 5, 11 (2018) 7
4.28–5.62GHz, while the simulated impedance bandwidths
were 2.40–2.58GHz and 4.37–5.50GHz. The first and
second bands of the antenna system verified the dual-band
capability of the proposed metasurface structure. The
impedance bandwidth became narrower after loading
the antenna over the metasurface because the impedance
bandwidth of the antenna system depended on the
operation bandwidth of the metasurface structure.

3.1.4 Wideband antenna on a metasurface structure

A wideband CP antenna with a metasurface structure was
presented in references [44,45] based on design principle
that was similar to those described in the first two
previous design examples. The primary radiation elements
are composed of two bowtie dipoles that are arranged
orthogonally through double-printed rings to allow easy
impedance matching and produce good CP radiation, as
shown in Figure 9. Planar periodic square metallic plates,
which behave as a metasurface structure when placed on a
grounded dielectric substrate, are incorporated with
crossed bowtie dipoles to achieve the desired unidirec-
tional radiation, a low profile, and wideband features. The
final design, with an overall size of 0.75� 0.75� 0.11l3o (lo
is the free space wavelength at 5GHz), resulted in a
measured �10 dB impedance bandwidth of 54.2%
(4.3–7.5GHz) and a 3-dB axial ratio bandwidth of
33.3% (5–7GHz). The antenna yields an RHCP and
broadside gain of approximately 7.9 dBic across the CP
operating bandwidth.

A dual-wideband CP antenna was also presented
based on the strategy of combining multimode resonances
[45]. The primary radiators were two barb-shaped dipoles
and two bowtie dipoles printed on the same substrate as
shown in Figure 10. They were placed over a metasurface
for the purpose of low-profile wideband antenna design.
Dual-wideband operation can be achieved by properly
combining the fundamental mode of the barb-shaped
dipole, the bowtie mode, the slot mode, the second mode of
a barb-shaped dipole, and the extra resonance generated
by the metasurface structure. The metasurface structure
was designed to act as a PMC over the lower band and
perform like a PEC over the upper bands, as in the case of
reference [41]. The metasurface consisted of 6� 6 square
unit cells, which were printed periodically on a 72�
72 mm2, 3.175mm thick Cer-10 substrate with a dielectric
constant of 10.2 and a loss tangent of 0.0035. The final
design, with an overall size of 0.64� 0.64� 0.16 l3o at
2.4GHz, had a measured impedance bandwidth of 40%
(2–3GHz) and 49.5% (3.8–6.3GHz) for the lower band
and upper bands, respectively. The measured 3-dB AR
bandwidths were 19.3% (2.25–2.73GHz) and 33.8%
(4.3–6.05GHz) for the lower band and upper bands,
respectively. The antenna performed an average gain of
about 6.6 dBic across the low CP region and 7.4 dBic
across the high CP region.
3.2 Antennas with radiators embedded within the
metasurface structure

Most of the antennas investigated above have a relatively
large antenna height because their radiating elements are
placed above the metasurface structure. Recently, anten-
nas composed of radiators underneath the metasurface
have received much attention owing to their short antenna
height, broad bandwidth, high efficiency, polarization
conversion, and reconfigurable polarization [46–51]. In this
section, antennas with radiators placed between the
metasurface and the ground plane are presented.



Fig. 11. Geometry of the antenna: (a) side view and (b) top view.
The driven patch is sandwiched between a metasurface and the
ground plane. An extended strip with the dimensions Wf�Lf is
added to the driven patch to improve impedance matching.
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3.2.1 Single-feed CP patch antenna

A low-profile single-feed CP patch antenna using a
metasurface is presented for broadband operation in
reference [52]. Figure 11 illustrates the geometry of the
antenna, which is composed of a driven patch sandwiched
between the metasurface and the ground plane. The driven
patch is a truncated corner square patch with the
dimensions Wp�Wp and a truncation of Lc. An extended
strip with the dimensions Wf�Lf is added into the driven
patch to improve the impedance matching. The antenna
comprises a truncated corner square patch sandwiched
between a lattice of 4� 4 periodic metal plates and the
ground plane. Surface waves propagating on the metasur-
face are excited. This phenomenon generates additional
resonances and minimum AR points for the radiating
structure, consequently broadening the impedance and AR
bandwidths of the antenna. The final prototype, with an
overall size of 32� 32� 3 mm3 (0.58� 0.58� 0.056l3o at
5.5GHz), was fabricated and tested. The measurements
resulted in a �10 dB impedance bandwidth of 4.70–
7.48GHz (45.6%), and a 3-dB AR bandwidth of 4.9–
6.2GHz (23.4%). In addition, the antenna yielded good
broadside RHCP radiation with a small gain variation
(7.0–7.6 dBic) and a high radiation efficiency (>90%)
within the operational bandwidth. The presented antenna
has many advantages, including a low profile, broad
impedance-matching and 3-dB AR bandwidths, a stable
radiation pattern, high gain, and high radiation efficiency.

3.2.2 CP patch antenna loaded with a solar cell
metasurface

Antennas integrated with solar cells have received much
attention along with the rapid development of autonomous
communication systems because such a combination could
save valuable installation area and reduce design costs. The
primary challenge is that the antennas should not block the
solar cells from sunlight, and the effectiveness of antennas
should not be reduced by the presence of the solar cells. A
CP patch antenna loaded with a metasurface, which was
realized with a lattice of 4� 4 square solar cells, was
presented in reference [53] to meet those requirements.
Figure 12 shows the geometry of the solar cell metasurface-
integrated antenna. The antenna was composed of a slotted
circular patch sandwiched between the metasurface and
the ground plane. This arrangement not only allows for the
total exposure of the solar cells to sunlight but also
improves antenna performance greatly. The final design,
with an overall size of 40� 40� 3.5 mm3 (0.87�
0.87� 0.076l3o at 6.5GHz), yields a �10 dB impedance
bandwidth of 6.08–7.29GHz and 3-dB AR bandwidth of
6.0–7.05GHz. The antenna yields good broadside RHCP
radiation with a peak gain of 9.0 dBic and high radiation
efficiency of>90% across its 3-dBAR bandwidth.With the
promising features of no shading, a planar structure, broad
impedance and CP radiation bandwidths, high gain, and
high radiation efficiency, the proposed antenna is a good
candidate for autonomous communication systems, as well
as CubeSat applications.
3.2.3 Wideband metasurface-based CP array antenna

A compact wideband CP antenna array, which is a set of
2� 2 metasurface-based, CP patch antennas fed by a
sequential-phase (SP) network, was investigated in refer-
ence [54]. Figure 13 shows the geometry of the antenna
array, which consists of a set of 2� 2 metasurface-based
patch antennas fed by an SP network. The single element is
composed of a truncated corner square patch sandwiched
between the ground plane and the metasurface of a lattice
of 4� 4 periodic metal plates [52]. Thesemetasurface-based
antennas are incorporated with the SP network of a
sequentially rotated series–parallel feed to achieve wide-
band operation. The radiation pattern and operational
bandwidth in the high-frequency region were improved by
reducing the spacing between the driven patches while
maintaining the structure and overall size of the metasur-
face. The final design, with an overall size of 64� 64�
2.34 mm3 (approximately 1.26� 1.26� 0.046l3o at
5.9GHz), was fabricated and measured. The antenna
array has a measured �10 dB impedance bandwidth
of 4.40–8.00GHz (58.06%), a 3-dB AR bandwidth of
4.75–7.25GHz (41.67%), a 3-dB gain bandwidth of
4.8–7.0GHz (37.3%), and a peak gain of 12.08 dBic at



Fig. 12. Geometry of the antenna: (a) side view, (b) top view of
the metasurface solar cell structure, (c) top view of the driven
patch, and (d) top view of the single solar cell structure. The solar
cell consisted of metal grids (bus bar and finger) on top of GaAs
layers and a metallic layer for direct current contact on the
bottom.

Fig. 13. Geometry of the sequentially fed metasurface antenna
array: (a) side view and (b) top view. The driven patch had an off-
center position relative to the metasurface, which improves the
overall antenna characteristics.
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6.0GHz. In addition, the antenna array yielded a broadside
RHCP radiation with a symmetrical profile, low sidelobe
level, and high radiation efficiency.

Another planar CP antenna array with a high gain and
wideband operation was investigated in reference [55]. The
array is based on a sequentially rotated feeding network for
a set of 2� 2 CP metasurface-based antennas. Figure 14
shows the geometry of the sequentially fed slot-coupled
metasurface antenna array. The single element is a
microstrip line-fed slot antenna, which is coupled to a
metasurface having 4� 4 truncated corner square, patches
to produce the CP radiation. The wideband characteristic
of the design is obtained by the proper combination of the
feeding network and the CP metasurface-based antennas.
The proposed array, with an overall size of 50� 50�
2.032 mm3 (approximately 1.60� 1.60� 0.065l3o at
9.6GHz), was fabricated and tested. The measurements
showed a �10 dB impedance bandwidth of 7.88–12.0GHz
(41.45%) and a 3-dB AR bandwidth of 8.4–10.6GHz
(23.16%). In addition, the antenna yielded broadside
RHCP radiation with a peak gain of 13.5 dBic, a 3-dB gain
bandwidth of 8.6–10.8GHz (22.68%), and radiation efficien-
cy of >84%. With these advantages and those of simple
configuration, low profile, compact size, wide operating
frequency, stable radiation profile, high gain, and high
radiation efficiency, the proposed antenna array is a good
candidate for use in wideband communication systems.
4 Metasurface antenna at terahertz
frequency

Planar Fabry–Pérot cavity antennas have been widely
investigated due to their high directivity, low complexity,
and stability of fabrication [56–63]. However, these



Fig. 14. Geometry of the sequentially fed slot-coupled metasur-
face antenna array: (a) cross-sectional view and (b) top view of
the 2� 2 array. The slots are etched on the ground plane, which
is sandwiched between two substrates without an air gap.

Fig. 15. Geometry of the antenna for the single feed structure:
(a) side view, (b) top view of the front side, and (c) top view of the
bottom side. The optimized design parameters of the 5� 5 patch
array antenna, which achieved the best broadside gain and a 3-dB
gain bandwidth, are A=1800mm, H=40mm, D=200mm,
P=340mm,WS= 15mm,WD=10mm, and g=10mm.
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antennas face design challenges regarding the improve-
ment of their low radiation efficiency and narrow 3-dB gain
bandwidth, particularly those with electrically thick high
permittivity substrates [64]. At terahertz (THz) frequen-
cies, electrically thick substrates cause serious problems,
including substrate resonance, which can be avoided by
making the substrate thickness very thin with metasurface
structures. This section presents antennas excited by a
leaky-wave slit placed below the metasurface at a THz
frequency.

The design of a planar, low-profile, wide-gain-band-
width metasurface antenna at a THz frequency was
presented in reference [65]. The geometry of the antenna
for the single-feed structure is shown in Figure 15. The
antenna consists of a metasurface and a planar feeding
structure, both of which are patterned on an electrically
thin, high-permittivity substrate (GaAs: er= 12.9 and tan
d=0.006). The metasurface, which is printed on the top
side of the substrate, consists of a periodic array of 5� 5
square patches. The planar feeding structure, which is
printed on the bottom side of the substrate, is a wideband
leaky-wave open-ended slotline. The antenna with a single
feeding structure exhibited a maximum broadside gain of



Fig. 16. Geometry of the antenna for themultiple feed structure:
(a) side view, (b) top view of the front side, and (c) top view of the
bottom side. The number of patches along the vertical axis
(y-axis) was designated as M, while N represents the patches
along the horizontal axis (x-axis).

I. Park: EPJ Appl. Metamat. 5, 11 (2018) 11
9.8 dBi, radiation efficiency of 69%, and a 3-dB gain
bandwidth of 16% (0.34–0.40 THz).

The antenna gain performance can be significantly
improved by exciting the antenna with an array of slit
feeding structures without changing the antenna size. For
example, an antenna with a five-feeding structure showed a
gain of 15.5 dBi, a 3-dB gain bandwidth of 17.3%, and
radiation efficiency of 73%. This antenna achieved a
considerable size reduction in terms of device thickness in
comparison to the design of a conventional lens-coupled
antennawhile achieving comparable gain [66]. The antenna
design exhibits a low-profile, mechanical robustness, easy
integration into circuit boards, and excellent low-cost mass
production suitability in addition to its high-gain andwide-
gain bandwidth characteristics.

The design and performance of low-profile, multiple-
feed metasurface antennas with different numbers of patch
cells and different substrate thicknesses at a THz frequency
were presented in reference [67]. The geometry of the
antenna for the multiple feed structure is shown in
Figure 16. The utilized antenna designs consist of a
periodic array (N�M) metallic square-patch metasurface
and a planar feeding structure. The antenna gain increased
linearly with an increasing number of patch cells, which
were directly fed by the slit feedline. A 3-dB gain increment
was observed irrespective of the substrate thickness when
the number of patch cells was doubled. However, the 3-dB
gain bandwidth, as well as the radiation efficiency, changed
significantly with varying substrate thicknesses. The
described antenna structure offers useful characteristics
by means of a combination of different substrate thick-
nesses and patch numbers. It was shown that the antenna
performed as a Fabry–Pérot cavity antenna at the high
thickness substrate range, exhibiting high gain and
directivity with narrow gain bandwidths, while in the
low thickness substrate range, it performed as a metasur-
face antenna and showed wide-gain-bandwidth character-
istics [68].
5 Conclusions and future outlook

This paper has presented a review of the designs,
characteristics, and applications of various metasurface-
based antennas developed at the MCL of Ajou University.
First, the metasurface antennas implemented by placing
the various radiators on top of the metasurfaces were
presented. This was followed by the presentation of an
implementation whereby the radiator was placed below the
metasurface with and without the ground plane. An
interesting feature of metasurface-based antennas is their
ability to generate resonances from the metasurface
structure that are additional to the resonances from the
radiators. The generation of these additional resonances
was utilized to add operating bands or to broaden the
overall antenna bandwidth. The design of a planar compact
wide-gain-bandwidth metasurface antenna and its radia-
tion characteristics were also presented at the THz
frequency band. The THz antenna consists of a metasur-
face and a planar feeding structure, both of which are
patterned on an electrically thin high-permittivity sub-
strate. It was described how these radiators could easily be
combined with different metasurface structures to achieve
desired antenna characteristics. With their many out-
standing performance characteristics, the metasurface-
based antennas reviewed in this article can be widely
applied in many current and next generation communica-
tion systems.
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There is a plethora of applications for the design of
antennas and related electromagnetic wave devices using
metasurfaces. Metasurface research at the MCL will focus
on one-dimensional metasurfaces and solar cell metasur-
face-integrated antennas. One-dimensional metasurfaces
can further reduce the sizes of antenna structures and find
many applications where limited spaces are required. Solar
cell metasurface-integrated antennas are expected to
become a highly important area of research into self-
powered antennas for sensors and Internet of Things
applications.
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Resources Program in Energy Technology” of the Korea Institute
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