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Abstract: A metasurface (MTS) can be characterized in terms of dispersion properties of guided waves and surface waves. By 
engineering the rich dispersion relations, setting particular boundary conditions, and selecting proper excitation schemes, multiple 
adjacent resonance modes can be excited to realize the wideband operation of low-profile MTS antennas. We introduce the op-
erating principles of typical dispersion-engineered MTS antennas, and review the recent progress in dispersion-engineered MTS 
antenna technology. The miniaturization, circular polarization, beam-scanning, and other functionalities of MTS antennas are 
discussed. The recent development of MTS antennas has not only provided promising solutions to the wideband and low-profile 
antenna design but also proven great potential of MTS in developing innovative antenna technologies. 
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1  Introduction 
 

Due to the exhibited exotic and useful electro-
magnetic properties, metamaterials have attracted 
great interest (Smith et al., 2000; Shelby et al., 2001; 
Caloz and Itoh, 2005; Eleftheriades and Balmain, 
2005). Metasurface (MTS) is a surface version of 
metamaterials, consisting of a two-dimensional (2D) 
array of electrical small cells to control the electro-
magnetic waves/fields to achieve unique properties. 
Due to the easy fabrication of such a 2D structure, 
MTSs have been extensively explored in various 

applications in recent years (Holloway et al., 2012; 
Chen HT et al., 2016; Glybovski et al., 2016; Li AB 
et al., 2018). In particular, MTSs have been used to 
improve the performance or achieve additional func-
tionalities of antennas by flexibly controlling reflec-
tion and transmission properties of incident electro-
magnetic waves. For instance, the phase gradient 
MTSs have been applied to the flat focusing lens 
design to increase the antenna gain (Li HP et al., 2015; 
Erfani et al., 2016). The planar MTS lens antenna 
system has been applied in the spatial beamforming 
and multibeam design for the 5th generation mobile 
networks (5G) massive multiple-input multiple- 
output (MIMO) applications at 28-GHz band (Jiang 
et al., 2017). 

MTS can be engineered to realize unusual dis-
persion properties of guided/surface waves, including 
composite right/left-handed (CRLH) guided wave 
dispersion, right-handed (RH) guided wave disper-
sion with a zero-propagation constant at a specific 
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non-zero frequency, and controllable surface wave 
(SW) dispersion. 

Since the first demonstration of the wideband 
thin aperture-coupled CRLH MTS antenna (Liu et al., 
2014a, 2014b, 2014c, 2015b), the dispersion- 
engineered MTSs have been intensively studied for 
various wideband low-profile antenna designs. By 
slotting a conventional microstrip patch and selecting 
an aperture coupling structure, a capacitively loaded 
MTS antenna with thickness of 0.06λ0 (λ0 is the free- 
space wavelength at the center operating frequency) 
can achieve a bandwidth of 30% in terms of both 
impedance matching and consistent radiation per-
formances. In this design, the dispersion properties of 
a conventional patch antenna can be engineered by 
introducing a capacitive slot load. 

We review the recent progress in the develop-
ment of dispersion-engineered wideband low-profile 
MTS antennas. The operating mechanism and design 
of three types of wideband dispersion-engineered 
MTS antennas, i.e., CRLH MTS antennas, RH MTS 
antennas, and surface wave resonant (SWR) MTS 
antennas, are introduced. The miniaturization tech-
niques of wideband dispersion-engineered MTS an-
tennas are discussed. A variety of multifunction 
wideband MTS antennas, including the circularly 
polarized (CP), beam-steering, low radar cross- 
section (RCS), filtering, shared-aperture dual band, 
and reconfigurable antennas, are reviewed. 

 
 

2  Dispersion-engineered MTS antennas 
 
The transverse dispersion properties of MTS are 

explored for the wideband low-profile MTS antennas 
with consistent radiation performance. Three types of 
dispersion-engineered MTS antennas are reviewed to 
present the operating mechanism of MTS antennas. 

2.1  CRLH MTS antennas 

A typical CRLH MTS is composed of a 2D array 
of mushroom-like unit cells (Fig. 1). The simulation 
model and equivalent circuit of the mushroom-like 
MTS unit cells are presented in Fig. 1a. Unbalanced 
CRLH dispersion of guided waves in the CRLH MTS 
is shown in Fig. 1b, owing to the series capacitor CL 
created by gaps between the upper patches and the 
shunt inductor LL created by the shorting vias con-
necting the upper patches and the bottom ground 

plane. The series inductor LR and shunt capacitor CR 
contribute to the RH branch, while the series  
capacitor CL and the shunt inductor LL form an LH 
dual counterpart. Depending on specific boundary 
conditions, only one particular zeroth-order reso-
nance (ZOR) is excited. For the open-ended MTS 
resonator, the shunt ZOR occurs at the frequency of 

( )sh L R1 2π ,f L C=  while for the short-ended one, 

the series ZOR happens at the frequency of 

( )se R L1 2π .f L C=  

Compared with conventional microstrip patch, 
the CRLH MTS can generate multiple resonances 
including the positive-, zeroth-, and negative-order 
resonances. Therefore, the dispersion-engineered 
CRLH MTS provides great freedom and potential in 
the wideband low-profile antenna design. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2.1.1  Open-ended CRLH MTS antennas 

By applying the aperture coupling scheme to an 
open-ended CRLH MTS, a wideband low-profile 
antenna solution could be successfully developed by 
exciting two adjacent positive-order resonances (Liu 
et al., 2014a), as shown in Fig. 2. The fabricated MTS 
antenna composing an array of square mushroom-like 
unit cells, fed by a microstrip line through a coupling 
aperture cut on the common ground plane, is shown in 
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Fig. 1  CRLH MTS unit cell: (a) simulation model and 
equivalent circuit; (b) CRLH dispersion diagram 
References to color refer to the online version of this figure 
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Fig. 2a. With the dispersion-engineered guided waves 
(Fig. 2b), the aperture-coupled open-ended CRLH 
MTS generates a TM10 mode and an antiphase TM20 
mode at the first- and second-order positive reso-
nances, respectively. The electric field distributions of 
these two modes are illustrated in Fig. 2c. Under the 
antiphase TM20 mode, the directions of electric fields 
at the opposite sides of the center aperture coupling 
region are antiparallel. Thus, TM10 mode and anti-
phase TM20 mode both produce the boresight radia-
tion, and their resonance frequency ratios can be 
controlled by engineering the dispersion of the guided 
wave to achieve the wideband operation. As shown in 
Fig. 2d, the measured –10-dB impedance bandwidth 
is in the range of 4.77–6.16 GHz (25.4%) with the 
realized gain ranging from 8.7 to 10.8 dBi, while the 
thickness of the MTS is 0.06λ0 (λ0 represents the 
free-space wavelength at the center operating fre-
quency of 5.47 GHz). To suppress the relatively high 
backlobe levels, a stripline-fed aperture coupling  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

structure can be used, as presented in Liu et al. 
(2014b). 

Furthermore, the open-ended CRLH MTS an-
tenna technology can be employed to realize a 
wideband high-gain array in the low temperature 
co-fired ceramic (LTCC) at the 60-GHz band (Fig. 3a) 
(Liu et al., 2014c). By replacing the microstrip line 
fed with a substrate integrated waveguide (SIW) 
feeding network, the back lobe levels of the array 
antenna can be greatly reduced. The weak mutual 
coupling between the MTS antenna elements is re-
vealed through the comparison with conventional 
patch counterparts. As shown in Figs. 3b and 3c, an 
MTS array with a low profile of 0.04λ0 (λ0 is the 
free-space wavelength at the center operating fre-
quency of 61 GHz) and a substrate dielectric constant 
of 5.9 can achieve a measured bandwidth in the range 
of 56.3–65.7 GHz (15%) for |S11|<–10 dB, a realized 
gain ranging from 21.2 to 24.2 dBi, and a front-to- 
back ratio (FBR) of larger than 30 dB. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 2  Open-ended CRLH MTS antenna: (a) a photograph of the prototype; (b) dispersion diagram of the CRLH MTS 
unit; (c) electric field distributions with a TM10 mode and an antiphase TM20 mode; (d) measured and simulated |S11| and 
realized boresight gain 
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2.1.2  Short-ended CRLH MTS antennas 

Fig. 4a shows the aperture-coupled short-ended 
CRLH MTS antenna, wherein two rows of shorting 
vias are introduced to form a short-ended boundary of 
the MTS (Liu et al., 2017d). Fig. 4b depicts the en-
gineered dispersion of the composed mushroom-like 
unit cell. Once the open-ended boundary condition is 
altered to the short-ended case, the operating modes 
of the CRLH MTS antenna change; that is to say, the 
series ZOR mode is excited, and then an antiphase 
TM10 mode is enforced at the first-order positive 
resonance (Fig. 4c). Both modes generate an in-phase 
mission from the radiating gaps between the upper 
patches of the MTS. As illustrated in Fig. 4d, the 

short-ended CRLH MTS antenna has a –10-dB im-
pedance bandwidth in the range of 4.74–6.36 GHz 
(29%) at a low profile of 0.06λ0 (λ0 is the free-space 
wavelength at the center operating frequency of 
5.5 GHz). Since the series ZOR mode and antiphase 
TM10 mode move to the lower band of the RH dis-
persion branch, a short-ended CRLH MTS has a 
smaller aperture size of 0.63λ0×0.61λ0 compared with 
an open-ended counterpart, thus resulting in a rela-
tively lower gain in the range of 7.5–9.4 dBi. 

2.2  RH MTS antennas 

As the operating modes of all the aforemen-
tioned CRLH MTS antennas are located at the RH 
dispersion branch, the LH dispersion branch is not 
necessary. Therefore, the shunt shorting vias can be 
removed to obtain the RH dispersion with a zero- 
propagation constant at a specific non-zero frequency, 
i.e., the series ZOR frequency. Fig. 5a depicts the 
dispersion extraction model and the equivalent circuit 
model of the via-less RH MTS. The pure RH disper-
sion of the MTS is controllable through the effective 
series capacitor (CL) brought about by the gaps be-
tween the upper patches. The photograph of an  
aperture-coupled open-ended RH MTS antenna and 
the RH dispersion of its via-less unit cell are shown in 
Figs. 5b and 5c, respectively (Liu et al., 2015a). As 
illustrated in Fig. 5d, TM10 mode and antiphase TM20 
mode can be retained in an RH MTS antenna. Fig. 5e 
shows that the RH MTS of 0.7λ0×0.7λ0×0.06λ0 (λ0 is 
the free-space wavelength at the center operating 
frequency of 5.4 GHz) can provide a simulated 
−10-dB impedance bandwidth of 29% with the real-
ized gain ranging from 7.4 to 10.6 dBi. 

The open-ended via-less RH MTS antenna 
stands out as a low-cost solution while achieving the 
performance similar to that of the CRLH MTS an-
tenna with vias, especially in the large-scale array 
applications where a huge number of vias can be 
exempt. In addition, it is believed that the short-ended 
via-less RH MTS is applicable to the low-profile 
wideband antenna design by simultaneously exiting 
the series ZOR mode and the antiphase TM10 mode. 

Since the successful demonstration of the 
wideband low-profile RH MTS antenna (Liu et al., 
2015a), various RH MTS antennas with different 
feeding methods are developed. For instance, a high 
mode SIW cavity can be employed to realize a 
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Fig. 3  60-GHz LTCC SIW-fed CRLH MTS array an-
tenna: (a) antenna structure; (b) measured and simulated 
|S11|; (c) realized boresight gain 
References to color refer to the online version of this figure 
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compact high-gain MTS antenna (Yang et al., 2018). 
A single-layer quasi-periodic MTS antenna with a 
slot-to-CPW transition can achieve a bandwidth of 
35% with a low profile of 0.052λ0 (Sun et al., 2019). A 
single-layer CPW-fed stair-aperture-coupled MTS 
antenna with a profile of 0.09λ0 extends the band-
width up to 67% with the peak gain of 9.2 dBi (Wang 
et al., 2019). An aperture-coupled non-periodic 
square-ring MTS antenna can achieve a −10-dB im-
pedance bandwidth of 54% and a 2-dB gain band-
width of 32% at a profile of 0.06λ0 (Chen et al., 2019). 

2.3  SWR MTS antennas 

Usually, the presence of surface waves would 
deteriorate the radiation performance of antennas. 
The high impedance surface (HIS) can be character-
ized in terms of the zero reflection phase for low- 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
profile antenna design as well as the forbidden fre-
quency band for suppressing surface waves (Sieven-
piper et al., 1999; Yang and Rahmat-Samii, 2003). 
However, the surface waves propagating in a finite 
HIS can be used to create an additional resonance for 
improving the performance of antennas. The trans-
verse electric (TE) surface wave resonance is excited 
by a horizontal dipole antenna over a finite HIS 
(Costa et al., 2011). The finite HIS-dipole antenna 
with a profile of 0.04λ0 achieves a bandwidth of 19% 
with stable broadside radiation. 

To further improve the gain and widen the 
bandwidth of the antenna, a suspended MTS-based 
dipole antenna is proposed by engineering the dis-
persion properties of both the transverse magnetic 
(TM) wave and TE surface wave (Syed Nasser et al., 
2018). Fig. 6a shows the structure of an SWR MTS 

 
 

Fig. 4  Short-ended CRLH MTS antenna: (a) a photograph of the prototype; (b) dispersion diagram of the CRLH MTS 
unit; (c) electric field distributions with the series ZOR mode and the antiphase TM10 mode; (d) measured and simulated 
|S11| and realized boresight gain 
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antenna. The MTS is separated from the ground plane 
by an air gap and positioned right beneath a horizon-
tally oriented dipole. The surface wave dispersion of 
the suspended MTS unit cell is shown in Fig. 6b. The 
dispersion of the TM SW curve could be bent to that 
of the light line by introducing the air gap, while the 
dispersion of the TE SW depends highly on the ef-
fective capacitance of the MTS layer (Luukkonen 
et al., 2008). A small propagation constant of the TM 
SW that enables a large MTS aperture along the di-
pole direction can be adopted for gain enhancement, 
while decreasing the number of MTS cells along the 
lateral direction of the dipole would shift the TE SWR 
frequency upwards for widening the bandwidth and 
maintaining the broadside radiation patterns in the 
H-plane. With a low profile of 0.07λ0, a suspended 
MTS antenna retains the –10-dB impedance band-
width in the range of 4.15–5.85 GHz or 33.6%, 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

achieving the realized gain ranging from 8.5 to 
11.5 dBi (Fig. 6c). 

 
 

3  Miniaturized MTS antennas 
 

To obtain a bandwidth of 30% with a dielectric 
constant of 3.55, the aforementioned open-ended 
MTS antennas usually have a finite MTS of 
0.7λ0×0.7λ0×0.06λ0, while the short-ended MTS an-
tennas occupy a smaller MTS of 0.6λ0×0.6λ0×0.06λ0. 
With the rapid development of wireless systems, 
miniaturized wideband antennas have been increas-
ingly demanded in the wide-scanning phased arrays 
and compact multiple antenna systems. Therefore, 
three illustrative examples of the aperture miniaturi-
zation of wideband low-profile MTS antennas are 
discussed. Fig. 7a shows the structures of two 

 
Fig. 5  Open-ended RH MTS antenna: (a) simulation model and equivalent circuit of the RH MTS unit; (b) a photograph 
of the prototype; (c) dispersion diagram of the RH MTS unit; (d) electric field distributions with TM10 mode and anti-
phase TM20 mode; (e) simulated |S11| and realized boresight gain 
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aperture-coupled miniaturized MTS antennas with a 
reduced number of composed cells (Liu et al., 2017b). 
Ants A and B consist of 2×2 cells in square and 
H-shape, respectively. Ant A with a miniaturized 
MTS of 0.45λ0×0.45λ0×0.05λ0 (λ0 is the free-space 
wavelength at the center frequency of 10.1 GHz) 
achieves a bandwidth of 18.5%. Using an H-shaped 
stepped impedance resonator (SIR) as an MTS unit 

cell, a simulated bandwidth of 13% is obtained from 
ant B with a further miniaturized MTS of 
0.40λ0×0.37λ0×0.05λ0 (Fig. 7b). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
Another example of a miniaturized MTS antenna 

is shown in Fig. 8a, where a dual-layer overlapping 
MTS is constructed to increase the effective series 
capacitor CL (Liu et al., 2017c). The dual-layer MTS 
provides much more freedom for the miniaturization 
antenna with achievable gap widths. As shown in 
Fig. 8a, a dual-layer MTS with a compact size of 
0.43λ0×0.43λ0×0.06λ0 (λ0 is the free-space wavelength 
at the center frequency of 5.5 GHz) achieves a 
bandwidth of 28%, realizing the gain ranging from 
6.4 to 7.3 dBi and radiation efficiency of higher than 
90%. Thus, increasing the capacitive coupling be-
tween the MTS cells represents a suitable miniaturi-
zation technique for wideband low-profile MTS  
antennas. 

 
 

4  Multifunctional MTS antennas 
 

To meet the increasing requirement for more 
functionalities, the dispersion-engineered wideband 
low-profile MTS antenna technique can be extended 
to realize circular polarization, filtering, enhanced 
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Fig. 6  SWR MTS antenna: (a) antenna structure;  
(b) surface wave dispersion diagram of the MTS unit;  
(c) simulated |S11| and realized boresight gain 

 
 

Fig. 7  Miniaturized MTS antennas: (a) antenna struc-
tures; (b) simulated |S11| and realized boresight gain 
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beam-scanning capability, low RCS, dual wideband, 
and reconfigurability. Various antennas are reviewed 
in this section. 

4.1  Circularly polarized antennas 

The CP radiation is an important functionality 
and is desired in many applications because of its 
improved immunity to multipath distortion and po-
larization mismatch losses. The single-feed CP radia-
tion can be generated by exciting two orthogonal 
modes with a 90° phase difference. Recent progress in 
the single-feed CP antenna design using the disper-
sion-engineered low-profile MTS is summarized with 
performance comparison (Fig. 9). The CP perfor-
mance can be realized by Z-shaped slot coupling (Lin 
et al., 2015), L-shaped slot coupling (Chen et al., 
2018), CP patch feed (Ta and Park, 2015), asymmet-
rical MTS (Huang et al., 2016; Zheng et al., 2018; 

Juan et al., 2019), or combining asymmetrical MTS 
with the slant slot coupling or cross-slot coupling (Wu 
et al., 2016; Zhou et al., 2017; Zhao and Wang, 2018). 
Among these CP antennas, the MTS antenna pro-
posed by Zhou et al. (2017) achieves the widest 3-dB 
axial ratio (AR) bandwidth of 44.4% with an MTS of 
0.57λ0×0.31λ0×0.121λ0 (λ0 is the free-space wave-
length at the center frequency of 5.025 GHz). The 
cross slot with distributed circuit elements generates 
two electric fields with a 90° phase difference for the 
primary CP radiation. The asymmetrical MTS is de-
signed to further widen the AR bandwidth. The CP 
MTS antenna proposed by Juan et al. (2019) has the 
most compact design. By introducing a pair of  
capacitive-loading strips along the diagonal of a 
corner-truncated MTS unit cell, the size of the CP 
MTS has been reduced to 0.56λ0×0.56λ0×0.037λ0 (λ0 
is the free-space wavelength at the center frequency 
of 3.45 GHz), and its 3-dB AR bandwidth is 8.7%. 

4.2  Enhanced-scanning phased arrays 

The wideband wide-angle beam scanning phased 
arrays are highly desired in a wide range of applica-
tions, such as radar and satellite communication sys-
tems. The potential use of MTS for wide-angle beam 
scanning is demonstrated by an illustrative example 
in Fig. 10a (Li M et al., 2015). The surface wave 
dispersion of the MTS is engineered to ensure the TE 
SW to propagate within the operating band of the 
phase array, contributing to the wide beamwidth of 
individual antenna elements and wide-angle scanning 
performance of the phased array. With a uniform 
amplitude and progressive phase excitation, the 
low-profile MTS-based array exhibits a wide scan-
ning angle of up to 85° in the H-plane. The gain 
fluctuation is less than 3 dB, and sidelobe levels are 
lower than –10 dB in the whole scanning range. As 
shown in Fig. 10b, the aperture-coupled low-profile 
RH MTS antenna can be employed to realize a 
wideband wide-range scanning phased array with the 
MTS-radiator sharing approach and defected ground 
structures (DGS) (Gu et al., 2017). The MTS antenna 
array with a low profile of 0.049λ0 (λ0 is the 
free-space wavelength at the center frequency of 
5.2 GHz) can achieve a bandwidth of 23% and a 
maximum scanning angle of 50° in the H-plane. 
Fig. 10c shows an MTS-based CP phased array for 
Ka-band applications, where a dual-layer overlapping 
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Fig. 8  Miniaturized dual-layer MTS antenna: (a) an-
tenna structure; (b) simulated |S11| and realized boresight 
gain 
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MTS is used for antenna miniaturization and a cross 
slot coupled by a single series stripline feed is de-
signed for CP generation (Liu et al., 2017a). The 
64-element MTS phased array can achieve a 2D beam 
scanning with a maximum scan angle of 30° off the 
boresight direction over the frequency range of 
28–31 GHz. 

4.3  Other antennas 

Considering both the particular reflection prop-
erties in the normal direction and the dispersion 
properties of the guided waves in the transverse di-
rection, the MTSs can be engineered to realize both 
wideband broadside radiation and wideband RCS 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
reduction. By replacing the surrounding metallic 
ground plane with a bandstop frequency selective 
surface, a wideband low-RCS high-gain mushroom- 
like antenna can be realized (Jia et al., 2015). The 
chessboard configuration of asymmetrical MTSs 
enables the antiphase reflection under the orthogo-
nally polarized incident waves for scattering. Ac-
cordingly, the sequentially fed MTS antenna arrays 
can be designed for wideband CP radiation with a low 
RCS (Zhao et al., 2017; Zhang et al., 2019). 

The non-uniform MTS can be used to realize a 
wideband filtering antenna in wireless systems for 
miniaturizing circuit size and enhancing overall 
performance (Pan et al., 2016). An MTS-based 
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Fig. 9  Circularly polarized metasurface antennas with comparison of performances and dimensions 
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shared-aperture antenna has been proposed for in-
coming 5G dual-band applications (Li and Chen, 
2018). Recently, a wideband low-profile MTS an-
tenna has been employed to realize the high- 
performance steerable dual-beam using a novel 
symmetrical controllable feeding network (Yang et al., 
2019) and to achieve the reconfigurable polarization 
using a simple DC controlling circuit (Wu et al., 
2019). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
5  Conclusions 
 

The historical and recent development of the 
dispersion-engineered wideband low-profile MTS 
antenna technology has been reviewed in detail. The 
operation of an MTS antenna depends on the disper-
sion relation of guided/surface waves, specified 
boundary conditions, and feeding methods. The suc-
cessful development of MTS antennas has clearly 
demonstrated that owing to the great freedom to 
control the radiation characteristics, the dispersion- 
engineered MTS antenna technology is promising for 
innovative antenna design. More exciting achieve-
ments and industrial applications of the MTS antenna 
technology can be expected in the near future. 
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