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Abstract
Metasurfaces (MS) have recently attracted a lot of attention due to their 
ability to manipulate electromagnetic characteristics. The metasurface 
is constructed from two-dimensional scatterers (metallic and dielectric) 
which provide simplicity in fabrication and flexibility for integration 
with other systems. The metallic metasurface unit cells and dielectric 
metasurface unit cells have a length of sub-wavelength.Most essential 
ideas of metasurfaces are directly borrowed from antenna array theories 
such as reflectarray and transmitarray. On the other hand, progress in 
metasurfaces has aided and accelerated the development of antennas. 
Metasurface can be used to achieve an increase of the gain of antenna 
depending on the hyperbolic phase distribution of the metasurface unit 
cell which constructs the focusing metasurface. Also, the metasurface 
can be used to achieve RCS reduction, mutual coupling reduction, 
frequency scanning, multibeam generation, and end-fire antenna.
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I. INTRODUCTION

Metasurfaces are periodic structures with the 
thickness and the periodicity of the individual elements 
is small relative to the operating wavelength. There are 
two important subclasses, metasurfaces that are called 
metafilms which is an array of isolated scatters as shown in 
Fig.1(a), and a metasurface with fishnet topology which is 
called metascreens as shown in Fig.1(b). They are regarded 
as periodically spaced apertures in a reflective screen[1].
In this portion, an approach for the specific characterization 
of a metafilm based on an inversion of its coefficients of 
reflection and transmission to obtain the susceptibility of 
the surfaceis presented in[2,3]. A metafilm's reflection (R) 
and transmission (T) coefficients were extracted in[4] for 

Fig. 1: (a) metafilms, (b) metascreen[1].

both TE and TM polarized plane waves.

II. GENERALIZED LAWS OF REFLECTION AND 
REFRACTION

If an electromagnetic plane wave meets two 
homogeneous media containing different refractive indices, 
it is divided into a reflection ray that spreads back to the first 
medium and a transmitted beam that spread to the second 
medium. The coefficients of reflections and transmissions 
and their directions are determined by the continuity of 
field components at the boundaries and are given according 
to Fresnel equations and Snell’s law. The implementation 
of a phase shift at the interface between two media, known 
as phase discontinuity, enables us to review the laws of 
reflection and refraction by using Fermat’s principle[5].
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Fig. 2: Schematic view of generalized Snell’s law of                             
refraction[5].

If we have an incident plane wave with angle θi, by 
assuming the two paths indicated in Fig. 2 are close to the 
actual light path, the phase difference between two paths 
will be zero as[5]: 

(1)

Where φ+dφ and φ are the phase discontinuities at the 
interface between them, ni and nt are the refractive indices 
of the two media, θt is the angle of refraction, dx is the 
distance between two points at the interface and k₀=2π/λ₀.

The previous equation leads to generalized Snell’s law 
of refraction if the phase gradient is constant along with the 
interface between two media as[5]:

(1)

Equation (2) means the refracted beam has an arbitrary 
direction, given a constant phase discontinuity gradient is 
applied along with the interface. The amount of energy in 
the anomalously reflected and refracted beams is controlled 
by the separation between the resonators.

There are anomalous refraction phenomena caused 
by metamaterial which depends on either anisotropic 
dielectric permittivity with different signs of permittivity 
tensor component transverse or along to the surface 
or the negative dielectric permittivity and negative 

magnetic permeability[6, 7]. There is a must to differ from 
the above anomalous refraction and that is done by phase 
discontinuity.  

Fig. 3: (a) amplitude and phase of scattered wave from perfect 
electric conductor rod antenna. (b) V-shaped antennas to achieve 
full phase range coverage[5].

The design of phase discontinuity along the interface 
can be done by designing the shape of the resonators 
in the designed array and their frequency response. 
The resonators may be determined as electromagnetic                                   
cavities[8], nano-scatterers[9], and plasmonic                                                    
antennas[10]. Plasmonic antennas have theadvantage of 
the ease of fabrication planar antennas and have widely 
variable optical properties. 

The calculated amplitude and phase of the scattered 
wave from the perfect electric conductor rod antenna 
are shown in Fig. 3 (a). In order to provide full control 
of wavefront, phase shift must cover the range from 0 to 
2π. V-shaped antennas are designed to achieve full phase 
range coverage as shownin Fig. 3 (b). The supercell is 
consisting of eight V-shaped antennas as in Fig. 4. The 
Finite-difference time-domain simulation of the supercell 
is shown in fig z which clarifies the amplitudes of all cells 
in the supercell are nearly equal and the phase increments 
by π/4.



Engineering Science and Military Technologies
Volume (5) - Issue (1) - Mar 2021

3

Fig. 4: (a) V-shaped supercell that construct the supercell.                    
(b) Finite difference time domain of the super cell[5]. 

III.  REFLECT ARRAYS BASED ON 
ANOMALOUS REFLECTION METASURFACE 

As mentioned in the previous section for generalized 
Snell’s law, an array of subwavelength metasurface atoms 
with variable shapes and dimensions can construct a 
reflection phase gradient metasurface. From point of view 
of the antenna, when a plane wave is an incident on the 
reflection phase gradient metasurface, each individual cell 
acts as a transmitting antenna that radiates the reflected 
wave with variable phase.

The reflectarray theory and its techniques make the 
progress in reflectarray metasurface are fast because the 
main concept of reflectarray antennas is equivalent to the 
concept of anomalous reflection metasurface[11]. When 
metasurface is constructed for anomalous reflection, there 
is a must for using the metallic ground plane to ensure 
high reflectivity and prevent the wave from penetrating the 
structure. There is a lot of metasurface unit cells have been 
developed such as dipoles and patch cavities[12,13,14-17]. 

In[18], the metasurface is designed to achieve single 
polarized anomalous reflections and introduce that a 
gradient index metasurface can convert a plane wave 
to surface wave withnearly 100% efficiency by using 
H-shaped metasurface antennas and metallic ground 
plane separated by dielectric as shown in Fig. 5 (a), (b). 
This proves that the reflection phase gradient metasurface 
can compensate for the mismatch between plane wave 
and surface wave for any incident angle greater than the 
critical angle.

Also, anomalous reflection metasurface is used 
to achieve dual-polarization and dual-mode orbital 
momentum vortex beam by using cross-dipoles[15].  The 
layer of the metasurface is consists of M × N elements. 
And the feed antenna producesan incident wave at position 
Rf as shown in Fig. 6 (a). The structure of the cross dipole 
metasurface element is shownin Fig.6 (b) and the results 
of its phase and magnitude are shown in Fig.6 (c), (d) with 
different Lv of the cross dipole at 5.8 GHz. The phase 
distribution of x-polarization andy-polarization are shown 
in Fig. 6 (e), (f) respectively which proves the concept of 

anomalous reflection metasurface can be utilized to obtain 
a dual-polarization vortex beam.

Fig. 5: (a) H-shaped antennas to convert plane wave to surface 
wave, (b) the reflection phase profile for phase gradient 
metasurface along 
X-axis[18].

IV. TRANSMIT ARRAYS BASED ON 
ANOMALOUS REFRACTION METASURFACE 

The reflected wave that is generated by phase gradient 
(PGM) metasurface can be controlled as deduced by 
generalized Snell’s law as shown in Fig. (7). In anomalous 
refraction, the transmission phase must be customized 
similar to anomalous reflection MS besides the transmission 
magnitude must be near unity for getting high-efficiency 
refraction.

In[19], high-efficiency anomalous refraction and 
polarization conversion is realized by using an ultrathin 
metasurface with different rotation angles based on 
Pancharatnam-Berry (PB) law. the unit cell that is 
used achieve thickness reduction, focusing, and high 
transmission efficiency. The planar array and the unit cell 
are shown in Fig. (8).

Recently, researchers use techniques of multilayers 
of metasurface to obtain higher efficiency than a single 
metasurface layer[20,21]. In[21], three cascade metasurfaces 
layers were used to achieve three different functions 
to provide a full function of wave control as shown in                       
Fig. 9 (a).
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Fig. 6: (a) Anomalous reflection metasurface layer to achieve 
dual polarization and dual mode orbital momentum vortex.                            
(b) Cross-dipole metasurface unit cell geometry. (c) The reflection 
phase of the unit cell. (d) The reflection magnitude of the unit 
cell. (e) The x-pol phase distribution of the metasurface layer.   
(f) The y-pol phase distribution of the metasurface layer[15].

Fig. 7: A phase gradient metasurface that causes anomalous 
reflection and refraction[5].

The wave is incident from +z direction upon the 
cascaded layers. The first layer is called meta-mirror and it 
reflects the incident wave (at normal direction) to an angle 
of 45 degrees from the normal at 5 GHz. In general, the 
first layer is used to prevent the waves from the radiation in 
the backward direction and reflects the wave to any angle 
in the forward direction only as shown in Fig. 9 (b).the 
second layer has a function of wave absorption at 6 GHz. 
The elements of this layer are helixes as depicted in Fig. 9 
(c). The third layer of the metasurface is used to focus the 
incident radiation at a frequency of 3.9 GHz as shown in 

Fig. 9 (d). besides the construction of the above-mentioned 
layer (helixes), multi-layers metasurface is designed as 
multilayers of patches[22,23] and dipoles[24].

Fig. 8: (a) Schematic view of theultrathin metasurface layer with 
different rotation angles based on Pancharatnam-Berry (PB) law. 
(b) the detailed dimensions of the metasurface unit cell[19].

Fig. 9: (a) Three cascade metasurfaces layer [21]. Electric filed 
distribution at (b) 5 GHz, (c) 6 GHz and (d) 3.9 GHz.

V. HIGH DIRECTIVE ANTENNAS
Directivity is very important especially in wireless 

applications to focus the radiated power in a certain 
direction. The traditional method to get high directivity 
is using a planar array with a metallic ground plane as a 
reflector but there is aproblem of large and bulky profile 
addition to the complexity of the feeding network. So, 
researchers turned to the usage of metasurface trying to 
solve the problems of traditional methods.

In general, metasurface (MS) layers have been used 
to design new PRS functionalities in Fabry-Pérot cavity 
antenna thanks to its unique characteristics [25], [26]. 
Fabry-Pérot cavity (FPC) antennas have a high gain and 
high directivity but have the advantage of being simple 
in structure, easy to fabricate, easy to integrate with the 
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system, and inexpensive. FPC antenna is formed of 
the main emitting source with a background PEC layer, 
and a partially reflecting surface (PRS)[27]. In[28], coding 
metasurface is introduced to create an FPC antenna with 
high gain by achieving low scattering over the band 
of frequency from 8 GHz to 12 GHz by re-emitting the 
electromagnetic waves in all directions without effect on 
the radiation characteristics. Two layers of square unit cells 
make up the coding metasurface. printed on a dielectric 
material substrate. the upper one is used to structure coding 
metasurface while the bottom one is used as PRS as shown 
in Fig. (10).

Fig. 10: (a) Geometry of FPC antenna using coding metasurface 
principle. (b) The directivity and the gain of the FPC                          
antenna[28]. 

After introducing the generalized Snell’s law, focusing 
effect of phase gradient metasurface (PGM) had great 
interest. The layer of PGM is used to realize a high gain 
transmitting lens antenna by converting the quasi-spherical 
wave that is emitted by the feeding source antenna to a 
plane wave. Thus, the beam of the feeding source antenna 
becomes narrower compared with the non-exist of the PGM 
layer and hence the gain is increased[29]. In the previously 
mentioned reference, the feeding source antenna is a patch 
antenna and the PGM unit cells are circular cells with a 
different radius that convert the spherical waves to plane 
waves as shown in Fig 11 (a). The gain is enhanced by 
using the previously described method by 11.6 dB as 
shown in Fig 11 (b). 

Fig. 11: (a) Fabricated phase gradient metasurface focusing 
antenna. (b) Measured far field radiation pattern of PGMS lens 
antenna[29].

Another technique for increasing the gain of the antenna 
is using phase compensation metasurface[30,31,32]. In[30], the 
authors depend on Hygens’ principle[33] to compensate the 
out-of-phase characteristics of the radiated waves from the 
feeding source antenna by employing inductive elements 
and capacitive elements which construct the metasurface 
unit cell as shown in Fig. 12 (a). 

This phase compensation metasurface unit cell converts 
the radiated spherical waves from the patch antenna (source 
antenna) to an in-phase plane wave and hence the gain 
and bandwidth of the antenna are enhancedas depicted in                                                                                                           
Fig. 12 (b). 

Fig. 12: (a) Phase compensated metasurface’s schematic view. 
(b) Realized gain of the metasurface unit cells[30].

Also, Huygens' metasurface is used to realize high 
gain antennas. A dual-layer Huygens’ unit cell based on 
offset electric dipole pair (OEDP) was used in[69]. The 
main design has two steps, the first step is the generation 
of the Rotman lens and the second is using the Huygens’ 
metasurface layer for enhancement of the antenna gain as 
shown in Fig. (13). The realized antenna has a wideband 
from 28 GHz to 32 GHz with 24.4 dBi maximum gain. 

Fig. 13: (a) Fabricated antenna withHuygens’ metasurface layer. 
(b) Realized gain[69].

VI. LOW RCS ANTENNA
In recent years, for stealth technology, the reduction 

of electromagnetic fields dispersed from metallic objects 
has sparked a lot of attention. The decrease of radar 
cross-sections (RCS) is the most remarkable aspect of 
the technology of secrecy. There is a lot of metasurface 
techniques to reduce monostatic and bistatic radar 
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cross-section listed as follows, polarization conversion 
metasurfaces[34,35], absorptive metasurface, and beam 
deflection[36,37], phase gradient metasurface[38] and coding 
metasurface[39].

Fig. 14: (a) Geometry of RCS reduction technique. (b) Measured 
x-polarized and y-polarized monostatic RCS[38].

In[38], phase gradient metasurface is used to achieve RCS 
reduction. H-shaped elements with different dimensions 
are used to construct phase gradient metasurface to steer 
the beam from 16.4° to 12.7°. The designed metasurface is 
coplanar with parallel plate waveguide feeder and couples 
guided waves in feeding source into radiation waves which 
in turn deviate the incident wave into a different direction 
and finally reduce RCS as shown in Fig. 14 (a). The 
designed antenna has a peak RCS reduction of 30 dB for 
x-polarized and 22 dB for y-polarizedilluminated waves as 
shown in Fig. 14 (b).

Also, RSC reduction can be realized by using two 
metasurface unit cells arranged in chessboard configuration 
as in[40,42]. In[43], two different metasurface artificial 
magnetic conductors (AMC1 and AMC2) are used to 
achieve destructive interference between the reflected 
waves from them.

Fig. 15:  (a) JC large-small elements configuration. (b) Monostatic 
RCS of JC large-small configuration. (c)Simple cross-slotted 
cross elements configuration (d) Monostatic RCS of Simple 
cross-slotted cross configuration. (e) Slotted cross with ‘L’ corner 
elements configuration. (f) Monostatic RCS of Slotted cross with 
‘L’ corner[43].

The required phase difference between the reflected 
waves from AMC1 and AMC2 should be 180°±37° in 
order to achieve a 10 dB reduction in RCS. The three 
configurations (JC large-small, simple cross-slotted cross, 
and Slotted cross with ‘L’ corner) and their corresponding 
RCS reductionare shown in Fig15 (a)-(f). In[70], broadband 
RCS reduction was achieved by using multilayer Jerusalem 
cross pattern and cross-slot pattern metasurface unit cells. 
A -10 dB RCS reduction was achieved over a frequency 
band from 3.5 to 11.5 GHz as shown in Fig. (16).

Fig. 16: (a) metasurface unit cell. (b) Fabricated prototype.          
(c) Reflectivity. (d) transmittivity[70].

A comparison table which indicates the advantage of 
using metasurface technique than traditional techniques for 
RCS reduction applications is shown below in Table 1.

Table 1: A comparison between Metasurface techniques and 
other non-Metasurface techniques (low RCS antenna)

RCS 
reduction 
band in 

GHz

relative 
permittivity

Substrate 
thickness 

in mm
Ref.

4.2-7.8 
(60%)2.26.3571

(non-metasurface)
8.41-10.72 

(27%)2.26.3572
(non-metasurface)

3.77-10.41 
(91.5%)3.4811 vacuum + 

0.5 substrate
73
(non-metasurface)

4.3-12.6 
(98%)4.35 vacuum + 

1.57 substrate
43
(metasurface)

3.5-11.5 
(NA)2.659 vacuum + 

0.25 substrate70 (metasurface)
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VII. MUTUAL COUPLING REDUCTION OF 
ANTENNA

There is a great interest to reduce mutual coupling 
between antenna elements because the high coupling 
between antenna elements has a harmful effect on antenna 
parameters. High mutual coupling degrades the radiation 
efficiency of the antenna and affectsthe input impedance 
besides its effect on the S-parameters (reflection coefficient 
and transmission coefficient). Also, mutual coupling makes 
a deviation in the radiation pattern of the antenna[44].

There are various techniques to reduce mutual coupling 
between elements of antenna such as defective ground 
structure (DGS)[45], electromagnetic bandgap (EBG)[46], 
and artificial magnetic conductor (AMC)[47]. The main role 
of the previously mentioned techniques is to suppress the 
surface wave and hence realize the reduction of mutual 
coupling. Using traditional techniques has a problem of 
reducing the mutual coupling between elements only in one 
direction besides the disadvantages of narrow bandwidth. 
So, the mutual coupling reduction by using metasurface is 
introduced to overcome these problems.

In 2015, Bernety introduced a novel method to reduce 
mutual coupling reduction between two strip dipole 
antennas[48]. The authors depend on using a technique of 
mentle cloaking metasurface[49,50] to make the strip dipoles 
is invisible to each other and hence the mutual coupling 
reduction was achieved.

In[51], an array of split ring metasurface is integrated 
between two circular dielectric resonator antennas to 
reduce the mutual coupling reduction for the millimeter-
wave band. The metasurface layer is acting as a shield 
between the antenna elements as shown in Fig. 17 (a). The 
used split ring metasurface layer achievesan isolation level 
between -30 dB to -46 dB over the resonant frequency of 
DRA MIMO antenna overthe frequency band from 59.3 
GHz to 64.8 GHz as shown in Fig. 17 (b).

The metasurface array layer is mounted between the 
radiated antenna elements in[51], while in[52] an additional 
metasurface superstrate layer is mounted above the main 
feeding antenna substrate with a height of 0.2 λο to provide 
E-plane and H-plane mutual coupling reduction as shown 
in Fig. 18 (a)-(d). Two traditional patch antenna is used 
to radiate the power with spacing from edge to edge of 
0.023 λοand the metasurface unit cell are a square slot. The 
metasurface superstrate is consists of a 4×5 array of unit 
cells. The maximum reduction in mutual coupling is 40 dB 
at 3.5 GHz.

Fig. 17: (a) Configuration of DRA with metasurface to reduce 
mutual coupling[51] (b) The simulated and measured S-parameters 
of DRA.

Fig. 18: (a) Mutual coupling reduction by using square slots [52] 
(top view and side view of antenna). (b) The fabricated prototype. 
(c) The measured s-parameter for E-plane. (d) The measured 
s-parameter for H-plane.
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In[53], instead of using one superstrate as in[52], two 
superstrate layers of metasurface are used to provide 
mutual coupling reduction between 4×4 antenna array for 
MIMO applications as shown in Fig. 19.

Fig. 19: The configuration of using two metasurface superstrate 
to provide mutual coupling reduction[53].

A comparison table which indicates the advantage of 
using metasurface technique than traditional techniques 
for mutual coupling reduction applications is shown below 
in table II

Table 2: A comparison between metasurface techniques and 
other non-Metasurface techniques (mutual coupling reduction)

Max 
Reduction 

in (dB)

Edge-
to-edge 
Spacing

Frequency 
(GHz)Ref.

26.20.07λ3.574 (PCR)
45.20.03λ5.875 (ACPS)
270.125λ3.676 (CSRR)
550.023λ3.5152 (metasurface)

46.5NA60.470 (metasurface)

VIII. FREQUENCY SCANNING METASURFACE 
ANTENNA

As mentioned in the above sections, the metasurface 
can be used to improve the characteristics of the antenna 
such as improving the directivity, gain, reduction of the 
radar cross-section and mutual coupling reduction besides 
it is used to construct reflectarrays and transmitarrays. 
Metasurfaces can also be used to provide frequency 
scanning by using phase gradient unitcells which have 
the property of providing coupling of spoof surface 
plasmon polariton (SSPP) besides decoupling it[54,55]. In[56], 
the authors used a reflective phase gradient metasurface 
to achieve frequency scanning for the planar antenna. 

The antenna is composed of transmissive phase gradient 
metasurface unitcells which were put above SSPP guided 
wave structure as shown in Fig. 20 (a).

The planar antenna had fed with a rectangular 
waveguide. The planar antenna has a wideband frequency 
scanning from 7 GHz to 10 GHz with a total efficiency of 
90 % as concluded from the radiation pattern which shown 
in Fig. 20 (c), (d). Also, in[57], a supercell that consists of 
six-unit cells was used to construct the phase gradient 
metasurface which in turn it provides a frequency scanning 
from 8.8 GHz to 10.7 GHz as shown in Fig. 21.

Fig. 20: (a)schematic view of transmissive phase gradient 
metasurface unit cells which is above SSPP guided wave 
structure. (b) the fabricated antenna. (c) radiation pattern at 
different frequencies. (d) the total efficiency and the radiated 
efficiency of metasurface antenna[56].

Fig. 21: (a) The geometry of the metasurface supercell which 
consists of six-unit cells. (b) the radiation pattern which declare 
the different angles of different frequencies[57].
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Another technique for providing frequency scanning 
was introduced in[58] by using spatial angular filtering 
metasurface which is shown in Fig. 22(a). When the 
C-shaped phase gradient metasurface is illuminated by 
TE-polarized plane waves with various incident angles, the 
metasurface unit cells will generate variable wavelength 
energies. The introduced tapered waveguide provides 
frequency scanning from 15.9 GHz to 16.8 GHz with 
different angles as shown in Fig. 22(b).

Fig. 22: (a) The configuration of using spatial angular filtering 
metasurface layer. (b) the radiation characteristics after using 
metasurface layer[58].

IX. MULTI-BEAM METASURFACE ANTENNA
Depending on the advantage of metasurface having 

a great control in manipulating the radiated waves as 
mentioned in section II, the multi-beam generation can be 
achieved by using metasurface unit cells[59,60]. As introduced 
in[61], to manipulate and construct a flexible radiation pattern, 
a low-profile planar array antenna was introduced by using 
coding metasurface unit cells. The coding metasurface unit 
cell was arranged in between the radiating patches of the 
array to obtain good radiation characteristics and reduce 
the scattering from the microstrip array as shown in Fig. 
23(a). After using the coding metasurface unit cells, the 
coding array become have fourbeams at different angles as 
shown in Fig. 23(b) besides, the gain was still not affected.

Also, a dual-polarized multibeam metasurface antenna 
was introduced in[62]. An array of the subwavelength slot-
shaped unit cell was used to construct the metasurface 
array. The multi-beam forming function is achieved 
without using phase-shifting circuits. The introduced 
metasurface antenna has three main lobes in three different 
directions as shown in Fig. 24.

Fig. 23: (a) The geometry of antenna array with coding 
metasurface in between the array patches. (b) 3-D radiation 
pattern of the array antenna with metasurface to generate multi-
beam[61].

Fig. 24: Dual polarized multi-beam metasurface antenna (a) the 
antenna geometry. (b) the radiation pattern[62].
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X. END-FIRE METASURFACE ANTENNA
In the last few years, end-fire antennas have had a great 

interest due to their numerous applications in aeroplanes 
and unmanned aerial vehicles (UAV)[63-65]. Recently, 
introducing metasurface to be used in end-fire antenna 
have attracted a lot of attention because of its advantage 
of simplicity in fabrication, minimal cost, low profile and 
lightweight[66,67].

In[67], a metasurface principle was illustrated and 
implemented in the construction to achieve a low profile and 
wideband end-fire antenna. The metasurface construction 
is divided into two parts as shown in Fig. 23 (a). In the first 
part, two rows of the same size rectangular metasurface 
unit cell were used to improve the impedance matching. 
The second part is fourteen rows of metasurface unit cells 
with variable sizes to provide the property of wideband and 

low profile. The metasurface unit cells rows were fed by 
surface wave launcher as depicted in Fig.23 (a). The profile 
size of the metasurface end-fire antenna was 0.065λ and 
the fractional bandwidth was 125%.

A quasi-Yagi antenna that works in the UHF frequency 
band was presented in[68]. The antenna was printed on a 
textile substrate which can be adopted to take the shape of 
the arm. The radiation pattern of the quasi-Yagi antenna 
was directive along the arm. The end-fire radiation property 
was added to the previously mentioned quasi-Yagi antenna 
by using the metasurface unit cells between the human 
arm and the quasi-Yagi antenna and hence the directivity 
was enhanced. The geometry of the quasi-Yagi antenna 
and the metasurface unit cells is shown in Fig. 24 (a) and 
the radiation pattern and the gain of the same antenna are 
depicted in Fig. 24 (b), (c), respectively.

Fig. 25: End-fire antenna loaded with metasurface unit cells to obtain wideband and low profile [67] (a) the geometry of the antenna. (b) 
VSWR. (c) the gain and efficiency.
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A comparison table which indicates the advantage 
of using metasurface technique than non-metasurface 

Table III: A comparison between Metasurface techniques and other non-Metasurface techniques (end fire antenna)

Gain (dBi)Fractional BWFrequency (GHz)Ref.

7.2-9.2160.6%277 (non-metasurface)

3.61-18.7155.52.578 (non-metasurface)

9.95-1286.46.979 (non-metasurface)

5.5-14.1132.33.7880 (metasurface)

8.6-16.67125.83.867 (metasurface)

XI. CONCLUSION
There is a great interest in using the metasurface 

concept in the antenna community due to its advantages 
in manipulating electromagnetic waves. The metasurface 
is made up of two-dimensional scatterers (metallic and 
dielectric), which make it easy to make and flexible 
to integrate with other systems. The metasurface unit 
cells have a size of a sub-wavelength. After introducing 
generalized Snell's law, a lot of characteristics are obtained 
by metasurface. Metasurface can be integrated intothe 
antenna community to realize reflectarray antennas and 
transmit array antennas with high directivity depending 

techniques for end-fire antenna applications is shown 
below in Table III

on the anomalous reflection and anomalous refraction 
concept which is demonstrated by generalized Snell's 
law. The metasurface can be used also in the Fabry-Perot 
cavity antenna to increase the directivity and the gain. 
In stealth technology, metasurface is very important as 
radar cross-section reduction can be realized. Besides 
the above applications, the metasurface is used to reduce 
the mutual coupling between the neighboring antennas 
especially in array antennas and it is used also to design                                  
frequency scanning metasurface antennas.                                                                                       
Beamforming and beam splitting are also generated by 
using metasurfaces. 

Fig. 26: The quasi-Yagi metasurface antenna[68] (a) the geometry 
of the antenna. (b) the metasurface unit cells. (b) the 3-D radiation 
pattern. (c) the simulated gain with and without metasurface unit 
cells.
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