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Abstract

Electromagnetic (EM) lens antenna designs using cascaded metasurfaces for

gain enhancement and beam steering applications are proposed. Two different

lens aperture designs are proposed and populated with aperiodic unit cells of

size 0.2λo � 0.2λo. In lens Design 1, the unit cells of different phases are distrib-

uted in concentric circular zones, whereas in lens Design 2, the unit cells of

different phases are distributed in vertical linear zones on the aperture of the

EM lens. Both lenses are composed of two cascaded metasurfaces with an air

gap of 0.047λo (where λo = 51.7 mm at 5.8 GHz). For gain enhancement, the

metasurfaces are positioned at an optimum focal distance, f = 0.61λo above

source patch antenna (f/D = 0.3). Beam steering is accomplished by phase

transformation of the source antenna, which can be realized by mechanically

sliding the passive metasurfaces in one direction (i.e., ±x-direction) above the

source antenna. The prototype of the two proposed lenses are fabricated and

tested. The measured peak boresight gain obtained from Design 1 and 2 are

14.98 and 15.12 dBi, respectively. The experimental results show �25� to +25�

and �27� to +27� beam steering range for Design 1 and 2, respectively, with a

little gain degradation at other angles.
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1 | INTRODUCTION

High gain lens antennas play an important role in wire-
less communications with beam steering becoming neces-
sary for mobile transmitter and receiver systems. In the
past, dielectric lenses were commonly employed to ensure
high gain, broad bandwidth, and high aperture efficiency.
Notwithstanding, these structure featured high profile,
and were expensive to fabricate. Recently, alternative
approaches to these problems have been proposed by
the development of lenses based on thin metasurfaces.1,2

Thin metasurface exhibit attractive capabilities, in partic-
ular, enable gain enhancement as well as steering of
the electromagnetic (EM) waves.3–9 Owing to their flat
shapes, the fabrication cost is low. The same feature
enables size reduction, especially in terms of the structure
thickness, and make the metasurface a promising solution
for future applications in EM interference (EMI) shield-
ing, imaging, and sensing.

Thin metasurfaces are also referred to as fre-
quency selective surfaces,10–12 transmit arrays for beam
shifting,13,14 or phase shifting surfaces.1 Recently, these
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artificial engineered materials have been employed to
design EM lenses.3,7,10,12,15–30 For example, in Jiang
et al.,3 the authors present a thin planar lens based on
metamaterial for beamforming and gain enhancement. It
consists of a planar lens, and a string of linear array as a
source antenna. The planar lens is fed by a seven-element
antenna array operating at 28 GHz. The measured results
indicate that the presented configuration can achieve
+27� to –27� beam steering range, and a maximum gain
of 24.2 dBi. In Al-Joumayly et al.,10 the authors proposed
low profile planar microwave lenses. The proposed geom-
etry consists of numerous phase shifters distributed over
a planar surface referred to as a metasurface. The size of
each unit cell is 0.2λo � 0.2λo at the center frequency of
10 GHz. This design features wide bandwidth of about
20%, and a stable response under oblique incidence angle.
In Escuderos et al.,12 the authors proposed a planar lens
to increase the gain of the feeding aperture. The planar
lens is placed in the vicinity of the feeding aperture,
which results an increment of gain by 7.32 dB at
20.45 GHz; at the same time, the side lobe level is below
�12 dB. In Abbaspour-Tamijani et al.,31 a flat and thin
shape laminated lens based on split-ring resonators
(SRRs) for millimeter-wave applications was proposed.
When two designed lenses were laminated for bending or
focusing the incoming waves at 120 GHz, it could be
clearly observed that the outgoing waves collimated and
bended as desired. In Kitayama et al.,32 the author pro-
posed a novel approach to design a thin lens by reducing
the number of substrates and the metal layers for phase
shifters. It has been demonstrated that the lens is smaller
than 0.05λo at 28 GHz in terms of the total thickness, and
exhibits gain of 12 dB with the focal distance ratio
of about 0.7. In Oh,15 the author proposed a three-
dimensional microwave lens composed of a source patch
antenna and 13 dielectric layers operating at 8.5 GHz.
The dielectric layers are placed periodically above the
source antenna to achieve high gain. This results in
improved gain along the boresight direction of about
11.9 dB. The reported volume of the microwave lens is
1.7λo � 1.6λo � 1.7λo. In Li et al.,29 the authors proposed
a self-feeding Janus thin metasurface (SFJ-MS) to control
either the incident EM waves or emitted radiated waves.
This solution facilitates polarization conversion, scatter-
ing control, and beam steering. The proposed SFJ-MF is
lightweight, compact, low-profile, and power efficient
and can be employed for different applications such as
phase array radar systems, wireless communication sys-
tems, polarimetric radar imaging system, and so forth. In
Li et al.,30 the authors proposed novel programmable
metasurfaces for manipulating the incident and emitting
waves to free space. This meta-microstructure (MMS) dig-
itally manipulates the scattering properties in real time

with different radiation modes simultaneously. The PIN
diode is introduced on the element of MMS in which “0”
state resonate at 6.58GHz and “1” state resonate at 3.3
and 6.46 GHz. Furthermore, the MMS exhibits the linear-
to-cross-linear polarization conversion at 4.8 and 5.6 GHz
with the PIN diode in “0” state, and the linear-to-circular
polarization conversion at 4.7 GHz with the PIN diode in
“1” state.

In this work, two novel EM lens antenna designs are
proposed, based on cascaded passive thin metasurfaces
for gain enhancement and beam steering applications at
5.8 GHz. The passive cascaded metasurfaces maintaining
an air gap of 2.4 mm are placed above the source antenna.
The novelty of the work is a cross-shaped unit cell along
with its intelligent distribution over the metasurface. This
makes the proposed design a potential candidate for gain
enhancement and beam steering applications.

The surface of thin metasurface is composed of novel
cross-shaped unit cells. The proposed unit cell is charac-
terized in CST Microwave Studio (MWS) and found to
have a potential to focus the incoming beam, and steer
the beam in a desirable direction. In EM lens Design 1,
the novel aperiodic cross-shaped unit cells are distributed
with respect to their phase shifts in circular zones over
two passive cascaded metasurfaces. On the other hand, in
the second design, the cells are distributed with respect to
their phase shifts in linear zones over two passive cas-
caded metasurfaces. The first stage of the design process is
to characterize the EM lens is using GRIN (Gradient
Index) equations. Subsequently, the structures are
designed in CST MWS. The cascaded metasurfaces are
placed approximately at a focal distance, f = 30 mm above
the source antenna to improve the boresight gain. This
distance is calculated by the standard GRIN equations,
and further optimized built-in CST procedures. Once the
boresight gain is improved for the lens antenna designs,
the next step is the beam steering of the proposed meta-
surface lenses. This can be achieved by mechanically slid-
ing the designed passive metasurfaces in a horizontal
direction (+x-direction or –x-direction) over the source
radiator (patch antenna) to obtain different beam steering
angles. This study demonstrates that the proposed mesta-
surfaces increase the gain of the source patch antenna
from 5.1 to 14.98 dBi and from 5.1 to 15.12 dBi for Design
1 and 2, respectively. At the same time, the obtained beam
steering angle range is as high as –25� to +25� and –27�
to +27� for the respective designs.

2 | EM LENS DESIGN

This section introduces the EM lens proposed in this
work. We explain the topology of the unit cells, and the
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lenses architectures, as well as discuss their operating
principles and electrical and field properties.

2.1 | CONFIGURATION OF EM LENS
WITH CASCADED METASURFACES

Figure 1 depicts the proposed planar EM lens system
developed to achieve high antenna gain and beam steer-
ing capabilities. The EM lens using passive cascaded
metasurfaces are placed above the physical source
antenna at a specific focal distance f. The cascaded meta-
surfaces are free-standing planar surfaces with the unit
cells distributed overs their respective surfaces. When the
metasurfaces are placed at an optimum distance above
the source antenna, this configuration renders a highly
directive broadside beam in the far-field. Furthermore, to
steer the beam of source antenna, the passive

metasurfaces can be mechanically slided in ±x-direction
while maintaining the specific distance.

A ray-tracing model of the proposed planar EM lens
system has been shown in Figure 2. The proposed lens is
placed in the xy-plane with aperture coordinates of Dx

and Dy. A conventional source patch antenna is situated
at the EM lens focal point f. This source antenna radiates
spherical waves which impinge onto the EM lens from
one side, and are transformed to planar waves toward the
outside of the lens.

The spherical electric field distribution at the EM lens
input surface can be represented as

Ein ¼Din x,yð Þe�jkor ð1Þ

where, Din(x,y) stands for the amplitude of the spherical
electric field distribution at the xy-plane, r is the distance
at an arbitrary point on the EM lens aperture, and f is,
again, the focal point of the EM lens. Also, r can be writ-
ten as r = (x2 + y2 + f2)1/2.

The transformed planar waves at the output of EM
lens in terms of the electric field distribution E is repre-
sented as

Eout ¼Dout x,yð Þe�jkore�jϕ x,yð Þ ð2Þ

where, Dout(x,y) is the magnitude of the plane wave elec-
tric field distribution and φ(x,y) is the phase delay con-
tributed from the unit cells populated over the EM lens
surfaces. It can be calculated as.10

φ x,yð Þ¼�ko r� f½ �þko

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

D=2ð Þ2þ f 2
q

� f

� �

þφo ð3Þ

where, φo represents a positive constant phase delay
added to the response of each unit cells populated over
the EM lens.

2.2 | CROSS-SHAPED UNIT CELL
CHARACTERIZATION

The lens antenna has the properties of convergence and
divergence to transmit and to receive the EM waves,
respectively. The aperture of the lens antenna is popu-
lated with unit cells to convert the incoming spherical
waves to planar waves. One must ensure that the EM
field transmitted from each unit cell should be with an
appropriate phase shift, and the transmission magnitude
equal to one. Thus, both the phase shift and the transmis-
sion magnitude play a vital role in the performance of

FIGURE 1 Beam steering of source antenna using passive

cascaded metasurfaces

fMetasurfaces

Source antenna
x

z

r0 r1 r2 rn

+x-x

Dx

Beam Steering by Sliding Metasurfaces

Ground Plane

Boreseight

FIGURE 2 Ray tracing model of the proposed planar

electromagnetic (EM) lens system
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lens antenna design. Consequently, a selection of a spe-
cific unit cell design which provides a wider phase range
along the desired frequency, and high transmission mag-
nitude should be considered.

Design of a single-layer unit cell featuring a broad
phase range and high transmission magnitude is a chal-
lenging endeavor. Obtaining the required properties can
be facilitated by incorporating multiple layers. On the
other hand, using more than two layers can lead to an
excessive size of the lens aperture, increase the complex-
ity of the fabrication process and make it more expensive.
Consequently, in this work, a novel unit cell implemen-
ted on two thin cascaded layers is proposed to maintain
low profile. The performance of the designed unit cell is
reasonably good, and the cells can be implemented on a
lens aperture.

The proposed unit cell for EM lens design consists of
two dielectric layers with an air gap between them, and a
cross-shaped conducting patch enclosed in a circular
metallic ring as shown in Figure 3. Taconic TLY-5z dielec-
tric material substrate (εr = 2.2, thickness h = 0.5 mm,
tanδ = 0.0009) is used to implement the cells. The air gap
between two cascaded unit cell substrates is 2.4 mm. The
size of the unit cell is P = 10.5 mm (which is less than
0.5λo to avoid the grating lobes16). The cell configuration
has been shown in Figure 3. In order to obtain a range of
different phase shifts, the cross-shaped patch length L is
varied from 7 to 3 mm. The progression of the phase shift
w.r.t. the patch length has been depicted in Figure 4A.
The transmission magnitude and the phase shifting prop-
erty is shown in Figure 4B. The proposed unit cell is char-
acterized using CST MWS using periodic boundary
conditions for the complete analysis.

2.3 | EM LENS DESIGN TOPOLOGIES

The characterized unit cells are deployed on a planar sur-
face referred to as a metasurface. The metasurface is com-
posed of unit cells whose cross-shape patch lengths vary
from 3 to 7 mm. The cells serve as phase shifters, and are
arranged into five discrete zones. In first EM lens design,
the unit cells are distributed in a concentric circular zone
whereas, in EM lens Design 2, the unit cells are distrib-
uted in linear vertical zones. The topologies of the EM
lens designs are shown in Figure 5. The proposed designs
are composed of five discrete zones. As reported in Al-
Joumayly et al.,10 the lens structure consisting of even a
few discrete zones can be considered locally periodic in
each zone. The phase responses that populate each zone
are close to that of an ideal lens.

The effective normalized refractive index, n(φ) of the
proposed EM lens designs can be calculated based on the
ideal lens15,16 as

n φð Þ¼ 1�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

f 2þ f tanφð Þ2
q

� f

Ttotal
ð4Þ

Note that the refractive index n(φ) is calculated using f
and Ttotal = h + air gap (0.5 � 2 + 2.4 = 3.4 mm).

Figure 6 shows the normalized refractive index of an
ideal lens and the proposed EM lens designs with varying
focal distances, f, and the incident angle. Three different
focal distances are calculated at f = 25 mm, f = 30 mm,
and f = 35 mm. In Figure 6, the proposed design (blue
dash-dot line) does not show a good estimation at
f = 25 mm as compared to the ideal lens (green solid
line) with the incident angle of 10�. At the focal distance

FIGURE 3 Proposed cross-

shaped unit cell. (A) Perspective

view, (B) front view, (C)

side view

4 of 13 AZIZ ET AL.

 1099047x, 2022, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

m
ce.23327 by K

orea A
dvanced Institute O

f, W
iley O

nline Library on [06/03/2023]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



f = 32 mm, the EM lens (blue dash-dot line) has a rea-
sonable estimation at the incident angle of 40� as com-
pared to the ideal lens (red solid line). Finally, at

f = 35 mm, the EM lens (blue dash-dot line) also fails to
show a good estimation compared to the ideal lens
(golden solid line). Hence, the optimum focal distance for

P=10.5 mm

L=7

P=10.5 mm

L=6

P=10.5 mm

L=5

P=10.5 mm

L=4

P=10.5 mm

L=3

(A)

(B) (C)

FIGURE 4 Proposed cross-shape unit cell, (A) progression of the cross-shaped unit cell, (B) magnitude for different cross-shaped patch

lengths L, (C) phase shifts for cross-shaped patch lengths, L

FIGURE 5 Proposed

electromagnetic (EM) lens

designs, (A) concentric circular

zone topology, (B) EM lens

aperture with circular zones, (C)

linear vertical zone topology,

(D) EM lens aperture with

vertical zones
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the EM lens designs is f = 32 mm at an incident angle of
40�. With this approximation, the lens aperture size is
about 1.83λo � 1.83λo for both EM lens aperture designs.

For the effective focusing of lens aperture, the phase
distribution on it should follow the following parabolic
equation.16

ψ x,yð Þ¼ 2π
λ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x2þ y2þ f 2
q

� f

� �

þψ0 ð5Þ

where f is the focal distance and Ψ is the phase shift. In
the proposed lens geometry, the total 9 � 9 unit cells sat-
isfy the parabolic equation at the xoy-plane. Figure 7
shows the simulated electric field distributions Ex of both
lens designs in the xoz-plane. It demonstrates that both
the proposed lens aperture designs are able to focus the
incoming EM waves successfully, and they can be a good
candidate for lens antenna design.

FIGURE 6 Normalized effective refractive index, n(φ) of ideal

lens and proposed lens with varying focal distance, f

FIGURE 7 Simulated

electric field (Ex) showing the

focusing effect at the xoz-plane

of the proposed lens aperture,

(A) electromagnetic (EM) lens

design with circular concentric

zones, (B) EM lens with linear

vertical zones

FIGURE 8 Simulated normalized E-field distributions of electromagnetic (EM) lens Design 1 and EM lens Design 2 at the operating

frequency, (A) source patch antenna only, (B) source patch antenna with EM lens Design 1 (xoz-plane), (C) source patch antenna only, (D)

source patch antenna with EM lens Design 2 (xoz-plane)
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3 | HIGH GAIN EM LENS
ANTENNAS

The developed EM lens designs are employed to enhance
the gain of patch antennas at the operating frequency of
5.8 GHz. Here, target frequency was 5.8 GHz but we can
increase the impedance bandwidth of the proposed
source patch antenna by increasing the substrate thick-
ness currently it is 0.5 mm. Similarly wide band metasur-
face lens can be designed by slotting the present unit cell.
Other methods to improve the impedance bandwidth are
partial ground plane, slots and feeding probe. The lens is
place at about f = 32 mm above the source patch
antenna. From the reciprocity of the EM waves, the EM
lens designs have the ability to convert the spherical
waves emitted from the source antenna to planar EM
waves, which can be clearly observed in Figure 8 for both
EM lens designs. Figure 8B,D, also demonstrate that the
realized gain of the source patch antenna is increased for
both lens designs.

Figure 9 shows the simulated polar gain plot of the
source antenna with and without the lens for Design 1
and 2, respectively. The simulated realized gain of the
patch antenna with the EM lens Design 1 is enhanced by
about 8.89 dB, from 6.12 to 15.01 dBi at 5.8 GHz. Simi-
larly, the realized gain of the patch antenna with EM lens
Design 1 is enhanced by about 9.07 dB, from 6.05 to
15.12 dBi, also at 5.8 GHz.

(A) (B)

(D)

Patch Antenna Only Co Pol.
Patch Antenna Only Cross Pol.
Patch Antenna with Lens Co Pol.
Patch Antenna with Lens Cross Pol.

(C)

FIGURE 9 Simulated polar plots of lens Design 1 and 2 (A)

lens Design 1 at E plane, (B) lens Design 1 at H plane, (C) lens

Design 2 at E plane, (D) lens Design 2 at H plane

FIGURE 10 Beam steering

mechanism by mechanically

sliding cascaded metasurface

over the source antenna in the

+x-direction
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4 | BEAM STEERING OF EM LENS
ANTENNAS

Beam steering is an antenna technique used to control
the direction of a radiated beam. In particular, it is under-
stood as changing the direction of the main lobe of a radi-
ation pattern. Beam steering can be realized by changing
the relative phases of the RF signals driving the array ele-
ments. In this study, beam steering is be achieved by
means of metasurfaces. The metasurfaces are composed
of the unit cells serving as phase shifters. Consequently,
the proposed EM lens designs can be used to steer the
incoming radiated beam by mechanically sliding the cas-
caded metsasurfaces above the source antenna.

The beam steering mechanism is explained in Figure 10.
When the metasurfaces slide above the patch antenna in
the ±x-direction, the main lobe changes its direction. The
simulated radiation patterns at 5.8 GHz for both lens

designs with sliding the passive metasurfaces along the
± x-direction are shown in Figure 11. The maximum sim-
ulated gain of the source patch antennas with the EM
lenses at the boresight direction, that is, A = 0 is 15.0 dBi
and 15.2 dBi at 5.79 and 5.80 GHz, respectively. It can be
noticed in Figure 11 that when the position of metasur-
faces are changed from the boresight to either direction
(along the ±x-direction), the antenna gain decreases grad-
ually. At higher steering angles, the reduction in gain is a
usual effect for phased array antennas.5

In the case of Design 1, it can be noticed in
Figure 11A that when relocating the metasurface from
A = 0 to A = 4 along the +x-direction, the maximum
steering angle is +25�. Similarly, when moving from
A = 0 to A = �4 in the –x-direction, the maximum steer-
ing angle is –25�. In the case of Design 2, Figure 11B
shows that the metasurface relocation from A = 0 to
A = 4, in the +x-direction the maximum steering angle is
+27�. Likewise, when moving from A = 0 to A = �4 in
the –x-direction, the maximum steering angle is –27�. It
can also be observed that due to gradual shifting of the
metasurfaces, back lobes become larger at A = ±4, and a
beam splitting effect occurs manifesting itself in the form
of the increased side lobe level.

The beam steering phenomena of the proposed EM
lens design can also be analyzed by investigating the cor-
responding normalized E-field distributions shown in
Figure 12. The radiated electric field is observed above
the cascaded metasurfaces for varying their position
along the ±x-direction on the patch antenna. It is noticed
in Figure 12 that for all the possible cases demonstrated,
the changes in amplitudes are not significant, whereas
the phase variations due to cross-shaped unit cells are
noticeable. At boresight (A = 0), the phase delay is close
to zero, and the resulting radiated electric field is directed
upwards, that is, at 0o. Another important aspect demon-
strated in Figure 12 is that when the metasurface is
shifted either + or –x-direction, the phase delay is gradu-
ally increasing; this will steer the radiated electric field to
an increasing angle accordingly.

5 | EXPERIMENTAL VALIDATION

In this work, two different EM lens designs have been
proposed and studied. Both designs and the source patch
antennas have been fabricated and measured. Each pro-
totype is composed of two cascaded metasurfaces imple-
mented on thin substrates; the metasurfaces are
separated by an air gap of 2.4 mm. This air gap is realized
using four plastic rods and spacers inserted at each cor-
ner edge of the metasurface substrates. Taconic TLY-5z
dielectric substrate with εr = 2.2, h = 0.5 mm, and

(A) (B)

(D)

A=0 (Co Pol.)

A=+1 (Co. Pol)
A=+1 (Cross Pol.)

A=+3 (Co Pol.)

A=+4 (Co Pol.)

A=0 (Cross Pol.)

A=+2 (Co Pol.)
A=+2 (Cross Pol.)

A=+3 (Cross Pol.)

A=+4 (Cross Pol.)

A=0 (Co Pol.)

A=-1 (Co. Pol)
A=-1 (Cross Pol.)

A=-3 (Co Pol.)

A=-4 (Co Pol.)

A=0 (Cross Pol.)

A=-2 (Co Pol.)
A=-2 (Cross Pol.)

A=-3 (Cross Pol.)

A=-4 (Cross Pol.)

(C)

FIGURE 11 Simulated radiation polar plots at 5.8 GHz. (A)

Electromagnetic (EM) lens Design 1 in +x-direction, (B) EM lens

Design 1 in �x-direction, (C) EM lens Design 2 in +x-direction, (D)

EM lens Design 2 in �x-direction

8 of 13 AZIZ ET AL.

 1099047x, 2022, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

m
ce.23327 by K

orea A
dvanced Institute O

f, W
iley O

nline Library on [06/03/2023]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



tanδ = 0.0009, is used for both the EM lens designs and
the source antennas. The total aperture sizes of the lens
and substrate size of source patch antenna including the
holes for the plastic rods are same, and equal to
2.22λo � 2.22λo. The optimized focal length f is 32 mm.
The distance between the source antenna and the EM
lens is maintained using styrofoam. The photographs of
the fabricated prototypes have been shown in Figure 13.

The S-parameters of EM lens designs are shown in
Figure 14. It can be observed in Figure 14A that the
source patch antenna operates at 5.805 GHz but when
the lens Design 1 is placed above it, the resonance is
slightly shifted to 5.81 GHz, and the impedance matching
is also reduced. In the case of Design 2, the resonance
remains the same; however, the impedance matching is
also affected. For beam steering application, when the

metasurfaces are mechanically slid in the ±x-direction
above the source antenna, a slight shift in the S-parame-
ters and the impedance matching is observed. However,
this mechanical movement is only affecting the imped-
ance matching of both EM lens designs. Figure 14 dem-
onstrates that the impedance matching of the patch
antenna is good, that is, below �15 dB, both with and
without the lens, as well as when relocating the lens
along the ±x-direction. The gain and beam steering of
both EM lens designs lens have been measured and
reported in Figure 15. The distance between the lens and
the patch antenna is maintained using acrylic screws and
styrofoam. The measurement results confirm that by
mechanically moving the lens above the source antenna,
the beam steering range predicted by simulations is
maintained. It is ±25� and ± 27� for Design 1 and 2,

FIGURE 12 Normalized electric filed distributions of the patch antenna with proposed lens designs, (A) Design 1, (B) Design 2

FIGURE 13 Photograph of the

fabricated prototypes, (A)

electromagnetic (EM) lens Design 1 and

the patch antenna, (B) EM lens Design

2 and the patch antenna

AZIZ ET AL. 9 of 13
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(A) (B)

FIGURE 14 Measured S-parameters. (A) Electromagnetic (EM) lens Design 1 with the source patch antenna, (B) EM lens Design 2

with source patch antenna

A=0 (Co Pol.)

A=+1 (Co. Pol)
A=+1 (Cross Pol.)

A=+3 (Co Pol.)

A=+4 (Co Pol.)

A=0 (Cross Pol.)

A=+2 (Co Pol.)
A=+2 (Cross Pol.)

A=+3 (Cross Pol.)

A=+4 (Cross Pol.)

A=0 (Co Pol.)

A=-1 (Co. Pol)
A=-1 (Cross Pol.)

A=-3 (Co Pol.)

A=-4 (Co Pol.)

A=0 (Cross Pol.)

A=-2 (Co Pol.)
A=-2 (Cross Pol.)

A=-3 (Cross Pol.)

A=-4 (Cross Pol.)

A=0 (Co Pol.) Patch Only
A=0 (Cross Pol.) Patch Only

A=0 (Co Pol.) Patch Only
A=0 (Cross Pol.) Patch Only

(A) (B)

FIGURE 15 Measured radiation patterns in the elevation plane when shifting the lens over the source patch antenna, (A) beam

steering pattern of Design 1, (B) beam steering pattern of Design 2

TABLE 1 Proposed EM lens design parameters

EM lens
design

�10 dB reflection
bandwidth

Lens
aperture size

Unit cells distribution
over lens aperture

Lens
antenna
gain

Beam
steering
range

Aperture
efficiency

1 5.81–5.83 GHz 1.83λo � 1.83λo Concentric circular zones 15.01 dB �25� � +25� 52.19%

2 5.804–5.82 GHz 1.83λo � 1.83λo Linear vertical zones 15.12 dB �27� � +27� 56.06%

Abbreviation: EM, electromagnetic.
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respectively. The highest gain is observed at the boresight
direction, and it is 14.98 and 15.12 dB for Design 1 and 2,
respectively. At higher steering angles, the gain is
decreases as compared to boresight by sliding the passive
cascaded metasurface in each design from 14.98 to
13.98 dB and from 15.12 to 14.02 dB, respectively. Conse-
quently, the side lobe level is gradually increasing with
the sliding of passive cascaded metasurfaces at higher
steering angles. Furthermore, the antenna efficiency is
calculated to check the performance of the proposed lens
designs at 5.8 GHz. The aperture efficiency for Design 1
is about 52.2%, and it is about 56.1% for Design 2. The
design configurations and the major parameters have
been gathered in Tables 1 and 2 gathers the main perfor-
mance parameters of the proposed EM lens designs.

Table 3 shows the performance comparison of the
proposed EM lens versus state-of-the-art designs reported
in the literature. The comparison is conducted in terms
of the EM lens aperture size, maximum gain and beam
steering capabilities. It can be observed the proposed EM

lens geometries allow for higher gain enhancement, and
enable beam is steering while maintaining a very low
profile as compared to other reported antennas.

6 | CONCLUSION

Gain enhancement and beam steering capabilities of two
EM lens antenna designs using passive cascaded metasur-
faces are studied. Both EM lens designs are comprised of
a source patch antenna and two passive cascaded meta-
surfaces. In Design 1, the metasurfaces adopt a circular
topology, with the cross-shaped unit cells distributed in
circular concentric zones. In Design 2, the metasurfaces
adopt a linear topology with the cross-shaped unit cells
distributed in vertical zones. The incoming quasi spheri-
cal waves from the source antenna are converted to quasi
plane waves; hence, the boresight gain is improved to
about 14.98 and 15.12 dBi for Design 1 and 2, respec-
tively. The beam steering is achieved by mechanically

TABLE 2 Measured results of proposed EM lens designs

EM
lens
design

Lens
aperture
size

Maximum gain

Beam
steering
range

Aperture
efficiency
(%)

A = 0
(Boresight)
(dB)

A = ±1
(dB)

A = ±2
(dB)

A = ±3
(dB)

A = ±4
(dB)

1 1.83λo � 1.83λo 14.98 14.52 14.33 14.15 13.98 dB �25� to +25� 52.19

2 1.83λo � 1.83λo 15.12 14.88 14.63 14.31 14.02 �27� to +27� 56.06

Abbreviation: EM, electromagnetic.

TABLE 3 Benchmarking of the proposed EM lens designs versus state-of-the-art antennas from the literature

Design

EM lens
aperture
size

Relative
operating
frequency
(GHz)

Realized
gain
(dBi)

Beam steering
range

Aperture
efficiency
(%)

Level of
first side
lobe (dB)

[3] 9.5λo � 9.5λo 27.5 24.2 �27� to +27� 24.5 �18

[4] 6λo � 6λo 11 19.4 0� to 51� 46 �8

[5] (design 1) λo � λo 2.45 8.3 �30� to 30� Not available Not available

[5] (design 2) λo � λo 2.45 6.2 �35� to +35� Not available Not available

[9] 12λo � 12λo � 12λo 62.5 21.6 �45� to +45� Not available �12 dB

[13] 3λo � 3λo 4.8 15 �45� to +45� 27.6 �7

[14] 3.9λo � 3.9λo 5.4 17 �60� to +60� 28.5 �10

[26] 10λo � 10λo � 5λo 5.6 22.4 �25� to +25� Not available �12

[28] 2.4λo � 2.4λo 10 19.1 �30� to +30� 74.2 �9.3

This work
(Design 1)

1.83λo � 1.83λo 5.81 15.05 �25� to 25� 91.46 �11

This work
(Design 2)

1.83λo � 1.83λo 5.807 15.23 �27� to 27� 90.77 �11.2

Abbreviation: EM, electromagnetic.
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sliding the passive cascaded metasurfaces over the source
patch antennas in the ±x-directions. Both lens designs
and the corresponding source patch antennas have been
fabricated and measured.

The experimental results indicate reasonable agreement
with the simulations and demonstrate that the proposed
mestasurfaces increase the gain of the source patch
antenna from 5.1 to 14.98 dBi, and from 5.1 to 15.12 dBi, as
well as the beam steering angle range to –25� to +25� and
–27� to +27�, for the EM lens Design 1 and 2, respectively.
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