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ABSTRACT Planar metasurface lens structures based on microstrip technology, optimized to control the
propagation of surface waves (SWs), are presented. Two different lenses are studied, i.e., a converging
or plane-wave-like lens and a diverging lens. Near-field simulations and measurements are reported to
demonstrate the guiding features of the designed lenses, which have also been proposed as a feeding
system for planar leaky-wave antennas (LWAs). Far-field results show improvements in terms of reduced
cross polarization and sidelobe level as well as increased realized gain when compared without these SW
lenses. The proposed structures are also simple to manufacture and are employed herein to control SW
fields generated by a TM0 surface-wave launcher (SWL) integrated in the ground plane of the developed
prototype demonstrators. Some applications include high-gain radar and remote sensing satellite antennas
as well as microwave and millimeter-wave communication systems.

INDEX TERMS Metasurfaces, leaky-wave antennas, surface waves, feeding systems.

I. INTRODUCTION

METASURFACES and metamaterials are useful and
versatile for designing new devices and anten-

nas [1], [2], [3]. These structures typically have printed,
sub-wavelengths inclusions and can be exploited in the
design process to enable new techniques to control the
propagation of guided waves and surface waves (SWs); this
is desirable for antenna size reduction as well as improved
impedance matching and lower cross-polarization levels, for
example. One of the earliest investigations into metasurfaces
was reported in [4], where theoretical considerations of artifi-
cially soft and hard surfaces were described. In particular, the
characteristics of different corrugation loading (also defined
as hard) and unloaded (soft) elements were studied showing
field control.
Efficient and modern antennas using metasurfaces require

proper design of the surface profile, which is generally based

on modeling approaches and suitable approximations. For
example, an antenna system based on the usemetasurfaces was
proposed in [5]. In that work, a loop-wire unit-cell printed on a
dielectric substrate was presented, and modulation techniques
were exploited to simultaneously support TM and TE SW
modes. By tailoring the geometrical parameters of the loop-
wire structure, optimum control of the SW phase propagation
constants was achieved, and this supported the excitation of
both a TM and a TE SWmode for radiation [5]. A directivity of
25.6 dBi and 20.7 dBi was achieved, respectively, however, the
bandwidth for this structure was limited due to the overlapping
of the TM and TE SW modes, which occurred over a narrow
frequency range.
Another popular approach for antenna design leverages on

the use of high-impedance surfaces (HIS) [6], [7]. Typically,
HISs can act as artificial magnetic conductors (AMC) or
perfect magnetic conductors (PMC). Cross-shaped elements,
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meandered cells, and compact patch structures have all
been reported [6], [7], [8], [9]. In [7] for example, the
bandwidth and radiation characteristics of a monopole were
enhanced by introducing a square-shaped metamaterial on
an additional ground plane under the printed monopole
antenna. The reported bandwidth was 55.6% with a maxi-
mum gain of 10.2 dBi. This offered gain improvement of
about 7 dBi, with respect to a more standard monopole
antenna.
Metasurfaces have also been proposed as reflectors in the

design of directive antennas and for reduced radar cross-
section. In [10], a dual-band metasurface-based reflector was
presented, which operated from 18.2 to 24.6 GHz and 40.6
to 56.4 GHz. The printed unit cells of the reflector consisted
of rhombus-shaped patches having annular configurations.
Reconfigurable structures have also been of interest, as
in [11], where a low-profile switchable metasurface antenna
was presented. The design operated from 4.2 to 5.5 GHz and
consisted of a ring-shaped pixel structure, equipped with 16
pin diodes and this allowed for controlling the polarization
state of the antenna. Structures based on Huygen’s surfaces
have also been examined [12]. They are typically based
on periodic strips or some reactive surface sheets, and
this enables versatile control of the propagating SWs. For
example, in [13], a design methodology was demonstrated
for development of a beam-refracting surface and a Gaussian-
to-Bessel beam transformer.
The concept of lensing [14], [15], at microwave

frequencies has also been reported for antenna feeding
networks. Basically, at microwave frequencies, dielectric
lenses can be designed to control and shape free-space
waves from a central source. For instance in [15] and [16]
lenses were employed to achieve increased gain values
from microstrip patch elements for an antenna array con-
figuration. Similarly, volumetric lens antenna structures for
wave control [17] have also been realized by the periodic
loading of metallic elements within a host dielectric. This
can be considered a 3-D artificial material, with an effective
dielectric constant that can be slightly larger than that of the
unloaded or free-space medium.
Following these earlier techniques to control SWs using

metasurfaces and microwave lensing, and in an effort to ease
fabrication in such a volumetric 3-D lens systems [17], new
planar metallic surface wave (SW) lenses are investigated
in Section II. In particular, by the addition of a periodic
configuration of microstrip lines (of width W) placed on
top of a grounded dielectric slab (GDS), which supports
planar SWs generated by a TM SW source, phase constant
values larger than that of the surrounding dielectric medium
can be engineered. Moreover, as shown in the following,
the designed converging and diverging SW lenses are
optimized to feed planar leaky-wave antennas (LWAs) with
improved gain and reduced sidelobe levels with respect to
more conventional implementations (i.e., without the lens).
Findings are supported by near-field studies of the designed
lenses as well as simulations and measurements of the

FIGURE 1. Planar metallic surface lens for control of bound TM SWs. The medium
defining the 2-D lens structure is modeled as a simple grid or (non-radiating) array of
printed microstrip lines; i.e., a transverse periodic microstrip guide (TPMG) having
width W and spatial periodicity d in the transverse v-direction (see left), which is
sub-wavelength. The SW source and leaky wave (LW) part of the antenna structure
(see right) is also shown.

FIGURE 2. Designed and fabricated SW lens structures with their dimensions in
mm: a) plane-wave (or converging) lens, b) diverging lens. The planar structures are
printed on top of the GDS while the SWL feed is positioned in the ground plane (or in
the bottom side of the PCB, see Fig. 1).

examined LWAs in Sections III and IV, respectively. A
summary of the work is provided in Section V to conclude
the paper.

II. THEORETICAL CONSIDERATIONS
This section outlines the planar lensing technique to control
SW fields. For example, by the addition of a sub-wavelength
metallic-strip grating (MSG) configuration, placed on top
of the guiding surface and parallel to the direction of
SW propagation β (see Fig. 1), an effective dielectric
constant can be achieved refracting and controlling SW fields
transmitted from a central source.
Two printed surface lenses will be investigated as shown

in Fig. 2 which have been optimized using a commercial
full-wave solver. It will also be shown in the following
that these lenses enforce a divergence of the SWs and the
transformation from a cylindrical wave into a bound plane
wave when considering transmission from a central SW
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FIGURE 3. Numerically determined phase constant values, β̂ = (β/k0), compared to
the TM0 SW mode as well as the fundamental parallel-plate mode of the host GDS
(markers). Results are also compared to full-wave simulations for the TPMG
(continuous lines). In the operating frequency range of the SW lens the transverse
periodicity, d , is sub-wavelength; i.e., d << λ0.

source. Likewise, in a receiver configuration, this defines a
SW focusing effect or the convergence from a bound plane-
wave to a source positioned at the origin.

A. PLANAR SW FEEDING
To feed these SW lens designs, a directive Yagi-Uda type
surface-wave launcher (SWL) is employed as the planar
source, and with a 50-� co-planar feedline extending to
the edge of the substrate (see [18, Fig. 3] for the relevant
dimensions of the SWL). To ensure efficient coupling into
the dominant TM0 SW mode of the GDS, with values of
90%, an electrically thick substrate of height h (= 1.27 mm)
with a relatively high dielectric constant value (εr = 10.2)
was used as the host guiding structure [19]. It is well known
that these SWLs can generate a cylindrical TM SW field
distribution, and this is useful for feeding planar antenna
structures for operation from about 18 to 26 GHz.

B. LENS FIELD PROFILE AND SYNTHESIS
We will now focus our attention on defining the field
quantities that can be generated within the lens region due
to an incident TM SW from the SWL. In Fig. 1(left) the
concept is illustrated: the SW lens structure is represented
by a longitudinal arrangement of printed and closely packed
microstrip lines and with a common periodicity d (i.e., a
TPMG).
Figure 3 shows the normalized phase constant values for

three TPMGs that can be adapted for these SW lenses,
i.e., W/d = 0.13, 0.25, and 0.33. It is also important to note
that the transverse periodicity d for these structures is sub-
wavelength. It can also be observed that normalized phase
constant values, i.e., β/k0 = β̂ for these TPMGs, are greater
when compared to that of the TM0 SW mode of the GDS (or
the unloaded structure), similarly for the fundamental mode

FIGURE 4. Simulated field distribution for the TPMG (see Fig. 1) due to an incident
TM SW at 24 GHz considering a substrate height of h of 1.27 mm and εr = 10.2. Values
normalized to the observed maximum for the excited fields within the guide and with
Ew and Hv respectively dominant defining a TM field configuration.

of quasi-TEM microstrip. These results suggest that the TM
phase constant can be tailored and enhanced when compared
to the unloaded GDS, and when introducing the TPMG after
the SW source. As also observed in Fig. 3, the refractive
index of the TPMG, or lens region, approaches

√
εr (=

3.194) which corresponds to the conventional TM parallel-
plate waveguide (PPW) mode. This is because the fields are
mostly contained within the dielectric (see Fig. 4) for the
partially closed TPMG, suggesting that the TPMG behaves
as a quasi-uniform parallel-plate guide. A TM SW-like field
distribution can be supported at microwave and millimeter-
wave frequencies defining the metasurface microstrip-based
waveguide.
For synthesis procedures the planar lens can be character-

ized as an effective medium. In particular, at the operating
frequency of the SWL, the guided TM0 SW mode can be
represented by an effective refractive index, β̂ = n1 = 2.1 at
about 0.09 d/λ0 (see Fig. 3, which is approximately 23 GHz
and chosen as our central design frequency). Here we define
n1 as the refractive index of the GDS region surrounding
the lens (see Fig. 1). Furthermore, since the vertical Ez field
component of the TM SW is well matched to the fields of
the TPMG, SWs from the SWL can couple power into the
lens region with reduced reflections [19] as the TPMG and
GDS regions have similar phase constant values.
A TM field configuration is generated within the lens

region and can be modeled using a second index of
refraction: n2 ≈ 3.1 consideringW/d ≈ 3. More importantly,
control of the incident SW field occurs due to refraction,
i.e., the effective index for the lens region is greater than
the surrounding dielectric medium (i.e., n2 > n1). This is
because the phase constant or refractive index for the TPMG,
within the lens region, is greater than the TM0 SW mode.
This realized refractive index for the lens can be defined as
n = n2/n1 ≈ 3.1/2.1 = 1.476 and this value can be used for
further lens synthesis using the ray tracing technique [20].
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FIGURE 5. Calculations of the focal length, or required SW source position, for the
plane-wave lens, by [14] F = D2 + T 2(1 − n2)/2T (n − 1).

For instance, focal length and lens dimensions where initially
calculated using n2 for the TPMG, see Fig. 5 for the plane-
wave lens. The reciprocal process is also possible where a
bound plane wave culminates into a single focal point F
(i.e., to a receiver element) at the origin.
Further improvements in accuracy, in terms of the exact

index of refraction for the SW lenses, may be achieved by
further characterization of the TPMG for each strip width and
periodicity while also including curvature effects. However,
for a first order model, this approximation for the TPMG
and lens region may be suitable for an initial synthesis
procedure of the SW lens, its design and implementation.
Following these results, further optimization of the grating
lenses was carried out in a commercial full-wave solver to
ensure reduced reflection coefficient values at the input of
the SWL (which were ≤ −10 dB from about 20 GHz to
26 GHz, see [19, Fig. 6.12]), while also, maintaining the
desired lens functionality.
Overall, the planar metallic lens design process can be

summarized as follows:

1) The first step involves characterizing the SW guide
structure for the lens. As described above this involves
defining a representative medium for the lens region
and determining an approximate value for the normal-
ized phase constant β̂ or the effective refractive index
n2, which should be higher than the GDS region n1.

2) Identify the normalized index of the refraction for
the SW lens and use standard lens ray-tracing tech-
niques [20] to determine an initial lens size and
dimension, with respect to the SWL source positioned
at the origin.

3) Further optimize the lens shape for the desired func-
tionality (diverging or converging), also in conjunction
with the SWL using full-wave simulators.

FIGURE 6. Simulated TM fields generated on the guiding surface with and without
the SW lens. A bound and guided plane wavefront can be observed by introducing the
SW lens.

By following Fig. 5 for the plane-wave (or converging)
SW lens and the above design procedure, the thickness of
the lens T can be increased to realize a diverging SW lens.
In our work we initially optimized the plane-wave lens, and
then approximately doubled the value T (see Fig. 5, inset)
for the diverging SW lens.

C. FULL-WAVE SIMULATIONS OF THE SW LENS
The planar metallic metasurface lenses were designed to
achieve controlled SW propagation along the employed GDS
and in conjunction with the SW source. Specifically, by the
addition of these planar lenses, the excited TM SWs from
the SWL were controlled and refracted by the metasurface
TPMG lens region. In particular, the cylindrical wave front
excited by the SW source at the origin is altered by the planar
lens. The resultant field distribution on the GDS generated
by the SW source and lenses are shown in Fig. 6 at 23 GHz.
It can be seen that a bound plane-wave is generated by
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FIGURE 7. Near-field measurement setup used to sample the TM SWs for the
proposed metasurface lenses. The platform with the integrated circuit probe is shown
as well as the microwave absorber, which was positioned below and at the perimeter
of the lens PCB test structures to minimize edge reflections. The inset also shows the
underside of the setup.

FIGURE 8. Measured magnitude and phase response above the air-dielectric
interface generated by the directive SWL positioned at the origin (an image of the SWL
is also shown defining its relative position). As can be observed the TM field is
directed in the forward x-direction and a cylindrical wave profile is achieved as
expected.

the addition of the lens and this is observed both in the
magnitude and phase. Similar results were observed for the
diverging lens (see [19, Fig. 6.16], all results not shown
for brevity) when compared to the no lens case, albeit the
magnitude of the TM fields were further dispersed along
the air-dielectric interface. These findings are consistent
with the model in Fig. 5, given that the distance F for the
optimized plane-wave lens was about 6 mm and considering
the refractive index for the metasurface lens region n2 (that
for the TPMG is about 3).

III. METASURFACE LENS: EXPERIMENTS AND
DISCUSSIONS
The optimized and manufactured prototype SW lenses,
considering both a diverging and a plane-wave lens as
reported in Fig. 2, were measured in the near-field about

FIGURE 9. Measured phase response of the plane-wave lens at a) 20.5 GHz,
b) 20.8 GHz, c) 20.85 GHz, d) 21.55 GHz, e) 21.6 GHz, f) 21.8 GHz. As can be observed
in the phase profile, a general uniform phase front is shown in the forward direction.
Also, for the measurement setup, the location of the lens is illustrated.

0.5 mm above the air-dielectric interface. The measurement
setup, see Fig. 7, was designed to sample the TM field values
generated by the SWLs and lens configurations. Comparisons
of the measurements without and with the lenses are reported
in Figs. 8 to 10. Basically, test circuits were manufactured
for near-field measurements, which only had the lenses and
the SWL feeds.
The co-planar waveguide feedlines for the SWLs were

connected to a standard vector network analyzer using
integrated circuit (IC) probes (PICO model 40A-GSG-150-
P) and x-y-z positioners. A retro-fitted IC probing station
was also used to sample the field profile underneath the
PCB (see Fig. 7). This is because the test structures were
measured with the SWLs on top (or ground plane on top) and
with the lenses below. Microwave absorbering materials were
also placed at the edge of the PCBs to minimize any edge
reflections. Also, to ensure a suitable air-dielectric interface
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FIGURE 10. Measured magnitude (left) and phase (right) of the TM field generated
by a diverging lens and SWL at 21.1 GHz. The spreading of the wave can be clearly
observed when compared to Fig. 8 as well as the phase response. The location of the
lens is also illustrated.

for SW excitation and propagation along the slab, a hole
was cut in the probing station platform (see Fig. 7 inset).
Absorbers were also used to isolate the metallic probing
station from the SW lenses and SWLs under test.
The field generated by the directive SWL in the absence

of the proposed lenses is reported in Fig. 8. A slight offset
of the aperture was sampled to fully observe the front and
back field profile of the SWL. As shown, the majority of
the power is directed in the forward region with field values
about 20 dB higher in front of the launcher than behind. It is
also important to note that the phase profile demonstrates a
conical shape, from about y ∈ [0, 25] mm. This is expected
since the SWL (with no lens) generates a cyclindrical-like
field profile in the forward x-direction [19].

The measured plane-wave SW lens response, consid-
ering different frequencies from 20.5 GHz to 21.8 GHz,
is reported in Fig. 9. At frequencies equal to 20.9 GHz,
20.85 GHz, and 21.8 GHz, the uniform phase front cor-
rection is clearly visible, i.e., the fields originating from
the SWL are transformed from a cylindrical wavefront to a
quasi-planar wavefront after the lens. Some samples show
a slightly indistinguishable result, but improvements are
clearly visible further away from the SWL and a continued
planar wavefront is still generally observed. There is also
a noticeable disruption to the wavefront for y > 15 mm,
which is related to reduced signal power, as the majority of
the SW field strength is directed in the forward direction and
contained within x ∈ [-10, 10] mm, and this is consistent
with Fig. 6.

The magnitude and phase response of the SWL and
diverging lens are reported in Fig. 10. Results show that
the TM field is dispersed across the manufactured PCB
and with relatively constant field strengths. For example,
values are about −20 dB (or above) mostly across the air-
dielectric aperture in the forward direction. Basically it can
be observed that the SW fields were guided and spread
across the PCB showing a diverging SW field profile, i.e., a
high concentration of the field can be seen x, y ∈ [10 to
35, ±5] mm. Conversely, for the SWL alone, TM fields
values decrease to below −15 dB for y > −15 mm. For

FIGURE 11. Measured 2-D beam patterns normalized and shown in linear units for
the MSG-based LWA and directive SWL feed (see inset). Single or multi-beam patterns
are observed as a function of frequency.

this measurement setup the position of the SWL was at the
origin.
These near-field measurements demonstrate that the planar

lens shown in Fig. 2 can properly shape the fields excited
by the SWL. By the addition of printed microstrip lines,
placed on top of the guiding surface and parallel to the
direction of SW propagation, an effective dielectric constant
can be achieved refracting and controlling SWs. Therefore
these microstrip-based, sub-wavelength designs can act as
metasurface lenses to control and direct cylindrical SW fields
generated by the SWLs. In particular, the TM field profiles
of two metallic surface lenses have been measured at the air-
dielectric interface, demonstrating the transformation from a
cylindrical wave into a bound plane-wave and the divergence
of TM SW fields.

IV. LEAKY-WAVE ANTENNA DESIGN
By utilizing SWs on a GDS and properly designing MSGs
for radiation, leaky waves (LWs) can be excited by the
n = −1 spatial harmonic; this realizes the transformation
from a bound SW mode to a radiated mode [19], [21], [22].
In this section the proposed SW lenses are exploited and
demonstrated to shape the phase of the TM SW fields, and
this is used to feed planar LWAs.

A. 1-D LWA AND INTEGRATION OF A PLANE-WAVE
LENS
We first analyze here the radiation features of a conventional
1-D periodic microstrip-based LWA (MSG periodicity of
6.3 mm and strip width of 1.25 mm), reported within the
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FIGURE 12. Measured 2-D far-field beam patterns for the LWA in Fig. 13. A single pencil beam is shown suggesting lens functionality. One-sided, backward [forward] beam
patterns are observed for f < 20 GHz [f > 21 GHz] with a broadside null from 20.0 to 21.3 GHz suggesting a LW stop band.

inset in Fig. 11 and considering a directive SWL as the
antenna feeder. As shown in Fig. 8, the wavefront of the
SW generated by the SWL alone produces a non-uniform
phase profile, this reduces the radiation performance (i.e., the
peak directivity and pattern shape, for example) of such a
conventional LWA structure.
The radiation performance of this LWA (with no lens

included) is reported in Fig. 11; the measured profile
shows the 2-D far-field beam patterns scanning as a
function of frequency. High sidelobe levels are observed
and, for example, at 19.8 GHz a multiple-beam pattern
is shown; this is generally unwanted as LWAs are typ-
ically designed for supporting a directive single-beam
pattern, with reduced sidelobe levels. For this LWA con-
figuration, the cylindrical TM SW couples to the linear
MSG developing periodic current distributions, and this
generates a standing wave pattern on the finite grating
realizing the noted multi-beam pattern in the far-field.
Maximum and minima of the corresponding antenna gain are
observed.
To improve the radiation characteristics of such a LWA,

the plane-wave lens outlined in Fig. 2 was further integrated
with the antenna structure. Basically, the plane-wave profile
enforced by the metasurface lens allows for a more uniform
distribution of the TM0 SW mode. In particular, the
MSG for radiation perturbs the SW across the aperture,
generating LW radiation with a more directive single-beam
pattern, which scans as a function of frequency in the
far-field. The dispersion profile for these types of MSG-
based LWAs, defined by the LW phase and attenuation
constant, β and α, respectively, have been further investigated
in [19], [23], [24].

FIGURE 13. Manufactured planar LWA to demonstrate diverging lens functionality
by the addition of the planar metallic SW lens on top of the GDS. The added MSG, for
radiation, has a periodicity d of 6.3 mm and the strip width w is 1.1 mm.

When comparing Figs. 11 and 12, improved radiation
performances are demonstrated. In particular, the 2-D far-
field plots show a single-beam maximum that scans as a
function of frequency. This is mainly a result of uniform
current distributions being generated on the MSG when
the plane-wave SW lens is added. With such an enlarged
effective aperture, when compared to the same structure with
no lens [22], directive pencil beam patterns are generated in
the far-field.

B. HALF-ANNULAR LWA WITH A DIVERGING LENS
Half-annular LWAs, as those proposed in [21], [22], [23],
are considered in this section. It is constituted by one half
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FIGURE 14. Measured half-annular LWA with and without the plane-wave lens. The
improvement is almost around 3 dBi and with sidelobe level reduction for the first
lobe. To ensure a common aperture size, the LWA with a diffracting lens and 13 strips
was also compared to a more conventional design with 15 strips.

of a more conventional bull-eye LWA (see Fig. 13), whose
strip arrangement is exactly annular, and therefore, the phase
front produced by the TM0 SWL, as shown in Fig. 8, is
not ideally matched to the entire half-annular MSG profile.
However, by using a diverging metasurface lens, increased
gain values can be observed for the same LWA defined by a
half-annular MSG (see Figs. 14 and 15). This is because the
SWL alone directs TM SW fields within a confined region
and thus not fully illuminating the aperture.
Figure 14 reports a comparison of the normalized beam

pattern radiated by the half-annular LWA with and without
the lens. It should be noted that the physical aperture sizes
are not exactly the same. This is because the number of LW
radiating strips was reduced from 15 to 13 to accommodate
the position of the lens near the origin. This was needed
to maintain a common PCB size for the measurement setup
in the anechoic chamber and when placing the AUT on the
angular positioner. This inadvertently resulted in a decrease
of the physical aperture size due to the presence of the
lens. Regardless, the realized gain improved by almost 3 dB
(with the SW lens, showing proof-of-concept), and with the
first sidelobe level reduced by almost 2 dB. Moreover, this
caused the aperture efficiency, when compared to the non-
lens LWA design, to be doubled. Also, the scanning behavior
was not altered suggesting the lens does not significantly
change the LW phase constant, which is responsible for
radiation (e.g., the main beam angular position). In addition,
the polar plots reported in Fig. 15 show general agreement
with simulations for the LWA in Fig. 13.
As discussed for the near-field measurements of the SW

lenses, a PICO probe positioner was retrofitted with an
integrated circuit probing station (see Fig. 7), and a similar
(but more compact) setup was implemented on the far-field
antenna positioner for radiation studies and experimentation
in the anechoic chamber. In addition, microwave absorber

FIGURE 15. Comparison of the measured and simulated beam patterns for the LWA
in Fig. 13. Gain values are greater than 14 dBi from 21.8 GHz to 22.8 GHz.

covered unwanted ceramic and metallic features of the
setup. Regardless, such a practical testing platform can
inadvertently cause unwanted reflections and scattering,
potentially leading to higher than desired sidelobe levels at
some frequencies and angular positions, which are observed
in Fig. 15 for example; i.e., the measured sidelobe levels are
more than 3 dB higher when compared to the simulations.
Overall, considering the practical challenges of this setup,

the measurements are considered to be consistent with
the simulations in terms of the main beam position as
well as pattern shape and the relative gain values demon-
strating proof-of-concept. On the other hand, should it be
desired and in future work, a different measurement setup
could be explored or additional techniques to reduce the
sidelobe levels could be introduced. For instance, tapering
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FIGURE 16. Simulations, measurements and theoretical MoM analysis for the
pointing angle versus frequency for the LWA using a directive SWL at the origin. A
downward shift in the measured pointing angle is observed and this is likely related to
a slightly higher dielectric constant than expected, but still within the tolerance stated
by the PCB manufacturer. Similar findings have been reported in [25] for the employed
GDS.

within the radiating aperture could be implemented (see,
e.g., [25], [26], [27]) when designing these types of LWA
structures.
A dispersion analysis was also performed to characterize

the leaky mode supported by the corresponding linearized
version of the annular MSG presented in Fig. 13, having
width and periodicity w/d = 1.1 mm/6.3 mm = 0.175. The
results are reported in Fig. 16 and employ the Method of
Moments (MoM). For further details see [19] and [24], and
references therein. This figure also provides a comparison
among the expected theoretical pointing angle for the main
beam (given by LW theory, i.e., θp ≈ sin−1(βLW/k0)) with
the one achieved through experiments. The simulations and
measurements also show good agreement with conventional
beam scanning from -60◦ to 42◦. The downward frequency
shift for the measured pointing angle is likely related to
a practical tolerance in the relative dielectric constant of
the employed Rogers 6010 substrate, which was similarly
reported in [19], [23], [25] and other works referenced
therein.
By utilizing the directive SWL and the planar SW lens

configuration for diverging SWs, and by the addition of an
appropriate half-annular metallic strip aperture, cylindrical
leaky waves (CLWs) can be excited realizing far-field beam
scanning as a function of frequency. With such an enlarged
effective aperture, when compared to the same structure with
no lens, directive pencil beam patterns can be generated in
the far-field and with reduced cross-polarization levels (see
Fig. 13). It should also be noted that a broadside null was
measured at about 21 GHz suggesting stop band behavior.
In addition, the beam scanned from backward endfire to
broadside for f < 20.3 GHz and continued beam scanning
for f > 21 GHz (see Fig. 16).
While the antenna efficiency and gain have been shown

to be improved, the printed SW lenses take additional
space and require careful positioning when integrating with
the LWA and SWL. Basically, the added TPMG elements,
which define the printed SW lenses, do not significantly
contribute to the far-field (and therefore do not increase the
total number of radiating elements defining the equivalent

aperture of the antenna). Also, as shown and without such
lenses, the LWA would suffer from a cylindrical SWL
profile or a non-uniform wavefront, and this would likely
not present improved efficiency and gain for more standard
MSG-based LWAs. Also, should higher aperture efficien-
cies be required, additional tapering techniques could be
adopted [25], [26], [27], or more optimal MSG positioning
with respect to the antenna source [28], and more compact
implementations (see [24], [29] and references therein)
which exploit multi-layering for example. Regardless, the
proposed SW lens solution in this paper can be considered
advantageous due to its single-layer printed implementation
and more classic MSG configuration which exploits well
known LW radiation principles.

V. CONCLUSION
Planar SW lenses, one converging and one diverging, have
been designed and tested in this work to improve the
radiation performance of two conventional planar LWAs: a
linear MSG structure and an half-annular bull-eye LWA,
whilst considering a SWL feeder.
A ray-tracing technique has been applied to determine the

focal point position and size of the metasurface lens, and a
Yagi-Uda-like directive SWL has been co-designed with the
lenses to properly tailor the propagation of the efficiently
excited TM0 SW mode. The proposed planar lenses also
showed the possibility of correcting the SW phase front
to generate a more stable plane-wave-like response, whilst
the diverging lens modified the bound TM SW profile to a
more spherical-like-wave when considering magnitude. This
increased the relative power distribution across the top air-
dielectric interface.
The lens structures were also integrated into classical

LWAs. The lens improved the realize gain by about 3 dBi
and produced a single maximum in comparison to the non-
lens design. The half-annular LWA also offered suppressed
side lobe levels and reduced cross-polarization levels. More
importantly, both designs do not alter the LW scanning
behavior and this has been tested by means of a full-wave
analysis, verifying that the far-field scanning characteristics
are not affected by the presence of the lenses. Future work
can include up-scaling to higher microwave and millimeter-
wave frequencies of operation. The proposed lenses and LWA
designs are applicable to practical scenarios which require
high gain as well as low-cost and planar implementation,
such as radar and communication systems.
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