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Abstract—A novel non-uniform sinusoidally modulated
half-mode microstrip structure with application to near-field
focused leaky-wave radiation in the backward Fresnel zone is
proposed. First, it is presented a dispersion analysis of the con-
stituent backward leaky wave in the sinusoidally modulated unit
cell in half-width microstrip technology. This information is then
used to design a finite non-uniform line that focuses the radiated
fields at the desired point. Finally, eight similar line sources are
arranged in a radial array to generate a three-dimensional focused
spot located at the desired focal length over the simple central
coaxial feeding. Simulated and experimental results are presented
to validate the proposed simple approach.

Index Terms—Backward radiation, half-mode leaky-wave an-
tennas, near-field focusing,microwave lens, sinusoidalmodulation,
tapered leaky mode.

I. INTRODUCTION

S INUSOIDALLY modulated (SM) reactance surfaces were
first proposed by Oliner and Hessel in 1959 as an elegant

and canonical way to control the propagation of surface and
leaky waves in periodic transmission media [1]. In this seminal
theoretical work it was assumed a sinusoidal variation of the
equivalent surface reactance along the propagation direction
that was soon applied to a variety of practical cases [2]–[7]. Re-
cently, renewed interest is given to SM circuits in printed/planar
technology due to their ability to control the propagation and
radiation properties in low-cost artificial planar guides, arising
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the area of planar metamaterial dispersion engineering, also re-
ferred to as metasurfing [8]–[10]. In this way, sinusoidally and
linearly-chirped width-modulated microstrip lines have been
proposed for enhanced control of the stopbands in microwave
filters [11], [12], and to synthesize dispersive linear group
delays with application to real-time analog signal processing
[13]. On the other hand, printed SM metasurfaces have also
been proposed to control the radiation from leaky waves with
application to directive holographic antennas [14]–[23]. In all
cases, it is essential to determine how to control the guiding and
radiation characteristics of the constituent surface and leaky
modes for each selected metasurface technology.
Some previous designs based on sinusoidally modulated re-

actance surfaces [1], [19], [20], sinusoidally modulated material
parameters [12], [21], [22], metamaterial transmission lines [24]
as well as periodic half-mode leaky-wave antennas (HMLWAs)
[25]–[27] have shown the capability to radiate backward and
to perform certain control over the phase or the amplitude of
the radiated fields. As is well known [1], if the period of the
structure is adequately chosen, the backward radiation comes
from the existence of a backward leaky wave (negative scan-
ning angle ) associated with the space harmonic
[the rest of harmonics are in the invisible spectrum (non radi-
ating)]. The constant value (along the propagation direction) of
the leaky-wave phase constant and leakage rate of a uniform
SM LWA generates a linear-phase and exponential-amplitude
aperture distribution that results in a plane-wave focusing at a
given scanning angle in the far-field zone (all sections
of the LWA radiate with the same angle ). Although in
some previous works, e.g., [21], [22], non-uniform structures
have been used in order to obtain impedance matching and a
smoother transition between the bound and the leaky wave re-
gions, no control over both the phase constant and the leakage
rate of the antenna has been reported so far to achieve a tapered
illumination function (both in amplitude and phase) along the
antenna length. As a result, all reported holographic SM mi-
crostrip LWAs [14]–[23] only provide scanned beams focused
in the far field.
In this work, a simultaneous control of both the phase con-

stant and the leakage rate is employed to design a tapered illu-
mination function, which is applied to obtain near-field focusing
from an array of 1-D leaky-wave antennas (LWAs). Specifically,
we propose the use of non-uniform (NU) SM LWAs to gen-
erate arbitrary aperture field distributions (amplitude and phase)
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Fig. 1. Scheme of the sinusoidally modulated HMLWA with a non-uniform
taper performed to control the backward radiated waves both in amplitude and
phase.

that can synthesize near-field focused beams in the backward
quadrant, as sketched in Fig. 1. To this aim, the uniform SM
topology must be modified so that non-uniform SM unit cells
scatter the electromagnetic waves with a defined non-uniform
negative phase delay in order to produce constructive interfer-
ence at the desired point in the Fresnel zone, and with equalized
amplitude for optimum aperture efficiency and side-lobe level.
In particular, it is considered the case of NU SM microstrip
half-width LWAs (HWLWAs) to taper the amplitude and phase
of backward radiating leaky waves. The necessity of such ta-
pering is illustrated with the design of a practical leaky-wave
lens focused in the backward quadrant, which can thus be ar-
ranged in a radial-array fashion to obtain 3-D focusing using a
simple central feeding as proposed in [28]. In this manner, the
resulting structure can avoid more complex feeding networks as
the one proposed in [29], whose radiating elements can only be
designed to operate in the forward quadrant and hence cannot be
fed from a common single input point. Moreover, it is also im-
portant to note that other proposed designs based on sinusoidal
modulation of waveguide boundary conditions as [2]–[5], can
also theoretically radiate backward and provide simultaneous
control on the leakage rate and phase constant, and they can even
be arranged in a radial array fashion to provide 3-D near-field
focusing. However, compared to these designs based on modu-
lation of bulky waveguides, sinusoidally modulated printed cir-
cuits as [6]–[24] provide planar designs which allow for a PCB
integration. As a result, the structure proposed in this paper,
which is based on sinusoidally modulated half-mode microstrip
lines, provides a lower profile and more compact design than
waveguide-based solutions [2]–[5].
The paper is distributed as follows: Section II presents the

dispersion analysis of the proposed SM half-width microstrip
line and the design of the NU SMHWLWA to focus at a desired
point in the backward region. Then, a central-fed radial-array of
such NU SM HWLWAs is described in Section III to produce
a 3-D near-field focused planar microwave lens. Section IV re-
ports the experimental results, showing the ability to create a
3-D focused beam at the desired location with the expected focal
depth and focal width, and demonstrating the utility of NU SM
microstrip lines for that purpose. Finally, the conclusions of the
paper are summarized in Section V.

II. ANALYSIS OF THE SINUSOIDALLY MODULATED HMLWA
With the aim of obtaining a radiating element with capability

to radiate backward and with flexibility to control its complex il-
lumination function, a conventional HMLWA with a sinusoidal

modulation is proposed. The HMLWA is based on a microstrip
line with one of its sides short-circuited by a perfect electric con-
ductor (PEC) (see top view in Fig. 2(a)). Thus, the first higher
order leaky mode of the conventional microstrip line becomes
the fundamental one in the HMLWA [30], [31], whose elec-
tric field distribution is horizontally polarized along the -plane
( -plane), as shown in Fig. 2(c). The complex wavenumber of
this leaky mode can be expressed as

(1)

with being the phase constant and the radiation rate,
which are in general dependent on the local source coordinate

along the LWA radiating length. From the value of and its
relation with the free-space wavenumber , the radiation angle
of the leaky mode can be determined [32] (assuming )
as

(2)

As it is observed in (2), the angle takes positive values
as long as . However, in the case of periodic structures
with period , the phase constant of each space harmonic
(SH) comprising the Floquet expansion of the fields is given by

(3)

and thus each -th SH could radiate with a different angle given
by

(4)

Therefore, a suitable choice of can make that some of the
space harmonics radiate backward

with the angle defined by (4) while the rest of harmonics lie in
the slow-wave regime and do not contribute to
leaky radiation. Typically, only the harmonic is desired
for radiation, and this single-harmonic backward radiation con-
dition can be satisfied provided that [1].
According to the previous discussion, the conventional

HMLWA (see Fig. 2(a)) can be modulated with a periodic
function of period in order to make it radiate only with the

space harmonic. To this aim, the strip width is
locally modulated along the antenna length by the following
sinusoidal function:

(5)

where is the average value of the strip width at the
longitudinal position , and is the modulation index of the
sine function. The resulting sinusoidally modulated HMLWA is
shown in Fig. 2(b), where it can be seen the sinusoidal variation
that has been performed along the PEC wall side.
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Fig. 2. Top view for two different variations of the HMLWA with their main
geometrical parameters: (a) conventional HMLWA, (b) sinusoidally modulated
HMLWA, and (c) electric field lines at the cross section of the HMLWA
( -plane).

It is important to note that in order to design a tapered
illumination function along the HMLWA length, the radiated
fields have to be properly controlled both in phase and am-
plitude [33]. Thus, the sinusoidal modulation of the HMLWA
width can no longer be uniform but must be non-uniform.
Specifically, the average strip width is varied to control
the phase constant of the fundamental mode and to avoid
that it falls within the fast-wave region , while
the uniform period provides backward radiation
from the . Due to the periodic
modulation of the structure a set of space harmonics (SH)
can be excited. Hence, it is important to keep unwanted SH
away from the fast-wave region to avoid any
spurious radiation. To this aim, the strip width, , is set to
a value larger than 5 mm in order to avoid the radiation from
the fundamental . Moreover, the chosen
size of the fundamental period of the structure mm

ensures that the rest of the SH are
out of the fast-wave region in all cases. This is the result of their
relation with the fundamental SH , which
provides for the worst case
a value for .
For fixed values of and , the corresponding

value of the complex wavenumber is now determined by ap-
plying the Bloch-Floquet theorem to extract the param-

Fig. 3. Two-dimensional dispersion chart at the design frequency of 15GHz for
the leakage rate and the radiation angle of the space harmonic
of the sinusoidally modulated HMLWA.

eters from a full-wave analysis of the HMLWA [34]. Varying
and allows then for a control of the radiation

angle and the leakage rate as illustrated in Fig. 3 with a two-di-
mensional dispersion chart for the SH. The values for

and plotted in this figure correspond to a range of useful
values of from 5 mm to 10 mm, and their corresponding
variations in width, , from 0mm to 7mm [these
variations in come determined by the oscil-
lating part in (5)]. In particular, it is observed that the leakage
rate increases with for a constant value of , which
can be explained by a higher excitation of the SH due
to a deeper modulation index , as commonly occurs in SM
LWAs [1], [19]–[21]. On the other hand, increasing values of

provide higher radiation angles tending to broadside
(isocurves plotted with dashed blue line), eventually en-

tering the open stop band zone for mm and
mm. It can also be observed in Fig. 3 that this mutual influence
of and over both the phase constant and the leakage
rate provides a nearly linear dependence with .
In order to show the capability to control both the amplitude

and phase of the radiated fields for the space harmonic,
a tapered illumination function has been synthesized to obtain
a focused near-field pattern at the design frequency of 15 GHz
(see Fig. 4). The focal height has been fixed at

mm and the longitudinal position of the focal point is set
to mm, which will allow that several
1-D LWAs can be arranged around a central point to
obtain a 3-D near-field focus, as it will be shown in the next
sections. This prescribed focal position requires the variation
for and shown in Fig. 4(a), which provides
a converging phase front over the focal position as described in
[35], [36]. The corresponding theoretical near-field pattern ob-
tained with an in-house code developed by some of the authors
in [36] is plotted in Fig. 4(b), which shows that the fields have
been suitably focused at the focal position .
The variations of the tapered illumination function shown in

Fig. 4(a) needs to be translated into their corresponding geo-
metrical non-uniform sinusoidal modulation for . Thus,
the data obtained in the dispersion chart of Fig. 3 are used as
a look-up table in order to determine the requested values for

and , as shown in Fig. 5. The total value for
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Fig. 4. Synthesis of a near-field focusing pattern at a focal distance
mm for a 1-D HMLWA with length mm

at the design frequency of 15 GHz. (a) Tapering along the antenna length of
and . (b) Corresponding near-field pattern for the illustrated varia-

tion of the leaky mode.

Fig. 5. Tapering along the antenna length of the width of the HMLWA to syn-
thesize a near-field focusing pattern at the design frequency of 15 GHz.

the strip width along the complete radiating length is also
plotted in Fig. 5.

III. DESIGN OF THE RADIAL ARRAY LENS

From the design of the 1-D sinusoidally modulated HMLWA
described in Section II, which shows the capability to radiate
backward and to provide 2-D near-field focusing, a radial array
configuration has been conceived with the purpose of obtaining
a 3-D near-field focus over the center of the array. Convention-
ally, microwave near-field focusing lenses have been based on
the ability to focus the radiated electromagnetic fields within a
prescribed region of the free space. Two main approaches have

Fig. 6. Simulated near fields for two symmetrically fed HMLWAs with a ta-
pered illumination function at the design frequency of 15 GHz.

been reported in the literature: i) to conform the radiating ele-
ment so that all sections point to the same focal region as pro-
posed in [37], and ii) to taper the radiated fields by changing the
electrical properties along the device and thus avoiding to curve
it [35]. Based on this second approach, there have been proposed
several technologies and topologies such as focusing plates that
require of an external source [38], focusing systems inside par-
allel-plate waveguides [29], or more integrated devices as in
[39], [40]. Other possible designs have been conceived from ta-
pered far-field radiations patterns that make use of a quadratic
phase taper to approximate the radiated near-field pattern [41],
or by using Bessel beams [42], [43].
This work follows the second approach but makes use of the

structure proposed in Section II with capability to simultane-
ously and flexibly taper both the amplitude and phase of the
radiated leaky-wave fields. Moreover, the leaky wave must ra-
diate backward to keep a simple central feeding of the structure
as in [39]–[41] and to obtain a single near-field focus over the
central feeding point. As a first validation of the proposed fo-
cusing system, a simpler design based on two symmetric 1-D
HMLWAs is first considered. Fig. 6 shows the simulated fields
for two symmetrically fed 1-D HMLWAs that have been tapered
along their lengths to produce the leaky-wave near fields shown
in Fig. 4. It can be seen that the focusing pattern is obtained at
the center position and at the prescribed focal height

mm. The variation of the local pointing
angle along the antenna length has been marked with green lines
to highlight the tapering of the local effective radiation angle

of the two corresponding leaky waves propagating at
opposite directions.
The symmetric configuration with two HMLWAs can only

provide 2-D near-field focusing [29] in the -plane, in the form
of a fan-focused beam in the -plane (as usually happens with
1-D line source LWAs). In order to obtain a 3-D focus it is
proposed an innovative configuration formed by 1-D
HMLWAs radially arranged around a central fed. The proposed
design is shown in Fig. 7 together with an illustrative view of
the desired focal region and the different contributions of all
sections of the antennas.
As each HMLWA is polarized linearly with its radiated
-field contained within the -plane [31], the polarization

of the complete array is defined as the result of combining
all the individual polarizations of each 1-D HMLWA. This
resulting polarization is illustrated in Fig. 8, where the radiated
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Fig. 7. Scheme of the 3-D near-field focusing system consisting of a radial
array with 8 sinusoidally modulated HMLWAs.

Fig. 8. -field polarization arrangement for each element of the array (red ar-
rows), and resulting array polarization (black arrow).

-field for each HMLWA is represented with a red arrow and
the resulting array polarization at the focal point is represented
with a black arrow.
To confirm the desired near-field focusing behavior of the

designed radial array, a full-wave simulation (HFSS [44]) of
the near fields in linear scale is plotted in Fig. 9 at the design
frequency of 15 GHz for the plane . This simulation
shows that the desired near-field focusing pattern can actually
be obtained by the arrangement of the HMLWAs.
Moreover, in order to support the theoretical approach given

in Fig. 8 on the polarization of the complete array, results for
the simulated electric field vector are shown in Fig. 10 at a focal
distance mm. In particular, Fig. 10(a) shows
an electric field oriented along axis for a

whereas in Fig. 10(b) the vectors are oriented in opposite
direction along axis for a . It can also
be observed that the maximum amplitude of the radiated field is
located at the center of the array (shown by the red color vectors
for both time phases) as a result of the focusing pattern.
An important characteristic of the proposed radial array is that

it can simply be fed by a single coaxial probe. A detailed view
of the employed feeding is shown in Fig. 11. Specifically, the
inner conductor of the coaxial (highlighted in pink color) passes
through the substrate and then is soldered to the metal top layer
(as can also be seen in Fig. 12). Moreover, it can be observed
that the 1-D HMLWAs are radially arranged around a radius

Fig. 9. Simulated near-fields for the designed radial array of 8 sinusoidally
modulated HMLWAs at the design frequency of 15 GHz.

Fig. 10. Simulated electric field vector, (V\m), at a focal distance
mm: (a) time and (b) time .

from the coaxial probe. As seen in Fig. 11, the PEC wall of the
HMLWAs is approximated by means of a row of closely spaced
metallic via holes that are separated a distance mm and
have a diameter mm for the modulated HMLWA part.
The vias located at the beginning of each HMLWA have a di-
ameter of mm in order to improve the input matching.
Each antenna has been terminated in a short circuit also formed
by metallic vias holes located at the end part of the HMLWAs
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Fig. 11. Detailed view of the employed coaxial feeding with some of its main
geometrical parameters: mm, mm, mm and

mm.

Fig. 12. Top photographic view of the manufactured prototype of the radial
array with sinusoidally modulated HMLWAs.

(see Fig. 12). However, this termination has negligible influence
on the array focusing pattern since only a small part of the en-
ergy reaches the far end of the antenna due to the high designed
radiation efficiency % .

IV. MEASURED RESULTS
In this section measured results of the near-field focusing lens

are shown for the design frequency of 15GHz. Several figures of
merit such as focal depth, focal width, and input matching have
been obtained. The designed radial array has been manufactured
using the commercial substrate Taconic TLY-5 with thickness

mm, relative permittivity , and loss tangent
. A photograph of the prototype is shown in Fig.

12, where eight HMLWAs radially arranged around a central
feeding can be observed.
As explained in previous sections, the proposed radial array

configuration possesses the capability to focus the radiated near
fields into a prescribed 3-D focal region above the center of the
array, acting as the microwave lens schemed in Fig. 7. To exper-
imentally validate this concept, the radial array has been mea-
sured by means of a near-field measurement system equipped
with a standard rectangular waveguide WR62 as measurement
probe. Fig. 13 shows a photograph of the setup employed to
measure the radiated fields along a -plane for an arbitrary dis-
tance .
In order to obtain the real performance of the proposed struc-

ture and thus its focusing capability, several cuts at the focal
height mm for different azimuthal angles

Fig. 13. Photographs of the near-field measurement setup used for the radial
array.

Fig. 14. Measured and simulated transverse cuts along for the focal height
mm at the plane .

and polarizations (Co-pol and X-pol) have been measured.
Specifically, the Co-pol component is defined along the main
polarization of the array and the X-pol component along
the orthogonal polarization (see Fig. 8). Fig. 14 shows the
normalized radiated -field along a transverse plane at

and a focal height mm. Measured re-
sults (continuous line) are compared with HFSS simulations
(dashed line) obtaining acceptable agreement. Particularly, for
the Co-pol component the focal width is correctly estimated,
which at dB is mm. However, it is observed a
slight increment of the side-lobe levels around the focus, which
can be explained by the perturbation introduced by the measure-
ment probe. On the other hand, the X-pol component, which is
represented in green color, is 25 dB below the Co-pol compo-
nent, showing no significant influence at this cut.
The transverse cut for the -field along at the pre-

scribed focal height of mm is shown in
Fig. 15.Measured results are compared with simulations and the
agreement for this cut is also good, showing for the Co-pol com-
ponent a focal width at dB of mm, similar to the
one obtained at (the small difference can be attributed
to the lack of symmetry along as a result of the necessary flip
of the SM HMLWA to obtain linear polarization as previously
explained with reference to Fig. 8). This lack of symmetry is
also observed in the X-pol component, which is more than 5 dB

Authorized licensed use limited to: Universidad de Sevilla. Downloaded on May 28,2020 at 15:40:37 UTC from IEEE Xplore.  Restrictions apply. 



1028 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 63, NO. 3, MARCH 2015

Fig. 15. Measured and simulated transverse cuts along for the focal height
mm at the plane .

Fig. 16. Measured and simulated transverse cuts along for the focal height
mm at the plane .

below the Co-pol component and shows a radiation null at the
central position.
A transverse cut along is represented in Fig. 16 at

the focal height mm. As in the previous cuts,
the correspondence between simulations and measurements is
good. For this cut, the focal width for the Co-pol component at

dB is mm, comparable to the values obtained for
other angles. Moreover, it is observed that the X-pol component
is 15 dB below the Co-pol component and shows a radiation
null at the central position as in the cut for . However,
it should also be noted that due to polarization mismatches be-
tween the resulting array polarization and the polarization of
each element (see Fig. 8), as well as the use of a tapered illu-
mination function, the obtained focal width for the Co-pol com-
ponent is larger than the one achievable for the ideal case
of a uniformly illuminated circular aperture [45], [46] (which
would provide an approximate value of according
to , with being the focal length and the di-
ameter of the aperture).
Another important parameter to evaluate the performance of

the proposed device as a microwave lens is the focal depth
; i.e., the half-power width of the focus along the -axis.

Fig. 17 shows an axial cut for the normalized Co-pol compo-

Fig. 17. Measured and simulated axial cuts along -axis at the center position
.

Fig. 18. Near-field plane at the focal height mm for the design
frequency of 15 GHz: (a) simulated and (b) measured.

nent of the -field along the -axis at the central position of
. The comparison of measured results with simulations

shows good correspondence between them. A focal depth of
mm is obtained, approximately three times larger than

the focal width. This ellipsoidal shape of the focal region (pro-
late spheroid) is common to all planar near-field focused lenses
[28], [29], [38]–[41] as a result of their 2-D (planar) aperture
topology. The capability to focus the energy also along the axial
direction demonstrates that a 3-D focus is actually obtained at
the prescribed focal region of and mm
for the design frequency of 15 GHz.
Transverse cuts in the -plane for the focal distance

mm are represented in Fig. 18 for the Co-pol compo-
nent, where measured near fields for the -plane at the focal
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Fig. 19. Near-field plane at along the -axis for the design frequency
of 15 GHz: (a) simulated and (b) measured.

mm are compared with simulated ones.
A clearly symmetric (circular) focused spot in the -plane is
obtained in congruence with the plotted values of the different
transverse and axial cuts. Moreover, it can be seen that the mea-
sured focusing pattern shown in Fig. 18(b) is slightly wider than
the simulated one shown in Fig. 18(a). These differences can
be attributed to small discrepancies between the structure sim-
ulated in HFSS and the measured prototype as well as by the
perturbation introduced by the measurement probe.
Fig. 19 shows the simulated and measured near-fields (Co-

pol) for the -plane at . It can be observed that the
highest intensity (plotted in red color) is obtained at the focal
height mm. Both results show a similar focusing
pattern, demonstrating a good agreement and that a 3-D near-
field focus above the center of the array has been achieved.
Finally, the measured parameter is compared with sim-

ulations in Fig. 20. Although some discrepancies are observed
between both results, as a result of manufacturing problemswith
the gap left for the inner conductor of the coaxial probe, the key
point is that a good input matching ( dB) is obtained
at the design frequency of 15 GHz and over a band of
GHz. It should also be highlighted that this type of leaky-wave
lenses are strongly dispersive with frequency as demonstrated
in [36], [40]. As a consequence, the designed focal length, ,
is only kept for the design frequency, increasing its position

Fig. 20. Measured and simulated input matching for the radial array of
sinusoidally modulated HMLWAs.

for higher frequencies until it eventually breaks into a conical
shaped focused spot, as shown in [40].

V. CONCLUSION
An innovative type of microwave lens conceived from

an array of sinusoidally modulated half-mode leaky-wave
antennas (HMLWAs) has been reported. The array consists
of eight HMLWAs radially arranged around a single central
feeding. The HMLWAs have been sinusoidally modulated in
order to excite Floquet space harmonics that allow for backward
radiation. Each HMLWA has been designed only to radiate
with the space harmonic. In particular, by modifying
the modulation index of the sinusoidal function and the width
of the HMLWA, a simultaneous control of both the amplitude
and phase of the radiated fields has been obtained, which has
made it possible the design of a shaped near-field focusing
pattern. This fact in combination with the radial arrangement of
the HMLWAs has allowed us to obtain a 3-D focus above the
center of the array. The proposed design of the microwave lens
has been validated with near-field measurements for the design
frequency of 15 GHz. The present novel design demonstrates
the utility of non-uniform sinusoidally modulated leaky-wave
antennas in order to freely synthesize complex aperture distri-
butions (in both amplitude and phase).
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