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Abstract—We describe here an optimization procedure to
shape the radiation pattern of planar 2-D leaky-wave antennas.
The structures under investigation are superstrate configurations
made by partially reflecting screens (impedances sheets) over a
ground plane and excited by open ended waveguides. The antenna
configuration providing the required radiation pattern is obtained
by resorting to an ad-hoc optimization procedure that minimizes
the mean squared error between the target pattern and the actual
radiated far field. The radiated field is analytically evaluated
using a Green’s function spectral approach to speed up the
optimization process. Several kinds of radiation patterns can be
obtained using the proposed algorithm. In this work, we focus our
attention on flat-topped radiation patterns, suitable as element
pattern for phased array antennas covering a limited angular
field-of-view such as those considered for space applications.
The proposed procedure is validated by full-wave results and
measurements.

Index Terms—Leaky-wave antennas, pattern shaping, phased
array antennas.

I. INTRODUCTION

Leaky-wave antennas (LWAs) have been studied for decades
mainly for their capability to enhance and/or modify the
radiation properties of simple sources [1]. More recently, a
particular class of planar 2-D LWAs consisting of an arrange-
ment of dielectric substrates or impedance surfaces placed
over a metallic ground plane (Fig 1), known as Fabry-Perot
cavities or superstrate configurations, has received a great deal
of attention. Such antennas are typically used to enhance the
directivity of small sources in broadside direction [2]-[8] and
to reduce the side lobe level (SLL) [9], [10]. Pattern shaping
using planar LWAs has been also proposed in literature [11]-
[18]. The shaping is achieved by the tuning of the design
parameters of the structures and, thus, the supported leaky-
wave modes.

In this paper we propose an optimization procedure based
on a Green’s function spectral approach to tailor the radiation
pattern using planar multi-layer LWASs in a superstrate config-
uration. The aim is a fast analysis and design tool providing
the geometrical parameters of the structure radiating the re-
quired far field radiation pattern. The spectral transmission line
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Fig. 1. Superstrate configuration consisting of /N impedance sheets above a
ground plane. The source is a open ended waveguide with side dimensions a
and b.

representation of the superstrate configuration is adopted for
finely tuning the design parameters of the antenna in order to
minimize the mean squared error between the target radiation
pattern and the actual radiated far field. The proposed method
does not require the complete knowledge of the dispersion
properties of the structure under investigation [16] or any
bending or shaping of its physical profile [17]. Hereinafter,
we focus our attention on the synthesis of flat-topped radiation
patterns.

Flat-topped radiation patterns are generally adopted to pro-
vide uniform illumination over a defined angular region and
low side lobe levels [19]. Phased array configurations of
sources radiating flat-topped patterns are of interest for the
reduction of the scan losses and side lobe levels, including
grating lobes, over a defined field of view [10], [20]. These
characteristics are suitable for on-board geosynchronous satel-
lite applications, where a uniform illumination of the Earth and
an efficient use of the available energy are required.

One of the first attempts to synthesize a flat-topped radiation
pattern using a layered dielectric structure has been performed
by Mailloux in [21]. In this work, a dielectric stratification was
employed as a spatial filter in order to obtain a Chebyshev-
like radiation pattern. Franchi and Mailloux followed a similar
approach to obtain an angular filter using metallic grids [22]
instead of dielectric slabs. In both cases, the design was
performed using classical filter design techniques that did not
take into account the actual nature of the sources used in
the design. The idea was to apply the well-known formulas
for Chebyshev band-pass filters, moving the problem from
the frequency to the angular domain to derive the design
parameters of the radiating structure. The solution proposed
in [22] is the starting point of our optimization procedure for
the flatted-topped case. However, as a difference with [22], the
real spectral transmission line representation of the superstrate
configuration is adopted for the evaluation of the radiated
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Fig. 2. Flat-topped radiation pattern in E-plane (¢ = 90°). The black curve
represents the analytical function to be approximated. The normalized far-
field radiation pattern of the optimized structure evaluated using the in-house
analysis tool and full-wave simulations are shown in dashed gray line and
solid gray curve, respectively.

far field taking into account the position and nature of the
feeding sources, leading to more accurate results and general
procedure.

The paper is organized as follows. The optimization pro-
cedure for tailoring the radiation pattern is introduced in
Section II. The results of the optimization procedure are
shown in Section III for the case of flat-topped radiation
patterns. Section IV presents a prototype operating at 10 GHz
and radiating a flat-topped radiation pattern. Full-wave and
measurements results validate the synthesis procedure. The ad-
vantages of employing sources radiating a flat-topped pattern
in a phased array configuration are highlighted in Section V.
Finally, conclusions are drawn in Section VI.

II. OPTIMIZATION PROCEDURE

The structure under investigation consists of an arrangement
of impedance surfaces over a metallic ground plane, as shown
in Fig. 1. The antenna is fed by an open-ended waveguide
with its aperture on the ground plane. The impedance surfaces
can be synthesized using metallic gratings [4], [23], which
are usually preferred to dielectric slabs for space applications.
However, the proposed procedure can be used with any kind
of partially reflecting screens.

The proposed procedure optimizes the design parameters
of the antenna, namely: the surface impedances Zg;, their
spacings t; and the size of the feeding aperture a, b. The core
of the optimization procedure is the minimization of the mean
squared error (MSE) between the actual radiated electric field
distribution and a target function:

0.
MSE = / (IF3(6, 60)| — [Fo(6,00))2d6, (1)
0

where 6. represents the angular region under consideration.
F.(0, ¢o) is the radiation pattern of the antenna under investi-
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Fig. 3. Dispersion diagrams for the LWA generating a flat-topped radiation
pattern. (a) Real part of the propagation constant expressed in radiation angles.
(b) Normalized attenuation constant.

gation. It is analytically evaluated through the Green’s function
spectral approach used in [11], speeding up the computational
time of the optimization tool. The target function F;(0, ¢¢) is
a mathematical function in the angular domain representing
the ideal radiation pattern.

During the optimization, the parameters of the structure are
varied in order to find a minimum of the MSE. This oper-
ation is performed with the aid of the constrained nonlinear
optimization function included in the MATLAB optimization
toolbox. An initial guess is needed to start the nonlinear
optimization. In the present work, the initial guess is found by
treating the radiation pattern as the frequency response of a
Chebyshev bandpass filter in the angular domain, as in [22]. At
each iteration, the radiation pattern of the resulting antenna is
evaluated and compared with the target function. The process
ends when a minimum of the MSE is found.

It is worth noting that the number of impedance sheets N
could be introduced as a variable in the optimization process.
However, since it affects both the bandwidth [9] and the
complexity of the antenna, it is convenient to define it a priori
based on the requirement of the particular application.

III. FLAT-TOPPED RADIATING STRUCTURE

The optimization procedure proposed in Section II is used
here to design a flat-topped radiation pattern, suited as element
pattern of a phased array steering its main beam in a given field
of view. This is particularly useful in arrays with a periodicity
larger than A affected by the appearance of grating lobes in
the visible range [20].

In the present case, the angular range to be uniformly
covered is p = =£8.6°, which corresponds to the visible
surface of the Earth on geostationary satellites. The operating
frequency is chosen equal to fy = 10 GHz. The number of
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Fig. 4. (a) Realized prototype. (b) Pictorial view of the radiating aperture
and corresponding matching network.

layers N has been set equal to 2, allowing good performance
over a fair bandwidth as well as a suitable roll-off. The latter
determines the grating lobe rejection, once the feed is used
in the array framework. Note that the following requirements
has been chosen as an example and other specifications may
be provided based on the considered application.

The target function F;(6,¢p) to be approximated in the
angular range up to §. = 40° by the radiation pattern, has
been chosen equal to

1

Fz(0a¢0) =
1+ A TN (

sinf \’ 2)
sind,

with Thx the Chebyshev polynomial of the first kind and
order 2N. In the following, N corresponds to the number
of impedance sheets. The amplitude of the ripple of the target
function is equal to 2A, while 0, corresponds to half of the
equal-ripple band edge.

Here, we consider N = 2, with 6, = 15° and 24 = 0.12,
corresponding to a ripple of ~ 1dB. The value of 6,., selected
at the design frequency, has been chosen larger than the
requested Ay in order to account for the dispersive behavior of
the structure and resulting beamwidth variation with frequency
over a typical operating band of about 7 %. This is further
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Fig. 5. Simulated and measured reflection coefficient.

discussed at the end of this section, based on the dispersion
analysis results. Note that the optimization has been performed
in E-plane (¢9 = 90°) of the LWA. This plane is the most
critical one for superstrate configurations due to the presence
of a leaky-wave mode radiating close to endfire [2]-[13],
[15]. On the other hand, the azimuthal symmetry of the
configuration will assure good radiation performance in all
field cuts once the E-plane fulfills the imposed requirements
on the radiation pattern [11], [13].

The computational time necessary to perform the whole
optimization is less than two seconds on our workstation
(2 x Intel Xeon E5-2650, 96 GB of RAM). The structure gen-
erated by the optimization process consists of two impedance
sheets with Z51 = j34.8 Q, Zso = j115.2 Q separated by
distances t; = to = 13.52 mm (Fig. 1). The feed is a square
waveguide [10]-[13] whose side has a length of ¢ = 27 mm.
Fig. 2 shows the normalized electric field evaluated by the
optimization tool and by the full-wave simulator ANSYS
HFSS in E-plane (¢ = 90°). A good agreement is observed
between our tool and full-wave simulations. The simulation
has been performed using two ideal impedance sheets. The
lateral size of the antenna is equal to 30 Ay (with A free-
space wavelength) with negligible edge effects.

To gain a better understanding of the physical operation of
the antenna, the dispersion diagrams for the proposed structure
are illustrated in Fig. 3. These curves have been obtained by
deriving the solutions of the dispersion equation associated
to equivalent transmission line representation of the structure
[11]. In particular, the real and imaginary part of the transverse
propagation constant k, = Re{kjup} — j Im{ki,p} are plot-
ted. Several TE/TM leaky-wave modes are found. In particular,
the couple of leaky-wave modes TE;/TM; radiates close to
15° at the design frequency (0., ~ sin~'(8/ko)) and is
mainly responsible for the shape of the pattern. In fact, the
couple TE>/TM3 is in cut-off at the central frequency, whereas
the TMy mode is radiating endfire in E-plane. Additionally,
the variation of the radiating angle with frequency for the
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Fig. 6. Measured and simulated radiation patterns at the design frequency. (a) E-plane (¢ = 90°). (b) H-plane (¢ = 0°).
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Fig. 7. Measured radiation patterns at the edges of the band of operation. (a) 9.6 GHz. (b) 10.2 GHz.

modes TE;/TMj, as reported in Fig. 3(a), clearly indicates
that the lower operating frequencies are driving the minimum
achievable beamwidth. Oversizing the field-of-view at the
design frequency enables to remain compliant with a uniform
coverage over the Earth at the lowest operating frequencies,
around 9.6 GHz for the proposed design.

IV. PROTOTYPE AND MEASUREMENTS

The flat-topped antenna designed in the previous section
has been manufactured and tested at IETR. The prototype is
shown in Fig. 4. The impedance sheets have been synthesized
using a periodic arrangement of metallic rods. HFSS full-
wave simulations have been used to retrieve the required value
of reactance for each layer. The metallic rods are made of
copper with a diameter equal to 3 mm. The final periodicity
for the required impedance sheets are d,; = 12.25 mm and
dro = 15.48 mm for the first and the second layer, respectively.
The behavior of these impedance layers is therefore inherently

dispersive. In particular, the reactance of the sheet impedance
varies by less than 10 % (with respect to the nominal value
at the operating frequency) within the considered band. Such
a variation does not affect the overall performance of the
antenna.

A metallic box has been placed around the antenna to
supports the rods. The height of the box is H, = 31 mm and
the lateral size is L, = 408 mm. The latter has been chosen
through a parametric analysis in such a way to minimize the
SLL in E-plane. A metallic box has been placed around the
antenna to support the rods. Two bars of Rohacell (relative
permittivity €, = 1.067) have been placed within the metallic
box of the final prototype to reduce the bending of the rods.

Fig. 4(b) shows a pictorial view of the feeding structure. The
square waveguide used as source is connected to a standard
WR-90 waveguide through a matching iris. The thickness and
length of the iris are t;.,s = 1 mm and l;.;s = 1.54 mm,
respectively. The height of the square waveguide section
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Fig. 9. Simulated radiation patterns of the 5 X 5 array bare configuration pointing at broadside (fp = 0°) or at 8p = 8.6°. (a) E-plane. (b) H-plane.

is [y = 4.17 mm. The simulated and measured reflection
coefficients are shown in Fig. 5. In both cases, the reflection
coefficient is lower than —10 dB over the same 7.5 % band.
However, we observe some discrepancies between the two
curves that can be attributed to manufacturing imperfections
and residual bending of the copper rods. Nevertheless, the
results are considered acceptable.

In Fig. 6 we compare the simulation results with the
measurements at the design frequency. A good agreement is
obtained between the curves. A flat-topped radiation pattern
has been achieved with a good roll-off figure. Small asym-
metries can be observed in the measured radiation patterns
attributed to the residual bending of the copper rods. The
measured gain is equal to 12.1 dB at broadside.

The measured radiation patterns at 9.6 GHz and 10.2 GHz

are shown in Fig. 7. The flat-topped shape is preserved within
the considered band, but the beamwidth increases with the fre-
quency. The measured broadside gain is 14.2 dB and 11.5 dB
at the lower and upper edges of the band, respectively. Side
lobe levels and roll-off values maintain excellent performance
within the band.

V. ARRAY PERFORMANCE

Finally, we simulated the radiation pattern of an array of
5 x 5 square waveguides (@ = 27 mm) arranged in a square
lattice with periodicity d = 1.5\¢p = 45 mm in the superstrate
configuration analyzed in the previous sections. The outer
dimensions of the antenna are the same as the one in Fig. 4(a).
The array patterns for a beam pointing at broadside and at the
edge of coverage (fr = 8.6°) are shown in Fig. 8. Limited



scan losses are observed in the considered region. When
scanning toward the edge of coverage, a grating lobe appears
at Ogr, = sin~Y(sinfy — \o/d) = —31.1°, but its amplitude
is below the side lobe level, by virtue of the synthesized
pattern. In particular, the grating lobe levels are —15.8 dB
and —12.7 dB for the E- and the H-planes, respectively.

As a benchmark solution, we took an array of 5 x 5 horn
antennas without the superstrate and with the same periodicity
d = 45 mm of the previous example. We refer to this
configuration in the following as bare case. The side of the
square apertures of each horn is ¢ = d = 45 mm, in order
to maximize the aperture efficiency. The tapering length of
the horns has been chosen equal to 108 mm, maximizing the
broadside gain for the given aperture [25]. Fig. 9 shows the
array pattern in E- and H-planes. The antenna performance
is degraded with respect to the superstrate configuration. In
addition to the presence of scan losses on both planes, the
grating lobe level is very high. Comparing the two solutions,
the superstrate array provides a reduction of the grating lobes
of 4.5 dB and 7.5 dB in E- and H-planes, with respect
to the bare case. Even if not reported for brevity, similar
performances have been obtained within the considered band
of operation.

VI. CONCLUSION

An optimization procedure to shape the radiation patterns of
superstrate LWA antennas has been proposed. The considered
LWA structures are based on impedance sheets above a ground
plane. The optimization tool minimizes the mean squared error
between the actual electric field radiated by the antenna and
an ideal pattern. A spectral Green’s function approach has
been used to efficiently calculate the far-field radiated by the
LWA structure at each step of the optimization procedure,
speeding up the computational time. The final results of
the optimization tool are the geometrical parameters of the
considered configuration. An antenna radiating a flat-topped
radiation pattern has been designed and prototyped, validating
the synthesis procedure at 10 GHz. The same structure has
been tested in array environment using numerical simulations.
The flat-topped element pattern increases the rejection of grat-
ing lobes in array configurations with periodicities exceeding
the operating wavelength and at the same time reduces the
scan losses over a defined field of view.
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