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PROJECT DESCRIPTION:

General introduction. Planar leaky-wave antennas (LWA) have been studied for decades as efficient and low cost antenna solutions [1]. During the years, different configurations have been proposed for various applications in the millimeter wave range. In this project we focused our attention on the so-called Fabry-Perot antennas, also known as planar leaky-wave lenses. In this case an arrangement of dielectric substrates or impedance surfaces is placed over a metallic ground plane in order to enhance and/or modify the radiation properties of simple elementary sources. In particular, the possibility to enhance the gain of simple sources in the broadside direction has been widely investigated in literature [2]-[5]. Pattern shaping using leaky-wave modes and Fabry-Perot lens antennas have been also proposed in [6]-[8] for maximizing the aperture efficiency and edge of coverage gain of reflector systems.
Problem statement. The previous solutions for pattern shaping do not provide a universal method to generate arbitrary radiation patterns taking into account the requirements of the considered application. 
Purpose of the visit. The aim of this visit was to develop an optimization tool for shaping the radiation pattern of planar multilayer leaky-wave lenses. An approach similar to that proposed in [9] has been used to synthesize several kinds of radiation patterns and in particular: flat topped and isoflux radiation pattern. Flat topped patterns are required for space applications that need an angular filtering of the radiation pattern for side lobes suppression [9], whereas isoflux patterns are important for the uniform illumination of curved surfaces like the one of the Earth. 
Description of work in Tasks:
1.) Optimization algorithm: An optimization procedure has been developed for shaping the radiation pattern of planar leaky-wave antennas. The structure under investigation consists of an arrangement of impedance surfaces over a metallic ground plane. The antenna is fed by a square aperture on the ground plane. As we focus our attention on space applications, we prefer to avoid the utilization of dielectric slabs in favour of superstrates constituted by arrangements of impedance sheets. These impedances can be effectively synthesized using metallic patterns.

A critical point of the optimization procedure is a fast evaluation of the radiation pattern of the structures under analysis. A Green's function spectral approach is adopted here to evaluate the total electric field radiated by the antennas under investigation [6], speeding up the computational time of the optimization tool.
The optimization procedure is performed on the parameters of the antenna: the superficial impedances, their spacings and the size of the square aperture are free parameters of the optimization process.

The core of the optimization procedure is the minimization of the mean squared error (MSE) between the actual electric field distribution and a target function. The latter is a mathematical function representing the ideal radiation pattern that we want to achieve. During the optimization process, the parameters of the structure are varied in order to find a minimum of the MSE. This operation 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. To find the initial guess we treat the radiation pattern as the frequency response of a Chebyshev bandpass filter, applied in the angular domain.
2.) Design of a planar leaky-wave lens with shaped radiation pattern: The tool developed in Task 1 has been used to design two LWAs generating radiation patterns suitable for the following applications: A) flat-topped element pattern; B) isoflux radiation pattern. 
Flat-topped radiation patterns are suited as element pattern for phased arrays designed to scan their beams over a given field of view. In particular, the flat-topped element pattern acts like a spatial filter, allowing to reduce the scan losses and to suppress the grating lobes appearing in the visible range [10]. The latter is particularly important in a space environment, where we often face with periodicities larger than λ. Here we show as example the design of a source for phased arrays to be employed on geostationary Earth orbit (GEO) satellites. The angular range to be uniformly covered is θ= ± 8.6°, corresponding to the visible surface of the Earth.

The structure generated by the optimization process consists of two impedance sheet with Zs1= j34.8 Ω, Zs2= j115.2 Ω while the air gaps are t1=t2=13.52 mm. The size of the square waveguide is a=27 mm.

Fig. 1 shows the normalized electric field evaluated by the optimization tool and by the full-wave simulator ANSYS HFSS in the H-plane (φ=0°). The simulation has been performed using two ideal impedance sheets and the lateral size of the antenna has been chosen equal to 30 λ. The comparison underlines a good agreement between the target curve, the electric field distribution evaluated with the analysis tool and the results of the simulation.
A realistic structure has, then, been designed and the performances of the resulting antenna have been tested with HFSS. Fig. 2 shows the simulated structure. The impedance sheets have been synthesized using metallic rods. The simulation setup used to retrieve the required value of impedance consists of a unit cell with periodic boundaries in the transversal direction. The excitation is provided by two Floquet ports. The reference plane is the same for both ports, corresponding to the center of the metallic rod. In such an environment, the superficial impedance is equal to the impedance parameters of the structure. To synthesize our impedance sheets we used metallic rods with a diameter of 3 mm. The distances between the rods have been selected in order to obtain the required values of impedance Zs2 and Zs1. These distances are dr1=12.25 mm and dr2=15.48 mm for the first and the second layer, respectively. A metallic box has been placed around the antenna, taking into account the truncation contribution to the radiated field. The height of the box is Hb=31 mm, while the lateral size is Lb=408 mm. The leaky-wave modes traveling within the structure can be considered attenuated at the edges of the structure. The square waveguide used as source is connected to a standard WR-90 waveguide through a matching iris (Fig. 2). The thickness of the iris is tiris=1 mm and its length is liris=1.54 mm. The height of the square waveguide section is l1=4.17 mm. This configuration allows the reflection coefficient to be S11<-10 dB in a 9 % bandwidth. The radiation pattern of the antenna is shown in Fig. 3.
The isoflux radiation pattern is suitable for applications where a uniform illumination is needed over a curved surface. This is the case, for instance, of on-board satellite antennas illuminating the Earth. This type of pattern compensates the path loss due to the curved surface of the ground and provides a homogeneous power density over the visible surface of the Earth. That implies the pattern to be function of the geometrical parameters of the system. We use, here, the proposed optimization procedure to obtain the isoflux radiation pattern. As an example, we considered an antenna placed on a satellite circling at a height h=23,222 km, like the GIOVE-A satellite of the Galileo satellite system. In such a scenario, the angle of visibility is θe=12.4°.
Using a number of impedance sheets N=2, the optimization process generated a structure where the impedance values are Zs1=j22.5 Ω, Zs2=j86.8 Ω. The spacings between each layer are t1=14.42 mm and t2=13.92 mm. The source is a square waveguide with side a=27 mm. 

In Fig. 4 the analytical and simulated radiation patterns are shown together with the target power distribution. The simulation has been performed with HFSS. Also in this case we remark a good agreement between the three curves.
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Figure 1: Flat-topped radiation pattern on the H-plane (φ = 0°). The black curve represents the analytical function to be approximated. The normalized far-field distribution of the antenna resulting from the optimization is shown by the solid gray curve (evaluated using the analysis tool) and the dashed gray curve (full-wave simulation).
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Figure 2: Antenna structure. The impedance sheets are made by two metallic grids (a). The radiating aperture is connected to a WR-90 waveguide through the matching network in (b).
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Figure 3: Radiation pattern on E- and H-planes of the antenna in Fig. 2.
[image: image6.png]s o o

°

Magnitude
o o

°

— Target function
/i |— Power distribution (analysis tool)
A Power distribution (full-wave sim.)

T80 60 -40 20 0 20 40 60 80
0 [deg]




Figure 4: Isoflux radiation pattern on the H-plane (φ=0°). The black curve represents the analytical function to be approximated. In solid gray line the normalized far-field power distribution of the antenna provided by the analysis tool whereas in  dashed gray line  the results of the full-wave simulation.
3.) Prototyping and measurement: the antenna producing the flat-topped radiation pattern designed in Task 2 has been manufactured at IETR and is currently under measurement. 
RESULTS
During the visit we developed an efficient and robust optimization tool for the automatic design of planar leaky-wave lenses generating a requested radiation pattern defined through a mathematical function. The tool is very efficient and the time needed to perform an optimization is 1-2 seconds. The reliability has been tested with HFSS. A prototype has been manufactured and the results of the measurement will be available in the coming months.
FUTURE COLLABORATION WITH HOST INSTITUTION
We are currently exploring the possibility to extend the optimization tool and proposed structure to an array configuration. The novel study will be in the framework of a novel collaboration amongst the institutions and people involved in the present NEWFOCUS’ cooperation.
PROJECTED PUBLICATIONS

We are planning to publish this work on “IEEE Transactions on Antennas and Propagation”. We are currently preparing the manuscript. It will be submitted once we have the measurement results. 
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