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Context and Objectives
Bioelectromagnetic studies aim to clarify the potential impacts of mm-wave radiation which implies a well-controlled exposure of biological samples. For this purpose a number of exposure systems have been developed recently based on standard waveguide feed. The week points of these systems are: (i) insufficient uniformity of the power density distribution at the surface of the sample under test, and 
(ii) low exposure efficiency. Thus development of new antenna systems enabling better control over these exposure characteristics is necessary.

We decided to focus our attention on a Choke Horn Antenna (CHA) built of a rectangular waveguide aperture with a corrugated metallic flange. The main advantages offered by this design include ease of integration with the waveguide feeding system (low insertion loss / high exposure level) and sufficient flexibility in shaping the antenna radiation pattern enabling the constant flux illumination of shaped areas. 
The objective of this project is to develop an advanced CHA enabling the near-field focusing in the sense of the uniform illumination of a finite-size dielectric object positioned close to the antenna aperture. This antenna is intended for the 60-GHz exposure chamber recently developed at IETR for the biolelectromagnetic studies at mm-waves [1].
To reach the formulated goal, we consider a CHA with a rectangular grove grating whose topology is shown in Fig. 1. The symmetry of the problem enables one to analyze the antenna performance characteristics in 2D formulation. These results can be used as a starting point for the full-wave optimization problem. [image: image11.emf]If all grooves and lamellas are identical, the field distribution above the antenna flanges is mainly determined by the excitation of eigen modes of the infinite gratings, whose fragments are cut on the flanges. On its turn, the field distribution on flanges will determine the antenna radiation patterns in both principal planes. Therefore, the basic principles of beam forming and near-field focusing of the antenna under consideration can be studied based on 2D models representing the antenna cross-sections (Fig. 1). As a first approximation, the requirement for the uniform illumination of a finite-size dielectric object positioned in the far or transition zone can be reformulated in terms of a sectoral radiation pattern in both E-and H-planes.
Purpose of the visit
The purpose of the visit was (i) to complete the work on the development of the new advanced software, based on the (hyper)singular integral equation method, enabling the accurate analysis of an aperture antenna assisted with a finite-size corrugated flange in both TE and TM- polarizations and (ii) to accurately investigate the beam-forming capabilities of the considered CHA. 
Description of the work carried out during the visit
In line with the preliminary work plan, the software has been developed, validated through numerical tests and applied for the analysis of the beam-forming capabilities of the 2D CHA antennas operating in both TE- and TM-polarizations.
Description of the main results obtained
The 2D problems for E(TE) and H(TM) polarizations, shown schematically in Fig.1, were solved using the method of (hyper)singular integral equations. In case of TM-polarization, the problem was reduced to a singular integral equation with respect to the unknown Ey component distribution on the apertures of the grooves and waveguide in earlier work [2]. The same problem in case of TE-polarization was reduced to the hypersingular integral equation with respect to the unknown Ex component distribution on the apertures of the grooves and waveguide. To solve the obtained singular and hypersingular integral equations we use the method of discrete singularities, which takes into account the growth of the Ey components in the case of TM-polarization and vanishing of Ex component in the case of TE-polarization in the vicinity of the edges [3,4]. As demonstrated in [5,6], the results obtained for the prescribed 2D models agree very well with those obtained for 3D antennas (with grooves cut only in E- or H-plane for TM and TE polarizations, respectively) using a full-wave commercial solver FEKOTM.
The considered antenna can produce the radiation patterns of different shapes depending on the profile of the flanges. The variety of the radiation pattern shapes is especially wide in case of TM- polarization [5]. In case of TE-polarization, mostly wide sectoral radiation patterns are formed [6]. To investigate the factors determining the formation of different radiation patterns, the impact of flanges in the formation of the total radiation pattern has been studied by solving the corresponding dispersion equations for the periodic gratings. It was demonstrated that, indeed, the variety of shapes of the radiation pattern is explained by the excitation of the waves of the gratings that produce a field distribution with a linear phase progression above the flanges. If these waves are fast (i.e. leaky waves), their radiation forms the apparent maxima of the radiation pattern. On the opposite, the excitation of non-radiating slow waves (i.e. surface waves) results in radiation patterns with large number of interference maxima; this is because in this case only the last grove of the finite-size flange radiates. Thus understanding of the modal spectrum of the periodic gratings is a key to characterisation of the beam-forming capabilities of CHAs. In our work, the dispersion problems for the infinite grating have been solved using the mode matching technique. In such a way, different regimes (i.e. surface wave, stop-band, proper and improper leaky waves) have been identified. 
For the addressed application, the most interesting regime is the leaky wave (LW) regime observed if the grating period is larger than half of the wavelength. In this case, a sectoral radiation pattern can be produced. The representative figures for the solution of the dispersion equation for grating supporting the LW modes and CHA with a flange built of a fragment of such a grating are shown below, whereas the detailed analysis of all the regimes will be presented in the forthcoming papers.
In Fig. 2 dependencies of the wavenumber of the TM-mode vs. the groove depth are shown for period l = 0.6λ0 and different values of grove width.
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Fig. 2. Normalized phase constant (a) and attenuation constant (b) of the TM-mode vs. depth of the grooves for the grating with the period l = 0.6λ0 for different values of groove width d. Bold lines correspond to “physical” modes (backward proper leaky waves (BPLW) and forward improper leaky waves (FILW)). “Physical” backward proper LW becomes “nonphysical” (NPLW) backward improper LW after its wavenumber crosses the cut n = 1. 
It is important to note the difference in the behavior of the phase constants with the increase of the groove depth for single-mode and double-mode grooves in TM-polarization. If only TEM-wave can propagate in the grooves, with increasing groove depth the propagation constant crosses the cut of harmonic n = 1 (for example see the curves for d = 0.12l = 0.072λ0 and d = 0.52l = 0.312λ0 in Fig.2). In this case, the “physical” backward proper leaky wave becomes “nonphysical” backward improper leaky wave, whose pole cannot be captured by the contour of integration in the spectral plane when it is deformed into the SDP in the field representation [7]. It has been shown that, despite the impossibility of taking into account the poles of “nonphysical” modes explicitly, their presence near the cuts is responsible for the formation of the field with a linear phase progression and pronounced maxima of radiation pattern. In the case of double-mode grooves backward proper leaky wave turns into forward improper leaky wave (e.g. see Fig. 2, curve d = 0.96l = 0.576λ0). This is a typical behavior observed for all values of the period.

In case of TE-polarization, there is no solution determining a “physical” mode. All solutions correspond to “nonphysical” backward improper leaky waves. In Fig. 3 the dependence of the attenuation constant of the mode at the improper sheet with respect to n = 1 for the grating with the period l = 0.6λ0 versus groove depth is shown. Note that unlike the TM case, the value of βy is almost constant   (βy = π/l) for all values of h, therefore only the attenuation constant is shown in Fig.3. Fig. 3a and 3b differ by the width of the groove: (a) the grooves width is larger than λ0/2 (these grooves are 'open' for the propagating mode), (b) the grooves width is smaller than λ0/2 (this dimension is bellow-cutoff). Note that the abscissa axis has different normalization factors, namely: in Fig. 3a the groove depth is normalized by the waveguide wavelength, whereas in Fig. 3b it is normalized by the wavelength in free space. 
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Fig. 3. Normalized attenuation constant of a TE-mode of a grating vs. groove depth for the period  l = 0.6λ0 and different values of the groove width d: grooves with propagating waves (a), grooves with dimensions below cutoff (b).

As can be seen in Fig. 3, if the width of the grooves is larger than λ0/2, the attenuation constant is a periodic function of the groove depth with a period λg/2. The αy value tends to infinity if the groove width value d is approaching to the values mλg/2, m = 0,1,…. The groove depth value at which αy = 0 is somewhat larger than λg/4. The smaller the width of the groove, the larger is this value of groove depth.
Solution of the scattering problem for the waveguide feed with a finite-size periodic flange reveals that the sectoral (sec-type) radiation patterns are formed when the grating supports a LW mode resulting in a linear phase progression along the flange. The width of the sectoral radiation pattern is mainly determined by the phase constant. To illustrate this, the total field in far zone is represented as a superposition of the fields produced by the waveguide aperture and those produced by the flanges:
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for TE-polarization
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where Z0 is the free space impedance and the integrals in parentheses represent the contributions of the feed and its left and right flanges in the far field, respectively. The first integral over the feed aperture [a0, b0] is weakly dependent on the grating parameters and is close to radiation pattern of an isolated feed with a smooth flange (without grooves). Thus, the prevalent influence on the radiation pattern shape is produced by flanges whose radiation patterns are described by the integrals over the left [a-m,b-1] and right [a1,bm] flanges. The partial radiation patterns of flanges are determined by the field distribution over the flanges having a linear phase progression which is determined by the phase constant of a mode supported by the grating. Therefore the total radiation pattern can be predicted based on the wavenumber of the mode supported by flanges and the aperture size of the feeding waveguide.
Fig. 4 presents the total and partial radiation patterns of two CHAs operating in the leaky wave regimes in TM- and TE-polarizations. The corresponding wavenumbers are marked by circles in Fig. 2 and Fig. 3a, respectively.
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Fig. 4. The total and partial radiation patterns two CHAs operating in the LW regime: (a) TM- polarization, waveguide width w = 0.45λ0, the number of grooves on each flange m = 19, the period l = 0.6λ0, the groove width d = 0.96l, the groove depth h = 0.17λ0, and (b) TE-polarization, w = 0.54λ0, m = 19, l = 0.6λ0, d = 0.96l, h = 0.62λ0. Dashed lines correspond to radiation patterns of the same feeds with smooth flanges.
It is important to note three distinguishing features of radiation patterns for TE-polarization. Firstly, they do not have a grating lobe in the grazing direction, which is due to the boundary condition that prevents the propagation of TE-polarized wave along a PEC surface. In the far field the radiation pattern behavior near the grazing directions is determined by the vanishing multiplier cos θ in Eqn. (2). The second feature is that the TE-modes can be typically excited much weaker than TM-modes. Because of this the impact of the waveguide feed in the total radiation pattern always remains dominant which prevents formation of sectoral beams with sharp roll-off similar to those observed for TM- polarization. The third feature is that the direction of the main beam of the partial radiation pattern associated with flanges (and thus the width of the sectoral beam of the total radiation pattern) remains almost unchanged whatever the groove depth is. This direction corresponds to the branch points of harmonic n = 1 and 
n = -1.

Finally, it is worth reminding that phase constant of a LW mode defines the linear phase progression of the field above the flanges and thus the direction of the main beam of the partial radiation pattern produced by each flange. In its tern, the two beams produced by the backward proper LWs supported by flanges determine the width of the sectoral beam of the antenna total radiation pattern. At the same time, the LW mode attenuation constant defines the width of the effective antenna aperture involved in the formation of the radiation pattern. Based on this, the following scheme is suggested for the design of a 3D antenna shown in Fig. 1:

1) to determine the grating parameters (period, width and depth of the grooves) for 2D CHAs operating in E and H polarizations in accordance with the desired width of the sectoral beam in two principal planes based on tabulated values of phase constants;

2) to determine the width of the flange based on the attenuation constant (it should be wide enough to let the LW to sufficiently attenuate at the end of the flange);

3) to perform parametric optimization of the grating parameters (including grooves depth) to improve the shape of the patterns for each polarization (SLL, HPBW, roll-offs, etc.) using the obtained set of parameters as the initial approximation;
4) to reconstruct the 3D antenna based on the solutions found in the 2D formulation for both principal planes (see Fig. 1);

5) to test and tune the 3D antenna in accordance with the target specifications.
Summary and perspectives  

The beam-forming capabilities of aperture feeds assisted by corrugated flanges have been investigated. The mechanism of the sectoral radiation pattern formation has been explained based on the solution of the dispersion and scattering problems associated with the infinite and finite periodic gratings. The relation between the CHA radiation pattern and wavenumbers for modes supported by flanges, being the fragments of an infinite periodic grating, has been demonstrated. Based in this, a general methodology for the synthesis of CHA with sectoral radiation patterns has been proposed. 
The obtained results include the new fundamental knowledge about the mechanisms of the sectoral beam formation and introduction of a general approach for the synthesis of shaped-beam antennas based on a local source assisted with corrugated (or impedance) surfaces. 
The next steps towards the ultimate goal of the project (i.e. development of a new feed for the 60GHz exposure system) will include (i) analysis of the LW excitation efficiency for the selected antenna configuration, and (ii) search for the best ways for reconstructing the 3D CHA from the 2D solutions corresponding to its cross-sections. These questions will be addressed in the framework of a new collaborative project (PICS/CNRS) submitted in April 2013.
Publications resulted from the work completed
The obtained results will be presented in at least two journal papers crediting NEWFOCUS for the provided support. The papers tentative titles are:
1) Beam-forming capabilities of aperture feeds assisted by corrugated flanges (to be submitted to IEEE Transaction on Antennas and Propagation) , and 
2) Refinement of the soft and hard surface concept for the case of a metallic corrugated surface (to be submitted to IEEE Antennas and Wireless Propagation Letters).
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Fig.1. Schematic drawing of the proposed CHA with rectangular grating on flanges
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