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A New Method for End-Fire Array Gain Optimization Using Spherical Wave Expansion

This work presents an analysis of the radiating properties of lossy antennas using the Spherical Wave Expansion (SWE) theory. A new formula to predict the gain of uniformlyspaced end-fire arrays based on the dissipation factor is proposed. The latter allows an analytical synthesis of the complex excitation coefficients associated with the array elements to achieve supergain characteristics. Similar studies have been previously dealt with (super)directivity optimization, characterized by high sensitivity and severe gain attenuations, when the dimensions of the array are considerably reduced. In this context, the proposed study shows a significant improvement of the antenna gain and efficiency compared to synthesis procedures having an objective of the directivity maximization.

I. INTRODUCTION

The maximization of the directivity in the case of end-fire arrays has been recently demonstrated using Spherical Wave Expansion (SWE) [START_REF] Clemente | Design of a super directive four-element compact antenna array using spherical wave expansion[END_REF]. It is clearly established that the super directivity is all the more important as the inter-element distance is reduced. However, when the inter-element spacing is reduced (< 0.2), the very compact dimensions of the arrays lead to a significant impact of the mutual-coupling effect and enhanced losses, at great expenses of the gain. A trade-off between the array size and the directivity should be done, to keep a reasonable radiation efficiency. Hence, the estimation of gain in a preliminary phase of the array design represents an important advantage. More attractive seems the possibility of designing supergain arrays. Although a lossless antenna, regardless of its size, can have arbitrarily high gain, the dissipative losses limit the gain for a real antenna system.

In the literature, a first synthesis procedure for a twoelements electrically small end-fire array was provided in [START_REF] Yaghjian | Electrically small supergain srrays[END_REF], highlighting the rapidly increasing narrow tolerances which prevent the practical realization, especially for more than two elements. Another study, based on the use of SWE theory [START_REF] Arbabi | Maximum gain of a lossy antenna[END_REF], defines the "loss merit factor", providing only theoretical efficiency limits as a function of the spherical modes degree.

More recently, the synthesis of supergain end-fire arrays is discussed in [START_REF] Debard | Three-element end-fire linear arrays (super) directivity and gain optimization[END_REF], where a three-element dipole-based array is optimized based on the array factor theory. In [START_REF] Georgiadis | A convex optimization approach for the design of supergain electrically small antenna and rectenna arrays comprising parasitic reactively loaded elements[END_REF] an alternative method based on convex optimization is proposed for two-and three-electrically small dipoles, and theoretical results are presented for optimization with parasitic loads, and constraints on the admittance are formulated. In this work, the proposed gain model is obtained by reviewing the definition of dissipation factor as defined by Harrington in [START_REF] Harrington | On the gain and beamwidth of directional antennas[END_REF]. The latter permits to introduce losses in the representation of the field using the SWE theory. In fact, this figure of merit associates the antenna radiation efficiency with each spherical modes, which already have a cut-off behavior due to the size of the source. The dissipation factor is then used to define a new formula to calculate the gain in spherical waves. The latter is used to define an analytical synthesis procedure maximum gain end-fire arrays. The results are shown for arrays of 2, 3 and 4 half-wave electrical dipoles.

II. GAIN IN SPHERICAL WAVE EXPANSION

The gain is a figure of merit that inform us on how the antenna system is able to convert the input power into radiated power. The intrinsic gain can be expressed as the ratio between the field intensity in a given direction and the total accepted power, as
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 is the free-space impedance and   00 , E  is the electric field in the chosen direction. The denominator is the sum of the radiated and the loss powers. Assuming a radiating source entirely enclosed in a sphere of radius kr, with k the wavenumber and r the radius of the minimum sphere enclosing it, the SWE consists of a decomposition of the field in a set of spherical modes. These functions are strongly dependent on the value of kr, and for an array of P sources , , ( , ) ( , )  is proportional to the total radiated power, according to [START_REF] Harrington | On the gain and beamwidth of directional antennas[END_REF]. Harrington in [START_REF] Georgiadis | A convex optimization approach for the design of supergain electrically small antenna and rectenna arrays comprising parasitic reactively loaded elements[END_REF] addressed the calculation of the maximum gain for the ideal case of a spherical metallic shield. For a generic N and radius kr the losses can be quantified applying the general definition of the dissipation factor as
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, describing the amplitude dependence of the spherical waves, for each mode order. Figure 1 displays the dissipation factor in a multiple views. For each spherical modes the dissipation factor is calculated for a ka equal to 1.69, 2.01 and 2.45, corresponding to the case of the radiansphere of 2,3, and 4 half-wave dipoles spaced by d = 0.2, respectively. The values are displayed for a rloss = 1, 1e -2 , 1e -4 , respectively. As stated by Harrington [START_REF] Georgiadis | A convex optimization approach for the design of supergain electrically small antenna and rectenna arrays comprising parasitic reactively loaded elements[END_REF], because of the orthogonality of power , ( 1)
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. Based on this statement the gain can be expressed as 

III. DESIGN OF MAXIMUM GAIN END-FIRE ARRAY

The maximization of gain for a uniformly-spaced end-fire array of P electrical-dipoles, with P = 2, 3, and 4 consists in the definition of the set of P optimal complex coefficients p. As demonstrated for the case of (super)directivity in [START_REF] Clemente | Design of a super directive four-element compact antenna array using spherical wave expansion[END_REF], these coefficients represent the excitations, or parasitic impedance loads, of the p-th element, and can be extracted with a priori knowledge of the optimal field distribution which corresponds to the maximum gain. The implementation of this synthesis procedure starts then with the design of the array and its simulation in a full-wave simulator (in our work we used CST MWS). The far-field pattern, given as the sum of all the p-th The optimal coefficients are calculated by comparing the optimal field distribution for maximum gain, calculated using [START_REF] Georgiadis | A convex optimization approach for the design of supergain electrically small antenna and rectenna arrays comprising parasitic reactively loaded elements[END_REF], with the imported field, through a matrix inversion (see [START_REF] Clemente | Design of a super directive four-element compact antenna array using spherical wave expansion[END_REF]). Finally, the optimal complex coefficients are used for post-processing the field in the full-wave simulator. The simulation results of the gain optimization method are compared with the one obtained by optimizing the directivity as in [START_REF] Clemente | Design of a super directive four-element compact antenna array using spherical wave expansion[END_REF] for the same array geometry and depicted in Figure 2. The mutual coupling between the dipoles enhance the effect of losses, which degrades the gain. For an increasing number of elements P this phenomenon occurs for a larger element spacing d. Where the directivity optimization for very small d does not compensate for losses, the proposed gain optimization shows a remarkable increase of radiation efficiency, and a consequent higher gain.

IV. CONCLUSIONS

A new way to evaluate antenna(s) losses using an analytical approach based on the SWE theory is proposed. The losses modelling have been addressed by re-defining the dissipation factor [START_REF] Debard | Three-element end-fire linear arrays (super) directivity and gain optimization[END_REF]. With this quantity the gain is expressed in spherical waves, where also radiation efficiency is considered. The new gain formula ( 5) is used in the optimization procedure of end-fire arrays of 2, 3 and 4 electrical dipoles. The full-wave simulated results in the case of optimized gain are compared with the gain for maximized directivity. The gain optimization show a remarkable increase of radiation efficiency, for the same radiating structures.
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 1 Figure 1. Dissipation factor for TE and TM modes function of the electrical size kr. The losses are normalized to the unity.
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   are the spherical wave far-field functions. The terms , smn p Q indicate the spherical wave coefficients, discriminated by the index s = 1,2 for TE or TM modes, the mode degree n = 1,..,N, and the azimuthal oscillation order m= -n,..,n, as defined in[START_REF] Harrington | On the gain and beamwidth of directional antennas[END_REF]. The p are the complex excitation coefficients associated to the array elements. Then, substituting (2) in (1) the gain in SWE is written as
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   in[START_REF] Debard | Three-element end-fire linear arrays (super) directivity and gain optimization[END_REF], which expresses the material losses in the ideal case of the metallic shield, is substituted with the normalized loss resistance of the antenna , loss p r. In this way the gain in (5) is extended to the general case ofan array of elements with efficiency
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 2 Figure 2. Gain from full-wave simulations for 2,3 and 4 electrical dipoles. The dashed lines represent gain for maximum directivity.
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