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Multiband Pyramidal Antenna Loaded With a Cutoff Open-Ended Waveguide
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An original and flexible pyramidal antenna for satellite or terrestrial application services is presented. The ground plane of the antenna is perforated and loaded with a cutoff open-ended waveguide: this original configuration leads to a good tradeoff between rear radiation and impedance matching. Trap-loads are used to achieve multiband operation while frequency agility may be simply obtained by loading the radiating element by radio-frequency switches. The antenna radiates linearly or circularly polarized electromagnetic fields with quasi-hemispheric radiation patterns at multiple operating frequencies. Several prototypes have been simulated, manufactured, and finally measured. A specific application is given in this paper for a triband GPS/Galileo/MicroSat Telemetry antenna to combine positioning and telemetry applications. The experimental results confirm the good performances observed with the electromagnetic simulations.

I. INTRODUCTION

Multiband antennas are often used on satellite systems to reduce the number of on-board and ground antennas. These antennas allow the combination of several applications on the same radiating element. However, the performances of multiband antenna structures are traditionally limited by the arrangement of their constitutive radiating elements especially when agility in terms of frequency allocation is required. Moreover, the multiplicity of frequency bands dedicated to radio-navigation or broadcasting applications reveals the need for multiband antennas having flexible and low cost features, and offering performances equivalent to those obtained from mono-application/single-band antennas. To achieve the aforementioned requirements, flexible high-performance, and circularly polarized multiband antennas are then needed.

Numerous multiband antenna design techniques are discussed in the recent literature. The most common and classic technique consists of combining two or more single band antennas to achieve multiband operation [START_REF] Liu | New multiband printed meander antenna for wireless applications[END_REF], [START_REF] Eratuuli | Dual frequency wire antennas[END_REF]. However, this technique may generate large structures as the number of operating frequency increases. Recently, fractal geometries have been exploited to design multiband antennas [START_REF] Puente | On the behavior of the Sierpinski multiband fractal antenna[END_REF]- [START_REF] Tang | Hexagonal fractal multiband antenna[END_REF]. However, as observed in [START_REF] Best | On the radiation pattern characteristics of the Sierpinski and modified Parany gasket antennas[END_REF] and [START_REF] Best | On the significance of self-similar fractal geometry in determining the multiband behaviour of the Sierpinski gasket antenna[END_REF] standard fractal or prefractal shapes show correlated multiband resonances and consequently, the spacing between the operating frequencies of a fractal antenna is not easy to control in practice. Finally, the multiband feature of radiating elements is also classically obtained by using trap-loads. In dual-frequency design, trap loading has previously been used, e.g., for GPS quadrifilar helix antenna [START_REF] Lamensdorf | Dual-band quadrifilar helix antenna[END_REF], fractal Sierpinski antennas [START_REF] Gianvittorio | Fractal Yagi antennas: Design, simulation, and fabrication[END_REF], fractal tree antennas [START_REF] Petko | Miniature reconfigurable three-dimensional fractal tree antennas[END_REF], and PIFA [START_REF] Lui | Compact dual-frequency PIFA designs using LC resonators[END_REF]. Recently, an interesting inverted L triband antenna array has been proposed for GPS applications [START_REF] Rao | Tripleband GPS trap-loaded inverted L antenna array[END_REF].

A novel topology of circularly or linearly polarized multiband antenna offering frequency flexibility is presented in this paper. The ground plane of the radiating element is perforated and loaded with a cutoff hollow, metallic and open-ended waveguide: it is shown here that this original configuration achieves a good tradeoff between rear radiation and impedance matching. This is the key innovation reported in this paper. The multiband feature of the proposed antenna is achieved by inserting trap-loads along the constitutive radiating monopoles. Moreover a large beamwidth is obtained by using pyramidal structures: such geometry allows bringing closer the feeding ports of the antenna and consequently, obtaining quasi-omnidirectional radiation pattern at the operating frequencies. This is the second important result reported here.

A prototype of the pyramidal multiband antenna loaded with its cutoff and open-ended waveguide is shown in this paper and a specific application is given for a right-handed circular polarization triband GPS/Galileo/MicroSat telemetry antenna to combine positioning and telemetry applications. Preliminary results relative to this application may be found in [START_REF] Hebib | Pyramidal multiband antennas for GPS/Galileo/MicroSat application[END_REF] and [START_REF] Hebib | Trap-loaded pyramidal triband antenna for satellite applications[END_REF] but, due to space limitations, these previous reports do not present the design rules and do not discuss the idea of the cutoff open-ended waveguide loading. In this paper, a complete set of electromagnetic simulations and experimental validations are presented and the authors give the design rules of a generic multiband pyramidal antenna loaded with its cutoff waveguide.

II. ANTENNA DESCRIPTION AND DESIGN RULES

A. Antenna Geometry

Consider the antenna shown in Fig. 1(a). It is composed of four radiating elements placed symmetrically around an axis which is perpendicular to a perforated ground plane. We have observed that this perforation allows improving the impedance matching at the input ports of the antenna. The outer radius of the finite-size ground plane influences the antenna gain and axial ratio and it has to be chosen large enough to limit the reflection effect at the outer edge. In Fig. 1(a), the radiating elements are metallic wire monopoles but elements having a triangular shape-like, e.g., bow-tie, Parany or Sierpinski monopoles [Fig. 1(b)]-may advantageously be used for improving the antenna bandwidth [START_REF] Lin | Analysis and design of broadside-coupled striplines-fed bow-tie antennas[END_REF] (as a drawback, these triangular radiating elements require more trap-loads for multiband features than wire monopoles and occupy more space). The monopoles form a nonzero inclination angle with the ground plane and the excitation points are located at the edge of the perforation. By varying the inclination angle of the radiating elements, the antenna radiation patterns can be shaped to achieve required specifications. The feeding ports are connected to the excitation points via 50-planar transmission lines. As shown in Fig. 1(c), the monopoles are printed on inclined and thin dielectric boards that constitute the side faces of the pyramidal structure. The linear polarization is obtained by feeding two opposite monopoles with equal amplitudes and 180 -phase shift while the circular polarization is obtained when the four monopoles are fed with a progressive 90 -phase shift and equal amplitudes. The sense of the polarization (right-handed or left-handed) is given by the sign of the 90 -phase shift between two successive feeding ports.

B. The Cutoff and Open-Ended Metallic Waveguide

The presence of the hole in the ground plane [see Fig. 1(a)] generates an undesirable rear electromagnetic radiation. As shown in Fig. 1(c) we propose to reduce this radiation level by loading the ground plane by a cutoff and open-ended metallic waveguide. This waveguide is designed such that no modes are propagating inside of it at the operating frequencies of the antenna. A lossless circular waveguide is considered cutoff when its radius is less than the maximum allowed radius rmax ensuring the evanescence of the first (fundamental) mode. This radius rmax is given by [START_REF] Collin | Field Theory of Guided Waves[END_REF] 

r max = c 3;413f h ("rr) 1=2 (1)
where c is the light celerity in free space, " r and r are respectively the relative permittivity and permeability of the medium filling the waveguide and f h designates the highest operating frequency of the antenna loaded with the cutoff circular waveguide.

Since all modes in the waveguide are attenuated, the longer the open-ended waveguide the lower the rear radiation. For illustration purpose, consider a dual-band pyramidal antenna operating at the two following frequencies: 1.197 and 1.575 GHz. For simplification, the dielectric substrate is replaced by air and the metallic losses are neglected. From the lowest frequency (1.197 GHz) and the inclination angle of the monopole radiating elements ( = 45 ) the radius of the aperture in the ground plane r = 35 mm is derived (note that the four feeding ports of the monopole radiating element are taken at the periphery of the circular aperture). Using the highest operating frequency (1.575 GHz) and ( 1), the maximum radius r max ensuring a cutoff operation of the circular waveguide is calculated (r max = 55:8 mm).

From Zeland IE3D electromagnetic simulator [START_REF][END_REF], the input reflection and the directivity of the rear radiation presented by the bi-band antenna are computed versus the length of the circular waveguide. The Fig. 2 shows the variation of the maximum directivity of rear radiation at the highest frequency and the minimum S11 at the lowest frequency versus the length of the circular waveguide. As expected, the more the open-ended waveguide is long the more the rear radiation is small and the maximum directivity of rear radiation (at elevation angle of 180 ) is obtained at the highest operating frequency (1.575 GHz). However the more the waveguide is long the more the matching of the antenna is poor and the poorest impedance matching is found at the lowest operating frequency (1.197 GHz). Consequently, varying the length of the cutoff open-ended waveguide allows achieving a good tradeoff between rear radiation and impedance matching at feeding ports.

C. The Choice and Location of the Trap-Loads

Trap-loads are inserted on the surface of the radiating elements to achieve a multiband behavior [see Fig. As shown in Fig. 3, consider one of the four monopoles of the pyramidal antenna and insert trap-loads on its surface in order to achieve triband monopole at operating frequencies f1, f2 and f3, with f1 < f 2 < f 3 . Two different types of properly positioned trap-loads are sufficient to obtain such frequencies: trap-load(s) No1 with resonant frequency set at f 2 and trap-load(s) No2 with resonant frequency set at f 3 . The chip components (capacitors and inductors) are very suitable for the design of trap-loads due to their compactness, the easy integration and their reduced effect on the antenna radiation patterns. However, the matching and the bandwidth of the antenna are highly dependent on the performances of these chip components. Their scattering parameters (S-parameters) are usually given by the manufacturer but, in order to perform an accurate design, the measurement of the S-parameters is needed in practice before mounting trap-loads on the radiating element. 

III. TRIBAND ANTENNA FOR GPS/GALILEO/MICROSAT TELEMETRY SERVICES

This application concerns the design, manufacturing and measurement of a triband antenna for telemetry application. The frequency plan and the technical requirements are given in Table I and the corresponding triband antenna is shown in Fig. 1(c).

The design of the antenna has been performed by using Zeland IE3D and the fine electromagnetic simulations are provided by means of a finite-difference time-domain (FDTD) method using CST Microwave Studio software [20]. The four radiating elements that constitute the antenna are metallic strips of width 1mm printed on a NELTEC relatively low-permittivity substrate ("r = 2:08 and thickness of 762 m). The lengths l1, l2, and l3 of radiating elements are 24.6, 9.9, and 7.9 mm, respectively. The same substrate is used for the design of the 50 -microstrip transmission lines that place the four feeding ports at 20 mm from the edge of the ground plane hole. The dimensions of the building blocks of the antenna (in particular the microstrip transmission line, the radiating strips and the location of the trap-loads) are given in Fig. 4. The outer radius of the ground plane is 85 mm. Minor safety margins are added to the radius of the ground plane hole in order to avoid any possible manufacturing defects. The cutoff open-ended metallic waveguide used for controlling the rear radiation and impedance matching has an inner radius equal to that of the ground plane hole (33 mm) and a length of 70 mm. This length is adjusted for minimizing the rear electromagnetic radiation. Four SMA connectors are used to feed the antenna. The positions of the assembling screws as well as the widths of the rings supporting the antenna were taken such that the overall performances of the antenna are not much degraded. A pyramidal inclination of = 45 is chosen as a good tradeoff between the expected radial and axial radiation performances. MuRata chip capacitors (C) and inductors (L) are chosen here for their compactness (EIA size 603:

1:6mm20:8mm) and reliability. These chip components are mounted on small boards and the S-parameters of the corresponding trap-loads are determined experimentally. From these measurements, the choice of pertinent couples (L,C) is performed (see Table II). The picture of the final pyramidal triband antenna with its trap-loads is given in Fig. 5.

The measured S11 of the triband antenna is depicted in Fig. 6, and compared to simulation results. The measured central frequencies are: 1.204, 1.572, and 2.228 GHz. The corresponding bandwidths (for jS11j < 010 dB) are respectively 96, 43, and 57 MHz. The cross polarization obtained by simulation is lower than 010 dB in the half space of interest, thus, ensuring a purity of polarization compatible with a good antenna operation.

IV. CONCLUSION

A novel multiband antenna based on pyramidal structures loaded with cutoff and open-ended waveguide has been presented and tested experimentally. The waveguide loading allows a good tradeoff between rear radiation and impedance matching. The measurement results confirm the very good performances derived from the electromagnetic simulations. By the simple structure feature of the antenna proposed here, several possibilities can be exploited. In other words, the various possible adjustments allowed by this antenna (inclination angle, geometry of the metallic radiating elements and ground plane, trap-loads and/or switches) contribute to a multiapplication use. The proposed multiband antenna is easy to design and is flexible. It is a good candidate for other satellite or terrestrial multiband applications.
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 1 Fig. 1. The pyramidal antenna with (a) wire and (b) Sierpinski monopoles. (c) The proposed pyramidal multiband antenna structure loaded with a circular and open-ended metallic waveguide.

Fig. 2 .

 2 Fig. 2. The minimum S and the maximum rear radiation directivity versus the length of the cutoff and open-ended metallic waveguide. The highest value of the three minimum reflexion coefficients (one minimum per operating frequency of the triband antenna) is reported.

Fig. 3 .

 3 Fig. 3. Trap-loads locations along the radiating elements of the triband pyramidal antenna.

  1(c)]. For a first rapid design, trap-loads are classically considered as perfect short or open circuits depending on the operating frequency. Next, in order to perform more accurate design, trap-loads are modeled by a LC parallel circuit: at its resonant frequency 1=2 p LC the trap-load is equivalent to an open circuit. The required rejection frequency and bandwidth allow deriving the pertinent values of L and C.

Fig. 4 .

 4 Fig. 4. Dimensions of: (a) The radiating elements. (b) The 50 -microstrip lines. (c) The ground plane, its perforation, and the mechanical dimensions.

Fig. 5 .

 5 Fig. 5. The fabricated pyramidal triband antenna: (a) The antenna with the maintaining support. (b) Zoom on the pyramidal structure.

Fig. 7

 7 Fig.7displays the simulated and measured Right Handed (RH-) and Left Handed (LH-) Circular Polarization (CP) directivity patterns of the antenna at the three operating frequencies. The measured radiation patterns are in good agreement with the nominal required specifications in the first band (E5a,b and L5 GPS/Galileo bands). In the intermediate (Extended L1 GPS/Galileo bands) and highest frequency bands (TM MicroSat), the patterns are slightly out of the technical requirements in some radiating directions. This can be improved by adjusting the inclination angle of the radiating wires. As it can be observed from Fig.7, the radiation patterns of the antenna are quasi-hemispheric, allowing a maximum reception of signals from the satellites in sight (visibility).
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 7 Fig. 7. Radiation patterns of the triband antenna at: (a) 1.2 GHz. (b) 1.57 GHz. (c) 2.23 GHz.

TABLE I TECHNICAL

 I REQUIREMENTS FOR THE GPS/GALILEO/MICROSAT TRI-BAND ANTENNA

TABLE II THE

 II SELECTED TRAP-LOADS COMPONENTS FOR THE GPS/GALILEO/MICROSAT TRIBAND ANTENNA Fig. 6. S versus frequency of the pyramidal GPS/GALILEO/MicroSat triband antenna.
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