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Optimizing a pyramidal horn together with a dielectric lens for an airborne X-band transmitter

The design of a pod-mounted transmitter is subject to specific radiation pattern constrains, to be fulfilled in a strongly limited volume. The step-by-step definition of the antenna is described.

Introduction

The antenna will be housed in a pod of internal diameter 250 mm and protected by a radome to be optimized separately. The antenna to be designed has to cope with radiation pattern requirements as indicated below: The horizontal beam width requires the width of the antenna to be close to the pod diameter. A further requirement is the capability of the main beam to be mechanically scanned from the axis of the pod up to at least 40° laterally, which adds a constrain to the length of the antenna, see figure 1.

Due to power handling capability, the antenna has to be fed by a waveguide, chosen to be flexible to avoid rotary joint issues.

First, in terms of antenna selection, a pyramidal horn of thickness smaller than width -close to a sectoral hornappears to approach the radiation pattern requirements [START_REF] Balanis | Antenna theory: analysis and design[END_REF]. Nevertheless, the criteria of quasi-plane wave front at the aperture doesn't appear achievable without a length of the horn prohibiting wide enough angular scan, see (figure 1a) [START_REF] Balanis | Antenna theory: analysis and design[END_REF]. Therefore, compensating the spherical wave front of a reduced length horn through a plano-convex dielectric lens was selected [START_REF] Robert | Antenna theory and design[END_REF]. Secondly, since mechanical scan remained still insufficient (figure 1b), the next improvement was to add a dielectric prism to deflect the main beam out of the plane of symmetry of the horn (figure 1c). Numerical simulations with a 3D electromagnetic commercially available code implementing Finite Integration Method with the Perfect Boundary Approximation were performed. This article presents the different steps to achieve an antenna that meets the different constraints imposed by the specifications.

Preliminary antenna selection

Without taking into account the size of the antenna, a preselection of several kinds of antennas has been made. For the realization of this project, high peak power was considered, to be generated by a magnetron. This leads to feed the antenna through a waveguide. In the literature [START_REF] Balanis | Antenna theory: analysis and design[END_REF], several types of antennas can be found which meet this criterion. From radiation pattern and footprint considerations, sectoral horn antennas were first selected.

Because of its simplicity of construction and dimensioning, the horn antenna is the most widely used antenna for microwaves [START_REF] Balanis | Antenna theory: analysis and design[END_REF], fed by a waveguide. At the end of this waveguide, the edges are flared to obtain a larger opening. The angle, cross-section and length of the flare play an important role in the radiation pattern. This gradually increasing aperture also prevents mismatch from guided to free space propagation.

Sectoral E plane

The sectoral horn in E plane corresponds, on the one hand, to the flaring of the guide sections perpendicular to the E field. On the other hand, the edges of the guide parallel to the E field keep the same dimension, as shown below.

Thanks to this aperture, the radiation in the E plane is thin and wide in the H plane. We have dimensioned a sectoral E plane horn from a WR112 guide (12.63 x 28.50mm). First, we considered that the horn will be installed in a 250 mm diameter cylinder: this leads us to choose an aperture width of 240 mm. In a second phase, following the main laws of illumination for a rectangular aperture and assuming that the plane E follows a uniform and equiphase law [START_REF] Robert | Antenna theory and design[END_REF], we obtain :

𝐻𝑃𝐵𝑊 = 50.8 𝜆 ℓ , (1) 
With λ the wavelength, ℓ the aperture width of the horn and 𝐻𝑃𝐵𝑊 is the half-power beam width in degrees. Taking an average frequency of 9 GHz, we obtain HPBW = 7°, with a peak sidelobe at -13.2 dB. We are now interested in the distance Re from the center of phase of the horn to the center of its aperture. We seek the smallest possible length, while having secondary lobes lower than -15 dB. From the universal E-plane radiation pattern [START_REF] Balanis | Antenna theory: analysis and design[END_REF], for an E-plane sectoral antenna, we derive a parameter s of one eighth and side lobes less than -15 dB for angles greater than 15°. This parameter corresponds to a coefficient given in the literature [START_REF] Balanis | Antenna theory: analysis and design[END_REF].

𝑠 = ℓ 2 8𝜆𝑅𝑒 , (2) 
Thus, depending on this parameter, and using relationship (2) we obtain a length Re of 172 cm.

We carry out a simulation with the dimensions determined previously, the result is presented in figure 3. The simulation results show parameters in agreement with those obtained analytically. Nevertheless, the side lobes are too high (-8 dB peak value) and do not meet the specifications. In addition, the length of the horn does not allow for the expected angular deflection.

Sectoral H plane

The H-plane sectoral horn is defined by flaring the guide sections parallel to the E-plane, with constant dimension in the perpendicular plane, resulting in a wide beam in the E plane and a thin beam in the H plane.

We start from a WR112 guide to shape the horn and we keep an aperture width of 240 mm. Since the illumination now follows a cosine law [START_REF] Robert | Antenna theory and design[END_REF], we obtain in a first step a -3 dB beam width of 9.6°, as well as a peak sidelobe equal to -23dB for a frequency of 9 GHz. In a second step, reference is made to the universal H-plane radiation pattern for an Hplane sectoral antenna: a parameter s of one quarter is determined for same conditions as in E-plane, this parameter s is also obtained from the literature [START_REF] Balanis | Antenna theory: analysis and design[END_REF]. A length Rh of 86 cm is now required to reduce the side lobes below -15 dB. The simulation of the horn is shown in figure 5. The crosssectional plane is this time quite conclusive at the level of the side lobes. It also matches the data obtained theoretically. Nevertheless, the vertical aperture has to be adjusted, which is performed in the next section.

It is now clear that H-plane sectoral horn is preferred to Eplane not only for side lobes level but also for horn length consideration. Figure 3 : Geometry of a sectoral E horn antenna [START_REF] Balanis | Antenna theory: analysis and design[END_REF] Figure 4 : Geometry of a sectoral H horn antenna [START_REF] Balanis | Antenna theory: analysis and design[END_REF] 

Transition from a sectoral horn to a pyramidal horn

In parts 2.1 and 2.2 we studied the radiation pattern in the horizontal plane parallel to the flared sides of the horn. But the above defined H-plane sectoral horn has a gain of only 13.7 dBi due to its very wide but unnecessary beam width of 111° in the vertical plane. We therefore have to consider increasing the vertical aperture to increase the gain, i.e. turning the sectoral into a pyramidal horn. Following [START_REF] Balanis | Antenna theory: analysis and design[END_REF], the gain equation for a non-equiamplitude aperture is given by :

𝐺 = 4𝜋 𝜆 2 * 𝑆 * 𝑓 𝑔 , (3) 
With G the gain of the antenna, S the aperture surface, 𝑓 𝑔 the gain factor depending on the illumination law of the aperture (in our case, this coefficient is 0.81). Thus, for a gain of 20.7 dBi at 9 GHz and an horizontal aperture of 240 mm a vertical aperture of 55 mm is obtained. The simulation figure 6 shows the resulting vertical radiation pattern with 32° of half power beam width.

Reduction of the length of the horn

As seen in the previous section, the length of the horn becomes our main problem to meet the specifications. To reach the angular deflection, a shortening of the horn length is necessary. We first performed a simulation by reducing the length of the horn down to 200 mm, while keeping the same aperture. The degradation on the beam in the horizontal plane is such that the main lobe widens to 16.9 degrees: this leads to a loss of 4 dB on the gain of the antenna. In order to compensate for these degradations, we now add a lens. The objective of this lens is to compensate the spherical phase front at the aperture, therefore thin the beam and increase the gain.. By pure geometric rule, if we place ourselves in the H plane and look in the direction of propagation, we determine that the wave at the center of the aperture travels 17.6 mm further than on the edges of the horn. This distance difference generates a phase shift of 190° at a frequency of 9 GHz. We consider using rexolite (refractive index 1.59) for the lens, for its low loss at microwave frequencies and high resistance to environmental constraints. With these different data, geometrical considerations show that a planospherical lens of radius Rh = 332.3 mm and as center, the center of phase of the horn, is able to achieve the required phase front compensation at the aperture of the horn. To avoid reflections generated by the refractive index of the lens, matching layers a quarter wavelength thick and refractive index 1.26 are also included in the overall simulation presented in the figure below.

The results are quite satisfactory: when we look at the lineof-sight section, the compensation of the phase shift by the lens is obvious. This compensation is reflected in the radiation diagram, with a thinning of the main beam and a gain greater than 21 dBi.

To conclude, the lens fulfills its objective by compensating for the shortening of the horn. With such horn dimensions, angular scanning becomes feasible. However, practical implementation of the matching layers is now to be considered.

Corrugated matching layers

The matching layers realized in the previous simulations are ideal, but not realizable in homogeneous rexolite. A solution is to create an artificial dielectric material, i.e. make periodic holes or grooves within the dielectric structure.

In order to be equivalent to an homogeneous medium, the period of the corrugations must not exceed the spacing p defined by the following equation:

𝑝 = 𝜆 𝑛 𝑠 +𝑛 𝑖 * sin (𝜃 𝑖 ) , ( 4 
)
With 𝑛 𝑠 , the refractive index of the rexolite, 𝑛 𝑖 =1 the refractive index in free space and 𝜃 𝑖 the maximum angle of incident radiation, we find a spacing that must be less than 16 mm. There are two choices since corrugation can be achieved by periodic material substitution in 1 or 2 dimensions.. For practical reasons we chose to dig cylindrical holes in the lens according to spacing p. Following this, an optimization was made through computation of the effect of varying the diameter and Moreover, we observe that we obtain slightly better results with corrugated grooves.

Beam deflection

Having achieved the design of a compact, high peak power antenna meeting the required radiation pattern, we further want to extend the potential beam deflection. Such a 15° beam deflection should allow a mechanical scan of +/-25° of the antenna to create a beam scan of -10/+40° with respect to the axis of the cylinder, meeting a further requirement for the system.. Such beam deflection could result from the insertion of a dielectric prism into the horn. Like the lens, the prism is expected to be made of rexolite.

A representation of the antenna is given figure 9 with lens, prism and matching layers assembled. Obviously, prism and lens may be implemented from a single piece of rexolite, with matching layers at the input of the prism and the output of the lens.

Again the sizing of the prism is done by simulation, starting with a thin prism, allowing to observe jointly beam deflection and potential radiation pattern degradation, and further increasing the thickness of the prism. . The figures below shows the final result: we obtain a 15° beam deflection without changing the main characteristics of the radiation pattern. 

Conclusion

To conclude, the step-by-step design of a horn and dielectric antenna has been shown theoretically to meet the specifications, taking into account various practical constraints. A physical realization of this antenna is underway..
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 35 Figure 3 : Radiation diagram in E-plane (in blue the halfpower beam width, in green the peak side lobe level)
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 6 Figure 6 : Section of the radiation pattern in E-plane Figure 7 : Electric field inside and outside the device (left) and radiation diagram at 9 GHz for phi 0° (right)
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 8 Figure (8) confirms the advantages of the matching layers.Moreover, we observe that we obtain slightly better results with corrugated grooves.
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 108 Figure 10 : Radiation diagram at 9 GHz for phi 0°

Table 1 :

 1 Radiation pattern requirements.

Acknowledgements

The authors would like to thank Région Occitanie / Pyrénées-Méditerranée (HERMES platform) and the European Regional Development Fund (FEDER) for partial funding of this work.