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Abstract-In this letter, the performance of a diffractive gradient index lens antenna, constructed by using dielectric subwavelength structuration and manufactured by 3D printing are compared to the ones of conventional lens antennas in a small footprint configuration. It discusses the advantages and drawbacks of each configuration, and compares the simulated and measured gain performances. It shows that structured lens antenna can achieve gain superior to conventional approaches, combined with a 1dB bandwidth of 10.9%, thanks to the engineering of artificial gradient index. All these benefits are coming with a significant decrease in the antenna weight for a same footprint.
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I. INTRODUCTION

n a large number of applications (point to point communication, satellite communications, radar) high gain antennas are required for their ability to focus the energy in the useful direction. At microwave frequencies, there are several high-gain antenna technologies, each with its advantages and drawbacks [START_REF] Vilar | Q-Band Millimeter-Wave Antennas: An Enabling Technology for MultiGigabit Wireless Backhaul[END_REF]. For embedded system applications, the major constraint is related to the overall size of the antenna, the goal being to minimize the diameter and the length occupied by the antenna while maintaining good performance on the gain, bandwidth, ease of fabrication and integration. Parabolic reflector antennas are typically a reference in terms of aperture efficiency, but for small diameter (typically smaller than 20) they suffer from aperture blockage [START_REF] Moldsvor | Analysis of aperture blockage in reflector antennas by using obstacle-located blockage currents[END_REF]. For frequencies above 30 GHz lens antennas are a good alternative to parabolic reflectors because they do not suffer from the aperture blockage and have good manufacturing tolerances. However associating a short focal length with a large diameter results in a lens thickness and weight increase [START_REF] Petosa | Effects of Fresnel lens thickness on aperture efficiency[END_REF]. These limitations are bypassed by using their diffractive equivalents, the Fresnel zoned lens. The cost of this zoning process is a bandwidth reduction. However, there are many applications where Fresnel lens bandwidth is large enough, leaving as the only major drawback phase errors due to shadowing effects [START_REF] Prather | Performance of multilevel diffractive lenses as a function of f-number[END_REF].

In this letter, a 3D printed high-gain compact lens antenna is investigated. This diffractive lens performs phase correction thanks to a distribution of sub-wavelength dielectric structure. This lens is described and compared to a bulk lens and a Fresnel zoned lens in the same compact configuration. Gain and bandwidth simulation are presented and compared to measurements.

II. DESCRIPTION OF THE LENS ANTENNAS

The benchmark is performed in a L/D = 0.5 configuration where L is the antenna length and D its diameter, as illustrated in Figs. 1 to 3. For this comparison, the three antenna configurations are identical in diameter (150 mm), length (76 mm) and are feeded with a small horn source (11.8 dBi gain at 42 GHz). Lens designs are computed to transform a quasispherical wave into a planar wave. Each lens has its own focal length F which is defined as the distance between the source and the lens inner surface. H corresponds to the lens thickness and n 0 the refractive index of dielectric used.

Both diffractive lens designs (Fresnel and gradient index) are performed at 42 GHz, with λ 0 the design wavelength. A cylindrical coordinate system (ρ, θ, z) is used to describe the different lens profile.

A. Dielectric plano-hyperbolic lens (DPHLA)

The dielectric plano-hyperbolic lens antenna (DPHLA) is one of the most popular lens antennas. It focuses the wave from a source, thanks to the wave refraction property of the diopter. The phase function of this lens is fully achieved by a refraction profile. Each point (P) of the refractive profile (Fig. 1) must verify equation ( 1).

(1)

B. Fresnel zoned lens (FRES-L)

The Fresnel zoned lens also focus the wave from a source, thanks to the wave refraction property, but has a discontinuous profile distributed in many prismatic Fresnel zones. Between two adjacent zones, there is a 2π phase shift excursion. The Comparison between a thin lens antenna made of structured dielectric material and a conventional lens antennas, in Q-band in a compact volume.

Alpha O. Diallo, Romain Czarny, Brigitte Loiseaux , Stéphane Holé I profile of the component is described by zone. Each point (P) of the refractive profile (Fig. 2) must verify equation ( 2),

where k is the zone number. This integer k is used to indicate the Fresnel zone, the central region having the index k = 1.

(2)

C. Sub-wavelength gradient index lens (SUB-L)

In the case of the sub-wavelength gradient index lens, the lens profile is maintained flat and the phase control is obtained by the distribution of the index of refraction. However, gradient index materials do not naturally exist. They can be approached thanks to artificial materials engineering. Different techniques can be used. The most direct approach is to stack multiple materials having close refractive index [START_REF] Hristov | Design Equation for Multidielectric Fresnel Zone Plate Lens[END_REF], However, this approach increases the manufacturing complexity. Another widely used approach is the use of effective medium obtained by perforating substrates. This method using machining has already presented good performance [START_REF] Petosa | Design and performance of a perforated dielectric fresnel lens[END_REF] [START_REF] Mahmoud | W-Band Mutlilayer Perforated Dielectric Substrate Lens[END_REF]. The design method presented in this letter is also based on the effective medium theory. It is the control of the shape, the size and the arrangement of the dielectric structures that allows implementing an effective gradient index. The use of dielectric pillars can improve the efficiency thanks to guiding effects [START_REF] Lalanne | Artificial Media Optical Properties -Subwavelength Scale[END_REF]. Each pillar is defined by its filling rate (f) which depends on the geometric parameters (a) and (Ʌ) and allows a tailored effective refractive index (Fig. 4). The lens function is realized by implementing the effective index distribution described by equation ( 3), where k is the Fresnel zone number. The resulting component is planar (Fig. 3), with a constant height (H) given by equation ( 4). 2D Pillars symmetry allows an identical operation in orthogonal and parallel polarizations. Structured lens is builded by additive manufacturing with an ABS Fused deposition modeling technology.

(3) (4) Full-wave simulations were performed for the 3 lens antennas using CST Microwave Studio temporal solver. Fig. 5 shows the simulated gain of the 3 lens antennas over Q-Band. Figs. 7 and8 present the amplitude and phase distribution of the electric field (E) in the aperture plane. Each distribution is computed at the frequency giving the highest gain allowing the comparison of each antenna at his best. From these distributions, phase, taper and aperture efficiencies are evaluated and presented on Table 1.

The measurement set-up consists of a transmitter (lens antenna) and a receiver (horn antenna), each one connected to a port of a vector network analyzer. The gain is obtained by comparing the S21 measured with the antenna under test with the S21 obtained when using a reference broad-band antenna. A time-domain filter of 3.3 ns was applied to the measured data to suppress multiple-path and multi-reflections effects. Each measurement is performed over the whole Q-band. Experimental results are shown in TABLE 2. The band behavior of each antenna is plotted in Fig. 6. A profile picture of the 3 lens antennas measured and E field distribution in sectional view simulated at 42 GHz are shown in Fig. 9. In this space saving configuration, the measured gain for the DPHLA lens is smaller than for the other 2 thin lenses. Simulation shows that this lower performance is not due to phase errors, but rather to a low taper efficiency caused both by total reflections on the surfaces far from the center (Fig. 9(a')) and the short distance between the outlet of the horn source and top of the DPHLA. This short focal length causes the rapid decay of the E field from the lens center. An illustration of this effect is visible in Fig. 7(a), where one can see that the DPHLA has the lowest taper efficiency (22%). Unlike what is usually achieved for a bulk lens antenna where gain monotonically increases with frequency, both simulation and measurement show a band limitation for the DPHLA. This effect is due to the coupling between the lens and the horn source which is stronger for small focal values. This coupling gives rise to a standing wave causing strong oscillation in the DPHLA bandwith. A material with higher permittivity allows to reduce the thickness of the lens. This improves the uniform illumination and reduces the coupling effect, but this also increases the reflection coefficient. For this letter, the choice was to compare configurations based on materials with low and close permittivity values.

Both zoned lenses, (that have in common the same thickness), benefit from a better taper efficiency thanks to greater F distance. This allows respectively a 1.1 dB and a 2.0 dB maximum gain improvement for the FRES-L and the SUB-L lens antenna.

The SUB-L measured gain is 0.9 dB higher than the FRES-L. Indeed, a field annular distribution caused by shadowing effect can be observed on the two zoned lenses. On the SUB-L, this effect is the result of constructive or destructive interference depending on the position [START_REF] Diallo | Use of modified Huygens-Fresnel model to compute sub-wavelength dielectric antennas[END_REF]. The main advantage of the SUB-L is that the resulting E field distribution at the output face for the differents zones is in phase, whereas it presents instead phase oppositions on the FRES-L. The simulation shows on Fig. 8 and Table 1 that SUB-L phase efficiency is 2 dB greater. This illustrates reduced shadowing effect in the SUB-L configuration.

In this configuration both diffractive lenses present the same 1 dB bandwidth (~ 10%). However, the measured gain results are shifted compared to those simulated. The maximum gain offset is 2.3 GHz for the DPHLA, 2.4 GHz for the FRES-L and 3 GHz for the SUB-L respectively. The FRES-L and DPHLA offsets remain close. This type of shift is attributed to a difference in the position of the phase center between the simulated source and the real source. For the SUB-L, an additional shift of 0.7 GHz is observed. This additional shift comes from SUB-L deformation during its manufacture. This deformation slightly curves the surface by bringing the lens center 2.5 mm closer to the source. This causes the shifting of maximum gain towards lower frequencies.

V. CONCLUSION

In this paper, the comparison is made between three types of lens antenna in a small footprint configuration (L/D = 0.5) at Q-band. Compared to FRES-L and DPHLA, lens based on dielectric sub-wavelength structuration (SUB-L) has a best performance in gain (32.5 dBi). This SUB-L lens also has large bandwidth (10.9% for 1 dB bandwidth) suitable for most applications such as broadband point to point communications. Additionally, thanks to the possibility to control locally the effective refractive index, sub-wavelength structured lenses are offering the possibility for additional performances optimization (gain, bandwith…). Moreover, as for reflect or transmit arrays, more complex microwave functions (such as beam shaping or beam-steering) can be considered. Other important advantages are to consider in terms of decreased weight (180 g) and ease of manufacturing thanks to single step dielectric 3D printing, allowing for low cost manufacturing.
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TABLE 1 :

 1 Calculated efficiencies

	Efficiencies	DPHLA at	FRES-L at	SUB-L at
		47GHz	42.8GHz	45GHz
	Taper (ηt)	22% (-6.5dB)	76% (-1.2dB)	64% (-1.9dB)
	Phase (ηph)	85% (-0.7dB)	45% (-3.5dB)	71% (-1.5dB)
	Aperture	19% (-7.2dB)	35% (-4.6dB)	45% (-3.5dB)
	(ηt+ηph)			

TABLE 2 :

 2 Characteristics & experimental results

	Acronym	DPHLA	FRES-L SUB-L
	Building	machining	3D printing
	technique			
	Permittivity	2.34	2.60	2.60
	ε r =n 0 2			
	loss tangent	0.0002	0.005	0.005
	Weight (g)	421	190	180
	Thickness H	58.1	11.7	11.7
	(mm)			
	Focal (mm)	17.9	64.3	64.3
	equivalent F			
	F/D ratio	0.1	0.4	0.4
	L/D ratio	0.5	0.5	0.5
	Max gain (dBi)	30.5	31.6	32.5
	Gain @42GHz	29.3	31.2	32.5
	(dBi)			
	1 dB gain	4.9	4.3	4.6
	bandwith (GHz)			
	1 dB gain	11.0	10.3	10.9
	bandwith (%)