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In this paper, an innovative procedure to design ridged meandered waveguides is introduced. By modulating the meandered centerline of a waveguide connecting two fixed points, new degrees of freedom to control the phase delay are obtained. Ridged meandered waveguides represent a good compromise between coaxial cables, which feature broadband operation and can be easily bended still introducing high losses and conventional waveguides, which are characterized by low losses but also narrow operational bandwidth. Ridged meandered waveguides are especially well-suited for isophase lattice expanders that can be used in beamforming networks, phased arrays or discrete 3D lens antennas. The article describes a methodology to design meandered waveguides, which is verified both analytically and experimentally through the synthesis, fabrication and test of a discrete 3D lens antenna in Ka-band (27.5-30 GHz) made using additive manufacturing.

I. INTRODUCTION

C ONTROLLING phase delays of guided waves is es- sential in the design of radio-frequency (RF) systems requiring signal distribution, recombination or beamforming. Such functionality is implemented in a wide range of devices, spanning from simple components (such as turnstile orthomode transducers [START_REF] Pisano | A broadband WR10 turnstile junction orthomode transducer[END_REF] or mode extractors [START_REF] Pandey | Design of multimode tracking system for earth station antenna[END_REF]), to more complex distribution systems such as multiport amplifiers [START_REF] Mallet | Multiportamplifier-based architecture versus classical architecture for space telecommunication payloads[END_REF] or antenna beamforming networks (BFNs) [START_REF] Numan | Printed w -band multibeam antenna with luneburg lens-based beamforming network[END_REF], [START_REF] Elmusrati | Random switched beamforming for uplink wireless sensor networks[END_REF].

The control of the phase delay combined with spatial routing of the signals can become an important challenge. The typical accommodation constraints are related to the interconnection of profiles with different lattices, or to the need for some internal space to accommodate other devices for the control of active elements and/or for thermal dissipation management. In this context, routing mechanisms providing high flexibility are typically desired [START_REF] Sutton | V-band monolithically integrated four-arm spiral antenna and beamforming network[END_REF]- [START_REF] Woo | Hybrid waveguide feed network for aperiodic subarray beamforming[END_REF].

The most frequent solution for the RF signals routing is based on the use of transmission lines implemented in a printed circuit board (PCB) layout (microstrip and stripline, among L. Berretti others), as in [START_REF] Ding | Printed dual-layer threeway directional coupler utilized as 3 × 3 beamforming network for orthogonal three-beam antenna array[END_REF], [START_REF] Zhao | Planar twodimensional scanning multibeam array antenna based on a 3 × 3 butler matrix network[END_REF]. This configuration is chosen for its low cost and high suitability for integration of active electronic components. Still, this solution is very limited for 3D routing, it has significant insertion losses and is only applicable in low-power systems. Coaxial cables are an alternative to PCB routing since they allow interconnections with complex 3D trajectories [START_REF] Pera | Novel spread spectrum approach to multi-port amplifier calibration[END_REF], [START_REF] Ruggerini | A Ka-band active aperiodic constrained lens antenna for multibeam applications: Active discrete lens antennas are promising alternative solutions for multibeam coverage using a single aperture[END_REF]. However, their insertion losses are not negligible and high-power handling is an issue.

Conventional waveguides allow for signal routing with very low insertion losses and high-power handling [START_REF] Koenen | Design of a millimeter-wave phased array antenna for gaussian beam shaping and steering[END_REF]- [START_REF] Fan | Millimeterwave multimode beamforming network based on double-ridged waveguides[END_REF]. Yet, their fabrication is very cumbersome, since it involves the assembly of discrete waveguide parts (including bends, twists, etc), which might lead to practical performance issues due to imperfect assembly. Substrate integrated waveguide (SIW) and the recent air-filled version (AF-SIW), appear as a compromise between waveguide and PCB technology, offering medium loss and low cost, [START_REF] Lian | Planar millimeter-wave 2-D beam-scanning multibeam array antenna fed by compact siw beam-forming network[END_REF], [START_REF] Lima De Paula | Cost-effective highperformance air-filled SIW antenna array for the global 5G 26 GHz and 28 GHz bands[END_REF]. High-power handling and 3D routing are still an issue in these two technologies.

In this context, additive manufacturing (AM) appears as an enabling solution to conceive routing networks that combine low insertion losses, high-power handling, extreme flexibility and low cost [START_REF] Vafadar | Advances in metal additive manufacturing: A review of common processes, industrial applications, and current challenges[END_REF]- [START_REF] Zhang | Metallic 3-D printed rectangular waveguides for millimeter-wave applications[END_REF]. Fully metallic meandered waveguides (MW) have been recently proposed in [START_REF] Menargues | Meandered waveguides for active antennas[END_REF] to synthesize desired phase delays between two assigned points. The resulting complex curvatures can only be fabricated in AM technology. Indeed, such technology enables monolithic pieces or even monolithic clusters, thus simplifying problems associated to assembly.

Ridged meandered waveguides (RMW) represent a step further in MWs, since they entail an enhancement of the bandwidth. In fact, they present an interesting middle point between the non-dispersive TEM propagation of coaxial cables and the narrow bandwidth of conventional waveguides.

The objective of this paper is to propose an analytical procedure to synthesize arbitrary and broadband phase delays using RMWs, in order to enable fully-metallic systems for space applications. The procedure is demonstrated through the design and manufacturing of a RMW-based three-dimensional discrete lens.

The paper is organized as follows: Section II presents the analytical description of the RMW trajectory connecting two points allowing the building of the path, the phase delay synthesis and the dual-ridge cross-section evolution. In Section III the application of a RMW cluster in a 3D discrete lens antenna is proposed. Finally, in Section IV, an experimental validation of the proposed concept is presented through the manufacturing and the measurement of a 3D discrete lens prototype.

II. DESIGN OF RIDGED MEANDERED WAVEGUIDES

MWs can be defined as waveguides with a modulated profile along the propagation axis. RMWs are MWs whose crosssection corresponds to a ridged waveguide. The goal is to design RMW able to connect two assigned points (indicated as starting and ending points P s and P e ) through a tailored trajectory that guarantees a desired phase delay.

To design a MW or RMW, two waveguide ports placed in the starting and ending points should be connected. The following hypothesis are considered (as displayed in Fig. 1):

• the two waveguide ports have the same cross-section, which is maintained throughout the trajectory; • the waveguide ports centered in the starting and ending points are parallel to the xy plane; • the profile followed by the RMW should be characterized by a function continuous and with a continuous first derivative. The problem is split into four sub-problems: the design of the RMW centerline or trajectory connecting the two points, the design of the waveguide along the trajectory, the design of the waveguide cross-section and the phase delay synthesis. 

A. MW trajectory

To build the MW baseline trajectory, an auxiliary axis t that connects the points P s (where t = 0) and P e (where t = 1) is considered (see Fig. 2).

The 3D trajectory path curve P (t) starts at P s and ends at P e : P (0) = P s

P (1) = P e ( 1 
)
and it is built in such way to enable an arbitrary modulation of the phase delay. The curve should be perpendicular to the xy plane at t = 0 and t = 1 to ensure differentiability at the connection points.

To reach these goals, the MW trajectory is defined as follows:

⃗ OP (t) = ⃗ OP s (t) + ⃗ b(t) + ⃗ m(t) (2) 
being ⃗ b(t) a baseline function to properly connect P s and P e and ⃗ m(t) a modulating function to synthesize the phase delay. To satisfy Eq. ( 1), the following relations are verified: 

       ⃗ b(0) = ⃗ 0 ⃗ b(1) = ⃗ P s P e ⃗ m(0) = ⃗ 0 ⃗ m(1) = ⃗ 0 (3)
In order to ensure differentiability in the connection points, some conditions on the derivative functions are included: Thus, the baseline is defined as follows:

⃗ b(t) = (x e -x s )s(t)x + (y e -y s )s(t)ŷ + (z e -z s )tẑ [START_REF] Elmusrati | Random switched beamforming for uplink wireless sensor networks[END_REF] being s(t) the step function defined employing the formulation proposed in [START_REF] Iliev | On the approximation of the cut and step functions by logistic and gompertz functions[END_REF]:

s(t) = 1 βw ln 1 + e β(t-t0+w/2) 1 + e β(t-t0-w/2) , t ∈ [0, 1] (6) 
where t 0 defines the inflection point of the step function while w and β are the slope parameters (Fig 3). These parameters can be used as degrees of freedom, giving flexibility in the design of MW. To verify the conditions of continuity and derivability (Eq. ( 3) and ( 4)), the following conditions are determined experimentally: βw ≥ 11 for t 0 = 0.5, while βw ≥ 22 for t 0 = 0.4 or 0.6, as shown in Fig 3 .  To synthesize different phase delays, a modulating function is added:

⃗ m(t) = m(t)⃗ e m (7) 
where ⃗ e m = δ x + γ ŷ is a unit vector defining the modulation plane that can be freely chosen while m(t) is given by:

m(t) = Asin(πP t)sin 2 (πt) (8) 
The amplitude A and semi-periods P are degrees of freedom that allow to control the trajectory length and the phase delay, as discussed in [START_REF] Menargues | Meandered waveguides for active antennas[END_REF] and displayed in Fig. 4. 

B. Cross-section transport approach

In order to build accurately RMWs, a smooth evolution of the RMW cross section along the trajectory ⃗ OP (t), based on the parallel transport approach [23]- [START_REF] Carl | The Parallel Transport Frame, ser. Ed Game Programming Gems[END_REF], is implemented. Through this algorithm, an orthonormal basis of vectors (⃗ n, ⃗ u, ⃗ v) is constructed along the modulated centerline from the starting to the ending point, as displayed in Fig. 5. The implemented basic steps of the parallel transport algorithm for piece-wise linear curves are here defined.

The unit vector perpendicular to the cross-section (and tangential to the trajectory) is described by:

⃗ n i+1 = ⃗ OP i+1 -⃗ OP i || ⃗ OP i+1 -⃗ OP i || , i = 0, .., N -2 (9) 
where

⃗ OP i = ⃗ OP (t i ), ⃗ n i = ⃗ n(t i ) with t i = i/N .
At the extreme points of the trajectory, the tangential vector must be parallel to the z-axis: The vector ⃗ u, perpendicular to the modulated centerline, is implemented starting from an initial orientation ⃗ u 0 (vector that defines the orientation of the waveguide cross-section at the starting point) as follows:

⃗ n o = ⃗ n N = ẑ.
⃗ u i+1 = R( ⃗ B i+1 , θ i+1 )⃗ u i , i = 0, .., N -1 (10) 
being the vector ⃗ B i+1 = ⃗ ni×⃗ ni+1 ||⃗ ni×⃗ ni+1|| and the evaluated angle

θ i+1 = arccos(⃗ n i • ⃗ n i+1 ), R( ⃗ B, θ
), the rotation matrix by the angle θ about the vector ⃗ B. The third vector is expressed by the cross product of the already defined vectors: ⃗ v i = ⃗ n i × ⃗ u i . Such vectors form an orthonormal basis in each point of the discretized trajectory to define the RMW cross-section evolution along it. In Fig. 5, the RMW is implemented by simply repeating the waveguide cross-section along the modulated curve.

C. RMW cross-section

The previous synthesis method can be applied to any type of waveguide cross-section. In our case, the RMW is implemented considering a dual-ridge waveguide defined in Fig. 6. The ridges allow to increase the single-mode bandwidth of the waveguide since they lower the cutoff frequency of the fundamental mode. In Fig. 7, four waveguides with different cross-sections are considered. When decreasing the cut-off frequency of the fundamental mode, the propagation constant vs frequency becomes more linear around a selected operation frequency, as 28.5 GHz in this paper. It must be highlighted that, the flatter the line, the closer to true-time delay and a broadband operation. It is interesting to notice the difference between the black curve (empty waveguide) and the blue curve (ridge waveguide), and how the ridge waveguide enables low loss, wave guiding with minor influence of the dispersion inherent to waveguides. 

D. RMW synthesis and optimization

The flexibility of the proposed method to build RMWs consists in connecting two arbitrary points and playing on some design parameters of the modulated curves, to properly match the specifications on the phase and amplitude. In Fig. 8 some examples of RMWs are depicted. In particular, Fig. 8a shows a simple step function with a displacement in the x and z coordinates, while Fig. 8b to Fig. 8d show RMWs with exotic meanderings with several displacements in coordinates.

When connecting two points, a desired phase delay can be obtained with several design parameter combinations. As an example, Fig. 9 shows the semi-period P as a function of the amplitude modulation A that leads to a specific RMW physical centerline length. Obviously, strong curvatures will induce reactive effects that affect the RMW physical centerline length synthesis and should be avoided (these cases correspond to extreme values of A and P ). If possible, intermediate values of A and P are recommended to bypass the mismatching between RMW electrical and physical lengths. It is important to note that it is not possible to derive with a single analytical equation the couple of perfect values for A and P, since reactive effects could not be easily predicted and also the position of the connecting points are playing an important role. The choice of A and P is also made by considering the available space to accommodate the RMW and its physical manufacturability.

A design recommendation is to use a separation between the two points such that the bends that appear along the centerline exhibit a bending radius larger than the height of the waveguide cross-section. This design recommendation will produce bends in the centerline that are smooth and do not cause reactive effects that affect the insertion phase. The RMW design process starts by defining the step function. In order to avoid discontinuities at the connection points and sharp slopes, the inflection point is fixed in the center t 0 = 0.5 while the recommendation for inclination parameters is βw = 11 with β = 22 and w = 0.5. A and P are chosen and optimized to reach the desired phase delay. Such phase delay in the RMW is computed as Φ wg = β wg L wg , where β wg is the waveguide propagation constant and L wg is the physical length of the centerline. To synthesize a given delay, the designer can adjust both L wg (through A and P ) and β wg (through the cutoff frequency of the fundamental mode in the RMW, by adjusting the cross-section dimensions). For cluster design, the recommendation is to define physically feasible starting points and optimize from there using any optimization routine that minimizes globally the difference between the synthesized delay and the desired one.

III. APPLICATION OF RMW TO SPACEBORNE 3D DISCRETE LENS ANTENNAS

In this section, the versatility and high potential of the RMW synthesis are illustrated through the application case of a 3D discrete lens in Ka-band for telecommunication applications.

A. Basics of 3D discrete lens antennas

Three-dimensional (3D) discrete lens antennas have been extensively studied in the open literature. In particular, in [START_REF] Toso | An optimal procedure for the design of discrete constrained lens antennas with minimized optical aberrations. part i: Two-dimensional architectures[END_REF]- [START_REF]An optimal procedure for the design of discrete constrained lens antennas with minimized optical aberrations. part iii: Three-dimensional architectures with an extended field of view[END_REF], the results of recent investigations on their properties, number of Degrees of Freedom (DoF), focal points (or foci) and optical aberrations are presented.

In this paper, a 3D discrete lens antenna configuration with 3 perfect focal points or DoF is considered (introduced in [START_REF]An optimal procedure for the design of discrete constrained lens antennas with minimized optical aberrations. part ii: Three-dimensional multifocal architectures[END_REF]). The simple sketch in Fig. 10 illustrates the main structure of a 3D discrete lens, which is mainly constituted by:

• the focal arc containing the foci, whose positions are defined by azimuth and elevation input angles (θ in , ϕ in ); • the back array profile of coordinates (X back , Y back , Z back ); • the front array profile of coordinates (X f ront , Y f ront , Z f ront ); • the grey box representing the part of the lens that implements the delay W induced between the back and front profiles. This paper considers the possibility to introduce a magnification factor M , which is defined as:

sin(θ out ) = M sin(θ in ) (11) 
In this paper, the value of M is chosen smaller than 1, which can be see as a zooming capability, since it implies that θ in > θ out (as shown in Fig. 10). This capability provides a certain freedom to control the positioning of the sources in the focal arc (related to θ in ) with respect to the pointing angle of the beam that they generate (related to θ out ). It is worth noting that this type of zooming capability, or magnifying effects, are valid for reflector antennas [START_REF] Sciannella | Imaging antenna systems with compensated optical aberrations based on unshaped surface reflectors[END_REF], [START_REF]An imaging reflector system with reduced scanning aberrations[END_REF] as well as for lens antennas [START_REF] Toso | An optimal procedure for the design of discrete constrained lens antennas with minimized optical aberrations. part i: Two-dimensional architectures[END_REF]- [START_REF]An optimal procedure for the design of discrete constrained lens antennas with minimized optical aberrations. part iii: Three-dimensional architectures with an extended field of view[END_REF].

As it is explained in [START_REF] Mcgrath | Planar three-dimensional constrained lenses[END_REF], the number of perfect foci in 3D discrete lenses is determined by its number of degrees of freedom. This manuscript proposes to implement 3 perfect foci, as shown in Fig. 10, in order to define a focal arc where multiple sources will be placed in order to attain multibeam operation. In general, the variables required to define a 3D discrete lens are 7: the coordinates X back , Y back , Z back , X f ront , Y f ront , Z f ront and phase delays W .

After fixing a priori two of the seven variables of the lens, i.e. flat back and front profiles (Z f ront = 0, Z back = -∆ z ) and choosing other two variables (X back , Y back ) as independent variables, the remaining variables in the lens are: the coordinates of the elements in the front profile (X f ront , Y f ront ) and the delay W . This allows to synthesize 3 perfect foci [START_REF]An optimal procedure for the design of discrete constrained lens antennas with minimized optical aberrations. part ii: Three-dimensional multifocal architectures[END_REF]. As a conclusion, in order to implement 3 foci, the lattice in the front profile will not be regular. The complete formulation can be found in [START_REF]An optimal procedure for the design of discrete constrained lens antennas with minimized optical aberrations. part ii: Three-dimensional multifocal architectures[END_REF].

The three foci are distributed in a circle perpendicular to the axis of the lens at azimuth angles equal to ϕ in = [0, 120, 240] • . The three foci are represented by the points F 1 , F 2 and Fig. 10: Sketch of a 3D discrete lens with flat back and front profiles (Z f ront = 0 and Z back = -∆z). The considered configuration has three perfect focal points and implements a zooming factor M < 1. The grey box represents the core of the 3D lens, where the phase delays W between the front and back profiles is implemented.

F 3 in Fig. 10.

B. 3D discrete lens antenna using RMW for space-borne applications

As potential application case, the design of a multibeam antenna for geostationary (GEO) satellites is considered. GEO antennas have a field of view limited to ±8 • , so grating lobes (GL) appearing at angles outside of this range are acceptable [START_REF] Pascale | Design and qualification of ku-band-radiating chains for receive active array antennas of flexible telecommunication satellites[END_REF]. Thus, this application imposes the maximum pointing angle required in the lens antenna of θ out = 8 • .

For this application example, a Ka-band receive (RX) antenna is selected, whose center frequency is f 0 = 28.5 GHz. Dual circular polarization shall be supported. Other design choices are: rectangular lattice for the front and back profiles and periodicity in the front array around 3λ, (typical choice for GEO active antennas to avoid GLs within the field of view ±8 • ). A magnification factor of M = 0.5 enables a relaxed feed cluster design and accommodation with input angle θ in = 16.16 • , while closer elements in the back profile with a periodicity of 1.5λ. The back profile is assigned a priori in its coordinates to perfectly fit the back periodicity (being the one smaller), while the coordinates of the front lens aperture are derived from the Geometrical Optics equations in [START_REF]An optimal procedure for the design of discrete constrained lens antennas with minimized optical aberrations. part ii: Three-dimensional multifocal architectures[END_REF].

Despite the final antenna will have several hundreds of radiating elements, the example included in this article is restricted to N e = 49 (7 × 7 elements per side of the lens) to reduce the computational effort of the full-wave simulations. The transversal cross sections of the front and back profiles of the considered 7 × 7 lens are shown in Fig. 11, considering the assigned back profile with black dots, the dependent front profile with red circles and the three perfect foci. It can be noticed again that the elements in the back profile follow a regular lattice, whereas the ones in the front profile are placed in an irregular one.

The CST model of the 7 × 7-element lens is shown in Fig. 12. It consists on the following parts:

• a feed cluster with dual circular polarized horns, each one backed by a septum polarizer to produce the circular polarization; • the back-side array, which is formed by 7 × 7 square 1.5λ horns (each horn is backed by a septum polarizer and connected to a pair of RMW); • the front-side array, which is formed by 7 × 7 square 3λ horns (each horn is backed by a septum polarizer and connected to a pair of RMW); • the cluster of RMW, which connects the back array to the front one. It must be noticed that each element in the lens has two sideby-side RMWs, one per polarization. Indeed, in real operation, a beam or signal is received by all the horns in the front array, each one receiving a portion of the complete circularlypolarized signal. The signals received by each front-side horn is transformed from circular to linear by the septum polarizer; depending on the polarization, they will travel through the right-handed RMWs or through the left-handed RMWs. After the RMWs, the septum polarizers in the back-side horns transforms again the linear polarization into a circular one. The signals then travel through the free-space between the back array and the feed cluster, where circularly-polarized feeds connected to rest of the payload finally receive the signal.

C. Synthesis of RMW cluster

In order to synthesize the phase delays of the RMW cluster of the lens, additional considerations to ensure the system physical feasibility must be considered. In particular, one must pay attention to avoid the collision between neighbour RMW for a pair of given lattices by carefully considering the height between profiles, the modulation planes, and the step and modulation parameters, as it has been anticipated in Section II D. For the example in this article, the choices are only Eplane modulated waveguides (δ = 0, γ = 1), and a RMW cluster height, ∆ z , equal to 13λ. In order to design the lens antenna, a RWM cluster that produces delays (Φ wg ) that are as close as possible to the ideal ones, Φ des = k 0 W should be derived. The resulting cluster of centerlines after optimization is shown in Fig. 13. The associated amplitudes, A, and semiperiods, P , to produce the required phase delays using RMWs are presented in Table I and II. 

D. Results

This sub-section reports the numerical results characterizing the 7×7 discrete lens antenna shown in Fig. 12. First of all, the antenna is analysed using house-made geometrical optics tools implemented in MATLAB. In addition, full-wave simulations using CST Microwave Study are considered.

The computed MATLAB patterns for the three perfect foci are displayed in Fig. 14 with respect to the conventional uv coordinates. As expected, the main beams are pointing at θ out = 8 • and the three azimuthal angles coincide with the ones of the homologous focal points. The grating lobes are outside of the field of view (red circle in Fig. 14), as required in a GEO antenna.

Concerning the CST simulation, the feed horns are placed in the perfect foci positions and have a peak directivity of D f = 21 dBi. The size of such horns has been chosen to provide an edge-tapering illumination of about -10 dB in the back profile considering the ratio f /D back = 1.9895. Secondly, concerning the back-side of the lens, the size of the corresponding squared horns is determined in order to fill the available space. For this reason, horns with an edge length of 1.35λ are chosen, providing a peak directivity of D b = 7.4 dBi. On the front-side, square horns with side of 2.32λ are selected, which provide a maximum directivity of 17.5 dBi. It must be highlighted that the horns do not fully fill the available space, but the selected size permits to have horns that have some space in between, required later for assembly using a screwdriver.

Fig. 15 compares the numerical results obtained with Geometrical Optics and the full-wave simulation by CST, considering the feed placed in the perfect focal point F 1 (θ in = 16.16 • , ϕ in = 0 • ). Identical results are obtained for the other two foci. The resulting beam is pointing at (θ out = -8 • ), as expected. Both analysis methods agree very well, which validates the RMW synthesis methodology and its implementation using CST.

IV. EXPERIMENTAL VALIDATION

For the experimental validation, a representative but reduced prototype (size: 3 × 3) is proposed. It must be highlighted that the goal of this activity is to validate the RMW through comparison between measurements and simulations. Fig. 16 and Fig. 17 show the cluster of RMW and the CST model of the complete device used for the exercise, which maintains the dual-polarization feature and zooming factor (M = 0.5) of the previous antenna, as well as the f /D back ratio, input and output pointing angles. The number of feeds is 7: 3× at the perfect foci ϕ in = [0, 120, 240] • , 3× at mirrored angles ϕ in = [60, 180, 300] • , and 1× at boresight direction.

The fabricated prototype is shown in Fig. 18. AM using raw Aluminium finish is used to produce the RF functional part (antennas, feeds, cluster of RMW) while conventional machining is used to fabricate the fixture that holds all parts together. The prototype consists in the following parts:

• 1× monolithic part that includes the RMW cluster and the back septum-horns, which is 3D printed vertically to preserve the symmetries of the structure and ensure that the phase delays will be reproduced in the best possible way; • 9× standalone monolithic front septum-horns (note that the arrangement of horns in the front array is not purely periodic, as it was explained in Section III.A); • 1× monolithic 7-feed cluster, and a separate 2-waveguide expander to connect the coaxial to waveguide transitions; • multiple Aluminum plates and bars to build and support the assembly feed + lens. Once assembled, these bars and plates are covered with absorbers. In Fig. 19 and 20 numerical and experimental results are compared when the lens is illuminated by feeds placed in perfect foci (ϕ in = 0 • and ϕ in = 120 • , respectively). The patterns are plotted in cut-planes corresponding to the specific azimuth angle. It is worth highlighting the good agreement between the co-polarized simulated and measured patterns, which experimentally validates the design of the RMW cluster. The cross-polarization measured is higher as compared to the simulated one, but still comparable to 20 dB, which might be caused by both the actual device but also spillover and setup reflections.

Finally, Fig. 21 shows the measured radiation patterns for a feed placed in a non-perfect focal point at both 27.5 GHz and 30 GHz. It is worth highlighting that the beam pointing remains stable at both frequencies, which proves the broadband characteristic of the RMW with respect to conventional waveguides. Finally, these measurements show that the beams point at 8 • despite not being illuminated from a perfect focal point, which validates this lens antenna for multibeam applications.

V. CONCLUSION

The article has introduced an analytical methodology to design and control phase delays using RMW. RMWs permit to guarantee an accurate phase control over an increased frequency bandwidth as compared to conventional waveguides. The methodology also enables highly flexible 3D routing. The article validates this new technological solution through the design of two 3D discrete lens antennas (one with 7 × 7 elements, one with 3 × 3 elements), where the delays are implemented using RMWs. The 3×3 element lens is manufactured and measured results are in a very good agreement with the numerical ones. This study permits validating RMWs as 
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 9 Fig. 9: Semi-periods vs amplitude modulation parameters for a specific length to synthesize.
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 11 Fig. 11: Bi-dimensional projection of 7x7 square 3D discrete lens antenna with assigned back profile (black dots), front profile (red circles) and 3 perfect foci F1, F2 and F3 (with M = 0.5, f /D back ≈ 2).
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 1213 Fig. 12: 7x7 CST model of the 3D discrete lens antenna design including the RMW cluster with f /D back ≃ 2, feeds placed in the 3 perfect evaluated foci with an azimuth angle θin = 16.16 • and elevation angle ϕin = [0, 120, 240] • .
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 1415 Fig. 14: Theoretical patterns in uv coordinates of the 7 × 7 lens antenna with feed placed in the three perfect foci (θin = 16.16 • , ϕin = [0, 120, 240] • ), with field of view ±8 • in red.

Fig. 16 :

 16 Fig. 16: 3 × 3 RMW cluster connecting back and front profiles with d back = 1.5λ, d f ront ≈ 3λ, ∆z = 10λ.

Fig. 17 :Fig. 18 :Fig. 19 :

 171819 Fig. 17: CST model of 3 × 3 lens antenna with a cluster of 7 feed horns.

Fig. 20 :

 20 Fig. 20: Simulated and measured radiation patterns for the cut-plane ϕcut = 120 • of the 3 × 3 lens antenna; the active feed is placed in the perfect focal point (θin = 16.16 • , ϕin = 120 • ); Co-polarization: RHCP, Cross-polarization: LHCP.

Fig. 21 :

 21 Fig. 21: Measured patterns at f = 27.5 and f = 30 GHz and for the cut-plane ϕcut = 240 • of the 3 × 3 lens antenna; the active feed is placed in the perfect focal point (θin = 16.16 • , ϕin = 240 • ); Co-polarization: RHCP, Cross-polarization: LHCP
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TABLE I :

 I Matrix of amplitude parameters A's for the 7x7 RMWs cluster. 0.00 11.31 10.38 10.18 10.02 9.32 4.30 -8.54 11.06 12.59 12.85 12.99 11.16 -8.54 10.62 13.28 13.98 13.68 13.51 13.07 10.12 11.83 14.05 14.54 14.56 14.16 12.02 9.21 10.62 13.28 13.98 13.68 13.51 13.07 10.12 -8.54 11.06 12.59 12.85 12.99 11.16 -8.54 0.00 11.31 10.38 10.18 10.02 9.32 4.30

TABLE II :

 II Matrix of semi-periods parameters P 's for the 7x7 RMWs cluster.
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