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Abstract—The fifth and sixth generation of mobile 
communication systems will allow the development of several 
new services. New millimetre-wave multibeam antennas are 
needed to provide wide and stable beams. Rotationally 
symmetric geodesic lens antennas (GLA) can fulfil these 
requirements. In this work, a two-step method to design folded 
GLAs is presented. In the first step, a folded focusing lens is 
searched such that its radiation pattern minimizes a cost 
function. In the second step, a genetic algorithm is run to 
diminish the value of the cost function. As an example, this 
method has been used to design a GLA with 24º of beamwidth 
and side lobe level below -15 dB. A multibeam antenna has been 
simulated based on this lens. The antenna is fed by nine ports, 
which ensures high overlapping between independent beams. 
This antenna can provide a coverage of 110º.          

Index Terms— 5G and beyond, multibeam antennas for base 
stations, geodesic lens, radiation pattern synthesis. 

 INTRODUCTION  
The fifth generation (5G) of mobile communication 

systems is now commercially available. In parallel to this 
industrial maturity, the expansion of systems beyond 5G, 
known as the sixth generation (6G) of wireless systems, are 
growing (see [1]-[3] and the references within). Both systems 
propose the improvement of several communication services 
(ultra-dense networks, ultra-reliable, massive machine 
communications, massive MIMO, …) based, among others, in 
the use of new and higher frequency bands. 

Millimetre-wave (mmWave) technologies play an 
important role in the expansion of the present and future 
networks. These systems need new base stations (BSs) that 
require broadband mmWave antennas with dual-polarization 
and wide and stable beams. Some of these requirements can 
be fulfilled by electronically steerable beam antennas [4-6] or 
by multibeam antennas ([7] and its references within).  

Lens based antennas are excellent candidates as mmWave 
multibeam antennas [8-12] and they may cover a wide field of 
view. These antennas may generate multiple simultaneous 
beams from a same aperture, subdividing the service area and 
enabling spectrum re-use in adjacent cells. In this context, 
geodesic lens-based antennas (GLA) are a new class of fully 
metallic parallel plate waveguide antennas [13-15], which 
have demonstrated good scanning properties up to 60º, in 
addition to simplicity and low losses. Different radiation 
patterns can be obtained by varying the lens profile. For 

example, a GLA with a beamwidth of 20º for 5G applications 
was developed in [15]. Furthermore, these lenses can 
concentrate the rays in one or two points in the near field of 
the antenna. 

Usually, these lenses feature rotational symmetry, but 
other topologies are under study. In this contribution, only 
rotationally symmetrical lenses are considered, in order to 
generate multiple stable beams. The authors present a 
radiation pattern synthesis algorithm for folded GLA. In this 
algorithm a geodesic lens (GL) profile is described in terms of 
spline curves, generalizing the method used in [12]. The 
radiation pattern of a generic GLA is determined using the 
hybrid model developed in [14]. The lens profile can be 
modulated in order to find a specific radiation pattern. The 
proposed algorithm allows us to design the GLA taking into 
account the desired beamwidth and side lobe level (SLL).  

GEODESIC LENS ANTENNA DESIGN 

A. Brief description of the GLA Hybrid Model 
GLAs can be constructed using parallel plate waveguide 

technology, where the fields are confined between two 
metallic plates. GLs are typically defined in terms of the 
radial coordinate ρ, the angular coordinate φ, and the length 
on the surface measured along the meridian from the axis 
s(ρ): 

𝑑𝑑𝑠𝑠2(𝜌𝜌) = 𝑑𝑑𝜌𝜌2 + 𝑑𝑑𝑧𝑧2(𝜌𝜌), (1) 

where 𝑧𝑧(𝜌𝜌) is the height of lens, that defines the lens profile. 
The radiation pattern of a GLA can be modelled with a ray-
tracing model [15]. The rays emerge from a source point P1 
(ρ  = RL, φ  = π, z = 0) with an angle 𝛼𝛼𝑖𝑖, and travel through 
the lens maintaining a constant angular momentum 𝐿𝐿𝑖𝑖: 

𝐿𝐿𝑖𝑖 = 𝑅𝑅𝐿𝐿sin (𝛼𝛼𝑖𝑖) = 𝜌𝜌 sin(𝛼𝛼), (2) 

Each ray travels through the lens diminishing its radial 
coordinate ρ and varying the angle between the meridian and 
the ray, α, in such a way that the angular momentum remains 
constant. When α achieves the value of 90º, the ray reaches 
the turning point, so the value of ρ increases again until the 
ray arrives at the end of the lens aperture, with a final radial 
position 𝜙𝜙𝑖𝑖 and having travelled a distance σi: 
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where 𝑠𝑠′(𝜌𝜌) = 𝑑𝑑𝑠𝑠/𝑑𝑑𝜌𝜌 is the derivate of the function 𝑠𝑠(𝜌𝜌). 
This aperture can be modelled as an array of Huygen’s 
secondary sources, and the radiation pattern can be computed 
by summing up the contributions of all the sources [15]. The 
algorithm requires less than 20s on a conventional desktop 
computer to calculate the radiation pattern of a GLA. Fig. 1 
depicts the tops view of the physical behaviour of the ray 
inside the GL. 

 

 
(a) 

 
(b) 

Fig. 1. a) Ray tracing of a folded GLA.  b) Scheme of ray tracing model 
inside and outside the lens. 

B. Spline definition of the Geodesic Lens 
GLs can modulate the delay of the rays, changing their 

physical paths, through the absolute value of the variation of 
the lens profile. This variation can be continuous, only limited 
by the precision in the manufacturing process. Eq.(1) shows 
that variations in the profile can be either positive or negative, 
but the change in the path depends only on the absolute value. 
This allows for the design of a folded lens, which makes the 
final antenna more compact.  

In [14], second order spline curves are applied to define 
the GL. In that work, the points that define the splines are not 
equidistant to reduce the number of splines, taking advantage 
of prior knowledge of the lens profile. In this contribution, the 
authors present a different approach: we use a number Ns of 
equidistant cubic splines, in order to be able to generate a great 
variety of lens profiles. 

C. Guided Genetic Algorithm  
Once the lens radius 𝑅𝑅𝐿𝐿 and the number 𝑁𝑁𝑠𝑠 of splines are 

fixed, a general-purpose search algorithm could be used to 
find a radiation pattern that fulfils certain requirements. 
However, that algorithm might provide solutions with a highly 
variable profile, which could produce internal reflections 
inside the lens. The aforementioned hybrid model does not 
take into account such reflections. So, in this work, we present 
a two-step approach. We take in advance that Near-Field (NF) 
focusing GLA can provide a great variety of Far-Field (FF) 
radiation patterns by simply varying two parameters: the 
focusing point 𝜌𝜌2 and the change in the polar angle 𝑀𝑀 [15-16]. 

Then, in the first step, we iteratively vary the values of 𝜌𝜌2 
and 𝑀𝑀, fold the lens with 𝑁𝑁𝑠𝑠 splines and run the model 
described in the previous subsection, monitoring the FF to find 
the pattern for which the defined cost function reaches its 
minimum value. It has to be highlighted that folded GLA with 
the same values of 𝜌𝜌2 and 𝑀𝑀, but different number of splines 
can provide different radiation patterns. For the different cases 
analysed so far, and particularly for the example presented in 
this work, 𝑁𝑁𝑠𝑠 = 8 has satisfactorily fitted the FF pattern into 
the imposed requirements. For 𝑁𝑁𝑠𝑠 < 6 the lens profile departs 
substantially form the exact one, as can be observed in Fig. 2, 
while for 𝑁𝑁𝑠𝑠 > 12 the curvature radius at the point where the 
lens is folded is very small, giving rise to a very abrupt 
variation, which can generate unwanted reflections. This first 
step ensures then to find a compact solution with a low value 
of internal reflections.  

 
Fig. 2. Comparison between an exact folded (dotted line) and some 
profiles based on spline approximation 

The second step consists of a fine tuning to improve the 
solution found in the first step. For this purpose, the lens 
profile obtained in first step is used as a seed to generate a set 
of possible solutions. These are obtained by allowing random 
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variations, in a limited interval, of the amplitude values at the 
points defining the splines, thus generating a sort of tube of 
curves, as shown in Fig. 3. From this initial set, a genetic 
algorithm is run to improve the initial solution, allowing only 
profiles inside this tube, which can be narrowed in successive 
iterations to further confine the search. This second step 
guarantees a solution with minimum cost value within this 
solution set. 

RESULTS 

A. Flat-top geodesic lens 
The described algorithm has been applied to the design of 

a folded geodesic lens at the frequency of 38 GHz, exhibiting 
a flat-top beam pattern with a beamwidth of 24° and SLL of -
15 dB. These requirements have been translated into the upper 
and lower masks, 𝑀𝑀𝑢𝑢𝑢𝑢(𝜙𝜙) and 𝑀𝑀𝑙𝑙𝑙𝑙𝑙𝑙(𝜙𝜙) respectively, to be 
used by the algorithm to achieve the desired radiation pattern. 
The lens radius was set to 50 mm. 

The cost function is given by 

𝐶𝐶 = � |𝐸𝐸𝑘𝑘 −𝑀𝑀𝑘𝑘|
𝑀𝑀

𝑚𝑚=1

, (5) 

where 𝐸𝐸𝑘𝑘 and 𝑀𝑀𝑘𝑘 are the computed and mask fields at the 
sampled points. If 𝐸𝐸𝑘𝑘 > 𝑀𝑀𝑘𝑘

𝑢𝑢𝑢𝑢, then 𝑀𝑀𝑘𝑘 = 𝑀𝑀𝑘𝑘
𝑢𝑢𝑢𝑢, but if 𝐸𝐸𝑘𝑘 <

𝑀𝑀𝑘𝑘
𝑙𝑙𝑙𝑙𝑙𝑙 , then 𝑀𝑀𝑘𝑘 = 𝑀𝑀𝑘𝑘

𝑙𝑙𝑙𝑙𝑙𝑙 . When 𝑀𝑀𝑘𝑘
𝑙𝑙𝑙𝑙𝑙𝑙 ≤ 𝐸𝐸𝑘𝑘 ≤ 𝑀𝑀𝑘𝑘

𝑢𝑢𝑢𝑢, the cost 
value is zero for that sampled point. 

After the first step, the best solution was found for 𝜌𝜌2 =
2.5 and 𝑀𝑀 = 1.03, with a cost value of 0.095 Then, in the 
second step, a set of sixty curves was initially generated 
around the lens profile given by this solution, and the genetic 
algorithm was run to improve the result. In this case, three 
rounds of the algorithm with five iterations each were 
implemented. In addition, each round further narrowed the 
search space, so that the range of variation of the generated 
curves became smaller and smaller. 

The algorithm was run ten times to study the behaviour of 
the cost function. Its value was found to be less than 0.02 in 
all cases, being between 0 and 0.01 in seven of the runs. Fig. 

4 shows one of these results (blue colour), together with the 
used masks. Its cost value is 0.00075. 

The number of turns and iterations, as well as the search 
space, may depend on the goodness of the solution from the 
first step. When its cost value is already small, the search for 
the final solution is done in a smaller space and is faster, 
requiring fewer iterations. 

 
Fig.4. Radiation pattern comparison for the hybrid model and full-wave 
simulations.  

B. Final Multibeam antenna  
The synthesized lens has been used to design a multibeam 

antenna for MIMO applications (Fig. 5). The lens is fed by 
nine independent ports, with a separation of 11º, so the 
suggested antenna presents a high overlapping between 
adjacent beams. The hybrid model result has been contrasted 
with ANSYS HFSS simulation. Fig. 4 includes the normalized 
radiation pattern of the lens antenna when it is fed by the 
centre port (port 5). The simulated result has good match with 
the proposed mask. 

The realized gain of the nine ports is shown in Fig. 6. The 
beam shape of all ports remains stable, due to the rotational 
symmetry. This multibeam antenna provides a total coverage 
of ± 55º. Moreover, within a range of ± 40º, any direction can 
be covered by two different beams. The coverage of the 

 
Fig.3. Possible lens profiles, forming a tube.  

 
Fig.5. Final design of a GLA with a beamwidth of 24º. 



multibeam antenna could be increased, adding new ports, but 
the beams would be slightly deformed. 

 
(a) 

 
(b) 

Fig. 6 Realized gain of the GLA with 9 independent ports. 

CONCLUSIONS 
In this work, we proposed a method to design compact 

GLA with a desired radiation pattern. The synthesis algorithm 
consists of two steps. First, a NF lens is folded, and its profile 
is modified, varying two parameters, in order to find the most 
suitable radiation pattern. Once a profile is selected, a fine 
tuning based on a genetic algorithm is carried out. This 
algorithm has been applied to find a GLA with a beamwidth 
of 24° and SLL of -15 dB. This method only takes five 
minutes to find a GLA that fulfils the requirements. 

Furthermore, a GLA with nine independent beams has 
been simulated. Very good matching is found between the 
model and the full-wave simulations. A total coverage of ± 55º 
can be found and a wide area of overlapping beams. 
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