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Abstract—New radar architectures employ multiple transmit-
ters and receivers to enhance their performance, combining wide
and narrow beams to improve the spatial resolution. In this
contribution, two antenna system configurations based on stacked
geodesic lenses are compared. These lenses are fully-metallic
parallel plate waveguides that present very low transmission
losses in the millimetre-wave band. Narrow beams are generated
by a 15-port Luneburg-Rinehart lens with a scanning span
of ±50◦ and 23.4 dB gain at 77 GHz. For wide beams, two
alternatives are proposed. One alternative is a 3-port defocused
lens antenna with a scanning angle of ±50◦ and 14.5 dBi gain.
The second proposal is a 12-port Luneburg-Rinehart lens fed with
1-to-4 power dividers forming a 3-port antenna with a scanning
span of ±45.5◦ and 16.2 dBi gain.

Index Terms—Radar, lens antennas, geodesic lenses, Luneburg
lens, near and far fields analysis, multiple beam antennas.

I. INTRODUCTION

Radar architectures can enhance their spatial resolution and
mitigate scintillations by combining an array of a reduced
number of transmitters (Tx) and a receiver (Rx) chain. Several
radar applications are starting to take advantage of these ar-
chitectures. For example, multiple-input multiple-output SAR
(MIMO-SAR) configurations were proposed in [1], [2]. In [3],
4-Tx and 1-Rx is used for imaging applications to develop a
virtual MIMO-SAR system. Also, automotive radar [4] and
imaging applications [5] can exploit the benefits of these radio-
frequency chains.

These applications require a combination of narrow and
wide beams. Luneburg lenses [6] are good candidates to
generate several independent narrow beams and wide scan
angle due to their rotational symmetry. A dielectric Luneburg
lens is characterized by a gradient of permitivity such that
an isotropic radiation is transformed into a planar wave [4],
[7]. However, dielectric materials introduce significant losses
at millimetre-wave frequencies. Therefore, a solution in which
the propagation is in air is preferable.

Geodesic lenses (GLs) can be constructed using parallel
plate waveguide technology where the fields are confined
between two metallic plates, thus forming a fully-metallic
system. Consequently, they allow a propagation in air without
dielectric losses. GLs can mimic the behaviour of a Luneb-
urg lens and therefore, generate directive beams [8]-[12], or
produce defocusing lenses to generate wider beams [13], [14].

In this paper, we present two alternatives to generate broad-
beams using GLs, in Section II. One possibility is to use a

Fig. 1. Schematic representation of a ray propagation inside a near-field
focusing geodesic lens.

near-field (NF) focusing lens that generates a wide beam in the
far-field (FF). The second alternative is to use a 1-to-4 power
divider to feed a Luneburg lens, generating wider beams as
an aggregation of adjacent directive beams. In section III, we
use the stacked-lens concept [15], [16] to generate a double
lens configuration that is capable of generating simultaneously
high directive and broadbeams.

II. BROADBEAM GEODESIC LENS

A rotationally symmetric GL (Fig. 1) can be depicted
by a radial coordinate ρ, an angular coordinate φ and the
value of the function s(ρ) that represents the length on
the surface measured along the meridian from the axis of
symmetry to the given point. In a GL, rays emerge from
a point source P1[ρ1 =RL, φ=π] and converge to a focal
point P2[ρ2≥RL,φ2 =M π], where M is a real number equal
or greater than 1, such that −M π corresponds to the total
change of polar angle in radians swept by the ray during its
propagation. For a fixed point P1, the values of ρ2 and M
determine the shape of the GL through the function s(ρ). An
analytical expression for s(ρ) was derived in [17].

A. Defocused Geodesic Lens

Defocused GLs focus the power to a point in the NF (see
Fig. 2) resulting in a broadbeam in the FF. This capability is
used in this work to design beams with different beamwidths.
The authors developed a model to analyze the NF and the FF
of a GL with rotational symmetry in [14], [18]. This algorithm
combines ray tracing and Huygens’ secondary-sources array



Fig. 2. Ray tracing of a defocused (near-field focusing) geodesic lens.

model to calculate the radiation pattern quickly and accurately.
The algorithm needs few seconds in a regular laptop to
calculate the FF of a GL antenna. This model has been applied
to design defocused lenses with different 3-dB beamwidth in
the FF. These designs have been compiled in Table I. All these
examples are antennas at 77 GHz, with RL = 6λ= 23.4 mm
and ρ1 = 1.03RL. In Fig. 3, a comparison between the model
and full-wave simulation results obtained with HFSS [19] is
provided. The model allows to find lenses with good accuracy
in the 3-dB beamwidth for Lens 1 and Lens 2. However, when
the beamwidth increases, the model reduces its agreement with
the full-wave simulation. In this work, we aim for a lens with
a 3-dB beamwidth of approximately ±20◦. Therefore, Lens 1
was selected for the final antenna design in Section III.A. The
realized gain of these antennas is represented in Fig. 4. The
maximum gain is reduced from 15.3 dBi for a lens with ±20◦
beamwidth to 12.3 dBi for a lens covering ±40◦.

TABLE I
GEODESIC LENS PARAMETERS FOR DIFFERENT BEAMWIDTHS.

ID ρ2/RL M Beamwidth (º) Gain (dBi)

Lens 1 2.00 1.003 ± 20 15.3
Lens 2 1.50 1.010 ± 30 13.5
Lens 3 1.20 1.030 ± 40 12.3

B. Broadbeam Luneburg-Rinehart Lens

A Luneburg lens has the image focal point P2 in the infinity
P2[ρ2 = ∞, φ = 0]. Therefore, this lens is capable of
transforming an isotropic source point (cylindrical wave) into
a planar wave and in turn, generates high directive beams
in the FF. The ray tracing of the geodesic equivalent of a
Luneburg lens is illustrated in Fig. 5. This lens is also known
as Luneburg-Rinehart lens [8].

In order to produce a broader beam with a Luneburg lens,
several ports can be fed simultaneously. For example, for a 12-
port Luneburg lens, ports can be combined in three groups of

Fig. 3. H-plane radiation pattern comparison for the model proposed
in [14], [18] (dotted lines) and HFSS (solid lines) for the geodesic lenses
in Table I.

Fig. 4. H-Plane realized gain for the defocused geodesic lens antennas in
Table I.

4 ports with the 1-to-4 power divider, as illustrated in Fig. 6,
resulting in a modified 3-port Luneburg-Rinehart lens antenna.

The power divider was designed so that the four outputs
are in phase across the whole band as shown in Fig. 7.(c).
This is achieved equalizing the path lengths. This is of high
importance as the phase of the feeding ports will determine the
performance of our antenna. The design of the presented power
divider has to account for the fact that the feeding ports are
distributed over a circular curve. Indeed, the path length from
the common port (1 in Fig. 6) toward the outer feeding ports
(2 and 5 in Fig. 6) is geometrically longer than that toward
the inner feeding ports (3 and 4 in Fig. 6). This problem was
overcome by starting from a perpendicular point in the middle
of the divider and then following completely symmetric paths
for all the branches. Moreover, the losses introduced by this
power divider are very low with a maximum of 0.12 dB at
78 GHz and a |S11| below -17 dB, as presented in Fig. 7.(b)
and 7.(a).



Fig. 5. Ray tracing for a Luneburg-Rinehart lens.

Fig. 6. 1-to-4 power divider to feed a 12-port Luneburg-Rinehart lens.

Fig. 7. S-parameters and output phase of the 1-to-4 power divider.

A Luneburg-Rinehart lens antenna fed with this power
divider, as illustrated in the inset of Fig. 8, would produce a
3 dB beamwidth of ± 14.5 ◦ and a maximum gain of 16.2 dBi
with a ripple smaller than 1.5 dB.

Fig. 8. H-plane radiation pattern generated by a Luneburg lens fed with a
1-to-4 power divider.

Fig. 9. Antenna system composed by two stacked GL: a 3-port defocused
lens 1 (top) and a 15-port Luneburg-Rinehart lens (bottom).

III. DOUBLE LENS ANTENNA CONFIGURATION

A. Defocused & Luneburg-Rinehart lens system

An antenna system composed by a 3-port defocused lens
and a 15-port Luneburg-Rinehart lens is illustrated in Fig. 9.
The defocused lens has a greater height, so it should be placed
on top for better integration. The separation between both
lenses is 11 mm and the transmission coefficient between any
ports in the top lens and any ports in the bottom lens is below
- 45 dB. Due to the rotational symmetry of the GLs, the shape
of the beams does not change and the scan losses remain
marginal.

This antenna system is able to cover an angular range of
±50◦ with both antennas as shown in Fig. 10. The defocused
antenna generates three wide beams whereas the Luneburg-
Rinehart lens antenna generates 15 directive beams. The
crossover point between two adjacent wide beams is below
2 dB and 6 dB, respectively. The E-plane radiation pattern
mainly depends on the flare profile and it is not distorted by
stacking the lenses as it can be seen in Fig. 11.

B. Two-Luneburg-Rinehart lens system

Following the same procedure than in the previous subsec-
tion but utilising a double Luneburg-Rinehart lens configura-



Fig. 10. Realized gain of the stacked 3-ports defocused GL (solid lines) and
15-ports Luneburg-Rinehart GL (dotted lines).

Fig. 11. Normalized E-plane radiation pattern of the stacked 3-ports defocused
GL (port 17, solid lines) and 15-ports Luneburg-Rinehart GL (port 8, dotted
lines).

tion (with and without combining the ports), we can mimic the
behaviour. This configuration is shown in Fig. 12. Note that in
this case the lenses are perfectly interchangeable due to the fact
that they have same shape. We placed the 15-port Luneburg-
Rinehart lens on top of the 3-port Luneburg-Rinehart lens with
power dividers. The separation between the pair of antennas is
again 11 mm. The mutual coupling between any ports of the
two different antennas is below - 31 dB.

The behaviour of the 15-port Luneburg-Rinehart lens is the
same than in the previous case. However, the 3-port Luneburg-
Rinehart lens with power dividers has slightly less scan range
across its field of view because of the abrupt decay of the
lobes. With this configuration, we are able to scan over a
±45.5◦ angle as shown in Fig. 13. Extending the range would
be possible using instead 1-to-5 power dividers at the expense
of a more complex design.

It appears that the two configurations lead to similar RF
performance, with the solution combining a Luneburg lens

Fig. 12. Antenna system composed by two stacked GL: a 3-port Luneburg
lens fed with three 1-to-4 power dividers (bottom) and a 15-port Luneburg
lens (top).

and power dividers demonstrating slightly higher directivity
and higher isolation between beams. The solution based on
the defocused lens has slightly degraded performance, but
is mechanically simpler, which could be advantageous with
certain manufacturing techniques, such as casting.

Casting can give the best results in terms of tolerances and
surface roughness, but the high cost of the mold makes it very
expensive for a prototyping phase and only suitable for mass
production. Consequently, other manufacturing technologies
can be considered, such as CNC milling, which can achieve
good tolerances. Nonetheless, the lenses have to be manufac-
tured in several parts and then assembled together. This can
lead to misalignments and, in turn, losses and a degradation
of the performance of the antenna. Alternatively, 3D printing
technology can be used in either its plastic metallized form
or directly in metal. In the first option, typically the lens
must be manufactured in two parts so the metallization can
be properly applied. Furthermore, the antenna would be very
sensitive to the metallization process since it has to ensure
that the thickness and homogeneity of the coating are correct.
However, fully-metallic 3D printing allows to take advantage
of the main feature of the 3D printing technology, which is
that the lenses can be manufactured in a single piece, avoiding
misalignment issues. As a drawback, this technology still has
to improve regarding surface roughness, but it has a strong
potential.

The possibility of manufacturing this stacked antenna by
means of any of the presented technologies shows the flexi-
bility of the concept. The selected manufacturing technology
will depend on the purpose of the fabrication, i.e. prototype,
proof-of-concept, or mass production. In any case, good results
can be expected from any of the techniques as long as the
mechanical design of the antenna is properly developed for
that technique.

IV. CONCLUSION

In this paper we proposed two different alternatives of a
stacked GL configuration to generate broad and narrow beams
simultaneously. An algorithm previously developed by the
authors was used to find geodesics curve that generate beams



Fig. 13. Realized gain of the two Luneburg-Rinehart lens configuration.

with different 3-dB beamwidth. Therefore, an antenna system
is proposed by combining a 3-ports GL antenna with wide
beam as a transmitter for radar application meanwhile a 15-
port geodesic Luneburg-Rinehart lens is used as a receiver to
accurately determine the position of the target.

Furthermore, as an alternative, we also proposed a stack of
two Luneburg-Rinehart lenses, one with 15 ports and another
one with 12 ports that are reduced to 3 ports through the
use of 1-to-4 power dividers. This alternative presents slightly
less scanning range but better gain. Both proposals show the
flexibility of these techniques to generate antennas of different
beamwidths.
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