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V-Band Geodesic Generalized Luneburg Lens Antenna With High

Beam Crossover Gain
O. Zetterstrom , P. Arnberg , F. V. Vidarsson , A. Algaba-Brazález , L. Manholm ,

M. Johansson , and O. Quevedo-Teruel

Abstract— Quasi-optical beamformers provide attractive properties for
antenna applications at millimeter-wave (mm-wave) frequencies. Anten-
nas implemented with these beamformers have demonstrated wide-angle
switching of directive beams, making them suitable as base station
antennas for future communication networks. For these applications,
it is essential to ensure a high beam crossover gain to provide a robust
service to end users within the steering range. Here, we propose a
geodesic generalized Luneburg lens antenna operating from 57 to 67 GHz
that provides increased crossover gain compared to previously reported
geodesic Luneburg lens antennas. The focal curve of the generalized
Luneburg lens can be displaced from the beamformer, allowing for a
higher angular resolution in the placement of the feed array along the
focal curve. The lens is fed with 21 ridge waveguides with an angular
separation of 5.1◦, thus providing beam steering in a 102◦ range. The
peak realized gain varies from 19 to 21 dBi throughout the steering and
frequency ranges and the beam crossover gain is roughly 3 dB below the
peak gain. The simulations are experimentally validated.

Index Terms— Generalized Luneburg lens, geodesic lens, lens antenna,
multibeam antennas.

I. INTRODUCTION

The future mobile networks (6G and beyond) are expected to
partially operate at millimeter-wave (mm-wave) frequencies to pro-
vide the requested high data rates [1]. At these frequencies, high-
gain antennas can be used to mitigate the effect of the high path
loss. These antennas must have wide-angle beam steering and/or
multibeam capabilities to provide sufficient coverage. Furthermore,
fully-metallic solutions are attractive to avoid dielectric losses.

Parallel plate waveguide (PPW) quasi-optical beamformers have
been used to develop cost-effective antennas at mm-wave frequen-
cies [2]. These antennas are typically designed in several layers
that are assembled together and where the beamformer, feeding
network, and additional components are readily integrated. Many of
the reported solutions provide multibeam capabilities and can steer
the radiation by switching between different beams, where each beam
is produced by different feeds displaced along the focal arc of the
beamformer. Such PPW beamformer antennas based on reflectors
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have demonstrated directive radiation and beam steering ranges of
roughly ±40◦ [3], [4]. Similar beam steering capabilities have also
been demonstrated in antennas based on planar Rotman [5], [6] and
other PPW [7], [8], [9] lenses. Wider beam coverage can be achieved
with rotationally symmetric lenses, for example, cylindrical [10], [11]
and Luneburg [12], [13], [14], [15], [16] lens antennas, and steering
ranges up to ±75◦ have been demonstrated [10], [17].

In these beam-switching antennas, the beam resolution is limited
by the dimensions of the feeding element, often a rectangular
waveguide or an H-plane horn. The minimum width of these feeds
is restricted by the cut-off frequency of the fundamental mode,
which means that the feed separation is typically larger than half a
wavelength. Such feed separation results in a beam-crossover gain
that is typically more than 6 dB lower than the peak gain [15],
[17]. As a result, end users in some directions will experience
significantly reduced connectivity. To overcome the low crossover
gain in PPW reflector-based beamformers, it has been proposed to
interleave two stacked feed arrays [18]. This allows for accurate
control of the crossover gain, but the implementation of stacked
feeds in the small PPW gap is challenging. Furthermore, since the
feeds share the same aperture, closely spaced beams can result in a
high beam correlation and reduced radiation performance in terms
of sidelobe levels and radiation efficiency [19], [20], [21], [22].
In [21] and [22], the interleaved feeds excite two different apertures
(adjacent feeds excite different apertures), and as a result, the beam
crossover is improved without impairing the radiation efficiency and
sidelobe levels. However, two apertures are required, which results
in a bulky system. Alternatively, continuous beam scanning can be
achieved with feeds that are mechanically moved [23], [24]. However,
such mechanical beam scanning is comparably slow and prohibits
multiple simultaneous beams. To overcome the low beam crossover in
rotationally symmetric lens antennas, [25], [26] proposes to focus the
radiation in the near-field, thus increasing the beamwidth compared
to far-field focused lens antennas. In this way, the wide steering
capabilities of antennas based on rotationally symmetric lenses are
maintained, however, the aperture efficiency is significantly reduced.

In this work, we propose a fully-metallic geodesic generalized
Luneburg lens antenna with a high beam-crossover gain. This com-
munication is an extension of [27], and we provide an experimental
validation operating at the V-band. The high beam-crossover gain
is obtained by placing the focal arc of the lens at a distance from
the lens contour [28], thus allowing a higher angular resolution
in the feed placement, compared to conventional Luneburg lens
antennas [29]. Contrary to [25] and [26], the radiation is focused in
the far-field, and thus, the high aperture efficiency of Luneburg lens
antennas is maintained. The feed displacement is chosen so that the
beam correlation is low, and as a result, high radiation efficiency is
obtained. Furthermore, since the lens is rotationally symmetric, the
wide steering capabilities of conventional Luneburg lens antennas
are maintained, and the designed antenna can steer its beam in a
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Fig. 1. Refractive index distribution in the generalized Luneburg lens with
f/R = 1.4. The inset shows the ray paths in the lens when excited by a point
source placed in the focal point.

±50◦ range. The lens is fed by ridge waveguides, which have a
lower cut-off frequency than conventional rectangular waveguides for
a given overall width, thus allowing further increased resolution in
the feed placement.

The communication is organized as follows. In Section II, the
operational principle of the geodesic generalized Luneburg lens is
discussed. Furthermore, the design of the feeding network and flare,
and the integration of the lens antenna are presented. In Section III,
the simulation and measurement results of the lens antenna are
presented. Finally, in Section IV, the conclusion of the work is
presented.

II. LENS ANTENNA DESIGN

The geodesic PPW lens antenna designed in this work is composed
of a geodesic generalized Luneburg lens, a ridge waveguide feeding
network with an antileakage structure, and an exponential flare. These
components and their integration are detailed in the following.

A. Geodesic Generalized Luneburg Lens
A generalized Luneburg lens is a rotationally symmetric lens that

focuses a point source at the focal point, f , to a point on the opposite
side of the lens [28]. For mm-wave base station antenna applications,
a lens that focuses the point source at infinity is attractive. Such a
lens transforms a cylindrical wave at a radial position f to a planar
wave at the diametrically opposite side of the lens. This lens can
be used to produce a directive beam that can be steered in a wide
angular range when integrated into an antenna.

The focal point, f , can be chosen freely, and the conventional
Luneburg lens is obtained when f = R, where R is the lens’ radius.
By setting f > R, the focal point is moved away from the lens,
and as a result, a higher resolution is obtained in the feed placement.
The refractive index distribution of a generalized Luneburg lens is
exemplified in Fig. 1 for the case with f = 1.4R. The inset depicts
the ray paths when the source is placed at the radial position f . The
rays are parallel at the output of the lens, indicating that a directive
beam can be produced using this lens.

A rotationally symmetric gradient refractive index distribution can
be mimicked using a geodesic shape [30], [31]. Fig. 2 presents the
geodesic profile for the generalized Luneburg lens with f = 1.4R.
The geodesic shape is obtained by rotating the calculated profile
around the symmetry axis (ρ = 0). The lens is implemented in
a PPW, and the calculated geodesic profile is the mean surface
between the two conductors of the PPW. It is worth noting that the
height of the geodesic generalized Luneburg lens is lower than that
of the geodesic Luneburg lens [15] due to the reduced refractive
index range in the generalized Luneburg lens. The height could be
further reduced by folding the lens, as proposed in [32], or using the

Fig. 2. Geodesic profile for a generalized Luneburg lens with f/R = 1.4. The
inset shows the distribution of the real part of the z-component of the electric
field in the PPW when excited by a point source placed in the focal point.
The lens radius is R = 25 mm and the distance between the PPW conductors
is 0.8 mm. The chamfering at ρ = R has the dimensions c = 0.7 mm and
α = 43◦.

Fig. 3. Estimation of the spillover efficiency for different focal distances and
feed widths. The remaining dimensions are d = 0.35 mm, s2 = 0.9 mm, and
b2 = 0.8 mm.

water drop lens concept [33]. In this work, the radius of the lens
is R = 25 mm, which corresponds to 5 wavelengths at 60 GHz.
The gap between the two PPW conductors is 0.8 mm, which is
sufficiently small to ensure that only the fundamental TEM mode
can propagate in the PPW. A chamfered transition is inserted between
the lens and the surrounding planar PPW (at ρ = R) to reduce the
reflections. The chamfer dimensions are c = 0.7 mm and α = 43◦.
The inset in Fig. 2 presents the distribution of the real part of the
z-component of the electric field in the shaped PPW lens excited by
a point source at the focal point. We observe that the point source is
transformed into a planar wave at the opposite side of the lens.

B. Feeding Network and Flare Design
The angular resolution in the feed placement is dictated by the

feed radius (i.e., focal distance f ) and width of the feeds. Typically,
rectangular waveguides are used to feed geodesic lens antennas [15],
[17]; however, their width must be larger than half-wavelength at the
lowest operating frequency. A narrower feed can be designed using
ridge waveguides, and therefore, ridge waveguides are used to feed
the lens in this work.

When displacing the focal point from the border of the lens, part
of the radiated energy from the feed does not intersect the lens, thus
resulting in spillover losses. These spillover losses depend on the
focal point and the radiation pattern of the feed when connected to
the PPW. In Fig. 3, the spillover efficiency at 62 GHz for different
ridge waveguide widths and focal points is presented. These results
are obtained by simulating the ridge waveguide connected to a PPW
with a gap of 0.8 mm and loaded with a dielectric planar generalized
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Fig. 4. (a) Simulation setup for designing the feeding waveguides. (b) Sim-
ulation setup for designing the exponential flare.

Luneburg lens with a radius R = 25 mm. The feed is placed at
the focal point of the lens, and the simulation setup is illustrated in
the inset of Fig. 3. The spillover efficiency is calculated as the ratio
between the power that intersects the lens (i.e., the power within the
angular region γ ) and the total power radiated into the PPW. The
feed dimensions are d = 0.35 mm, s2 = 0.9 mm, and b2 = 0.8 mm.
We observe that a smaller feed width results in a lower spillover
efficiency for a given focal radius. This is expected as a smaller feed
has a less directive radiation pattern. However, smaller feeds allow
for a denser feed placement and, as a result, a smaller focal distance
can be used to obtain a given beam separation and crossover level.

The expected crossover level in a lens antenna implemented with
an array of feeds placed along the focal curve is estimated from
the radiation pattern of an aperture with the same width as the
diameter of the lens with a cosine amplitude tapering. The result
is presented in Fig. 3. In these calculations, the feed separation is
given by the width of the waveguide and an additional 1 mm wall
thickness, accounting for manufacturing constraints. In this work,
we target a beam crossover gain of 3 dB below the peak gain. This
crossover is chosen as a tradeoff between beam correlation (i.e.,
sidelobe levels and radiation efficiency [20]) and gain stability in the
steering range [27]. We use a feed with a width of a2 = 2.1 mm and
a lens with f/R = 1.4. These design choices are based on a tradeoff
between the ease of implementation and impedance matching of the
feeding, and the spillover efficiency.

The impedance of the ridge waveguide is matched to the impedance
of the PPW using a tapered extension that protrudes into the PPW.
The extension has a length le and its width is linearly tapered from
s2 (in the aperture of the ridge waveguide) to s3. The height of the
extension is similarly tapered from (b2 − d)/2 (in the aperture of
the ridge waveguide) to 0. The extension is highlighted in Fig. 4(a).
Standard WR-15 rectangular waveguide connectors are used for
testing purposes. Therefore, a matching section between the testing
waveguide and the ridge waveguide is needed. The width and height
of the ridge waveguide are linearly tapered to the width and height
of the testing waveguide. Simultaneously, the width and height of
the ridge are tapered from (b2 − d)/2 (in the aperture of the ridge
waveguide) to 0. The length of the matching section is lt , and it is
highlighted in Fig. 4(a). Fig. 5 presents the reflection coefficient for
the feeding waveguide when connected to a PPW with the same gap
as the geodesic lens. The reflection coefficient is below −14 dB in the

Fig. 5. Simulated reflection coefficients for the feeding waveguide and the
flare. The dimensions are a1 = 3.8 mm, b1 = 1.9 mm, s1 = 1.9 mm,
lt = 43.3 mm, d = 0.35 mm, a2 = 2.1 mm, b2 = 0.8 mm, s2 = 0.9 mm,
le = 1.5 mm, s3 = 1 mm, h = 0.8 mm, l f = 10.4 mm, and h f = 5 mm.

operational band from 57 to 67 GHz. The dimensions are indicated
in the figure caption.

An exponential flare is placed at the output of the lens to match
the impedance of the PPW to the free-space impedance. A section
of the flare is illustrated in Fig. 4(b). The dimensions of the flare
are optimized through simulations of the flare section with perfect
magnetic conductor boundary conditions along the lateral walls. The
reflection coefficient of the flare is presented in Fig. 5, for the dimen-
sions h = 0.8 mm, l f = 10.4 mm, and h f = 5 mm. The reflection
coefficient is below −23 dB in the operational band.

C. Antileakage Structure
Geodesic lens antennas can be manufactured using conventional

techniques in two parts that are joined with screws [15], [17], or in
one part using additive manufacturing [34]. The feeding waveg-
uides and flare are integrated into the same metallic blocks as the
lens. We note that additive manufacturing techniques currently have
sufficient tolerances for antennas at lower frequencies (up to the
Ka-band [34]), but the surface roughness of additively manufactured
metallic pieces introduces prohibitive losses at the V-band. Therefore,
conventional milling is used to realize the antenna in two parts in this
work.

In [35], it is demonstrated that the feeding structure for convention-
ally manufactured geodesic lenses operating at V-band frequencies is
sensitive to manufacturing errors. Specifically, gaps can form between
the two metallic parts in the region of the feeding waveguides.
Since the waveguides are electrically long, such gaps can cause
significant leakage, which translates into reduced radiation efficiency
and distorted beams. The effect of these manufacturing errors can
be mitigated by placing electromagnetic bandgap (EBG) structures
around the feeding waveguides in critical areas [35], [36]. Here,
we use a glide-symmetric holey EBG structure to improve the
robustness of manufacturing tolerances [37].

The simulation setup for designing the EBG structure is illustrated
in Fig. 6(a). Two parallel ridge waveguides of length L are connected
through a gap of height g. Glide-symmetric EBG holes are placed
in the region of the gap to reduce coupling between the waveguides.
Fig. 6(b) presents the transmission coefficient through one of the
waveguides for the cases of no gap, a gap of g = 30 µm without
the EBG structure, and a gap of g = 30 µm with the EBG structure.
The dimensions are: L = 50 mm, rH = 0.7 mm, p = 2.2 mm,
and dH = 1 mm. We observe that leakage from the waveguide is
significantly reduced using the EBG structure.

D. Integrated Lens Antenna
The integrated lens antenna is illustrated in Fig. 7. The antenna is

implemented in two metallic pieces that are joined with screws. The
top metallic part is partly hidden and partly transparent for increased
clarity. The lens is fed by 21 waveguides with an angular separation
of 5.1◦, thus providing an angular coverage of 102◦. The feeding
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Fig. 6. (a) Simulation setup for designing the EBG structure. (b) Transmission
coefficient through one waveguide for simulations with shielded waveguides,
a gap between the waveguides without EBG structure, and a gap between
the waveguides with EBG structure. The dimensions are: L = 50 mm,
rH = 0.7 mm, p = 2.2 mm, and dH = 1 mm.

Fig. 7. Illustration of the integrated lens antenna. The top metallic plate is
partly hidden and partly transparent for increased clarity.

waveguides are numbered from 1 to 21 starting and ending with the
most scanned ports, as indicated in Fig. 7. The feeding waveguides are
extended radially to accommodate the flanges of the standard testing
waveguide. The feeding waveguides are integrated with a 90◦ E-plane
bend to connect to the testing waveguides placed alternating in the
upper and lower metallic plates. The EBG structure is placed around
the waveguides to improve the robustness to manufacturing errors.
Note that close to the lens, the spacing between the waveguides is
too small to place the EBG structure. To improve the electrical contact
in this critical region, an intentional gap of 30 µm is implemented
in the region where holes can be placed [35], as indicated in Fig. 7.
The prototype of the antenna is presented in Fig. 8.

III. RESULTS

The antenna is simulated in the time-domain solver of CST. The
simulation results are experimentally validated using an Anritsu
MS4647B VNA and the anechoic chamber at KTH. Fig. 9(a) presents
the simulated and measured reflection coefficients for ports 1–11.
In the measurements, the effects of the connecting testing waveguides
have been removed using time-gating. The simulated and measured
reflection coefficients are below −15 and −10 dB, respectively, in the
operational band. Fig. 9(b) presents the simulated and measured
coupling coefficients for selected ports. The reported cases are

Fig. 8. (a) Photograph of the prototype. (b) Measurement setup in the
anechoic chamber.

Fig. 9. (a) Simulated and measured reflection coefficients for ports 1–11.
The remaining ports are symmetric to these ports. (b) Simulated and measured
selected coupling coefficients.

expected to include the most significant coupling coefficients, and we
observe that the coupling is below roughly −20 dB in the operational
band.

Fig. 10 presents the simulated and measured normalized H-plane
radiation patterns at 57, 62, and 67 GHz. The gray lines correspond
to the symmetric ports to ports 1–10. The measured sidelobe levels
are below −10 dB for all ports and frequencies and the steering range
is roughly 100◦. We note that the E-plane radiation pattern is wide
due to the limited aperture size in that direction. The directivity in
the E-plane can be increased by stacking multiple lenses, as proposed
in [9] and [36], which also allows for beamsteering in the E-plane.
Fig. 11 presents the simulated directivity and the simulated and
measured peak realized gain for ports 1–11. We observe that the peak
realized gain varies by less than 1 dB at each frequency throughout
the steering range. Furthermore, we note that the simulated radiation
efficiency is roughly 85% in the operation band and that the ohmic
losses are more significant than other loss sources. The lower gain in
the measurements compared to simulations is attributed to additional
ohmic losses caused by the surface roughness in the manufactured
prototype. The surface roughness is estimated to be around 2–3 µm
(rms), and simulations including 3-µm surface roughness are in good
agreement with the measurements, as demonstrated in Fig. 11. These
losses can be reduced with a smooth surface in important regions of
the device, for instance, obtained through polishing.

Fig. 12 presents the normalized radiation pattern envelope in the
H-plane of the antenna at 57, 62, and 67 GHz. The envelopes
are normalized to the peak at each frequency, and simulations and
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Fig. 10. Simulated and measured normalized radiation patterns in the H-plane at (a) 57, (b) 62, and (c) 67 GHz. The gray lines correspond to the symmetric
ports and demonstrate the wide steering range of the antenna.

Fig. 11. Simulated directivity and simulated and measured peak realized
gains. A simulation of the gain of port 11 with 3-µm surface roughness in
the metallic parts is included.

Fig. 12. Simulated and measured normalized radiation pattern envelopes.
The envelopes are normalized to the peak at each frequency, and simulations
and measurements are normalized independently.

measurements are normalized independently. We observe that the gain
varies by less than 4 dB at each frequency throughout the scanning
range. The gain at the crossover points is represented in Fig. 13. The
crossover gain between adjacent beams is 2–4 dB lower than the peak
gain for all frequencies, in both measurements and simulations.

Table I compares the performance of reported fully-metallic
geodesic rotationally symmetric lens antennas. The crossover in this
work is significantly higher than in reported geodesic Luneburg
lens antennas [15], [17], [35], [38]. The crossover gain in the
presented antenna is slightly lower than that of the antenna in [26].
However, the simulated aperture efficiency (calculated by comparing
the simulated directivity of the antenna with that of a uniformly
illuminated rectangular aperture with sides given by the diameter
of the lens and the height of the flare) is significantly higher in
the proposed antenna. The simulated radiation efficiency is roughly

Fig. 13. Simulated and measured crossover gain normalized to the peak
gain at each frequency. The simulations and measurements are normalized
independently.

TABLE I
COMPARISON OF GEODESIC ROTATIONALLY

SYMMETRIC LENS ANTENNAS

85%, which is similar to the radiation efficiency of a conventional
geodesic Luneburg lens antenna operating at the same frequency [35],
indicating a low beam correlation in the presented antenna. The
sidelobe level of the proposed antenna is slightly higher compared
to the other geodesic lens antennas. The higher level stems from an
increased crossover level and a more uniform amplitude distribution
in the aperture, resulting from the feed element radiation pattern and
placement.

IV. CONCLUSION

In this work, we demonstrate that a generalized Luneburg lens can
be used to increase the beam crossover gain when integrated into an
antenna compared to the reported conventional Luneburg lens anten-
nas. The high crossover gain is a consequence of the high angular
resolution in the feed placement, which is achieved by displacing
the focal curve from the lens. We design a geodesic generalized
Luneburg lens antenna operating at the V-band (from 57 to 67 GHz).
The lens is fed by 21 ridge waveguides with an angular separation of
5.1◦, and the antenna produces a directive beam in a 102◦ steering
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range. The crossover gain is between 2 and 4 dB below the peak
gain for all steering directions and frequencies. This is significantly
higher than previously reported conventional Luneburg lens antennas,
where the crossover gain is typically between 6 and 10 dB below
the peak gain. The simulated peak realized gain is between 19 and
21 dBi, and the simulated radiation efficiency is roughly 85%, for
all steering angles in the operational band. The measured peak
realized gain is roughly 1–2.5 dB lower than the simulated gain for
all steering angles in the operational band. This gain reduction is
attributed to increased ohmic losses due to surface roughness in the
manufactured prototype. The antenna is intended for base stations in
future mm-wave communication systems, where a stable gain over a
wide coverage is required to ensure optimal service to all end users.
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