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Abstract—In this letter, we present the experimental validation
of aKa-band Luneburg lens antenna based on a novel cost-effective
metasurface. The metasurface is composed of a parallel plate
waveguide (PPW) loaded with quasi-periodic inclusions in both
conductors. The inclusions are square holes printed on a substrate,
with vias placed around the holes. The vias connect the printed
layer of the substrate to the ground. This configuration is named
substrate-integrated hole (SIH). It is demonstrated that the SIH
metasurface can obtain a higher effective refractive index, com-
pared to the conventional holey metasurface. To further increase
the effective refractive index, the SIHs in the two conductors of
the PPW are glide-symmetrically arranged. The refractive index
distribution of the Luneburg lens is realized by locally tuning the
dimensions of the SIHs. The lens is fed with 11 waveguide feeds
with an angular separation of 10◦. Thus, the antenna can steer its
radiation in a 100° angular range. A flare is integrated with the
PPW to match the antenna to the free-space impedance. Since the
wave propagates mainly in the PPW air gap, the dielectric losses
are low. The measured radiation efficiency of the antenna is roughly
80%.

Index Terms—Glide symmetry, Luneburg lens antenna,
substrate-integrated hole (SIH).

I. INTRODUCTION

THE requirements for high data rate and short delays in the
new wireless networks can be satisfied using a high opera-

tion frequency [1]. Specifically, the frequencies around 28 GHz
have received significant attention for the future generations of
the mobile communication networks [2].

At these frequencies, the losses in free-space propagation
and materials are high, which makes the design of efficient
antennas challenging. The propagation losses can be mitigated
using high-gain antennas, which often require beam steering of
the narrow beam to provide enough coverage. Array antennas
can produce a steerable directive beam. However, the feeding
networks of arrays become complex and lossy at high frequen-
cies [3]. Alternatively, quasi-optical beamformers such as lenses
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can produce a steerable high-gain beam without a complex
feeding network [4]. One particularly interesting solution is the
Luneburg lens [5].

Two-dimensional Luneburg lenses are compact and support
one-dimensional beam steering [6]. The gradual refractive in-
dex distribution in these lenses can be implemented using di-
electrics [7], [8], or mimicked with geodesic surfaces [9]–[11]
or metasurfaces [12]–[19]. At millimeter-wave frequencies, the
losses in dielectrics are high, so fully metallic configurations
are preferred [20]. Therefore, geodesic surfaces or fully metallic
metasurfaces have been proposed, since they have low losses.

In a geodesic Luneburg lens, the gradual refractive index
is mimicked with a profiled surface [9]. The wide scan range
and high efficiency of geodesic Luneburg lens antennas have
been demonstrated at Ka-band [10], [11]. Since the profiled
surface is smooth, this type of antenna can be cost-effectively
manufactured. However, the profiled surface increases the height
of the antenna.

In metasurface Luneburg lenses, the gradual refractive in-
dex is realized with a quasi-periodic structure. Oppositely to
geodesic lenses, metasurface lenses can be fully planar. The
refractive index distribution is realized by locally tuning the
dimensions of the quasi-periodic structure. The metasurface is
typically implemented in a parallel plate waveguide (PPW) con-
figuration and realized using printed circuit board (PCB) tech-
nology or milling techniques. In [13], a cost-effective Luneburg
lens antenna was designed in a PCB. A wide bandwidth (≈ 40%)
is obtained. However, in this design, the waves are mainly
confined inside a dielectric, which results in high losses at high
frequency. Fully metallic metasurface Luneburg lens antennas
were presented in [16]–[19] and a radiation efficiency of 88%
was demonstrated [16]. However, these metasurfaces must be
milled, which results in a high cost.

The simulated performance of an efficient Luneburg lens
antenna suitable for mass-production was presented in [21].
The proposed antenna is based on the substrate-integrated-holes
(SIHs) metasurface. The SIH metasurface is integrated in the
conductors of a PPW and can be manufactured using conven-
tional PCB techniques. In the SIH structure, the electromagnetic
waves propagate mainly in the PPW air gap, which results in
low losses. In the present letter, we provide an experimental
validation of the Luneburg lens based on the glide-symmetric
SIHs presented in [21].

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

https://orcid.org/0000-0002-5338-1789
https://orcid.org/0000-0002-4900-4788
mailto:oskarz@kth.se
mailto:hamarnehramez@hotmail.com
mailto:oscarqt@kth.se


ZETTERSTROM et al.: EXPERIMENTAL VALIDATION OF A METASURFACE LUNEBURG LENS 699

II. LUNEBURG LENS ANTENNA BASED ON

GLIDE-SYMMETRIC SIHS

A Luneburg lens is a rotationally symmetric graded index lens
that transforms a spherical/cylindrical wave at the periphery of
the lens to a quasi-planar wave in the diametrically opposite
direction of the lens [5]. The refractive index distribution varies
gradually from

√
2 in the center to 1 at the border of the lens.

Consequently, no reflections occur at the interface of the lens
and the surrounding media. Additionally, due to the rotational
symmetry, beams in different directions are produced by feeding
the lens from different positions along the periphery. This en-
ables beam steering without scan losses and a complex feeding
network.

The Luneburg lens in [21] is implemented in a PPW con-
figuration. The required refractive index distribution is realized
by periodically loading the two conductors of the PPW with
glide-symmetric SIHs.

A periodic structure possesses glide symmetry if it is invariant
under a translation and a reflection. The electromagnetic prop-
erties of periodic structures with glide symmetry was initially
studied in the 1960s and 1970s [22]–[25]. In these studies,
qualitative dispersion properties of glide-symmetric structures
were derived and applied to the design of leaky-wave anten-
nas [24]. Recently, glide-symmetric structures received renewed
attention, and quantitative dispersion properties were presented
with the help of modern simulation tools. Importantly, it has
been demonstrated that glide-symmetric structures provide a
higher and less dispersive effective refractive index, compared
to their nonglide counterpart [15], [26]–[28]. These properties
have been used in the design of microwave lenses [16], [18],
[21], [28]–[32].

The refractive index of the Luneburg lens is difficult to reach
using holey metasurfaces due to the required small air gap
between the two conductors of the PPW. In [16], the effective
refractive index of the glide-symmetric holey metasurface is
increased by loading the holes with a pin. This results in an
increased manufacturing cost and decreased robustness. Alter-
natively, the holes can be filled with a dielectric, as presented
in [33]. To facilitate the manufacturing of the dielectric-filled
holey structure, the SIH structure was proposed in [34]. In
the SIH structure, the lateral walls of the holes are replaced
with an array of vias. The SIH structure can be manufactured
using standard PCB techniques and is, thus, suitable for mass
production. The unit cells of the dielectric-filled holes and SIHs
structures are illustrated in Fig. 1(a) and (b). Due to the dense
via placement, vias are shared between adjacent unit cells in the
SIH structure.

In Fig. 1(c), the effective refractive indices as a function
of frequency for the dielectric-filled holey (dot-dashed lines)
and the SIH (solid lines) structures are presented for differ-
ent values of the hole size s. The remaining dimensions are:
p = 2.7 mm, g = 0.6 mm, h = 1.575 mm, d = 0.3 mm,
and v = 0.54 mm. The substrate is RO5870 (εr = 2.33 and
tanδ = 0.0012). The SIH structure provide a higher and more
dispersive effective refractive index, compared to the dielectric-
filled holey structure with the same dimensions. The difference

Fig. 1. Comparison of the effective refractive index between the dielectric-
filled holey and substrate-integrated-holes structures. Simulated structures: (a)
Dielectric-filled holey. (b) Substrate-integrated holes. (c) Effective refractive
index for different s. The remaining dimensions are: p= 2.7 mm, g = 0.6 mm,
h = 1.575 mm, d = 0.3 mm, and v = 0.54 mm. The substrate is RO5870
(εr = 2.33 and tanδ = 0.0012). The dot-dashed and solid lines correspond to
the dielectric-filled holey and SIH structures, respectively.

in the response of the two structures is due to the different
modes that are supported by the cavities. The cavities in the
dielectric-filled holey structure form vertical dielectric-filled
square waveguides that supports TE and TM modes. These
modes have a cut-off frequency higher than the operating fre-
quency of the antenna. Therefore, these modes are evanescent
and the depth of the holes h has limited impact on the re-
sponse [35]. On the other hand, the cavities in the SIH structure
form vertical multiconductor waveguides that support propa-
gating modes. Therefore, the response of the SIH structure is
affected by the depth of the holes [36].

In Fig. 2, the effective refractive index of the SIH structure
at 30 GHz as a function of the hole size s. The remaining
dimensions are the same as above. The refractive index of the
Luneburg lens can be readily achieved with a gap g of 0.6 mm.
This gap is twice as large as the gap in [16], which alleviates the
manufacturing.

The refractive index map in Fig. 2 is used to design a Luneburg
lens antenna. Each PCB is placed in a metallic casing, as illus-
trated in Fig. 3. The PCBs are glued to the casings and holes are
placed underneath the PCBs to allow for residual glue to escape.
The lens is fed with 11 waveguide feeds separated by 10° that
are integrated in the metallic casing. Additionally, the metallic
casing is terminated in a flare to match the impedance of the
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Fig. 2. Effective refractive index of the dielectric-filled and SIH structures at
30 GHz. The dimensions are the same as in Fig. 1.

Fig. 3. Illustration of the assembly of the lens antenna. The PCBs are placed
in a metallic casing. In total, 11 waveguide feeds are incorporated in the casing
and the casing is terminated in a flare. Details on the design of the waveguide
feeds and flare are presented in [21].

PPW to the free-space impedance. The design of the flare and
feeding waveguides is detailed in [21].

III. SIMULATION AND MEASUREMENT RESULTS

The antenna is simulated using the time-domain solver of
CST Microwave Studio [37]. The simulated normalized electric
field distribution at 28 GHz when exciting three different ports
is presented in Fig. 4. The lens transforms the cylindrical wave
from the feed into a quasi-planar wave at the opposite side of
the lens.

The manufactured prototype is presented in Fig. 5. The simu-
lated and measured reflection coefficient is presented in Fig. 6,
and the results agree well between 27 and 30 GHz, where a
reflection coefficient less than −15 dB is obtained. The higher
reflection coefficient in the measured prototype between 24.5
and 27 GHz is believed to be caused by a systematic error in
the manufacturing of the feed elements. This discrepancy is
expected to be solved with an alternative feed design.

Fig. 4. Normalized electric field distribution in the lens antenna at 28 GHz
when exciting waveguides: (a) 6, (b) 8, and (c) 11. The lens is outlined with the
black circle and the radius is R = 55 mm.

Fig. 5. (a) Top and bottom parts of the manufactured prototype. (b) Close-up
view of the bottom part. A 2€ coin is included for size-reference. (c) Measure-
ment setup for the far-field measurement.

Fig. 6. Simulated (solid lines) and measured (dashed lines) reflection coeffi-
cient. The port numbers are indicated in Fig. 4.
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Fig. 7. Simulated (solid lines) and measured (dashed lines) normalized
H-plane far field at 28 GHz.

Fig. 8. Measured two-dimensional normalized radiation pattern for waveguide
ports 6, 8, and 11 at 27, 28, and 30 GHz.

The simulated and measured normalized H-plane far field
at 28 GHz is presented in Fig. 7. The results agree well,
except for slightly increased beamwidth and side lobes in
the measured prototype. The simulated and measured side-
lobe level are below −15 and −11 dB for all scan angles.
The measured 2-D normalized radiation pattern at 27, 28,
and 30 GHz is presented in Fig. 8, for waveguide ports 6,
8, and 11. The antenna produces a fan beam that is stable
with frequency and can be scanned in a wide angular range.
In Fig. 9, the simulated and measured efficiency and gain are
presented. The gain is stable for the different ports, which
demonstrates the low scan losses in the antenna. The measured
gain is roughly 1 dB lower than the simulated gain. The gain
reduction is due to the reduced directivity and increased losses
in the manufactured prototype. The reduction in directivity is
attributed to manufacturing tolerances of the casings and PCBs,
and is roughly 0.5 dB for port 6. The increased losses are
attributed to higher metallic (due to higher surface roughness)
and dielectric losses than those assumed in the simulations. A
better agreement between the simulated and measured result is
expected if the surface roughness of the metallic parts is included
in the simulations. The measured radiation efficiency is roughly
80% throughout the band.

Fig. 9. Simulated and measured efficiency and peak gain.

TABLE I
COMPARISON WITH EXISTING LUNEBURG LENS DESIGNS

Table I compare the presented antenna with existing Luneburg
lens antenna designs in the literature. It is observed that the
presented design has a similar efficiency as the fully metallic
designs [16]–[19] that requires a more expensive manufacturing
at this frequency range. Furthermore, despite operating at higher
frequency, the presented antenna obtains a higher efficiency than
the existing design in printed technology [13].

IV. CONCLUSION

In this letter, we present the experimental validation of an
efficient Ka-band Luneburg lens antenna suitable for mass
production. The antenna is based on the SIH metasurface, which
consists of an array of cavities loaded into the two conductors
of a PPW. The cavities are formed by printing squares on a
substrate. The squares are surrounded by vias that connect the
printed layer to the ground. The presence of the dielectric inside
the cavities results in an increased effective refractive index
of the metasurface, compared to the metasurface with empty
cavities. However, since the waves are mainly propagating in
the PPW air gap, the losses are low. To increase the effective
refractive index of the metasurface, the cavities in the two
conductors of the PPW are glide-symmetrically arranged. With
the proposed structure, the refractive index of the Luneburg lens
can be obtained with twice the PPW air gap, compared to the
previously reported holey structures [16]. This larger air gap
alleviates the manufacturing. The lens is fed with 11 waveguide
feeds and the PPW is terminated in a flare. The measured results
demonstrates that the antenna can scan a directive fan beam in
a 100° range in the H-plane. The measured radiation efficiency
is roughly 80%.
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