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Abstract—In this letter, we propose and study a 2-D glide-
symmetric dielectric periodic structure. We demonstrate that glide
symmetry broadens the bandwidth of operation and achieves lower
effective refractive indices when compared to non-glide configura-
tions. These two properties are beneficial for producing graded-
index lens antennas. To demonstrate the potential of the proposed
unit cell, we designed a Luneburg lens operating in the K- and
Ka-bands. The lens was manufactured with conventional additive
manufacturing and it has a potential use for future wireless com-
munications given its low-cost and low-profile.

Index Terms—Additive manufacturing, dielectric lens antennas,
glide symmetry, Luneburg lens.

I. INTRODUCTION

A PERIODIC structure is glide-symmetric if it is invariant
after a translation and a mirroring operation [1], [2]. The

properties of these periodic structures were first studied for 2-D
configurations in the 1960s and 1970s [3], [4]. Recently, the
electromagnetic properties of 2-D glide-symmetric structures
have been investigated and a number of benefits have been
discovered [5]. For example, it has been demonstrated that
glide symmetry broadens the bandwidth of the electromagnetic
band gaps in holey periodic structures [6]. This property has
been applied to produce cost-effective gap-waveguide compo-
nents [7], [8], flanges with low-leakage [9], [10], and filters [11].
Glide symmetry also increases the level of anisotropy of
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periodic structures [12], [13], which can be used, for example, to
compress the size of lenses with transformation optics [14], [15].
Furthermore, glide symmetry enhances the magnetic response of
holey periodic structures. This feature can be used to reduce the
reflections in the transitions between dielectric materials [16].

Another relevant quality of glide symmetry is that it increases
the equivalent refractive index of periodic structures and its
bandwidth [17], [18]. These features were used to produce
broadband 2-D lenses [19]–[21] and artificial materials [22],
[23]. For example, in [21], glide symmetry was proposed to
produce a Maxwell fish-eye lens in printed technology. In [19]
and [20], glide symmetry was used to produce fully metallic
graded-index lens antennas. In [19], the lens was implemented
with glide-symmetric holes; while in [20], the lens was designed
with glide-symmetric pins.

When considering fully dielectric glide-symmetric structures,
very few configurations have been studied. Sipus and Bosilje-
vac [24] studied the propagation constant in a dielectric layer
surrounded by corrugated dielectric slabs possessing glide sym-
metry. In [25], cylindrical glide-symmetric holes were employed
to produce a 3-D optically transformed Luneburg lens.

In this letter, we propose and study (including a multi-
modal analysis) a 2-D glide-symmetric periodic structure that
is fully dielectric and can be manufactured using a conventional
3D-printer. The advantages exhibited with respect to nonglide
configurations are the reduction of the minimum achievable
effective refractive index, increased isotropy, and increased
bandwidth of operation. These properties are beneficial for
the implementation of dielectric graded-index lenses. Here, we
demonstrate the potential use of this unit cell with the design and
implementation of a 2-D Luneburg lens antenna operating in the
K- and Ka-bands, providing a low-cost low-profile alternative to
the reported planar lens designs at those frequencies [19], [20],
[26]–[31].

II. TWO-DIMENSIONAL DIELECTRIC UNIT CELL

In this section, two 2-D-periodic dielectric structures (with
and without glide symmetry) are analyzed and compared. The
unit cells of these periodic structures are represented in Fig. 1.
The structures are periodic in the xy plane and are placed in a
parallel-plate waveguide (PPW) configuration (i.e., with perfect
electric conductor boundary conditions at the top and bottom of
the structure along the z-direction).
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Fig. 1. Configuration and design parameters of 2-D dielectric unit cells,
conventional, and glide-symmetric.

Fig. 2. Dispersion diagram for propagation along (a) ΓX and (b) ΓM. The
insets show the z-component of the electric field distribution in the xy -plane at
z = h/2. Two-dimensional dispersion diagram for the (c) conventional and (d)
glide-symmetric structures. The dimensions are: p= 4.2 mm, h= 2.0 mm, and
w = 2.2 mm.

The structures are simulated using the multimodal transfer
matrix technique described in [5], and [32]–[34]. With this
technique, the phase constant, effective refractive index, and
dielectric losses can be obtained. The transfer matrix is obtained
with the frequency-domain solver of CST. The Brillouin zones of
the modal propagation constants (kx and ky) are then calculated
using the following equation:
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where Vn and In are the voltage and current vectors of the input
(1 and 2) and output (3 and 4) ports. To verify the validity of
the results obtained with the multimodal analysis, the calculated
phase constant is compared with the results obtained with the
eigenmode solver of CST. The dispersion diagrams for the two
structures are represented in Fig. 2(a) and (b) for the propagation
along ΓX and ΓM. The dielectric material has εr = 2.25 and

Fig. 3. Effective refractive index as a function of frequency for propagation
along ΓX (solid lines) and ΓM (dashed lines) for the conventional (blue) and
glide-symmetric (red) structures. The response in the ΓX-direction in the glide-
symmetric structure is obtained by mirroring the dispersion curve above the
connection point inβxp = π. The dimensions are: p= 4.2 mm andh= 2.0 mm.

tan δ = 0.004 and the dimensions are:p =4.2 mm,h =2.0 mm,
and w = 2.2 mm. The multimodal results converge with the
eigenmode solver when three modes are considered.

The stop-band between the modes in the conventional struc-
ture (blue line) is suppressed in the glide-symmetric structure
(red line). From the electric field distribution in the glide-
symmetric structure, it is observed that the two connected
modes for propagation along ΓX are even with respect to the
propagation direction. In fact, these connected modes are the
same for propagation along ΓX [17]. Note that the dispersion
curve for frequencies above the connection point corresponds
to a higher harmonic. The dispersion curve for the fundamental
mode at these frequencies is obtained through a mirroring of
the dispersion curve for this harmonic with respect to βxp = π.
On the other hand, for propagation along ΓM, the two modes
are different. The first mode is even and the second one is odd
with respect to the ΓM-line [35]. As a result, the first mode
can propagate up to 49 GHz along ΓX and up to 35 GHz
along ΓM in the glide-symmetric structure. The 2-D dispersion
graphs, computed with the eigenmode solver of CST, for the
conventional and glide-symmetric structures are presented in
Fig. 2(c) and (d). From the iso-frequency contours (white dashed
lines), it is observed that the glide-symmetric structure is more
isotropic above 20 GHz.

The effective refractive index for the propagation along ΓX
and ΓM is represented in Fig. 3. The dimensions are the same
as in the previous examples. As noted, the mode for propagation
along ΓX-direction in the glide-symmetric structure is obtained
by mirroring the dispersion curve above the connection point
with respect to βxp = π. It is observed that the effective refrac-
tive index is lower in the glide-symmetric structure, compared to
the conventional structure. As a result, a wider range of refractive
indices can be realized with the same manufacturing accuracy.
Furthermore, by tuning w so that the effective refractive indices
in the two structures is the same, we observe that the bandwidth
of operation is significantly wider in the glide-symmetric struc-
ture. It is noted that the same bandwidth can be obtained in
the conventional structure by reducing the period. However, this
comes at a cost of reduced range of realizable refractive index.
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Fig. 4. Simulated normalized attenuation constant for the conventional and
glide-symmetric structures for propagation along (a) ΓX, and (b) ΓM. The
dimensions are: p = 4.2 mm and h = 2.0 mm.

The attenuation constant is calculated with the multimodal
technique and is represented in Fig. 4. It is observed that,
for dimensions that yield the same effective refractive index,
the attenuation constant is approximately the same in the two
structures. Nevertheless, the strong attenuation associated with
the stop-band around 25 GHz for propagation along ΓX in
the conventional structure is not present in the glide-symmetric
structure.

Next, we use the glide-symmetric dielectric structure to design
a Luneburg lens operating in the K- and Ka-bands.

III. TWO-DIMENSIONAL GLIDE-SYMMETRIC DIELECTRIC

LUNEBURG LENS ANTENNA

The Luneburg lens is a graded-index lens with rotational
symmetry that transforms a spherical/cylindrical wave excited
at its contour into a planar wave at the opposite side of the
lens [36]. Due to the rotational symmetry, the radiation from
the lens can theoretically be steered without scan losses and
this beam-steering is enabled without the need of a complex
feeding network. The gradient refractive index distribution for
a Luneburg lens is given by

n(ρ) =

√
2−

( ρ

R

)2

(2)

where ρ is the radial position and R is the radius of the lens.
At the contour of the lens, the refractive index is 1. As a result,
no reflections occur at the transition between the lens and the
surrounding space.

A 3D-printed Luneburg lens operating from 24 to 33 GHz with
radius R = 50 mm is implemented with the glide-symmetric
dielectric structure by varying w from 0.4 to 2.2 mm. The
realizable range ofw is limited by the 3-D printer. The remaining
dimensions are: p = 4.2 mm and h = 2.0 mm. The lens is
placed in a PPW and is fed by 11 rectangular waveguides.
The assembly of the antenna is illustrated in Fig. 5(a), and the
feed design is illustrated in Fig. 5(b). A waveguide transition
is designed to match the impedance of the PPW to a WR-34
waveguide. The dimensions of the waveguide-to-PPW transition
are: h1 = 2 mm, h2 = 2.6 mm, h3 = 4.32 mm, l1 = 5 mm, l2 =
10 mm, l3 = 20 mm, w1 = 8.1 mm, and w2 = 8.64 mm. The
waveguide feeds are extended to make room for the flanges of
the coaxial-to-waveguide transitions used in the measurement of
the antenna. The PPW is terminated in an exponential flare on

Fig. 5. (a) Illustration of the proposed Luneburg lens antenna. (b) Illustration
of the feeding waveguide.

Fig. 6. Simulated (solid lines) and measured (dashed lines) reflection coeffi-
cients of ports 1–6.

the aperture side, providing a wideband transition to free-space
propagation.

The simulated and measured reflection coefficients of the
lens antenna are illustrated in Fig. 6. The measured results are
time-gated to remove the effects of the coaxial-to-waveguide
transition. The measurements agree well with the simulations,
except for a small shift up in frequency.

The simulated and measured normalized H-plane radiation
patterns at 24, 28, and 33 GHz are presented in Fig. 7. The port
numbers are indicated in Fig. 6. The measured and simulated
results agree well, except for slightly increased side lobe levels
in the measured results. The antenna can scan 100◦ in the H-
plane with side lobe levels below −9.5 and −14 dB in the
measurements and simulations.

The measured 2-D normalized radiation patterns at 24, 28, and
33 GHz for ports 1, 3, and 6 are illustrated in Fig. 8. The antenna
produces a steerable fan-beam that is stable with frequency. In
Fig. 9, the simulated and measured realized gain for ports 1–6
is represented. The gain for the remaining ports are similar due
to symmetry and are omitted for clarity. Dielectric and metallic
losses are included in the simulations. The measured gain is



2174 IEEE ANTENNAS AND WIRELESS PROPAGATION LETTERS, VOL. 20, NO. 11, NOVEMBER 2021

Fig. 7. Simulate (solid lines) and measured (dashed lines) H-plane radiation pattern at (a) 24, (b) 28, and (c) 33 GHz.

Fig. 8. Measured 2-D copolarization radiation patterns at 24, 28, and 33 GHz
for ports 1, 3, and 6.

Fig. 9. Simulated (solid lines) and measured (dashed lines) realized gain of
the antenna. The inset displays a photograph of the prototype.

slightly lower than the simulated one, which is attributed to
higher losses in the measurements than in the simulations and
manufacturing errors. Importantly, the gain for the different ports
is similar, which demonstrates the low scan losses in the antenna.
The scan loss for ±50◦ scanning is approximately 0.25 dB and
0.7 dB in the simulations and measurements. The simulated
radiation efficiency is above 70% for all frequencies and ports.

TABLE I
REPORTED WIDE-SCANNING 2-D LENS ANTENNAS

In Table I, the proposed lens antenna is compared with re-
ported wide-scanning planar lens antennas operating at K and
Ka-band. It is noted that, due to the dielectric losses, the pro-
posed antenna has slightly lower simulated radiation efficiency
than fully-metallic antennas. However, the proposed antenna is
more compact and can be 3-D printed, which results in a low
manufacturing cost.

IV. CONCLUSION

In this letter, we proposed and studied a dielectric 2-D periodic
structure with glide symmetry. The dielectric structure is covered
in the top and bottom with metal, in a PPW configuration. We
demonstrated that glide symmetry provides a lower minimum
realizable effective refractive index, increased isotropy, and
wider operational bandwidth, compared to the a conventional
periodic structure. These features are advantageous for the de-
sign of dielectric lens antennas that can be manufactured using
3D-printing. We used the proposed glide-symmetric structure
to design a 2-D Luneburg lens antenna operating in the K- and
Ka-bands. The designed antenna produces a directive fan-beam
that can be steered 100◦ with negligible scan losses in the
H-plane. These properties are attractive to produce low-cost
multiple beam antennas for 5G/6G base stations and SATCOM
user terminals.
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