4'h URSI AT-RASC, Gran Canaria, 19 — 24 May 2024

Highly Directive Holey Photonic Crystal Leaky-Wave Antennas using Low-Permittivity Materials

Ludovica Tognolatti(!), Vakhtang Jandieri(®), Cristina Ponti(!),
Giuseppe Schettini("), and Paolo Baccarelli(!)
(1) Department of Industrial, Electronic, and Mechanical Engineering, Roma Tre University, 00146 Roma, Italy
(2) Department of General and Theoretical Electrical Engineering (ATE), Faculty of Engineering, University of
Duisburg-Essen, and CENIDE — Center for Nanointegration Duisburg-Essen, D-47048 Duisburg, Germany

Abstract

This contribution systematically explores the radiation from
an electric line source within dielectric photonic crystals.
These structures consist of periodic chains of circular voids
in dielectric media. It is demonstrated how this category of
holey lattices has the potential to be employed in designing
leaky-wave antennas that exhibit high directivity. The pos-
sibility of decreasing the relative permittivity of the hosting
dielectric medium by preserving leaky-wave radiative prop-
erties, such as beam focusing and radiation efficiency, is in-
vestigated. This offers notable benefits in terms of additive
manufacturing, simple design, and low overall complexity.
Finally, two examples of realistic three-dimensional holey
photonic crystal leaky-wave antennas are presented in this

paper.
1 Introduction

The focused emission from dielectric photonic crystals
(PCs) [1] was initially studied by using geometric-optics
considerations [2]-[4], in the case of embedded sources op-
erating at the lowest edge of the air band. A leaky-wave for-
malism was employed to explain the radiative phenomenol-
ogy, mainly when homogenized structures were considered
[5, 6], but also in PCs and quasicrystals [7, 8]. The radia-
tion mechanism of two-dimensional (2-D) dielectric lattices
has been extensively investigated in terms of leaky modes
[9], presenting a procedure based both on the analysis of
the band diagrams of the Bloch waves propagating in the
2-D PCs and the leaky-wave investigation of open periodic
waveguides. This provided an interesting perspective on
antenna design. The leaky-wave radiation from dielectric
rod PCs (DRPCs) as well as holey PCs (HPCs), made by
2-D periodic lattices of circular dielectric rods in free space
and air columns drilled in a dielectric hosting medium, re-
spectively, was considered in [10]. HPCs were identified as
the best candidate to achieve high directive radiation, with
performance 6 dB higher than those based on DRPCs. In
this contribution, further important details and guidelines
for the design of highly directive HPC leaky-wave anten-
nas (HPCLWAS) bisected by a metal plate are provided. In
particular, it is shown how high directivity is maintained
even when the relative permittivity of the hosting dielectric

medium is decreased and the total band gap of the 2-D PC
vanished. This is of considerable interest from a manufac-
turing point of view, because it allows the use of low-cost
techniques such as three-dimensional (3-D) printing [11].
Finally, two novel examples of 3-D HPCLWAs, designed
to operate at f = 24 GHz, are presented.
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Figure 1. (a) Gap maps for TE Bloch modes in terms of
normalized frequencies at the lower edge of the air band
(thick lines) and at the higher edge of the dielectric band
(dashed lines) as a function of r/p for different values of
dielectric permittivities for a square lattice of air columns.
Here r is a radius of the cylinder, p is a period of the struc-
ture, and kg is the free-space wavenumber. (b) The magni-
tude of the z- component of the electric Bloch modal fields
E. at the air band and at the dielectric band.

2 Gap maps for a square lattice of circu-
lar air columns and open waveguides com-
posed by periodic chains of voids

The band diagrams of Bloch waves propagating in the 2-D
PC, depicted in Fig. 1 (a), represent a significant tool for
understanding the physical characteristics and conducting
an initial design of antennas based on 2-D dielectric lat-
tices. In [2] it was shown that the lowest edge of the second
band, also referred to as the air band, is a good working
point to get the lattice to behave as a spatial filter and focus
the radiation. Gap maps in terms of normalized frequency
versus r/p ratio, where r is the radius of the cylinder and
p is the period of the structure (here and in the following



d = p), are obtained by using the CST Eigenmode Solver
and are shown for typical dielectric permittivities in Fig. 1
(a). It can be observed that in the air bands the magnitude
of the electric field presents a null exactly in the middle of
the dielectric region between two voids (see Fig. 1 (b)).
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Figure 2. (a) Brillouin diagram for the TE modes of an
open waveguide with N, = 6 periodic chains of air columns,
with r/p = 0.45 and € = 11.7. The forward (bound) di-
electric modes at lower frequencies are indicate with red
lines, while the corresponding backward modes at higher
frequencies as black dotted lines. The first two forward air
modes are indicated with green (bound modes) and blue
(improper leaky modes) lines. The horizontal dashed line
indicates the operating normalized frequency. (b) The unit
cell of the structure and the position of the line source.

Moreover, it is possible to note that, as the dielectric con-
stant decreases, the band-gap decreases until it totally dis-
appears for dielectric constants less than & = 4. How-
ever, an effective alternative approach was considered in
[9], where photonic crystal dielectric structures were con-
sidered as open waveguides composed of a stack (along the
transverse direction) of infinite periodic chains. The advan-
tage of this approach is that the used model better matches
the physics of the ideal radiator and the radiative behav-
iors of the antenna can be rigorously described in terms of
leaky modes. An open waveguide composed by a stack of
N, infinite periodic chains of air columns drilled in a di-
electric slab has been considered as a basic model of HP-
CLWA [10]. The Brillouin diagram of a structure composed
by N, = 6 periodic chains, r/p = 0.45, and dielectric con-
stant & = 11.7, is shown in Fig. 2. Six forward dielectric
modes, one for each periodic chain, are observed at low
frequencies (red lines), the sixth being a plasmonic mode
with modal field highly confined between the free space and
the dielectric medium. At higher frequencies forward air
modes (green lines) and backward dielectric modes (black
lines) are present. The two improper leaky modes AMy
and AM,, obtained by using the rigorous full-wave modal
solver developed in [12], are shown in blue. Maximum di-
rectivity is achieved through the leaky AM( mode excited at
the normalized frequency indicated as a dashed line in Fig.
2. In order to maximize radiation efficiency and avoid edge
diffraction effects in realistic truncated (non infinite) struc-

tures, bound modes of the open waveguide should not be
excited. Here, even if backward guided modes are present
at this operating frequency, they cannot be excited by prop-
erly placing the line source excitation, since the modal con-
figurations of the backward modes at the higher edge of
the closed stopband have a deep minimum exactly where
the leaky air modes present a strong maximum (see Section
II1.C in [10] for further details). Finally, also the plasmonic
mode could be not excited by a source placed sufficiently
far from the top of the open waveguide structure.
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Figure 3. Brillouin diagram for the TE modes of an open
waveguide with N, = 4 periodic chains of air columns with
r/p =0.46 and €, = 6. The horizontal dashed line indicates
the operating normalized frequency. The blue solid line in-
dicates the leaky AMj. In the inset the unit cell of the struc-
ture and the position of the line source are reported.
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Figure 4. Brillouin diagram for the TE modes of an open
waveguide with N, = 4 periodic chains of air columns with
r/p=0.45 and &, = 3. The horizontal dashed line indicates
the operating normalized frequency. The blue solid line in-
dicates the leaky AMj. In the inset the unit cell of the struc-
ture and the position of the line source are reported.

3 3-D HPCLWAs design and discussion

Here, we consider an holey photonic crystal structure con-
sisting of Ny = 4 periodic chains of air columns drilled in a
grounded dielectric slab with dielectric permittivity & = 6
(see the insert of Fig. 3). The ratio between the radius
of the holes and the period of the structure is r/p = 0.46.
Fig. 3 shows the Brillouin diagram for the TE guided
modes and the radiative leaky AMj of the structure ob-
tained with CST Eigenmode Solver. The normalized com-



Table 1. Maximum directivity values and the normalized
frequencies at which are obtained for several cases.

&=3 &=6
Ny =4 | p/A=044 | p/A =036
r/p=045 | r/p=0.46

D=11.6dB | D=12.7dB
Ny, =8 | p/A =042 | p/A =037
r/p=045 | r/p=0.46

D=14.6dB | D=17.4dB

plex leaky AM( wavenumber at p/A = 0.363 (see the hor-
izontal dashed line in Fig. 3), which corresponds to max-
imum simulated directivity when the source is placed as
in the inset of Fig. 3, is ky/ko = 0.099 — j0.147. It is
possible to observe how, considering lower dielectric con-
stants, the modes have shifted to higher frequencies, but
we still maintain, for this case, a significant band-gap. A
second structure consisting of N, = 4 periodic chains of air
columns drilled in a grounded dielectric slab, with & =3
and r/p = 0.45, is considered. The unit cell is shown in
the inset of Fig. 4, where the Brillouin diagram is illus-
trated. In this case, as we commented in Section II, we do
not have a total band gap in the 2-D band diagram since
the permittivity is too low. However, the Brillouin diagram
of the transversely open waveguide in Fig. 4 clearly shows
that at the operating frequency p/A = 0.44 (see the hori-
zontal dashed line in Fig. 4), where maximum directivity
is achieved, we do not observe bound propagating modes,
since the higher order plasmonic forward mode is below
cutoff and the backward ones are still in stopband (more-
over they would be not excited by a proper choice of the
source location). Furthermore, a leaky AMj is still present
and the normalized complex leaky-mode wavenumber at
p/A =0.44is k, /ko = 0.1563 — j0.1612. The maximum
directivity values and the normalized frequencies at which
they are obtained, for € = 3 and €&, = 6 are summarized in
Tab. 1, also considering a higher number of periodic chains
(Ny = 8). We observe that for both values of the relative
permittivy the considered configurations show very high di-
rective radiation.

Finally, two realistic holey 3-D HPCLWAs are designed.
INustrations and details of the 3-D truncated structures are
shown in Fig. 5. At first we consider the case where
& = 6. We truncate the structure longitudinally on the basis
on the knowledge of the attenuation constant of the domi-
nant leaky mode AMj, achieving a desired radiation effi-
ciency 1, = 90% and sandwiching the HPC slab between
two metal plates distant from each other by A /2. The an-
tenna is sized to operate at f = 24 GHz with dimensions
72.6 x 18.14 mm (N; = 4, Ny = 16), as shown in Fig. 5.
The chosen feeder is a standard coaxial cable. The compar-
ison between the theoretical leaky-wave pattern, obtained
through a standard analytical formulation for a truncated bi-
directional LWA [13], and the CST total field at f =24 GHz
is shown in Fig. 6 (a). Very good agreement is obtained
for the main radiating lobe and negligible diffraction by the

edges is observable, as expecetd since bound modes are not
excited and the leaky AMj reaches the antenna edges with
less than 10% of the injected power. The reflection coef-
ficient in the frequency band between f = 23.5 GHz and
f =245 GHz is shown in Fig. 6 (b). At f =24 GHz it
assumes a value of |S1;| = —15.6 dB.

Figure 5. Illustrations and details of the 3-D truncated
structure. The design frequency is 24 GHz. The dielec-
tric constant of the first structure considered is € = 6. The
dimensions are: Ly = 72.6 mm, L, = 18.14 mm. The di-
electric constant of the second structure is & = 3. The di-
mensions are: Ly = 87.94 mm, L, = 21.99 mm.
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Figure 6. (a) Comparison between the leaky AMy and the
CST total field of the first structure (¢, = 6, L, = 72.6 mm,
Ly, =18.14 mm) at f =24 GHz (p/A = 0.363). (b) Ampli-
tude in dB of the reflection coefficient.

As a second case we consider the structure with g = 3.
Based on the knowledge of the attenuation constant, we
truncate longitudinally the antenna (Vy, = 16) to have a ra-
diation efficiency of N = 92%. The dimensions of the an-
tenna, sized to operate at f = 24 GHz, are 87.94 x 21.99
mm. Fig. 7 (a) shows very good agreement between the
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Figure 7. (a) Comparison between the leaky AMy and the
CST total field of the structure (¢, = 3, L, = 87.94 mm,
Ly, =21.99 mm) at f =24 GHz (p/A = 0.44). (b) Ampli-
tude in dB of the reflection coefficient.

leaky AMj and the CST total field at f = 24 GHz and an
almost complete absence of radiation from antenna edges.
The reflection coefficient in the frequency band between
f =23.5 GHz and f = 24.5 GHz is shown in Fig. 7 (b).
At f =24 GHz it assumes a value of |S;| = —22.7 dB. Itis
thus shown that even in the absence of a complete stopband
in the 2-D PC band diagram, it is still possible to prop-
erly design a directive HPCLWA, by carefully investigating
the leaky and bound modes of the relevant open waveguide.
For this low-permittivity configuration, in addition to the
advantage of using dielectrics that can be easily modeled
with commercial 3-D printers [11], we also achieve a larger
matching bandwidth, as can be observed in Fig. 7 (b).
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