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data transmission.l'! Recent research has
focused on the potential of utilizing
carrier frequencies in the millimeter-
wave and THz bands (>100 GHz) for
this purpose,l?) as these frequencies of-
fer wide bandwidths that can support
ultrahigh-speed data transmission.l>™]

Wireless systems are facing increasing pressure due to the growing demand
for data transmission. One potential solution to this problem is to shift
communication frequencies toward the terahertz (THz) spectrum. However,
this requires the development of new components that can efficiently process
signals at these high frequencies and transmit them via highly directional

beams. In this study, a novel approach is proposed to achieving efficient THz
signal processing by combining two existing technologies: photonic crystals
and leaky-wave antennas. Incorporating a 2D photonic crystal inside a
leaky-wave waveguide allows to manipulate the wave vector of the guided
wave in unique ways, which in turn impacts the far-field radiation pattern
emitted through the leaky-wave aperture. The device fabrication uses 3D
printing of alumina and allows for convenient and scalable manufacturing.
Through numerical simulations and experiments, free-space data
transmission at rates of few hundred Mbps at a carrier frequency of

101.2 GHz is demonstrated. The findings illustrate the feasibility of photonic
crystal-based leaky-wave antennas and lay the groundwork for the
development of compact and high-performance components for THz wireless

However, working at such high frequen-
cies also presents a number of chal-
lenges, including free-space path loss
(FSPL), which can be as high as ~80 dB
at 300 GHz for a 1 m distance. One strat-
egy for addressing these challenges is the
use of highly directional antennas, such
as leaky-wave antennas that can be de-
signed to achieve high antenna gains.

Leaky-wave antennas have been exten-
sively studied in the microwave range
for several years,*°! but have only re-
cently been proposed as a solution for

communication systems.

1. Introduction

Wireless communication systems are currently facing signifi-
cant challenges in meeting the growing demand for high-speed
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THz communications.['®! The simplest
leaky-wave antenna is created by cutting
a slot along the length of a waveguide,
which allows the wave to emerge from
the waveguide at a frequency-dependent
angle. The produced “rainbow” pattern has been demon-
strated in a variety of THz applications, including beam
steering,[''1?]  frequency-division =~ multiplexing,3>1*  link
discovery,"®) radar/'®'7] and THz identification tags.'®! The
functionality of a leaky-wave antenna is determined by the
characteristics of the propagating mode, specifically its wavevec-
tor B. Indeed, for a leaky-wave antenna with a single slot, the
energy leaks at the angle cos 6 = p/k,, where k, = w/c is the
free-space wavevector. Therefore, by manipulating the guided
wave’s wavevector, it is possible to control the far-field radiation
pattern of the antenna.

In that regard, the photonic crystal platform is a remarkable
tool for efficient manipulation of wave propagation in confined
guided structures.['>2°] Photonic crystals are artificial, periodic
structures that control the propagation of light, similar to how
electrons are affected by ionic lattices. By judiciously design-
ing the geometry and material properties of their constituents,
photonic bandgaps can be induced in the band diagram. By in-
troducing a defect in the geometry, the direction of light prop-
agation can be controlled. Photonic crystals have been exten-
sively studied as photonic components for guiding and manip-
ulating optical signals in the optical region over the past few
decades.

© 2024 Wiley-VCH GmbH


http://www.advmattechnol.de
mailto:hichem.guerboukha@umkc.edu
https://doi.org/10.1002/admt.202300698
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadmt.202300698&domain=pdf&date_stamp=2024-01-25

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
TECHNOILOGIES

www.advancedsciencenews.com

In the THz range, several types of THz photonic crystal waveg-
uides have been proposed.’!] These include Bragg waveguides
(22-24] and hyperuniform disordered waveguides 1! for wave
propagation, 26281 sensing,[2>3% and communications.?132] Most
of these waveguides were designed to confine radiation through-
out their length, making them unidimensional photonic crystal
fibers. To develop compact components for diverse THz manipu-
lations, such as multiplexing and routing of terahertz waves, pho-
tonic crystal waveguides can also be implemented in 2D photonic
slabs. For example, Withayachumnankul et al. reported a pho-
tonic slab with a hexagonal array of air holes for efficient guiding
and manipulation of THz waves.[**] By introducing a line defect
in the periodicity, a waveguiding structure is created. The clad re-
gion around the defect provides the bandgap effect and results
in wave confinement in the in-plane dimensions, while total in-
ternal reflection prevents radiation leakage into free space in the
vertical direction. With this configuration, a frequency-division
triplexer has been experimentally realized on the photonic crys-
tal platform.[*]

Although various configurations of 2D photonic crystal slabs
have been reported in the THz region ,3*38] there have been rel-
atively few studies that focus on the detailed design of antennas
based on photonic crystals.**] Antennas are crucial for coupling
guided waves into free space, which is a key challenge for real-
izing THz wireless communications. In this work, we propose
an alternative photonic crystal design that enables free-space cou-
pling using a leaky-wave mechanism. Previous reported photonic
crystals have primarily used a hole-in-dielectric design, which
supports a slow wave mode with a phase constant § > k;. These
modes require the introduction of periodic scatterers (e.g., pe-
riodic slots) to excite free-space Floquet modes.#*] In contrast,
we use a cylinder-in-air design that produces fast-wave modes
(B < ko) where the in-plane confinement is ensured by sand-
wiching the structure between two metallic plates.[*!] While sim-
ilar designs of high-permittivity cylinders have been proposed at
optical wavelengths,[“>*] their fabrication is more complicated
and involves a series of complex microfabrication steps, such as
electron-beam lithography, to carve the cylinders. At THz fre-
quencies, our approach is possible due to the recent advance-
ments in 3D printing technology of alumina, a high permittiv-
ity ceramic material. By removing a row of cylinders, we effec-
tively introduce a linear defect that allows a fast-wave mode with
a phase constant f < k. By cutting a thin slot on the metallic plate
directly above the linear defect, we can efficiently leak energy out
of the waveguide. We then demonstrate its practical applicability
by implementing it in a communication system.

2. Design and Fabrication of the Photonic Crystal

Figure 1a illustrates a schematic of the photonic crystal along-
side microscopy image of the fabricated sample. The crystal is
composed of an array of alumina (Al,O;) cylinders arranged in a
square lattice with a lattice constant of 1.06 mm. Alumina is se-
lected for its large refractive index (n = 3.08) and low absorption
losses (@ = 0.0024 cm™') around 100 GHz.*’] These values can
be compared to typical materials used to fabricate PCB. For exam-
ple, the Rogers RT/duroid 6010.2LM has a similar refractive index
(n = 3.19) but significantly larger losses (a = 1.36 cm™1).[¢
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A square array of cylinders of high permittivity material can
open a bandgap for the out-of-plane polarization (TM mode).l*!]
The 390 um diameter cylinders are placed on a flat, 160 um thick
rectangular plate, which is also alumina, and serves as a mechan-
ical support. The fabricated device has dimensions of 30 mm x
43 mm, a thickness of 0.860 mm, and is sandwiched between two
1-mm thick aluminum plates to allow propagation as in a parallel
plate waveguide.l*’] Here, the plate separation is chosen such that
only the fundamental TM mode is excited. We note that the cutoff
for the TM; modeis f; = 1/(2d\/u,€,¢,), where dis the plate sep-
aration, €, and p, the vacuum permittivity and permeability re-
spectively, and e, the effective permittivity. For a waveguide where
the medium between the plates was made entirely of alumina, the
plate separation must be smaller than ~0.4 mm to avoid excita-
tion of the second order mode (and therefore multimode propa-
gation). In our case, since the waveguide is made of an array of
alumina cylinders in air, the effective permittivity depends on the
volume contribution of the air-to-alumina ratio, which brings the
effective permittivity closer to 1, and thus requires a larger plate
separation. In practice, we simulated various plate separations to
find the best geometry that allows single-mode operation.

Figure 1b presents the calculated band diagram of the result-
ing photonic crystal. This was obtained using a commercial fi-
nite element method solver. Because of the repeated geometry,
we simulate only one unit cell, i.e., only one cylinder with its bot-
tom alumina plate (as shown in Figure 1a). We use perfect elec-
tric conductor boundaries for the top and bottom, and Floquet
periodicity boundary conditions on the sides to simulate the in-
finitely periodic medium. We perform a parametric sweep over
the wavevector and the finite element software solves for the cor-
responding eigenproblem. Specifically, for a given wavevector, it
finds eigenfrequencies (eigenvalues) and electric field mode dis-
tribution (eigenvectors). The former are used to obtain the band
diagram, while the latter can be used to show corresponding elec-
tric fields.

As can be seen, the geometry opens a bandgap around
105 GHz with a bandwidth of ~#11 GHz, resulting in a relative
bandgap of Af/f, = 11%, which can be compared to alternative
photonic crystal designs at higher THz frequencies: using silicon
photonic crystal slab ( Afjf, = 2.8% with f; = 326.5 GHz %)),
metallic photonic crystal ( Af/fy = 59% with f; = 850 GHz**)),
and hybrid metal-dielectric photonic crystal ( Af/f, = 19% with f;
= 380 GHz[?®)). We note that to shift the bandgap towards higher
frequencies, one would need to scale down the size of the struc-
ture. In theory, the minimum size for the cylinders is 25 pym, i.e.,
the pixel size of the 3D printer. However, due to practical limi-
tations, such as difficulty in post-processing cleaning, cylinders
smaller than 100 um are not printable. Our simulations show
that, for example, assuming 100 um cylinders and a base thick-
ness of 50 um would yield bandgap in the 310-345 GHz range.

The photonic crystal was fabricated using a LITHOZ Cer-
aFab7500 3D printer, which has a lateral resolution of 25 pm and
employs LCM (Lithography-based Ceramic Manufacturing) tech-
nology. LCM utilizes a DLP projector combined with a UV light
for selective, layer-by-layer polymerization of a photo-sensitive
slurry. In this research, the employed slurry (LithaLox 360) con-
sisted of 49 Vol% Al,O, powder mixed with 51 Vol% polymer,
and the printing layer height and energy were 25 um and 430 m]
cm™2, respectively.
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Figure 1. a) Geometry of the unit cell of the photonic crystal. The cylinders rest on a planar plate for structural rigidity. b) Resulting band diagram.
c) Photograph (top view) of the fabricated sample. d) Microscope images of the side view and e) top view. f) Scanning electron microscope image of

the sample’s surface and g) cross-section.

Immediately following printing, the excess slurry was re-
moved from the surface of the sample using LithaSol 20 cleaning
fluid. The sample then underwent several thermal-processing
steps in an ambient atmosphere to convert the printed part
into a dense and firm sample. These steps can be grouped
into three categories: drying, debinding (i.e., removing the poly-
mer from the sample) and sintering. The key here is that the
heating rate should be low enough to guarantee the safe re-
moval of the polymer (and other volatile compounds) from
the sample. In this study, the maximum sintering tempera-
ture was 1600 °C and the dwell time at this temperature was
2 h. Further details about the alumina processing can be found
in Ref.[48].

A photograph of the fabricated sample is shown in Figure 1c,
while microscope images are presented in Figure 1d (side view)
and Figure le (top view). Imperfections in the resulting sample,
such as the layered structure of the cylinders, are deeply subwave-
length, therefore the wave at 100 GHz (wavelength of 3 mm) is
not affected by them. Scanning electron microscope (SEM: JEOL
JSM 7500) image shown in Figure 1f reveals grain size at the
surface of the alumina sample in the order of a few microme-
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ters, which again is much less than the wavelength. We also per-
formed a cross-section of the sample (Figure 1g) and observe a
similar grain size within the volume of the object. These mea-
surements suggest that the effective medium theory can apply
such that the wave observes a uniform permittivity within the
volume of the material.

One of the key advantages of the photonic crystal platform is
its ability to route radiation along a given direction when a de-
fect is introduced in the crystal structure. For example, in our
sample, a linear defect is introduced by removing a row of cylin-
ders, while keeping the bottom alumina plate for structural in-
tegrity. Figure 2a shows the calculated resulting relation disper-
sion for k,, i.e., in the I' —» X direction. As shown, a unique de-
fect mode exists in the bandgap (green curve in Figure 2a). The
electric field distribution shown in Figure 2b and Figure 2c re-
veals that the mode is polarized parallel to the cylinders (out-of-
plane, in the z direction), and is mainly localized in the defect (the
missing row). Our numerical simulations show that the losses of
the defect mode (assuming an aluminum conductivity of 3.774 x
10’S m~!) are 7 dB cm™!. These losses can be divided in two parts:
material losses and ohmic losses. Material losses are very small,
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Figure 2. a) The band diagram in the I' — X direction for the photonic crystal with a linear defect. Here, the defect consists of removing one row of
cylinders while keeping the base 155 um alumina for structural support. The green curve shows the unique defect mode that exists in the bandgap. b) Top
view and c) side view of the electric field distribution of the defect mode polarized in the z direction. The mode is localized in the defect. d) Propagation
of the wave along a L-shaped defect. e) The defect mode can be engineered, for example by geometrically changing the thickness h of the base plate.

since the field is either located in air (virtually lossless) or in the
alumina (0.011 dB cm™'). In contrast, ohmic losses are signifi-
cant. Indeed, we note that the defect mode is polarized similarly
to that of a TEM mode in a dielectric-filled parallel plate waveg-
uide. In such a mode, when the dielectric is alumina, losses can
be analytically calculated to be 8.36 dB cm™1.1*1 This confirms
that ohmic losses are the main contributor to the losses we found
numerically.

When THz waves of vertical polarization are injected at the
input port, they can excite this mode and propagate along the de-
fect if their frequency is in the bandgap. This is demonstrated in
Figure 2d for an L-shaped defect. Furthermore, it is worth noting
that the dispersion relation can be tailored by geometrical opti-
mization of the defect structure. For example, Figure 2e shows

a
1 T T T
% L §
3 08 i T
—g_- L &
= 0.6 1
e] r 4
()
N 04} .
© I |
=
o 0.2¢ 1
Z o -1
0 v\ , Bandgap -

80 100 120 140

Frequency (GHz)

how the wavevector of the defect mode changes when the plate
thickness is varied in the region where the missing cylinder used
to be, from 50 to 200 pm.

Our fabricated sample features two channels, namely an L-
shaped defect and straight linear defect (Figure 1c). First, we
demonstrate propagation through the L-shaped defect. We em-
ploy a THz time-domain spectroscopy system to inject vertically
polarized THz waves at the input of the L-shaped defect and we
measure the radiation emerging from the photonic crystal at the
opposite end of the L-shaped defect (inset to Figure 3a). In our
experiment, the wave is radiated in free space, before being fo-
cused at the input end of the defect channel with a combination
of biconvex lens and tapered waveguide input.>®) The measured
spectrum shown in Figure 3a reveals a peak around 105 GHz,

b
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Figure 3. a) Measured spectrum from a THz time-domain measurement when light in injected at one end of the L-shaped defect and measured at the
other end (as shown in inset). b) Bit error rate for different modulation rate for a center frequency of 101.2 GHz, measured through the straight channel
(as shown in inset). Inset shows measured eye diagrams for various modulation rates.

Adv. Mater. Technol. 2024, 9, 2300698

2300698 (4 of 7)

© 2024 Wiley-VCH GmbH

85U8017 SUOWILLIOD @A 111D 3|qe! [dde aup A peuienob ae spiie YO ‘8sn Jo Sa|nJ o Akeid7aU1|UO /8|1 UO (SUO N PUOD-pUe-SWLBI W00 A8 |1 ARe.d 1 |Bul[UO//:SdNY) SUORIPUOD pue swie | 8y) &8s *[1202/20/02] Uo Ariqiaulluo Ae|im ‘Ariqi AisieAun umoig A 86900€202 WLLPe/Z00T OT/I0p/L0o" A3 (1M AeIq Ul |uo// Sty Woj pepeoiumod ‘9 ‘202 ‘X60LS9E2


http://www.advancedsciencenews.com
http://www.advmattechnol.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
TECHNOLOGIES

www.advancedsciencenews.com

a :z | b
X _of 3

- - -
o o o =
e (o2} © O

Frequency (GHz)
S
N

i
o
o

0 20 40
Angle (degrees)

www.advmattechnol.de

; c 90 — Experiment
—— Simulation
60
0.8
0.6
30
0.4
0.2
O DP
0 0
60 80 -20 -10 0

Normalized power (dB)

Figure 4. a) 3D radiation pattern of the photonic crystal leaky-wave antenna for the bandgap frequency of 105 GHz. b) Simulated radiation pattern for
the frequencies in the bandgap in the xz-plane. The red curve is the angle deduced from the dispersion relation of the defect mode. c) Measured power
(in the xz-plane) as a function of the angle (red) compared to the simulation (blue) for a modulated signal centered at a frequency of 101.2 GHz. Inset

shows the eye diagram at an angle of 50°.

confirming that the photonic crystal functions as intended, and
that only frequencies in the bandgap can propagate along the L-
shaped channel.

Next, we confirm that the defect channel can support real-time
transmission of data through the straight channel. For that pur-
pose, we modulate a 12.65 GHz RF signal using a double bal-
anced mixer driven by a pulse pattern generator outputting an on-
off keying (OOK) signal with a pseudo-random binary sequence
of length 27 — 1. The modulated signal is routed through a fre-
quency multiplier chain with a multiplication factor of 8, allow-
ing the generation a modulated signal centered at 101.2 GHz.l>!]
To couple the wave into the waveguide, we use a similar strat-
egy as with the TDS measurements using a tapered waveguide
input. After propagating through the channel, the signal is col-
lected by a waveguide-coupled zero-bias Schottky diode. The sig-
nal passes through low-pass filters to obtain the baseband signal
between 0.1 MHz and 6 GHz, before being routed to a power
meter, an oscilloscope to provide eye diagrams, or a real-time
bit error rate (BER) tester. Figure 3b shows the measured BER
as a function of the modulation rate, confirming that the pho-
tonic crystal can support transmission data up to 500 Mbps. As
can be seen in the eye diagrams (inset of Figure 3b), the sig-
nal gets more distorted as the modulation rate increases. This
is related to the fact that, as the bandwidth increases, the lower
edge of the spectrum goes outside of the photonic bandgap,
for the particular center frequency of our communication sys-
tem (see bandgap in Figure 3a). We note that, in principle, one
could increase the potential data rates by operating at a carrier
frequency in the center of the bandgap. Also, we mention that
a photonic crystal similar to the one presented here could be
designed for frequency-division multiplexing.>?! This can take
the form of introducing optical cavities in the form of point
defects.>3] Ultimately, one could then use a photonic-crystal-
based leaky-wave antenna to engineer the free-space frequency-
dependent radiation pattern, i.e., leveraging frequency-division
multiplexing to broadcast different frequency bands at different
locations.[*?]
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3. Photonic Crystal Leaky-Wave Antenna

We now turn to the specific design of a leaky-wave antenna from
the photonic crystal introduced earlier. From the dispersion re-
lation of Figure 2a, we note that the defect mode is a fast-wave
mode, meaning its wavevector is located in the radiation region
above the air line f < k,. By phase matching, this mode can
therefore directly outcouple in free space at an elevation angle
cos = P/k,. This means that the output angle 6 is a function
of frequency. This outcoupling can be realized by simply intro-
ducing a thin linear slot in the metal plate located right above the
defect.

Figure 4a shows the 3D radiated power at a frequency of
105 GHz for a slot width of 0.5 mm (4/6). The radiated power
peaks at an angle of ~49° from the antenna. Figure 4b shows
simulated radiation patterns for the frequencies located in the
bandgap. As expected, the simulated peak pattern agrees well
with the angle that can be derived from the phase match-
ing condition, i.e., the frequency-dependent angles given by
cos 8 = f/k,. This is shown as the red curve in Figure 4b. With
our device, we can achieve an angular range of ~#16° for frequen-
cies located in the bandgap. The peak angle can also be varied by
adjusting the geometry of the defect, for example, the plate thick-
ness h within the defect. Figure 4b illustrates this as the green
and orange curves which depicts the predicted angle-frequency
relationship when h is changed to 50 and 200 um, respectively.
This shows that engineering the dispersion constant is possible
with a photonic crystal-based leaky-wave antenna. It is also worth
mentioning the effect of the aperture geometry on the resulting
radiated pattern.['% In general, having a large slot width result in
a lower antenna gain and narrower radiated peak, since most of
the energy quickly leaks at the beginning of the slot (large leak-
age constant). Conversely, a long and thin slot may increase the
directivity since the leaking energy is distributed on a geometri-
cally longer effective aperture (small leakage constant).

Finally, to verify the capabilities of our device as a leaky-wave
antenna, we perform experiments to characterize the far-field ra-
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diation emitted from a slot aperture located directly above the
photonic crystal defect. We cut a 1 mm wide slot in the top metal-
lic plate to allow the wave to leak into free space. As above, we ex-
cite the guided mode by injecting vertically polarized THz waves
at a center of frequency of 101.2 GHz modulated at a rate of
263 Mbps. Figure 4c shows the measured radiated power as a
function of angle (red line). The results agree overall with the
simulation (shown as a blue line). A clear open eye diagram with
error-free transmission (BER < 107°) is measured at 50° (shown
in inset) at a broadcast range of 65 cm which is in the far field
regime of this emitting aperture.

4. Conclusion

In conclusion, we have presented a novel design for a leaky-wave
antenna based on photonic crystals. This design allows more ver-
satility in engineering f which is a significant advantage over
standard leaky-wave antennas. By using an array of alumina cylin-
ders on a square lattice and introducing a linear defect in the
structure, we create a fast-wave mode that can efficiently outcou-
ple in free space. We demonstrate this by measuring the radi-
ated power at different angles and observing a peak at the angle
predicted by the phase matching condition. Our device is able
to achieve an angular range of ~16° for frequencies located in
the bandgap, and can transmit data in free space at a rate of
263 Mbps, limited by the overlap between the photonic band gap
and the spectrum of the modulated signal. We also showed how
the defect can be engineered to alter the radiation pattern, and
change its peaking angle. The device fabrication, using 3D print-
ing of the alumina, allows for convenient and scalable fabrication.
Our results demonstrate the potential of photonic crystals in en-
abling spectrally efficient communication in the THz range and
pave the way for the development of compact and efficient THz
wireless communication systems.
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