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We introduce a horn antenna in a three-dimensional layer-by-layer photonic crystal that provides highly
efficient transmission from a defect waveguide to free space. This device is physically realizable, thus provid-
ing a significant advance over an ideal two-dimensional photonic crystal horn antenna. Through numerical
simulations we demonstrate the directional nature of the radiation pattern in theH-plane and its broader
radiation characteristics in theE-plane. The antenna is shown to achieve a bandwidth that is almost equal to
that of the defect waveguide, which illustrates that this horn antenna operates as an excellent output coupler for
the photonic crystal waveguide. Further, the horn antenna may be easily integrated with other layer-by-layer
photonic crystal components to form ultracompact devices for communication systems.
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Photonic crystal(PC) materials are extremely useful in
the design of antennas. PC’s are periodic dielectric and/or
metallic structures that prevent the propagation of electro-
magnetic waves in one or more dimensions[1]. The band of
frequencies for which this occurs is known as the photonic
band gap(PBG). There have been several applications of
PC’s in the field of antennas: substrates for planar antennas
[2], reflectors for dipole antennas[3,4], resonator antennas
[5], and, more recently, two-dimensional photonic crystal
horn and array antennas[6]. Each of these antennas has one
thing in common; they exploit the properties of the PC to
somehow shape the radiation characteristics of the device.
The photonic crystal horn antenna(PCHA) also uses a defect
PC waveguide to deliver energy to its radiating aperture.
This gives it the advantage of being able to integrate the
antenna with other signal processing components in the PC
to create a single compact device, such as a photonic crystal
array antenna(PCAA) [6]. We would like to point out that
since completing our work on the PCHA, we discovered that
another group had described a similar concept in an earlier
patent[7] but gave few details on its actual implementation.

Although the PCHA and PCAA were able to successfully
demonstrate these concepts, they have one drawback: they
were modeled in a two-dimensional PC and therefore are not
physically realizable. In this Brief Report, we remedy this
situation by presenting an analysis of a horn antenna in a
three-dimensional PC—the layer-by-layer photonic crystal
horn antenna(LPCHA)—as shown in Fig. 1. This antenna
configuration is physically realizable and retains all the ad-
vantages of the two-dimensional PCHA such as wide oper-
ating bandwidth, high directivity, and scalable operating fre-
quency. However, due to its extra dimension the performance
of the LPCHA cannot be easily extrapolated from the two-
dimensional PCHA results. It requires a full three-
dimensional numerical technique to model the additional
electromagnetic confinement in the third dimension. This in-
creases both the complexity of the numerical technique and
the computational resources needed to achieve a design with
desirable performance. In contrast to the two-dimensional
PCHA, the three-dimensional wave guidance and radiation

patterns of the LPCHA also enables the possibility of experi-
mental verification.

In essence, the LPCHA is an adiabatic transition from a
defect waveguide to free space, where the transition or taper
of the defect waveguide is limited to a single plane of the

FIG. 1. (a) Exploded view of theH-plane LPCHA. Layer 13
contains the defect waveguide and splayed rods that form the horn
antenna.(b) Layer 13 of theH-plane LPCHA viewed from above,
and the computational domain used for its analysis. The units of
each axis are given in lattice constants,a, to generalize the results
presented. The electromagnetic source is placed atx=6.5a, z=15a.
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device. This plane is known as theH-plane because it is
parallel to the magnetic field of the free space mode. Here we
consider the implementation for the specific case of a three-
dimensional layer-by-layer PC; however, the concept can be
extended to other structures as well. Though we do not
implement the PCHA in any other PC’s, the adiabatic transi-
tion numerically simulated for the layer-by-layer PC should
work equally well for other three-dimensional PC structures,
to create efficient and directive transitions to free space. Fur-
ther, it can be implemented in either one or both planes of the
defect waveguide.

The layer-by-layer, or woodpile, PC was chosen to imple-
ment the PCHA because of its wide, complete PBG[8]. Our
implementation of the layer-by-layer PC used rods with a
rectangular cross section, with a rod width of 0.25a and rod
height of 0.3a, wherea is the lattice constant of the PC; the
permittivity used for the rods was 11.56 to correspond with
GaAs at optical frequencies. We calculated the PBG for the
woodpile using a plane-wave expansion method imple-
mented in RSOFT’sBANDSOLVE™ software package. The
PBG extends in normalized frequency froma/l
=0.376 to 0.455, or 19.0%.

We have numerically simulated theH-plane LPCHA in a
26 layer layer-by-layer PC structure using the FDTD
method. The configuration of this device is depicted in the
exploded view of Fig. 1. The defect waveguide is located on
layer 13 of our device. This layer has been separated from
the upper and lower crystals in the exploded view to show its
details more clearly. It can be seen from this drawing that the
rods have been splayed apart to form a horn antenna with a
radiating aperture that is much wider than the defect wave-
guide. Since the plane of the taper is parallel to the magnetic
field vector and the direction of maximum radiation, it is
known as aH-plane LPCHA.

To show the details of the taper and the FDTD computa-
tional domain used to analyze the layer-by-layer PCHA,
layer 13 of the device is also depicted in Fig. 1, as viewed
from above. The antenna taper length is denoted asr, aper-
ture width is labeleda1. Though not shown in the figure, the
aperture height is equal to the rod height and isb1=0.3a. To
terminate the feed waveguide section of the antenna a PC-
based perfectly matched layer(PML) absorbing boundary
condition with a length of 15a FDTD cells has been used[9].
The other five remaining boundaries used ten PML cells,
since they are terminating free-space.

A defect waveguide in the layer-by-layer PC may be cre-
ated by removing a single rod from the structure[10]. We
have calculated the dispersion diagram for the layer-by-layer
defect waveguide using the finite-difference time-domain
(FDTD) method with periodic boundary conditions[11]. The
discretization value used in our FDTD simulation wasD

FIG. 2. (a) Dispersion diagram for the layer-by-layer photonic
crystal defect waveguide calculated using a supercell with a size of
73731 lattice constants.(b) Computed reflection coefficient ver-
sus normalized frequency for the LPCHA with taper lengthr
=15a and aperture widtha1=8a.

FIG. 3. (Color online) (a) H-plane and(b) E-plane radiation
patterns for the LPCHA with a taper length ofr=15a, aperture
width of a1=8a, and an aperture height ofb1=0.3a. The red line
corresponds toa/l=0.397, the blue line toa/l=0.414, and the
green line toa/l=0.427. Angle 0° corresponds to the direction of
the z axis.
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=a/16 in the x and z directions, andD=a/13.3 in they
direction.

The dispersion diagram calculated using this method for a
supercell with a size of 73731 lattice constants is plotted
in Fig. 2. This shows that the defect waveguide mode has a
lower cutoff frequency ofa/l=0.385 whenka/2p=0. The
frequency of the mode increases with wave number until it
reachesa/l=0.431 atka/2p=0.5, which corresponds to the
Brillouin zone boundary. Above this frequency the mode
folds back, forming a second band that supports two modes
for the frequency range ofa/l=0.434 to 0.450. We choose
the operating range of the waveguide to be the region where
it supports a single-mode and where the frequency increases
approximately linearly with wave number. This range corre-
sponds toa/l=0.390 to 0.431; belowa/l=0.390 the wave
number changes more rapidly with frequency.

In the analysis of theH-plane LPCHA our FDTD simula-
tions used a discretization value ofD=a/24 in thex and z
directions, andD=a/20 in thez direction. The spectrum of
the input pulse used to excite the antenna extended from
a/l=0.390 to 0.432. Using this pulse the reflection coeffi-
cient versus normalized frequency was calculated and is
shown in Fig. 2. The −10 dB reflection coefficient bandwidth
extends froma/l=0.397 to 0.431, or 8.2%, for the configu-
ration with r=15a and a1=8a. We choose −10 dB as our
reference value to determine the bandwidth of the LPCHA
because it corresponds to a reflected power level of less than
or equal to 10% of the input power: at this level the layer-
by-layer defect waveguide is well matched to free space.

To calculate the far-field radiation patterns of the antenna,
a near-field to far-field transformation has been used in our
FDTD code. H- and E-plane radiation patterns fora/l
=0.397, 0.414, and 0.427 are presented in Fig. 3 in polar
form where the frequencies chosen correspond to the lower,
center, and upper operating frequencies of the device. These
plots show the directive nature of the antenna in theH-plane.
In the E-plane the radiating aperture of the antenna is very

narrow, so the radiation pattern is much broader, or less di-
rective. At the lower operating frequency there is a slight
shift in the direction of the maximum radiation to 10° in
elevation; this is due to the slight asymmetry of the antenna
in this plane as well as diffraction effects from the ends of
the crystal. To illustrate the nature of the fields of the an-
tenna, we give a linear scale plot for the field distribution at
normalized frequencya/l=0.414 in Fig. 4.

We have also analyzed the emission pattern for a pyriami-
dal horn antenna. In this device the taper exists in both theE-
andH-planes to create a larger radiating aperture. The radia-
tion patterns and dimensions of the antenna are given in Fig.
5. TheE-plane pattern has become more directive than those
of Fig. 3 due to the increased aperture heightb1 of the pyri-
amidal horn antenna.

In summary, we have theoretically demonstrated a transi-
tion from a defect waveguide in a three-dimensional PC to
free space: the layer-by-layer photonic crystal horn antenna
(LPCHA). The defect waveguide in the layer-by-layer PC is
tapered in theH-planes of the antenna to give highly effi-
cient, directional radiation. The −10 dB reflection coefficient
bandwidth of the antenna is 8.2%, which is almost equal to
the non-dispersive operating range of the defect waveguide
defined earlier. The directional nature of the LPCHA, espe-
cially in theH-plane, has been shown through computed far-
field radiation patterns for the device over its operating band-
width. This makes it useful as an antenna or an array element
at microwave, millimeter-wave, and optical frequencies.
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FIG. 4. (Color online) Ey field of the LPCHA ata/l=0.414,
taken as a horizontal slice through the center of layer 13 and plotted
in linear scale. The fields have been normalized so that the maxi-
mum value is 1 and the minimum value is −1. The dotted vertical
line at z=15a shows the interface between the PC-based PML re-
gion and the PC defect waveguide. Note that the wave traveling to
the left is absorbed by the PML.

FIG. 5. (Color online) Radiation patterns for a layer-by-layer
pyramidal PCHA ata/l=0.41 with a taper length ofr=15a, aper-
ture width ofa1=8a, and an aperture height ofb1=0.8a. The blue
line corresponds to theH-plane pattern and the red line to the
E-plane.
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