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Beaming of Millimeter Waves
from Plasma Photonic Crystal Waveguides
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The beaming of millimeter waves from two-dimensional plasma photonic crystal waveguides is studied
numerically based on a finite difference time domain simulation. It is shown that the beaming of millimeter
waves is due to coupling with surface lattice modulation in plasma photonic crystals having a glass-rod lattice in
the background discharged plasma, while millimeter-wave beaming is due to the horn antenna of plasma rods in
plasma photonic crystals having a plasma-rod lattice in a vacuum.
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The photonic crystal is a periodic array in which di-
electric materials with different dielectric constants are ar-
ranged alternately one- two-, or three-dimensionally. As
first proposed by H. Hojo et al. [1, 2], the plasma pho-
tonic crystal is thus defined as a periodic arrangement of
discharged plasma and other dielectric materials, includ-
ing a vacuum. There are two types of two- dimensional
plasma photonic crystal [3]. The first type is a plasma
photonic crystal in which cylindrical glass rods forming
a crystal lattice are immersed in discharged background
plasma (type-1), while the second type consists of cylin-
drical rods of discharged plasma that constitute a crystal
lattice in a vacuum or air background (type-2). The type-2
plasma photonic crystal has been recently realized by O.
Sakai et al. [4].

In the present study, we consider these two types of
two-dimensional plasma photonic crystals, and study the
beaming of millimeter waves from plasma photonic crys-
tal waveguides. The beaming of light waves from pho-
tonic crystal waveguides has been primarily discussed in
Refs. [5–7]. Here we assume square lattice rods with ra-
dius R and the lattice constant a. Our analysis is based
on the finite difference time domain (FDTD) simulation
of the Maxwell equations [8]. The basic equations are
Maxwell equations for electromagnetic wave fields E and
B and an equation of motion for the induced plasma cur-
rent J , which is approximately given by J = −en0Ve, as
we are interested in the frequency region where ions can
be assumed to be immobile. That is,

∂

∂t
B = −∇ × E, (1)
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∂

∂t
E =

1
εr

(∇ × B − J), (2)

∂

∂t
J = f E, (3)

where each physical quantity is normalized as follows:
ω0t → t, ω0r/c → r, E/E0 → E, cB/E0 → B,
J/(ε0ω0E0)→ J , f = (ωpe/ω0)2, and ωpe =

√
e2n0/(ε0m)

is the electron plasma frequency, and ω0 is a reference fre-
quency for normalization. For simplicity, we assume that
plasma density is constant for both types. For the relative
dielectric constant εr, we assume that εr = 7.0 for the glass
rods; otherwise, εr = 1.0. We also assume J = 0 except
for plasmas. That is,

εr = 1.0 and J � 0 for plasma,

εr = 7.0 and J = 0 for glass,

εr = 1.0 and J = 0 for vacuum (or, air).

The simulation is performed in the x-z plane, where the
waveguide is formed by a line defect, and the wave-guided
mode is excited on the lower boundary of x. We impose
the out-going wave condition for other three boundaries.
We assume a transverse-electric mode (Ey) for the excited
wave-guided mode.

Hereafter, we show the simulation results. Figure 1
shows a snapshot of the magnitude |S| of the Poynting
vector S = (E × B)/µ0 of a millimeter wave emitted
from a type-1 plasma photonic crystal waveguide, with
parameters a = 3 mm, R = 0.6 mm, n = 2 × 1012 cm−3,
ω/(2π) = 45.2 GHz, and R = 0.3 mm assumed for the rods
of the last layer. As the plasma is underdense (ω > ωpe) for
wave propagation, the type-1 plasma photonic crystal here
corresponds to the conventional photonic crystal composed
of glass rods. The surface lattice lies on the straight line in
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(a) Without modulation. (b) With modulation.

Fig. 1 Snapshots of the Poynting vector magnitude |S| of a
millimeter wave from a type-1 plasma photonic crystal
waveguide without (a) and with (b) surface lattice modu-
lation.

Fig. 2 Structure of the surface lattice modulation shown in
Fig. 1. The dashed line shows the waveguide center, and
the photonic crystal is symmetrical with respect to the
dashed line.

Fig. 1 (a) and in Fig. 1 (b) is modulated as shown in Fig. 2.
The magnitude of the modulation is 0.3a. A comparison
of Figs. 1 (a) and (b) shows the effective beaming of the
millimeter wave emitted from the plasma photonic crystal
waveguide. The effectiveness of the performance is due to
the coupling with the surface lattice modulation, as pointed
out in Ref. [5].

We next show the simulation results for type-2 plasma
photonic crystals. Figure 3 shows snapshots of the Poynt-
ing vector magnitude |S| of millimeter waves emitted from
the type-2 plasma photonic crystal waveguide, with the pa-
rameters a = 3 mm, R = 0.6 mm, n = 1 × 1015 cm−3, and
ω/(2π) = 43 GHz. In this case, the plasma is overdense
(ω < ωpe) in order to adjust the permittivity of the plasma
to the quite different value of that of a vacuum. Thus, the
type-2 plasma photonic crystal here is similar to the pho-
tonic crystal composed of metallic rods. However, we have
to note that in this case the wave electric field does not van-
ish on the plasma-rod surface, but partly penetrates into
the plasma rods. In Fig. 3, from the comparison of with-
out (a) and with (b) a horn antenna described in Fig. 4, we
see that the beaming of emitted millimeter waves becomes
possible by the installation of a horn antenna composed of
plasma rods. Unfortunately, in this case, the surface lattice
modulation seen in Fig. 2 was not effective for beaming a

(a) Without horn antenna. (b) With horn antenna.

Fig. 3 Snapshots of the Poynting vector magnitude |S| of a
millimeter wave from a type-2 plasma photonic crystal
waveguide without (a) and with (b) a horn antenna com-
posed of plasma rods.

Fig. 4 Structure of horn antenna shown in Fig. 3, where the horn
angle is 53.1 degrees. The photonic crystal is symmetri-
cal with respect to the dashed line showing the waveguide
center.

millimeter wave from a type-2 photonic crystal waveguide.
Finally, though a photonic crystal with a horn antenna is
described in Ref. [6], we should note that there exists a
significant difference between this photonic crystal and the
present type-2 plasma photonic crystal with regard to the
composition of a horn antenna. In the photonic crystal de-
scribed in Ref. [6], many layers of semiconductor lattice
rods are required to form the horn antenna, on the other
hand, only one layer of plasma rods is sufficient to form
the horn antenna in the type-2 plasma photonic crystal de-
scribed in the present study.
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