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Low-pass spatial filtering using a two-dimensional
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Different from previous focusing on subwavelength imaging in the near field, we outline another potentially
useful application of the self-collimating photonic crystal — low-pass spatial filtering. A two-dimensional
square-lattice photonic crystal is taken as an example and the low-pass spatial filtering is demonstrated by
the dispersion analysis and numerical simulations. The high-spatial-frequency components, whose incident
angles exceed a critical value, are reflected totally because no Bloch modes of the photonic crystal can
be excited. However, the low-spatial-frequency components are coupled to the self-collimating modes and
permeate the photonic crystal with high transmissivity.
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A photonic crystal (PC) is an artificial medium whose
refractive index is periodically arranged[1,2]. When prop-
agating in the PCs, electromagnetic waves will be mod-
ulated in the form of Bloch modes and photonic band
structure appears. With appropriate design, the propa-
gation of electromagnetic wave can be controlled. For ex-
ample, superprism and self-collimation have been demon-
strated in PCs experimentally[3,4]. Recently, a great deal
of attention has been focused on the anomalous phenom-
ena such as negative refraction and flat slab focusing
using PCs because of the experimental progresses[5−14].

In general, there are two underlying mechanisms for
negative refraction in PCs[11−13]. One is left-handed
behavior as being theoretically analyzed by Veselago[5].
In this case, because of simultaneous negative permit-
tivity and permeability, in the PCs, the electromagnetic
fields E, H and the wave vector k form a left-handed
triplet (i.e. S · k < 0, where S is the Poynting vec-
tor). The other is realized without employing negative
index or left-handed behavior, but by the high-order
Bragg scattering[15] or anisotropy[11]. In the latter case,
the PC behaves much like a right-handed medium (i.e.
S ·k > 0). This kind of negative refraction and its result-
ing focusing were first theoretically investigated in the
partial bandgap of a two-dimensional (2D) square-lattice
PC in 2002[11], and were experimentally confirmed one
year after[7,10]. Subsequently, such anomalous phenom-
ena, also called tunneling, self-guiding or self-collimating
effects, have attracted a lot of attention in such PC
arrays[16−18]. Here, we outline another potentially useful
application of this medium — thin-film low-pass spatial
filtering[19].

Low-pass spatial filters have seen many applications
in the broad categories of image processing in several
regions of the electromagnetic spectrum, particularly
in optical spectrum. Especially in the utilization of
high-power lasers, low-pass spatial filters play a very
important role for beam smoothing. In the simple,
traditional spatial filtering arrangement, a lens is used
for focusing all spatial-frequency components, and low-,
high-pass and band pass filters are implemented at the
Fourier plane. The setup is, typically, at least four fo-

cal lengths long. Currently, modern spatial-frequency
filtering is performed by use of interference patterns[20],
anisotropic media[21], liquid-crystal cell[22], or resonator
grating systems[23].

Due to controllable dispersion characteristics, we pro-
pose a simple low-pass spatial filter made from a PC that
is made of dielectric rods arranged in a square lattice. In
a frequency region, self-collimating phenomena can be
present. With proper design, the high-spatial-frequency
components, which are incident to the filter with angles
exceeding a critical value, are reflected totally because
no Bloch waves of the PC can be excited. However,
the low-spatial-frequency components are coupled to the
self-collimating modes and permeate with high trans-
missivity. Furthermore, this kind of filter is inherently
compact. In many cases the device that is only a few
wavelength thick can consist of several layers of dielectric
rods.

The 2D PC used to construct a low-pass spatial filter in
this paper is made of dielectric rods arranged in a square
lattice. The rod has a dielectric constant of ε = 9.2 and
a radius of r = 1.5a, where a is the lattice constant. For
this structure, we only consider the transverse magnetic
(TM) polarization, i.e., the electric field Ez is parallel
to these rods. Using the plane-wave expansion method,
the photonic band structure and several equifrequency
contours (EFCs) are calculated and plotted in Figs. 1(a)

Fig. 1. Dispersion analysis of the square lattice photonic
crystal.
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and (b). The frequency is normalized as a/λ. According
to Notomi’s theory, from Figs. 1(a) and (b) we can see
it clearly that in the first band the PC behaves in a
right-handed manner, i.e. S · k > 0[6].

In the partial bandgap (normalized frequency from
0.317 to 0.371), as shown in Fig. 1(b) EFCs within
the first Brillouin zone (BZ) are significantly distorted
from a circle, indicating strong anisotropy. In this case,
the Bloch group velocities normalized to the EFCs are no
longer collinear with their corresponding phase velocities.
With the interface along TM direction, under certain
conditions negative refraction occurs for the Bloch wave
at the edge of the first BZ being excited[24]. Here we fo-
cus on low-pass spatial filtering using the self-collimating
effect.

Take the normalized frequency ω = 0.34 as an exam-
ple. Due to the flat EFC shown in Fig. 1(b), strong
self-collimating effect occurs at this frequency. With the
interface along TM direction, the phase-matching condi-
tions between the PC and free space are schematically
analyzed in Fig. 2. It is obvious that the EFC of the free
space denoted by the dotted circle is larger than that
of the PC. So, the high-spatial-frequency components
whose incident angles exceed the critical one β are re-
flected totally by the PC because no Bloch modes can be
excited. However, the low-spatial-frequency components
are coupled to the self-collimating modes and transmit
almost perpendicularly. For this PC structure, the criti-
cal angle β equals 32◦.

In order to test the above analysis, numerical sim-
ulations are conducted by using the multiple scatter-
ing method[25−27]. A 7-layer (about 1.44λ thick) PC
slab is taken as an example. Two typical incident an-
gles are performed to demonstrate the angle-dependent

Fig. 2. Phase-matching analysis between the PC and free
space.

Fig. 3. Propagation maps for a plane wave incident to the PC
slab with two typical angles: (a) α1 = 0◦ and (b) α2 = 45◦.

Fig. 4. Low-pass spatial filtering for a point source located at
d0 = a. (a) Electric-field distribution, (b) intensity distribu-
tion, (c) conceptual layout.

transmission. First, we consider a plane wave incident to
the PC perpendicularly, i.e. the incident angel α1 = 0◦.
In Fig. 3(a), the incident plane wave transmits through
the PC slab almost without attenuation. Because the
incident angle (α2 = 45◦) exceeds the critical one, the
incident-plane waves are reflected totally as shown in Fig.
3(b). The distorted field distributions near the slab edges
in Fig. 3 can be interpreted with the edge diffraction.

Due to its ability to achieve subwavelength imaging in
the near field, self-collimating PCs have attracted a great
deal of attention. To overcome the traditional diffrac-
tion limit, all spatial components of the source should be
coupled to the self-collimating modes. However, for the
PC we considered here, only the low-frequency-spatial
components are canalized through the PC slab as shown
in Fig. 4. Because of the total reflection of the high-
frequency-spatial components, for a point source located
at d0 = a before the center of the first role an image is
formed near the slab with the full width at half maximum
(FWHM) equaling to 0.75λ.

In conclusion, we have outlined a potentially useful ap-
plication of the self-collimating PCs, low-pass spatial fil-
tering. We have taken a square-lattice PC as an example
to investigate this application simply. Dispersion charac-
teristic analysis and numerical simulations have demon-
strated that the PC is capable of low-pass spatial fil-
tering with proper design. Due to no Bloch modes being
excited, the high-spatial-frequency components whose in-
cident angles exceeding the critical value are reflected to-
tally by the PC. However, the low-spatial-frequency com-
ponents are coupled to the self-collimating modes and
transmit almost without attenuation.
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