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Abstract
We numerically and experimentally demonstrated highly directional emission from photonic
crystals (PCs). Our structures comprise branched waveguide channels with a periodic
doubling scheme. An incident electromagnetic wave can be first split into multiple beams
using PC waveguide structures. The beams were then emitted at the output waveguide ports of
the PC with the same phase, which resulted in a highly directional radiation pattern. Our
results demonstrate that the full width at half maximum of the emission beam is nearly
inversely proportional to the number of output waveguide ports. Typically, for a PC with
sixteen output ports, the half-power beam width measured 4.8◦, which was in good agreement
with the calculated value of 4.1◦. In contrast to the traditional beaming structures, our design
did not involve grating-like structures, which resulted in a wider operation bandwidth.

(Some figures in this article are in colour only in the electronic version)

M Animation files for figure 3 are available in the online edition.

1. Introduction

It is well known that light waves will be diffracted into a wide
angle after they transmit through a subwavelength aperture.
This characteristic sets a lower limit on the integration density
of many optical devices. In 2002, Lezec et al demonstrated
an exotic phenomenon wherein an enormously enhanced
transmission and beaming emission was obtained when a light
wave was propagated through and out of a subwavelength
metallic aperture [1]. They achieved these results by
surrounding the subwavelength aperture with periodic textures
on the input and output sides. It was then thought that the
excitation of the surface wave, or the surface plasmons, on the
metallic surfaces plays the dominant role in this phenomenon
[2–5]. Following the pioneer works of Lezec et al there
has been much effort put forth on the study of the enhanced
transmission and beaming effect (or directional emission) of
electromagnetic (EM) waves through a metallic subwavelength
aperture [6–8].

Intrigued by these more than abnormal phenomena, not
much later on it was found that the beaming effect could also be
obtained in photonic crystals (PCs) [9, 10]. PCs are materials
that comprise periodical dielectric distributions. Due to the
existence of photonic band gaps, PCs can be used to control

the propagation of light waves on the scale of a wavelength,
in which this characteristic makes PCs a promising candidate
as the building blocks of future integrated optical circuits [11].
It was first demonstrated that directional emission could be
realized by properly selecting the termination surface for the
PC waveguide [9]. Meanwhile, a more general method for
obtaining a beaming effect was proposed, in which a surface
mode and a grating-like layer was suggested to be added
to the emitting surface of the PC waveguide [10, 12, 13]. All
the above beaming effects that occurred in PCs are based on
the excitation of the surface modes in the exit PC waveguide
face, in which these surface modes are then diffracted by the
grating-like layer and transformed into a directional beaming.
Moreover, it is also reported that by covering the termination
of the PC waveguide with a self-collimation PC [14], cavities
[15], or even a coupled cavity PC waveguide [16], directional
emission can also be achieved. It is well known that PCs can
not only have photonic band gaps but also exotic dispersion
characteristics in the band structure. By taking advantage
of the dispersion properties, directional emission can also be
obtained. For instance, by placing a radiation source inside the
PC, a beaming effect can be obtained at the frequency of the
band edge [17, 18]. Although these above-reported beaming
phenomena come from different mechanisms, they all work
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only within a relatively narrow bandwidth, which is controlled
by the period of the covering grating-like layer or band edges.

As stated in the previous paragraph, one of the special
properties of PCs are their ability to manipulate the flow of
light waves on a wavelength scale. Many applications are
based on this property, such as bending [19] and splitting
[20]. In a recent work [21], we reported a design for
highly directional emission from a PC waveguide wherein
the bending and splitting abilities of a PC waveguide were
used. Except for these two mechanisms, no grating-like
structure was adopted in our design. While it is the grating-
like structure that intrinsically limits the operating bandwidth
of previous designs, our structure can possess a wide operating
bandwidth. However, only one special design (with 16
waveguide ports) is presented in our former short letter [21],
which is not enough to show the efficiency and flexibility of
our design method. In this work, we demonstrate directional
beaming for a series of designs. Consequently, we can further
investigate the relation between the emitting surface width
and the full width at half maximum (FWHM) of the emitting
beam. In previous designs that used grating-like structures,
although it was demonstrated that along with the increase in the
emitting surface width the FWHM will decrease accordingly,
no detailed quantitative description was provided. However,
for our design, we will show that the FWHM of the emitting
beam has a predictable relation with the emitting surface width,
which can be described quantitatively. The following sections
are arranged as follows. In section 2, we illustrate the PC
structure under study and the detailed designs of a series of
beaming structures. In section 3, we show the simulation
and experimental results of the directional emission, while
discussions are located in section 4. Conclusions are presented
in section 5.

2. The PC and beaming structure

For simplicity, a two-dimensional (2D) PC was employed in
our study. The inset of figure 1(a) shows the schematic of the
PC structure, while figure 1(a) shows the band structure. The
PC is a 2D square lattice of alumina rods embedded in air.
The alumina rods have a refractive index of 3.1, a radius of
r = 1.575 mm, and the lattice constant a is 11 mm. As shown
in figure 1(a), this PC has a band gap for transverse magnetic
(TM) polarization (with magnetic fields perpendicular to the
axis of the rods) between band 0 and band 1. In fact, our
calculation shows that this band gap has the frequency range
0.376–0.482a/λ, where λ is the wavelength in free space. This
frequency range also corresponds to 10.26–13.15 GHz for the
experimental structure. A PC waveguide can be formed after
one column of rods is removed, in which the inset of figure 1(b)
shows the schematic of the PC waveguide. This PC waveguide
is highly dispersive as can be seen from the calculated results
shown in figure 1(b).

In order to obtain a beaming emission from the exit
of a PC waveguide, we designed a PC structure that
has branched waveguide channels with a periodic doubling
scheme. Figure 2(a) shows a PC waveguide structure with its
end opened directly on the surface of the PC, which will be used

Figure 1. (a) The band structure (TM polarization) of the 2D PC.
The inset shows the PC structure with a square lattice. The black
dots represent the dielectric rods (with refractive index 3.1) placed in
air. (b) The projected band structure of the PC waveguide, which is
formed by removing one column of the rods from the PC, is shown
in the inset. The shaded regions are the projected pass bands, while
the solid line is the dispersion curve of the PC waveguide mode.

as a reference for other beaming structures. Figures 2(b)–(d)
are three designed PC structures for directional beaming.
Among them, the output part of the PC in figure 2(b) consists of
four PC waveguide ports, while the PC structures in figure 2(c)
and (d) have eight and sixteen output ports, respectively. It can
be clearly seen in figure 2(b) that when a beam of an EM wave
propagates from the bottom to the top, it will be split into
four beams when they reach the output ports. As all four of
the beams propagate the same length, they will then have the
same phase when they arrive at the output ports. Consequently,
these waves are expected to form good directional emission.
This mechanism should also work for the PC structures shown
in figures 2(c) and (d). Moreover, along with an increase in
the waveguide port number, the directivity of the output beam
should also improve.

3. Simulation and experimental results

To study the possible beaming effect that we expected in
the former section, 2D finite-difference time-domain (FDTD)
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Figure 2. (a) The PC structure where the output port of waveguide is opened directly on the PC surface. (b), (c) and (d) show three
proposed PC beaming structures wherein a single waveguide port is split into 4, 8 and 16 output ports, respectively.

Figure 3. (a) The intensity distributions of the electric field for the
line defect structure as shown in figure 2(a). Figures (b), (c) and (d)
show the intensity distributions of the electric field for the structures
shown in figure 2 with 4, 8 and 16 output ports, respectively. All the
simulations were performed at a frequency of f = 0.417a/λ
(11.36 GHz), and the X and Y axes were scaled in the PC lattice
constant a. Supplementary files presenting animations of the wave
propagation in parts (b), (c) and (d) are available in the online
edition.

[22] simulations were carried out for the structures shown in
figure 2. In the simulation, the perfect matched layers [23]
are applied as absorption boundaries. In the simulations,
the frequency was f = 0.417a/λ (equivalent to 11.36 GHz),
which is located near the middle of the PC waveguide mode
band as shown in figure 1(b). In the simulation, the input waves
are launched into the bottom ports of the beaming structures
as shown in figure 2. After the EM waves emit from the upper
ports, their intensity distributions are recorded. Figure 3 shows
the recorded field intensity distributions for the three beaming
structures and the reference structure. Figure 3(a) shows the
result of the reference structure, from which it can be seen that
the emitted EM wave is diffracted into a wide angle just as
expected. Figures 3(b), (c) and (d) show the simulation results
for the beaming structures of figures 2(b), (c) and (d). It can
be clearly seen that our beaming structures really work well
in forming beaming emissions. Furthermore, along with the
increase in the number of output waveguide ports, the beaming

Figure 4. (a) The calculated far field radiation patterns for the three
beaming structures with 4, 8 and 16 output ports, respectively. The
calculated FWHM of the three structures are 18.9◦, 10.5◦ and 4.1◦,
respectively. (b) The measured far field results of the corresponding
three beaming structures. The measured FWHM of the three
structures are 20.1◦, 10.9◦ and 4.8◦, respectively. All the above
results are obtained for a frequency of f = 0.417a/λ (11.36 GHz).

emission is confined to a much narrower angle. Especially for
the beaming structure with sixteen output waveguide ports, the
emitted EM wave beam possesses exceptional directivity.

Since we obtained qualitative beaming effects, we wanted
to calculate the far field patterns for a better evaluation of
the performance of our structures. The frequency of the
calculation was set at f = 0.417a/λ which is the same as
the frequency for the intensity distribution results as shown in
figure 3. During the calculation of far field radiation patterns,
Kirchoff’s integral was applied to transform near field data
into far field data. Figure 4(a) shows the calculated results of
the far field radiation patterns for the three beaming structures,
and the FWHM data for the three beaming structures with 4,
8 and 16 output ports at 18.9◦, 10.5◦ and 4.1◦, respectively.
It can be seen clearly that all the structures emit beaming
emissions. Moreover, along with an increase in the number
of the output waveguide ports, the directivity (measured by the
FWHM) of the emission beam improves markedly. Typically,
when the number of output waveguide ports reaches sixteen,
the emission beam from the PC structure possesses excellent
directivity (with FWHM of only 4.1◦).
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In order to validate our simulation results, we conducted
experiments in the microwave regime. In the experiments, two
horn antennas were used to connect to an HP-8510C network
analyzer. One horn antenna was excited in order to obtain an
incident EM field [12], while the other horn antenna acted as
a receiver that measured the EM power that was emitted from
the output ports of the PC structure. The length of the alumina
rods used to construct the PC structure was 15 cm, which is at
least five times longer than the EM wavelengths used in this
study. This configuration made the constructed PC structure
a good approximation to the structure that was used in the
2D FDTD simulations. In the measurement of the far field
radiation patterns, the receiver horn antenna was set to scan
a semi-circle with the radius R = 1.8 m from the centre of
the exit face of the PC structure. The measured results of the
far field radiation patterns for the three beaming structures are
shown in figure 4(b), and the measured FWHM for the three
beaming structures with 4, 8 and 16 output ports were 20.1◦,
10.9◦ and 4.8◦, respectively. The measured FWHM results
are slightly larger than the calculated ones, which might be
partially due to the imperfections in the constructed structure,
e.g. the slight randomness in the lattice constant, and the radii
of the dielectric rods. In addition, the physical width of the horn
antenna and some uncertainty (±2◦) in its exact orientation can
also affect the accuracy of the measurement. Nevertheless,
our experimental results are in quite good agreement with the
simulation results.

As was pointed out in the first section, since most
of the PC based beaming structures depend on grating-like
structures, the intrinsic property of the grating will limit the
beaming effect into a narrow operating frequency bandwidth.
However, in our beaming structures, only PC waveguides
are used to split and then combine these EM beams in
order to achieve highly directional radiation. Consequently,
it is expected that our beaming structures would have a
wider operation frequency bandwidth when compared with the
grating-like structure based PC beaming structures. In order
to validate this characteristic, we calculated and measured the
far field radiation patterns for the beaming structure within
a wide frequency bandwidth. It is noteworthy that although
the PC waveguide has a working frequency band within
0.376–0.482a/λ (as shown figure 1(b)), the group velocity
of the waveguide mode becomes increasingly slow when
approaching the band edges. The very slow group velocity
makes the incident wave rather difficult to couple into the
input port of the PC waveguide. After considering this factor,
we limited our calculation and experimental study within the
frequency range 0.40–0.47a/λ.

The calculated FWHM data of the far field radiation
patterns for the PC beaming structures are shown in figure 5(a).
It can be clearly seen that all the three beaming structures
keep up a good performance within the whole frequency
range of interest. In fact, this property is further verified
by our experimental results as shown in figure 5(b). Similar
to the situation of figure 4, the measured FWHM data are
slightly larger than the calculated results. After considering
the uncertain factors in the measurement as we stated in the
previous paragraphs, the experimental and simulation results

Figure 5. (a) The FWHM data of the calculated radiation patterns
for the beaming structures with 4, 8 and 16 output ports within the
frequency range 0.40–0.47a/λ. The FWHM data of the radiation
patterns for 4, 8 and 16 coherent point sources are also shown for
comparison purposes. (b) The measured FWHM data of the
radiation patterns for the three beaming structures.

are in good agreement. Consequently, it is evident that our PC
beaming structures can really work well over a wide frequency
bandwidth.

4. Some discussions

In order to gain more information about the underlying
mechanism that yields the beaming phenomenon, we also
carried out FDTD simulations with barely coherent point
sources. In the simulations, 4, 8 and 16 coherent point sources
were placed at the centres of the output waveguide channels
of the corresponding PC beaming structures, but the real PC
structures were removed. The FWHM of the emission beams
from three different numbers of coherent point sources are
also illustrated as a function of frequency in figure 5(a). By
comparing the FWHM data from the PC beaming structures
with the results of the coherent point sources, it is easy to see
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Figure 6. Comparison of the calculated and measured FWHM
results for the three structures with a different port number at a
frequency of f = 0.417a/λ (11.36 GHz).

that the results of 16 waveguide ports and 16 point sources are
rather approximate, while the results of the 4 waveguide ports
are obviously larger than that of the 4 point sources. The reason
for this may come from the emission profile of a single output
waveguide port. As seen in figure 3(a), the emission profile of
a single output waveguide port is different from a typical point
source. For the beaming structure with only 4 output ports,
this imperfect emission profile may have a large effect on the
formation of a good quality emission beam. However, when
the number of the output ports increases, the imperfection of
each single emission profile will only have a slight effect on
the final formation of a good quality emission beam. In this
case, it is correct to state that the PC beaming structure with
16 output waveguide ports acts very similar to the 16 coherent
point sources.

Now, let us discuss the relation between the FWHM of
the emission beams and the number of output waveguide ports.
For the traditional PC beaming structures that are based on the
excitation of surface waves and the diffraction of a grating-
like structure, the field intensity on the emitting surface is very
uneven. With the increase in the distance of the position on the
emitting surface from the output PC waveguide port, the field
intensity becomes increasingly lower. Consequently, only the
emitting surface, which is near the output waveguide port, can
have a significant contribution to the formation of beaming.
Therefore, there is an upper limit for the best directivity that
can be achieved for the PC beaming structures using a grating-
like structure. However, our PC beaming structure does not
use a grating-like structure. All the output waveguide ports
emit a nearly equal field intensity, which is very efficient for
the formation of highly directive emission beams. Figure 6
plots the FWHM data as a function of the number of output
waveguide ports and point sources. The scale of the x and y

axes are set to be logarithm with its base, which is 2. For the
FWHM data of the coherent point sources, the FWHM data are
perfectly inversely proportional to the number of point sources,
which is consistent with the theoretical prediction. As for the
three PC beaming structures, this inverse proportional relation
was not very good. The reason is similar to the reason stated
in the previous paragraph, which is that the emission profile

of a single output waveguide port is different from a perfect
point source. Nonetheless, it is still relevant to state that the
FWHM of the emission beams are nearly inverse proportional
to the number of output ports. This characteristic provides
our proposed design with a predictable performance when we
attempt to increase the number of output waveguide ports.
Furthermore, theoretically speaking, there is no limitation on
the minimum value of FWHM that can be achieved. In other
words, the FWHM of the emission beam can be infinitely close
to zero. This characteristic makes our design rather powerful.

We would also like to note that no optimization was
applied for our beaming structure. Some special structures can
be further added to the present structure in order to enhance
the efficiency of the beam bending [24], beam splitting [25]
and coupling of the output ports to free space [26]. Although
a dielectric rod type PC is adopted here to demonstrate the
performance of our design, the principle of our design can
also work well for air hole type PCs. Besides, if the wave
propagation direction is reversed, our designed structure can
be used to effectively couple a wide beam of EM wave from a
homogeneous medium into a narrow PC waveguide.

5. Conclusions

In conclusion, we designed a PC structure consisting of
branched waveguide channels with a periodic doubling scheme
in order to obtain directional emission. We experimentally
and numerically achieved a highly directional emission from
the designed PC structure. For structures with different
numbers of output ports, the FWHM of the emitted beam is
nearly inversely proportional to the number of output ports.
This characteristic provides our design with a predictable
performance. When compared with grating-like beaming
structures, our PC beaming structure can operate over a wider
bandwidth. Our design principle can be easily generalized to
other types of PC structures. This design can be used in PC
lasers and in other applications for achieving highly directional
emission.
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