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This paper studies the propagating characteristics of the electromagnetic waves through the coupled-resonator
optical waveguides based on the two-dimensional square-lattice photonic crystals by the finite-difference time-domain
method. When the traditional circular rods adjacent to the centre of the cavities are replaced by the oval rods, the
simulated results show that the waveguide mode region can be adjusted only by the alteration of the oval rods’ obliquity.
When the obliquity of the oval rods around one cavity is different from the obliquity of that around the adjacent cavities,
the group velocities of the waveguide modes can be greatly reduced and the information of different frequencies can be
shared and chosen at the same time by the waveguide branches with different structures. If the obliquities of the oval
rods around two adjacent cavities are equal and they alternate between two values, the group velocities can be further
reduced and a maximum value of 0.0008¢ (c is the light velocity in vacuum) can be acquired.
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1. Introduction

Photonic crystals (PCs) are currently the subject
of intense investigation due to their remarkable prop-
erties brought by the existence of photonic band gaps
over which the propagation of electromagnetic (EM)
waves is prohibited.[""2] This prominent characteris-
tic enables us to control the propagation of the EM
waves in the PCs. By introducing different kinds of de-
fects into otherwise perfect PCs, resonant states (guid-
ing modes) within the band gap can be created and
various optical devices can be realized, such as opti-
cal waveguides,[®~5! channel drop filters,[—8! strongly
wavelength-dependent delay line,[® and ultrafast op-
tical switches.[10:11]

Coupled-resonator optical waveguides (CROWs)
consist of coupled defects arranged at regular inter-
vals in PCs and can propagate photons by hopping
from one defect to its nearest neighbour because of in-
teractions between the neighbouring evanescent cav-
ity modes.'2=17) The EM waves are guided by the
coupling of the tight-confined localized modes sup-
ported in the defects. Both the low group velocity
and the large optical field amplitude can be achieved
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in a CROW, so it can be employed to enhance non-
linear optical processes significantly or to construct
efficient optical delay lines for high-speed all optical
signal processing. As the optical devices based on PC
structure are compact and integrated, the related re-
search has attracted much attention and it is now at
the forefront of the optical communications research.

In this paper, we studied the propagating charac-
teristics of the EM waves through the two-dimensional
square-lattice PC CROWs.
show that the frequency region of the guiding modes

The simulated results

can be controlled by changing the obliquity of the oval
rods adjacent to the cavities. When the rotation an-
gles of the oval rods around each cavity are set to be
equal and the rotation angles of the oval rods around
two adjacent cavities are different, the group veloc-
ity can be greatly reduced and high transmission ef-
ficiency of light is insured. The information of differ-
ent frequencies can be shared and chosen at the same
time by the optical waveguide branch based on dif-
ferent structures. If the obliquities of the oval rods
around two adjacent cavities are equal and they al-
ternate between two values, the group velocities can
be further reduced and a maximum of that 0.0008¢
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can be acquired (where ¢ is the velocity of light in
vacuum).

2. Numerical calculation and dis-

cussion

The CROWSs studied in this paper are based on
the two-dimensional square-lattice PC consisting of di-
electric cylinders immersed in air. The permittivity
of the dielectric is 8.9, the radius of the cylinders is
r = 3.0 mm and the length of the lattice constant is
a = 10.0 mm. For such a perfect PC, a photonic band
gap exists within the frequency region from 14.1 to
17.0 GHz. Based on the above PC, we constructed an
oval-rod CROW structure, which is shown in Fig.1.
The length of the ellipse’s long axis is 0.367a and that
of the ellipse’s short axis is 0.245a, so the area of each
ellipse is equal to that of the circle. The ellipse’s long
axis is set along the PC’s I' X direction, meaning that
the ellipse’s long axis is placed along the direction of
light propagation.

Fig. 1. Schematic geometry of the oval-rod photonic crys-
tal waveguide.

The transmission spectrum of the TM-polarized
EM waves through the above structure is calculated by
the finite-difference time-domain method,[*®1° which
is shown by the solid line in Fig. 2. It can be seen
that a guiding mode band appears within the pho-
tonic band gap and it spans the frequencies 14.8 and
14.98 GHz. When the ellipses are rotated in the lattice
and the angles from the light transmission direction
(also the PC’s I'K direction) to the direction of the
ellipse’s long axis are 45° and 90°, the transmission
spectra of the EM waves through the corresponding
structures are shown by the dashed line and the dot-
ted line in Fig. 2, respectively. From Fig. 2 it can be
seen that the guiding modes move to the higher fre-
quencies when the rotation angle of the ellipse is in-
creased. So the frequency region of the guiding modes

can be adjusted only by the alteration of the ellipses’
rotation angle.

Transmission/dB
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Fig. 2. Transmission spectra of the EM waves through
the oval-rod CROWs.

Channel filters with different structures are uti-
lized to select and acquire the wanted information of
different frequencies. In some particular situations,
we want to select the frequency within a certain re-
gion under the condition that the EM waves within
another frequency region can propagate through the
guides freely and even a small group velocity of the
EM waves is needed. In the structure shown in Fig. 3,
the rotation angle of the oval rods around one cav-
ity is set to be 0° and the rotation angle of the oval
rods around the adjacent cavity is 45°. The band
structure of this CROW is shown by the hollow dots
in Fig. 4(a), from which we can see that a guiding
band spans the frequencies 14.858 and 14.892 GHz and
another guiding band exists in the frequency region
15.200-15.232 GHz. The corresponding transmission
spectrum of the EM waves through this structure is
shown by the dotted line in Fig. 4(b), it can be seen
that the guiding modes transmit through the structure
with a high efficiency.

Fig. 3. Schematic geometry of the oval-dielectric photonic
crystal coupled-cavity waveguide.

Keeping all the other parameters unchanged, we
alter the obliquity of the ellipse around the cavities
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from 45° to 90°, the corresponding calculated band
structure is shown by the solid dots in Fig. 4(a). It
can be seen that a guiding band spans the frequen-
cies 14.862 and 14.894 GHz and another guiding band
exists in the frequency region 15.367-15.395 GHz.
Comparing the solid and hollow dots, we can clearly
see that for a frequency region within 14.862 and
14.892 GHz, the EM waves can propagate through
the above two structures. This phenomenon can also
be clearly seen from Fig. 4(b), where the solid line is
the transmission spectrum of the EM waves through
the structure with the oval rod cavities whose rotation
angles alternate between 0° and 90°.
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Fig. 4. Band structures (a) of the two CROWSs and the
corresponding transmission spectra (b).

Figure 5 shows the waveguide structure with one
1W-type input guide and two oval-rod output CROWs
with different rotation angles. The intensity distribu-
tion of the EM waves through this guide structure
with the frequencies 14.890, 15.235 and 15.430 GHz
are shown in Figs. 6(a), 6(b) and 6(c), respectively.
When the frequency of the incident EM wave is 14.890
GHz, the EM wave transmits through both CROWs
with a high efficiency. It is also shown that most of
the energy is localized around the centre of the cavities
whose nearby ellipse is 0° rotation. From Fig. 6(b) it
can be seen that the EM wave transmits only through
one waveguide branch when the frequency becomes
15.227 GHz and the most of the energy is localized

around the cavities which are enclosed by the oval
rods with 45° rotation. The EM wave with the fre-
quency 15.430 GHz transmits only through the other
waveguide branch and the most of the energy is local-
ized around the cavities whose nearby oval rods are
90° rotation, as can be seen in Fig. 6(c).

12

Position/a

Position/a

Fig. 5. Schematic geometry of the oval-dielectric photonic
crystal branch waveguide.
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Fig. 6. Intensity distribution of EM waves through the
structure with the following frequencies: (a) 14.890 GHz;
(b) 15.235 GHz; (c) 15.430 GHz.

In the above CROW structures, the length of pe-
riod along the waveguide direction is 80 mm. We in-
crease the period length to 160 mm, for example, let
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the obliquities of the oval around two adjacent cavi-
ties be equal and alternate them between the angles
0° and 45°, as is shown in Fig. 7(a).
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Fig. 7. Schematic geometry of the oval-rod CROW (a),
the intensity distribution of EM waves through the struc-
ture with frequencies of (b) 14.84 GHz and (c) 15.165 GHz.
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Fig. 8. Transmission spectrum of the EM waves through
the oval-rod CROWs.

Figure 8 shows the corresponding calculated
transmission spectrum, from which it can be seen that
four sharp transmission peaks exist within the fre-
quency region 14.8 GHz and 15.3 GHz. When the
frequency of the incident EM wave is 14.840 GHz,

from Fig. 7(b) we can see that the EM wave trans-
mit through the structure with a high efficiency and
most of the energy is localized at the centre of the cav-
ities whose nearby ellipse is 0° rotation. Figure 7(c)
shows that most of the energy is confined around the
cavities which are enclosed by the oval rods with 45°
rotation when the frequency becomes 15.165 GHz.
At last, we employ the tight-binding approxima-
tion to calculate the group velocities of the transmit-
ting modes in different CROW structures. Keeping
only the nearest-neighbour coupling the dispersion re-
lationship for a CROW guide mode, we have

w(K)=2[]1+kcos(KR)|, (1)

where {2 is the angular eigenfrequency of an isolated
cavity, x is the coupling strength between two nearest-
neighbouring cavities, K is the wave number along the
direction of the waveguide, R is the distance between
them and w is the angular frequency. Owing to the
periodicity of the structure along the waveguide di-
rection, the wave vector can be folded into the region
[0, m/R]. Therefore, the width of the miniband of the
waveguide mode is

Aw =2 |K]| 2. (2)
From Egs. (1) and (2), we can obtain
AwR

vy (K)| = sin(KR). (3)

The group velocities of the three waveguide modes
in the CROWSs shown in Figs. 1, 3 and 7(a) are dis-
played by the curves a, b and ¢ in Fig. 9.
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Fig. 9. Group velocities of EM waves through the oval-
rod CROWs.

It is shown that the maximum of the group veloc-
ities of the guiding modes in the structure shown in
Fig. 2 is about 0.012¢, while the corresponding value
is 0.0045¢ in the CROW structure shown in Fig. 3.
The maximum of the group velocities is reduced to
be about 0.0008¢ in the CROW structure as shown
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in Fig. 7(a).
butions of the corresponding frequencies, we can see
clearly that the distance between two adjacent local-
ized modes increases when the rotation angles of the
oval rod around the cavities are changed alternately

Comparing with the intensity distri-

and the corresponding group velocity can be greatly
reduced.
3. Conclusions

The transmission characteristics of the EM waves
through the oval-rod CROWs are studied. The guid-

ing mode region can be controlled by the rotation of
When the rotat-
ing angles of the oval rods around two adjacent cav-

the oval rods around the cavities.

ities are different, the group velocity can be greatly
reduced and high efficiency of light transmission is in-
sured. And the information of different frequencies
can be shared and chosen by the PC waveguide branch
based on the above structures. The above PC struc-
tures studied in this paper work for the frequencies
within microwave region. It offers a feasible way to
minimize the PC structure and finds similar results
within the infrared and visible light region.
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