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A structure based on photonic crystals for optical wavelength demultiplexing is pro-
posed and analyzed. This structure consists of two coupled-cavity waveguides, each
one tuned at a different frequency transmission band. A model based on the tight-
binding method taken from solid-state physics is used to design the working frequen-
cies of the waveguides. The demultiplexing behavior is demonstrated by means of
simulations employing a finite-difference time-domain method. It is concluded that
the demultiplexing mechanism presented here may be used as a building block in
multifunctional lightwave integrated circuits based on photonic crystals.
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Introduction

Photonic crystals (PhCs) are envisaged as the main candidates for developing microscale
integrated lightwave circuits because of their properties for controlling the flow of light
on a very small scale [1, 2]. The periodic change in the refractive index of these artificial
materials gives rise to photonic band gaps (PBGs) where no electromagnetic modes
can propagate inside the crystal. By inserting linear defects into PhCs, highly confined
propagating states that can propagate lossless even through sharp bends appear inside the
PBG [3]. In this manner, two-dimensional (2D) PhC optical waveguides based on the
PBG effect have been proposed. In such 2D waveguides, light is confined in the direction
normal to the 2D PhC plane by means of total internal reflection [4]. The performance
of straight and sharply bent waveguides at optical frequencies has been evaluated by
means of simulations [5] and experimental results [6]. Recently, a different kind of PhC-
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based waveguide commonly known as a coupled-resonator optical waveguide (CROW)
[7] or coupled-cavity waveguide (CCW) [8] has been proposed in which light guiding is
explained as photon hopping between nearly confined states around point defects.

On the other hand, several PhC-based optical demultiplexing approaches based on
waveguide to high-Q cavity coupling [9-10], superprism phenomena [11], and wave-
guide couplers [12] have been reported. The main advantages of such approaches are
the extremely small size of the structures and the possibility of integrating the structure
in multifunctional PhC-based devices. In this work we propose a 1 x 2 demultiplexing
structure that relies on the use of two CCWs tuned at different frequencies by modify-
ing the cavities of the waveguide. Some advantages of this structure are straightforward
design rules, ultra-small size, very low cross-talk, and enough physical separation of the
output channels. This last property may allow an easy interconnection to optical fibers or
planar dielectric waveguides. This structure may be used, for instance, as a first wideband
demultiplexing stage in multifunctional PhC-based lightwave integrated circuits.

Single-Line Defect and Coupled-Cavity Waveguides

First, let us analyze the transmission properties of PhC waveguides in a hexagonal 2D
PhC consisting of silicon rods (¢ = 12) in air (¢ = 1) in which the relation between
the radius of the rods (r) and the lattice constant (a) is r/a = 0.15. The plane-wave
expansion (PWE) method [13] is used to obtain the photonic bands of the ideal periodic
structure and the waveguides. The frequencies of the modes are calculated in normalized
frequency units f = a/A, A being the wavelength in vacuum. PWE results show that a
wide PBG appear for TM modes. The midgap frequency is f, = 0.4239 and the relative
PBG width is Af/f, ~ 0.47.

If an entire row of rods is removed, a single-line defect waveguide (SLDW) is
obtained, as is shown in Figure 1(a), where a waveguide is observed along the 'K
direction of the hexagonal lattice. However, if only one of every two rods of the entire
row is removed, a CCW is formed, as shown in Figure 1(b). Light propagation in CCWs is
achieved by photon hopping between nearest-neighbor cavities because of the overlapping
of the modes localized in the defects.
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Figure 1. Scheme of a single-line defect waveguide originated from removing an entire row of
dielectric rods (a) and a coupled-cavity waveguide in which only one of each two rods of the row
is removed (b). The supercell used in the band structure calculations, its Brillouin zone, and the
high-symmetry points of the rectangular reciprocal lattices are also shown.
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Figures 1(a) and 1(b) also show the supercells used to calculate the dispersion rela-
tions of the waveguides as well as their corresponding Brillouin zones. The I'K direction
in the hexagonal structure turns into the I'X’, and I'X; directions in the rectangular Bril-
louin zones for the SLDW and the CCW, respectively. The high-symmetry points along
the waveguide direction are X, = 7/2a and X/, = 7/a in the reciprocal space. Taking
into account only the direction I'K, the TM PBG ranges from 0.3209 to 0.5235 in (a/})
units. The resulting dispersion relations of both waveguides are shown in Figure 2. Notice
that the bandwidth of the CCW (A fccw = 0.0225) (see Figure 2(a)) is narrower than
the one of the SLDW (Afsppw = 0.1159) (see Figure 2(b)). This can be explained by
considering that a SLDW also consists of a chain of cavities resulting from removing
a rod but in this case without any rod separating two consecutive cavities. Then the
coupling between cavities is stronger than in the CCW case, so the SLDW bandwidth is
larger. A tight-binding (TB) model [7] taken from solid-state physics can be employed to
fit the dispersion relation of the guided modes of a chain of defect cavities. The guided
bands can be cast into the following expression:

f k) = fo(1 + k1 cos(kd)), ey

where f is the frequency of the guided mode, fy is the frequency of the fundamental
level of an isolated cavity, k1 is the hopping parameter that quantifies the strength of
the intercavity coupling, k is the wavevector, and d is the distance between consecutive
defects (d = 2a in the PhC described above). Let us remark that f; is obtained from
PWE calculations by using a large supercell (35 cylinders basis) in which a single defect
is embedded. Therefore, x| remains as the only fitting parameter in the model, which is
related to the bandwidth of the guided modes A f by means of the following expression
(see Equation (1)):
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Figure 2. Dispersion relation of a single-line defect waveguide (a) and a CCW with rqer = 0 (b)
along the direction I'X;. Solid lines stand for PWE calculations, and dotted lines represent the
bands fitted with the TB model. The inset shows an enlarged view of the CCW miniband.
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The dotted lines in Figure 2 represent the fitted TB bands. The central frequency,
corresponding to the eigenfrequency of an isolated cavity, is fy ~ 0.4185 for both
waveguides while the hopping parameter is |k1| & 0.1385 for the SLDW and |«;| =
0.0268 for the CCW, respectively. It is remarkable that the good fitting was obtained
in both cases with our single parameter. The fitting to the miniband in SLDW could be
enhanced by including more parameters in the fitting procedure, in other words, to use
Equation (1) with additional terms.

Tunability of Coupled-Cavity Waveguides

Equation (1) indicates that the transmission behavior of a CCW depends mainly on two
parameters: the frequency of the isolated defect, which determines the central frequency
of the CCW miniband, and the hopping parameter, which determines its width. So if the
cavity is modified, its eigenfrequency changes and the CCW miniband moves along the
frequency axis in the photonic band structure. Moreover, if the distance between cavities
is increased the coupling becomes weaker, and the width of the CCW miniband becomes
smaller. Therefore, a CCW can be seen as an optical bandpass filter that can be tuned by
modifying the structure of the cavities and the distance between them. From now on, it
will be considered that the CCW defects are Si rods whose radius rqer is lower than the
radius of the rest of the rods. The distance between cavities is assumed to remain constant
(d = 2a) in this analysis. Figure 3 shows the variation of the central frequency of the
CCW miniband (fp) as a function of the radius of the defect rod for several values of
the r/a parameter obtained from PWE simulations. From Figure 3 it can be noticed that
when rgef increases, the miniband shifts toward lower frequencies (higher wavelengths),
as expected from the electromagnetic variational theorem [3].
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Figure 3. Normalized central frequency of the CCW miniband as a function of the radius of the
defect for several r/a ratios.
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Figure 4. Variation of the central frequency and the width of the CCW miniband as a function of
the radius of the defects for a fixed ratio »/a = 0.15. The shaded regions define the air (bottom)
and dielectric (top) bands.

However, not only does the central frequency of the CCW miniband diminish as 7gef
increases, but the CCW bandwidth also decreases, because the modes are more confined
in the cavities, so the intercavity coupling becomes weaker. This can be observed in
Figure 4, which shows the variation of the central frequency and the bandwidth of the
CCW miniband as a function of rqes for the case r/a = 0.15.

Transmission Characterization of Coupled-Cavity Waveguides

The transmission response of a SLDW and a CCW has been obtained by using the
finite-difference time-domain (FDTD) method [14]. To this purpose, a 2D finite cell of
the considered PhC with waveguides along the 'K direction of the hexagonal lattice has
been employed. Perfectly matched layer conditions are applied at the cell boundaries
[15]. In what follows, frequencies are denormalized in order to treat a case of practical
application and make the results easier to understand. A lattice constant a = 550 nm is
used, which means that for a CCW with rgef = 0, a passband centered at 1,310 nm is
achieved, while the TM PBG corresponding to the hexagonal lattice is defined between
1,050 and 1,717 nm. A Gaussian wide-band optical pulse is used as input signal to
study the transmission of light through the waveguides. Figure 5 shows the normalized
transmission spectra of a SLDW (solid line) and a CCW with rgef = 0 (dashed line). It is
noticed that the bandwidth of the SLDW is larger than the CCW bandwidth because of the
closer distance between cavities, confirming the predictions of the PWE method and the
TB model. The central frequencies of the guided modes of both waveguides agree well
with the PWE results. Losses in both waveguides are mainly due to the index mismatching
between the input and output ends and the waveguides. The ripples in both transmission
spectra are due to the finiteness of the waveguides, that is, the finite number of cavities.
Thus, as the simulated CCW consists of eight cavities, its transmission spectrum shows
eight frequency peaks (see the inset in Figure 5). Nevertheless, taking into account the
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Figure 5. Normalized transmission spectra of an SLDW (solid line) and a CCW with rgef = 0
(dashed line). The inset shows a detailed profile of the CCW spectrum in which eight frequency
peaks appear clearly.

theoretical model proposed in [16], it can be assumed that by increasing the number of
cavities, the degradation caused by the ripple can be overcome.

Demultiplexing Structure

Figure 6 shows a scheme of the demultiplexing structure that we propose from the results
reported above. First, light travels along a SLDW that afterwards is split in two different
CCWs (CCW 1 and CCW 2). Because of its large bandwidth (see Figure 5), the SLDW
is designed to support all the frequencies that can propagate through both CCWs. The
input and both output waveguides are allocated along the 'K direction of the hexagonal
lattice. Output CCWs must be designed in a way that allows the transmission of different
nonoverlapping frequency bands in order to obtain a right demultiplexing performance.

As an example, the two CCWs have been designed to split the second and third
optical transmission windows, although other frequency ranges may have been chosen.
The lattice parameter and the radius of the rods are kept as in the previous calculations
(a =550 nm, r/a = 0.15). Under this consideration, CCW 1 and CCW 2 are designed to
transmit the 1,310 nm and the 1,550 nm bands, respectively, so the radius of the defects
are taken r; = 0 (no column inside the cavity) for CCW 1 and , = 46 nm for CCW 2
by taking into account PWE predictions shown in Figure 3.
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Figure 6. Scheme of the proposed PhC-based 1 x 2 demultiplexing structure. An input SLDW is
split in two CCWs designed to transmit different frequency bands.

FDTD simulations were carried out by injecting a Gaussian optical pulse into the
SLDW, and the optical power is monitored at both outputs. Figure 7 shows the normalized
transmission spectra at the output of both the upper (dotted line) and the lower (solid line)
branches. The bandwidth of both upper and lower branches are around 69 and 43 nm,
respectively, so, in principle, this mechanism is suitable for wideband demultiplexing.
Cross-talk, defined as the ratio between the power of the undesired and desired bands at
the outputs, is around —60 dB for the 1,310 nm branch and —55 dB for the 1,550 nm
branch and may be improved if the ripple due to a finite quantity of cavities is reduced
by lengthening the waveguides. The main loss sources are the mismatching at both ends,
because light is coupled from and to vacuum, and the wave vector mismatching between
the SLDW and each CCW, which may be minimized by properly designing the splitting
region [17]. Propagation losses may be considered negligible. Because of the rotational
symmetry of the cavity modes, the propagation through the bends of each CCW should
be lossless over its entire bandwidth, since the coupling of a corner cavity to its two
consecutive cavities is identical [7].

Finally, Figure 8 shows the propagation of the electric field component parallel to
the column axis for two monochromatic waves with different wavelengths ((a) 1,320 nm
and (b) 1,545 nm) injected in the structure. The demultiplexing effect is clearly observed.



158 A. Martinez et al.

1 1
N —_
S o ©

W
o
T

4 ————60-4B——————

LS

Normalized optical power (dB)

—— OUTPUT 11
1 1 1 1 1 1 .....IOUTPIUTZ

1 11 12 13 14 15 16 17 18 19 2
Wavelength (UWm)

Figure 7. Normalized transmission spectra of the left branch (solid line) and the right branch
(dashed line) of the demultiplexing structure. Cross-talk in both branches is indicated.

Figure 8. Real part of the electric field component parallel to the dielectric rods for two different
monochromatic waves: (a) A = 1,320 nm and (b) 2 = 1,545 nm. The demultiplexing behavior of
the structure is demonstrated.
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Let us stress that the same demultiplexing principle described above may be applied
to a 2D PhC consisting of cylindrical holes on a dielectric substrate if the waveguides
are made single-mode, which can be achieved by employing several methods, such as
that explained in Notomi et al. [18].

Summary

A wavelength demultiplexing structure based on 2D photonic crystal waveguides has been
introduced and its performance analyzed. This structure is mainly suitable for wideband
signals. Nevertheless, the flexibility inherent to coupled-cavity waveguides makes the
design also useful for signals with a narrower bandwidth by enlarging the distance be-
tween cavities. 1 x N demultiplexers may also be obtained by cascading several 1 x 2
structures. The main drawbacks of this structure are the losses expected from the mis-
matching between the input and both output waveguides and the ripple of the transmitted
band induced by the finiteness of the CCWs. Both drawbacks may be overcome: the first
by employing matching techniques, and the second by lengthening the waveguides.
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