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ABSTRACT
Photonic crystal waveguides supporting band gap guided modes hold great potential to tailor the group velocity
of propagating light. We propose and explore different wavelength demultiplexer design approaches that utilize
slow light concept. By altering the dielectric filling factors of each waveguide segment, one can show that
different frequencies can be separated and extracted at different locations along the cascaded waveguide.
Furthermore, to eliminate the inherent reflection loss of such a design, a composite structure involving a tapered
waveguide with a side-coupled resonator is also presented. Such a structure features not only a forward
propagating wave but also a backward propagating wave acting as a feedback mechanism for the drop channels.
We show that by careful design of the waveguide and the resonator, the destructive and instructive interference
of these waves can effectively eliminate the reflection loss and increase the coupling efficiency, respectively.
Numerical and experimental verification of the proposed structures show that the targeted frequencies can be
coupled out with low cross-talks and moderate quality factors, while maintaining a compact size.
Keywords: slow light, wavelength selective devices, channelled optical waveguides, photonic crystals.

1. INTRODUCTION

The idea of merging nanoscale photonic systems with slow light concept has attracted great attention, since it
enables additional control over signal and energy transmission and compression in space. All-optical data
processing [1,2], optical nonlinearity [3], optical storage [4], and quantum information processing [5] are some
of the key topics, that have benefited from the slow light enhanced light-matter interactions. Material and
structural dispersion are of the two uttermost important factors that lie in the heart of any slow light devices.
While slow light effect based on material dispersion arises from the change in the material index, due to
wavelength dependent dipole response of the medium; the latter is enabled by unique dispersion characteristics
of engineered media, such as photonic crystals (PCs) and dispersion compensating fibers. The feasible on-chip
integration and freedom of operational bandwidth selection of PCs made these artificial structures especially
attractive for slow light studies [6-8]. PCs with single or multiple omitted lines of rods, namely PC waveguides,
are one of the most common configurations to achieve slow light effect at room temperatures. By careful design
of the PC waveguide mode(s) dispersion properties, one can obtain frequency ranges where the group index
experienced by the propagating wave is so high that the group velocity of the wave approaches nearly to zero.
However, since these frequencies typically lie in the vicinity of the Brillouin zone boundaries, slow light
achievement in PCs is generally associated with high radiation losses and high dispersion [9]. The first issue can
be eliminated by designing a flat region in the band structure that lies below the so-called light line, whereas the
latter issue requires special examination.

A light entering the slow light regime will be dispersed in space due to high frequency-group index
dependency, leading to a distorted optical signal. To solve this issue, for instance a dispersion compensated slow
light device is proposed and experimentally realized [10], where a positive dispersion in the first part of the
structure is cancelled by a negative dispersion in the second part of the structure. Another method employs
straightening the guided-mode band, so that dispersion becomes effectively zero [11]. While it seems that the
wave dispersion in space is an undesirable phenomenon, this effect can in fact be exploited to synchronously
extract narrowband signals at drop channels, which can be placed at different locations along the slow light
supporting main waveguide. As schematically depicted in Fig. 1(a), in wavelength demultiplexers (DEMUXs)
operating in a linear dispersion region [12,13], signals with different frequencies will arrive at its regarding
arbitrary positioned channel position at different times, since the linear dispersion regime dictates a constant
group velocity, leading to asynchronous output signals at the drop channels. On the other hand, in a DEMUX
where the main and/or the drop waveguide are systematically slow light engineered, a natural drop channel
position can occur for each frequency, so that the narrowband frequencies enter and leave the drop channel
nearly synchronized [see Fig. 1(b)], if the minor channel position mismatches imposed by the discreteness of the
crystal structure and the possible dispersion in the drop channels are omitted. In other words, the slow light
device acts as a natural optical delay line [1,2]. In this study, we present numerically and experimentally two
DEMUX designs, where the main channel is carefully designed to support slow light regime, leading to spatial
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separation of different frequencies. The first structure (DEMUX-1) consists of multiple segments of PC
waveguides with different filling factors [14]. The cut-off frequency variation of these segments provides spatial
confinement for the target frequencies, which can be then guided through drop channels. The second structure
(DEMUX-2) [15] consists of a PC waveguide with a continuously changing waveguide width, which results in
light trapping and reflection at particular positions. Furthermore, the adiabatically tapered waveguide is
accompanied by side-coupled PC cavities which are responsible for light extraction from both the incoming
signal and reflected signal.
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Figure 1. General schematics for a DEMUX design based on (a) linear guided-mode dispersion and (b) slow
light effect are shown. The slow light effect can naturally synchronize the separated frequencies in time, thus
eliminating the need of an optical delay line.

In the next section, we present two different DEMUX configurations based on two-dimensional PCs.

2. WAVELENGTH DEMULTIPLEXER DESIGNS
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Figure 2. Schematic descriptions of the (a) DEMUX-1 and (b)) DEMUX-2 designs are shown. The dashed lines
outline the different PC regions with different filing factors in (a). The red and blue colored rods show the drop
channel regions in (a) and (b).

Figures 2(a) and 2(b) schematically illustrate the DEMUX-1 and DEMUX-2 designs, respectively. As can be
seen from Fig. 2(a), the DEMUX-1 design consists of three cascaded PC waveguide regions with different filling
factors, but in principle the design can be extended to any number of cascaded regions. The different filling
factors can be achieved in numerous ways, such as varying the radii of the rods or changing the lattice constant
of the regions. Here, as a basic demonstration three PC regions with lattice periods equal to a; =0.878 cm,
a,=0.790 cm and a; = 0.718 cm are employed, respectively. The difference in the lattice period leads to local
band gaps for specific frequencies, due to the frequency shift at the guide-mode. The PC rods are made of
Alumina (Al,Os3) which has a dielectric constant equal to 9.61 at microwave frequencies. The radii and the height
of the rods are equal to 7 = 0.158 cm and s, = 15.32 cm, respectively. The specific frequency range that lies
between cut-off frequencies of the two consecutive PC regions is then localized at the regarding section. Due to
its low group velocity the localized wave penetrates more into the surrounding PC cladding than the non-
localized waves, and therefore can be easily leaked out if one introduces drop channels that are transverse to the
propagation direction in the main channel.
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On the other hand, as illustrated in Fig. 2(b), the DEMUX-2 design is based on a tapered PC waveguide with
side coupled defect-based cavities. In contrast to the first design, the DEMUX-2 has a smooth cut-off frequency
variation along the propagation x-direction. This property results in a gradually increasing spatial period along
the propagation direction, which relaxes the phase condition required for a high transmission. This phase
condition can be analytically predicted using the well-known coupled mode analysis. By using time-reversal
symmetry and power conservation principle, the transmission spectrum for a single channel can be derived as
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where 1/z), 1/7, and 1/7; denote the decay rates occurring due to leakages into the input channel, reflection
channel and the drop channel, respectively. On the other hand, w, is the resonance frequency of the PC cavity,
and ¢(w) is the phase retardation due to the reflection inside the main channel. This analytical approach predicts
that the PC cavity should be placed at positions where the phase delay for the resonant wavelength is an integer
multiply of 2x. In such a case, the reflection occurring due to the cut-off variation can interfere with the
incoming signal constructively and couple to specifically tuned PC cavities, leading to high transmission. The
designed PC structure consists of Al,O; rods with a radius and height equal to 7, = 0.317 cm and 4; = 15.50 cm,
respectively. The lattice constant is equal to @ = 1.00 cm, whereas the width of the front and end side of the
waveguide are equal to w; = 1.98 cm and w, = 1.42 cm, respectively.

The proposed designs were numerically verified using the finite-difference time-domain (FDTD) method
[16] and experimentally realized in the microwave regime. The experimental setup consists of a vector network
analyzer (Agilent HP-8510C for DEMUX-1 and E5071C ENA for DEMUX-2) and two standard horn antennas.
Moreover, the setup was covered with microwave absorbers to build an anechoic chamber.
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Figure 3. Calculated and experimentally measured transmission spectra for the (a-b) DEMUX-1 and (c-d)
DEMUX-2 designs are shown, obtained from the (a-c) first and (b-d) second channel.

Figures 3(a-b) and 3(c-d) show the numerically calculated and experimentally measured transmission spectra for
the DEMUX-1 and DEMUX-2 design, respectively. It can be seen from these figures, that the reflection
feedback greatly enhances the transmission efficiency in comparison with the DEMUX-1 design. Furthermore,
one can observe a slight shift in the frequency, which may be due to fabrication/material imperfections and
effective index variation imposed by the finite structural height. The cross-talks for DEMUX-1 are obtained as
-13.7 dB and -15.6 dB for the first and second channel, respectively; and for DEMUX-2 as -12.2 dB and -7.3 dB
for the first and second channel, respectively.
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3. CONCLUSION

In summary, by exploiting the unique features of the slow light phenomenon, we have proposed and realized two
different DEMUX designs. Both designs take advantage of the low group velocity of light that increases the
interaction between the frequency of interest and the drop channel. While the first design approach is to directly
couple the localized wave into the drop channels, the second approach allows the localized wave to reflect and
couple to side-coupled resonators by interfering with the incoming wave, thus increasing the transmission
efficiency. We should note that the designed structures are relatively compact and feasible for nanofabrication.
Furthermore, regarding the incorporation of slow light based DEMUX structures into integrated photonic
devices, out-of-plane losses will be a key aspect, which need to be addressed. This can be either done by
designing the waveguide mode so that its tangential components lie inside the light cone, or by utilizing three
dimensional photonic band gap that confine light in all directions.
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