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Abstract—This paper proposes a novel wavelength division gratings in a Stimax configuration [6] or integrated silicon
multiplexer (WDM) demultiplexer design for dense WDM  waveguides using a Dragone configuration [7]. WDM filters
networks. The proposed demultiplexer consists of rectangular 56 50 made of cascaded narrow band microcavity opti-
rsgcatgﬁgUIF;l?n?i(Ijtgrsfreciunengg f;greésedcocv?tﬁct:?‘ 'gpgg{;ee%' ggz?ecal filte_rs. In aI_I these_s §tructures, the multipl_exed signal is
dimensional (l_D) photonic Crysta] structure on a ndged demultlplexed intoN |nd|V|dUa| WaVelengthS fII‘St and the
semiconductor waveguide. A design example is given for suchdesired wavelength channel is selected with an arrayof
filters. In such designs, we can use a moderate refractive index switches [8]. The complexity increases linearly as the number
contrast, in discrete groups of many layers, to achieve the of\ayelengthsV. Since switches are active components, such

same stop-band width that we would get with a large contrast. . L . .
Apart from being compact in size, to demultiplex an arbitrary a linear scaling is undesirable in a DWDM system whéfe

wavelength from N wavelengths, onlylog, N switches and filter IS large.
stages are required. This type of filter has a large potential  In Section Il, we describe the principle of a wavelength
to be used in integrated photonic implementation and packet demultiplexer using the bisection method to achidve, N
switched dense WDM applications. scaling complexity forN wavelengths. A proposed photonic
Index Terms—Logarithmic scaling, photonic crystal, photonic  crystal waveguide structure to achieve the filter function is
switching, waveguide filter, WDM demultiplexer. described in Section Il along with the simulation results.
Section IV describes a few possible settings in which the pro-
posed waveguide can be incorporated for switching purposes.

[. INTRODUCTION i .
. ) ) _ Section V concludes this paper.
PTICAL fibers have 25 THz available bandwidth in

each of the three low loss operation windows [1]. In
order to fully utilize the available bandwidth in fiber channels I
and at the same time overcome the difficulties of ultrafast ) ) )
electronics and fiber dispersion problems, dense wavelengtif© achieve the desiretbg, IV scaling, we can arrange a
division multiplexed (DWDM) systems time-shared among€"es of filters in a way that half of .the spectral energy is
a large number of access nodes might be the solution f8fered out when the input spectrum is passed through each
future high-bandwidth tera-bit multimedia and packet switchetyccessive filter stage. Each filter stage has a rectangular
optical networks. shaped periodic frequency transfer function. The first filter

The ability to select an arbitrary wavelength in a pwDnptage has the smallest per_iod, or free_sp_e<_:tra| range. The_ filter
network in a fraction of the packet duration is essential ff the next stage has twice the periodicity of the previous
realizing high-speed packet switched networks [2]. A lot gitage. So the first _stage filters out half of the spectrum.
work on tunable wavelength filters has been done in the pasf€ Second stage filters out another half of the spectrum
Most of the tunable wavelength filters are based on variajfé@t is left from the output of the first stage, etc. Optical
cavity length Fabry—Perot (FP) filter principles [3]-[5]. The)ﬂlters are usually interferometric devices Wr_uch generate pe-
are made tunable either by changing the physical distarfé@dic complementary output at the same time. An example
between FP mirrors either mechanically or thermally, which i§ @ Mach—Zehnder interferometer (MZI). Fig. 1(a) shows
slow or using the electro-optic effect to change the refractifBe Spectrum of an eight-wavelength WDM signal. Fig. 1(b)

index between the mirrors which suffers from a small tunin@hows the filter function of each stage in a three-stage cascaded
range. eight-wavelength demultiplexer. The solid lines and dashed

Wavelength demultiplexing can also be achieved usines represent the direct and complementary response of each

grating demultiplexers. This has been achieved using rulflier stage. Each filter stage which produces complementary
spectral outputs is followed by a 2 2 optical switch.

. . . . The control signals at the Z 2 optical switches select
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e m e S Fig. 3. The top view of a periodic rectangular shaped frequency filter that
i consists of effective Bragg Mirrors separated apart by distapaEtermined

! stage 3 by the required free spectral range. The difference between the refractive
indexesn; andns is 8.5%.

(b)
_ _ _ _ occur at [10]
Fig. 1. (a) An eight-wavelength multiplexed WDM signal spectrum exam-

ple. (b) An example of a three-stage WDM demultiplexer with the ability to
isolate an arbitrary wavelength out of the eight multiplexed wavelengths in

o . . (2m+1)
(a). The solid lines and dash lines represent the direct and complementary kixi =koxo = ——7 m=0,1,2--- (1)
spectral output at each stage. 2

wherek; = (w/c)n;. The bandgapAw,,, and the first band
centerwy is related by [10]

R 4 il

Awgap = wo—sin~ - ———. (2)
2 s Nno + Ny

Fig. 2. A simple photonic crystal consists of alternate layers of dielectric

materials_. Tq produce equal width passhand and stopband, this system reqejiga key to logarithmic scaling is that the stopband and

a refractive index contrast of 5.83. . . . . -
passband have equal bandwidth. This condition is satisfied
when Awga;, = wo. Substituting into (2), we obtain, /n; =

more favorable. To select one wavelength out of 1000, onty83. This actually corresponds to a 50% power reflection at

ten switches are required. each dielectric interface. However, such a high refractive index

The next section discusses the design of filters which hawentrast is impractical for real physical systems.

the desired rectangular shaped periodic frequency transfer

functions. These filters are based on a one-dimensional (148) Photonic Crystals with Effective Bragg

photonic crystal structure. Mirrors as Reflectors

As we have seen before, equal width transmission band
and forbidden band are obtained with periodic 50% power
[ll. PHOTONIC CRYSTAL FILTER DESIGN reflectors separated by distances determined by the filter
periodicity in the frequency domain.
Since it is difficult to achieve the high reflectivity required

with a single reflecting surface, as proved in the last sec-
To produce repeated passbands and stopbands in the i@, we propose to use Bragg mirrors consisting of layers

guency domain, a 1-D photonic crystal structure is used [9]f quarter-wave dielectric materials as the reflectors in our
A simple 1-D photonic crystal consists of alternate layers oéctangular shaped frequency filter. Fig. 3 shows the top
dielectric materials with refractive indexes andn» (Fig. 2). view of such an arrangement. The refractive index and the
It is well-known that such periodic structures will produc&@umber of layers in a Bragg mirror are chosen such that
periodic stopbands and passbands in the frequency domedith effective mirror has a reflectivity of about 50% in the
[10]. The transition sharpness of the band edges is determirgdical frequency range of interest. The best erbium doped
by the number of alternate layers used in the structure. Tfiger amplifier (EDFA) in today’'s technology covers a 80 nm
more layers used, the faster is the roll-off at the band edgebandwidth around the 1.5pm communication wavelength
The period of the structurén;z, + nox2) determines the [11]. This is approximately a 5% window around the 1.55
repetition frequencyA f of the band structure and is given byum center wavelength. In order for the mirror to be effective
x; = ¢/(2n; Af) wherec is the speed of light in vacuum. Theover such a wavelength window, the number of layers has to
center frequencies = 2xf = w,, of the forbidden bands be limited to achieve a low. On the other hand, it is easier to

A. Simple 1-D Photonic Crystal
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Fig. 4. The simulated transmission and reflection of the effective Bragg 0.6 1
mirror used in the Fig. 3. Eleven periods of quarter-wave stacks are useg
in the simulation and the result obtained corresponds to a 40-nm wide regiofs 04l
around the 1.5%:m center wavelength. 8-
=
2 o2t |
achieve 50% reflectivity at the center wavelength with lower . . . . ‘
refractive index contrast when more layers are used. 1%1 192 193 194 195 196
In our design, we used a refractive index contrastrof — frequency (THz)

ni1)/n1 = 8.5% and eleven periods of quarter-wavelength
1)/ ! b q 9 ig. 5. The simulated transmission and reflection of the filter in Fig. 3 over a

. . . . dl
layers. The transmission and ) reflection of such a perlodqu_nm wide region around the 1.35n center wavelength. Nineteen effective
Bragg mirror are calculated using the transfer matrix meth@sdagg mirrors are separated by distances which will produce four periods in

[10] and are plotted in Fig. 4. The input optical signal has the simulated frequency range. The fringes in the passbands are due to the
L . Lo reflections at the two end mirrors.

normal incidence on the mirror. The reflectivity is about 50%

in the frequency range of interest.

Our rectangular shaped frequency transfer filter is formésmooth” out the passband, we apodized the mirrors so that
by arranging these 50% effective mirrors in series as in Fig. Be reflectivity gradually decreases as we move from the center
Again, the sharpness of the band edge is determined by th&ror toward the two end mirrors. This is done by decreasing
number of mirrors used. The separation between the mirrdh&€ number of periods used in the Bragg mirrors using a
is given by Gaussian function rounded to the nearest integer according

to the following formula:
C

LN

o (K )/)2
i— (K +1)/2

«

M, = ’VM(K+1/2) exp [—< + 0-5-‘ (4)
where Af is the desired periodicity in the frequency domain.

By using 19 mirrors, calculated with the transfer matrix
method [10], we obtained the transmission and reflectig¥here M; is the number of layers used in thith mirror and
spectra shown in Fig. 5. The filter response is simulated overdetermines the width of the Gaussian function. The total
a 40-nm region around the 1.58n center Wave|ength_ Eour number of mirrorsK is assumed to be an odd number for
frequency band periods are included in this simulation. Agaigimplicity. We usedK = 19, M(x y1y/2 = 11 anda = 6 in
we assumed normal incidence of the input optical signal @€ of our designs. Using this design, the outermost mirrors
the filter. The passband and stopband have equal bandwidtih only have one layer. The simulation result is plotted in
and the stopband has almost complete attenuation of the inpi@: 6. It can be seen that the passband ripple is very small.
signal. Therefore, we can achieve the same stop-band width
that we would get with a large index contrast, by using a
moderateAn, in discrete groups of many layers. D. Physical Implementation of Rectangular

Shaped Frequency Filters
o , Fig. 7 shows the perspective view of a possible physical

C. Apodization of Bragg Mirrors implementation of the apodized rectangular-shaped filter on a

It is seen in the above design that the filter response riniged waveguide [12]-[15] made out of common semicon-
the passband is far from desired. The fringes in the passbahttor materials. The low index of refraction dielectric could
correspond to the reflections at the two end mirrors whidie formed, for example, by etching grooves on the ridged
have abrupt termination to the surroundings. In order twaveguide. Taking S{n = n, = 3.44) as the waveguide
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Fig. 9. Simulated result for two filters (thick and thin lines) which are
slightly different in periodicity. Over a 40-nm wide region around the
1.55um center wavelength, eight periods are included. The two filters look
“complementary” to each other.

will decrease quickly as the frequency periodicity increases.
Compared to the fiber grating technology, the overall size of
the proposed structure is very small and has the potential for
integrated photonic implementations.

Fig. 7. The perspective view of an apodized periodic rectangular-shaped V. WAVELENGTH SWITCHING

frequency filter in a ridged waveguide structure. The Bragg reflectors with USING LOGARITHMIC FILTER CHAINS

apodized reflectivity are formed by etching grooves in the ridged waveguide.

Each groove is a quarter wavelengtho/4n1) thick and the separation  In this section, we discuss how to connect the rectangular

petween adjacent grooves in a Bragg reflector is also a quarter Wakhaped periodic filters to achieve logarithmic scaling complex-
length (Ao /4n2) where o is the center wavelength of the frequency ban

covered. The distance between two adjacent Bragg reflectors is choser{ti%s fOI" WDM application;. . .
y = ¢/(2n2Af) in the simulation. This distance determines the free spectral The first and most straightforward way is to connect pairs
range (FSR) of the filter. This figure shows the number of layers in eagff complementary transmission filters with 2 2 switches
Bragg reflector as prescribed by (4) and as used in the numerical simulation. . . . .

In"series as shown in Fig. 8. As the frequency periad

in the filter transfer function is small compared to the center
substrate, each quarter-wave layer is about Q:iil In our frequency, a small change in the periodicity would cause a
simulated design, the frequency domain periodifg = 1.25 slip of a half period in the frequency range of interest without
THz (~10 nm) which corresponds to a mirror separation afoticeable change in the period. This results in a complemen-
34.9um. Using the data that we have collected, the total lengthry filter function in the frequency range of interest. Fig. 9
of the filter example in this design is about 6p#h. For the shows an example of two filters whose transfer functions are
coarse stage, a larger number of mirrors needs to be usedhplementary. Each filter has eight periods over a 40-nm
to get sharper edges. But the separation between the mirneide bandwidth. The mirror separation distances in the two
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direct or complementary spectral output from each filter output
is selected by a % 2 optical switch as the input to the next
stage which has twice the spectral periodicity as the current
stage. A design example of the rectangular-shaped periodic
filter in the form of a 1-D photonic crystal is given in this
paper. The photonic crystal consists of layered dielectric Bragg
mirrors of 50% power reflectivity in the wavelength range of
interest. The separation between the mirrors determines the
eriodicity of the filter in the frequency domain. The number of
irrors determines the sharpness of the band edge. A compact
ridged waveguide implementation is proposed for such filters.
This kind of filters has very good potential for future integrated
photonic implementation.

Apart from its favorable scalability in future dense WDM
systems with a large number of wavelengths, very fast elec-
trooptic 2x 2 switches can be incorporated in thdseg, NV
demultiplexers, which will be valuable for packet switched
optical data networks where the switching delay is important
for high performance.
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