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We present the design of a demultiplexer based on photonic crystals (PC). The control of the refractive index, periodicity, geometry and
of the structure, are very important to light propagation in PC. The demultiplexer is intended to separate pulse channels with 1.3rand 1.55
wavelength into wide pass band wavelength division multiplexing (WDM) optical telecommunications systems. The dependence of the b
gap width on the refractive indeXn between background and road lays is shown. The results of FDTD numerical simulation of wavelengt!
channel splitting and the spectral analysis for the maximum efficacy of transfer energy are also presented.

Keywords:Photonic bandgap materials; devices; integrated optics.

Presentamos el dige de un demultiplexor basado en cristalesfiitos (PC). El control déhdice de refracéin, periodicidad, geoméary
tamdio del dispositivo, es muy importante para la propayadie la luz en un PC. El prégito de hacer un demultiplexor es separar pulsos
por canales de 1.3 y 1.5om de longitud de onda en sistemas de comunicaciépésos (WDM). La dependencia del ancho de banda
prohibida, respecto a la diferencia entréralice de refracéin de fondo y el de las capas formadas por los cilindxes es mostrado. Los
resultados de la simuldm nunerica FDTD del canal de longitud de onda es dividido y dllisis espectral para la eficiencigarima de
transferencia de enémyes presentado.

Descriptores:Materiales de bandas fimticas; divisores de haaptica integrada.

PACS: 42.70.QS; 42.79.-e; 42.82.-m

1. Introduction single mode and position of output channels. The demulti-
plexer can also be made using the high-Q nanocavities based
At the moment, photonic crystals, structures with periodi-on 2D PCs [13,14]. However, none of these devices fulfil
cally changing refractive index, have advanced in popularitthe requirements of high transmission bandwidth which are
due to the possibility of controlling light distribution in IR, necessary for wide pass band WDM systems with the short
visible and UV ranges [1-2]. Owing to changes in the peri-pulses of demultiplexing. Devices presented in Refs. 7 and
odicity of material parameters, the photonic band gap (PBG}5 for wide pass band system are based on wave coupling in
appears. PCs are particularly interesting, in all-optical systhe PC waveguide couplers with strong mode coupling in PC
tems to transmission and processing information due to thehannel, but they require quite long coupling sections.
effect of localization of the light in the defect region ofthe pe-  Another approach is to use a PC splitter with wavelength
riodic structure. Among the mostimportant application areagjjters [16]. We propose the method for the integrated PC
of PCs are low-threshold single mode lasers (where PCs algased wavelength demultiplexing system design. This device
used as the optical confinement factor), wavelength filtersig represented by the optical waveguide channel created by
optical waveguide structures, WDM system devices [3,4]introducing a line defect into the periodic structure of the 2D
splitters and combiners [5]. Wavelength filters of optical pc. At the output of the channel in the same structure, the
range based on the one-, two- and three-dimensional PB& « 2 splitter is created. At the input of each port of the
structure [3], [6-8] can be created by the correct selectiorypjitter, the wide band optical filter, formed by variation of
of geometrical and physical parameters. There are inheregleometrical parameters of the PC, is placed. Each filter has
limitations due to the narrow band spectrum background [9lihe precision calculated for the band gap to provide the most
PC waveguides with line defects must be improved by thefficient wavelength channel splitting. In this work, band di-
embedding of additional 1D or 2D PCs. Optical frequencyagrams of square lattice and hexagonal lattice PCs are inves-
filters, and particularly demultiplexers, can be based on on&jgated in detail. A device for wavelength channel splitting
dimensional PCs [10] in combination with optical circula- hased on wide band filters is developed, and its parameters
tors [11]. These demultiplexers consist of circulators placedyre calculated. Also are investigated spectral characteristics

one by one with precisely tuned Bragg reflectors betweeny the device as well as its information properties.
them. This technology makes it possible to separate fre-

quency channels with less than 100 GHz. But due to th@, Idea and Physical Model

large size, the technology cannot be effectively used in in-

tegrated optical circuits. Wavelength channel separation proAs was mentioned above, the device to optical wavelength
duced by using an interference splitter [12] required a stronghannel splitting is represented by the PC, in which condi-
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tions for selective radiation distribution were created by in- a) 1.0

troducing defects into the regular structure and by the vari- __ ol M 2R EY)
ation of the elements parameters. These conditions can bt ! AN
found by the PBG analysis with further determination of PC 08 it A
parameters. An infinite, strictly periodic structure of the PC 074 x o RS as
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of refractive index of background and rod materials, and ge- 0-3‘_ a %
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of an infinite periodical structure does not essentially differ i
from a finite one. The validity of this statement is proved 0.1 6.2 03 04
by numerical simulations of the characteristics of the struc- r/a
ture and will be described below. Thus, the PBG of the finite
structure can be calculated using the method for the strictlyb)
infinite periodic structure. To obtain the PBG for the peri- __
odic structure we can use the plane wave expansion methog
;
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(PWE). This method provides an easy solution to the eigen-
value problem for wave Helmholtz equations (1). In this task,
the stationary Helmholtz equations in the approach of non-
magnetic media are used:

1
e(7)

VX{VXE(?’)H‘;’;EZO 1)

where E is the electric field,7 is the generalized coordi- e
natew is the structure’s eigenfrequency, c is the light velocity 10 12 14 186 18 20 22 24
in a vacuumg(7) is the permittivity profile of the structure. An

In Ordgr,to find ei.genfrequency values for the periodic FIGURE 1. TM Band-gap maps of the square lattice PC by differ-
structure, it is convenient to take advantag_e) of the Bloch theént radius-to-pitch ratio (a), and by the difference in the refractive
orem. According to the theorem, functiali can be rep- indices of rod and background materials (b).
resented as plane waves multiplied by the periodic function

with the period equal to the structure period, Solving Eg. (5) numerically for each point of reciprocal lat-
_ o tice space in the first Brillouin zone, we can obtain the PC
E(T) ="y (7)™t T, (2)  band structure. Band gap maps calculated for TM polariza-

- tion of light propagated in two dimensional PC consisting of
whereﬁz n(?) is a periodic function k is the wave vector square lattice parallel rods are plotted in Fig. 1. In this work

andn is a band number. - we consider TM polarization because PC is formed by a rod
Functions1/e(7") and E(7) can be expanded to the structure and is characterized by a wider band gap area with
Fourier series by reciprocal lattice vectors: TE polarization [17].
1 _ - In Fig. 1la the dependence of the band gap width
) = ZX(G) xexp(iG * 1), (3) placement on the normalized rod radius r/a, is shown. Here,

the relative frequency means the angular frequency normal-

Q

ized by the distance between rod centers (pitch):

— — — . —
Ep (F)=) Eg (Eeap(i=(T +G)+7), (4 e a ©
— wT‘ = — = —
G 2rec A
where G is the reciprocal lattice vector. Substituting (4) ~ Constant parameter values are: background refractive
into (1), we obtain a linear equation set with unknown ~ indexn; = 1, rod refractive indexn, = 3, and pitch

a = 0.55 um. The value of the rod radius divided by pitch
varies in the range of 0.1 - 0.5. As is seen from Fig. la,
. Zx(g B 55)(? n 5’) y {(? i 5?) <« Fe (—7)} the lowest band gap is the longest one. While the rod radius
k n . .
— increases, the band gap frequencies decrease and the PBG
width changes. Moreover, the widest band gap is observed in
(5) ) the area where the ratio of the rod radius divided by is pitch
' equal to 0.2.

eigenfrequency in the: -th point of then-th band:

G/
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= E—>
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n
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In Fig. 1b is shown the dependence of band gap widtlchannel-,, and the second filter;. Figure 2 shows that the
and placement on the difference between the background amRC with rod radius-, has the band gap that permits the re-
rod refractive indexAn = ny — ny. In this case, constant flectance for both frequency channels, and a longitudinal de-
parameters of the structure are: background refractive indefect in this PC will form the waveguide channel and splitter.
ny = 1, pitcha = 0.55 um, and the value of the rod radius At the same time, PCs with rod radiug and r; have the
divided by pitch is equals to 0.1. As is seen from Fig. 1a, theband gap only for one of two frequency channels. The PCs
lowest band gap is the widest and longest one. The band gagith these parameters form frequency filters. Thus we have
width increases monotonically with the growth of the differ- relative frequency on the ordinate axis, and it is possible to
ence in indices. At the same time, the central frequency ofelect any relation of channel wavelengths. In particular, in
the band gap decreases. this paper we shall investigate the demultiplexer for channels

Fig. 1 shows that it is possible to control the behaviorwith wavelengths of 1.55 and 1.3im.
of the PBG when changes the rod radius or refractive index The selection process of structure parameters consists of
difference between rod and background materials changeseveral steps. Firstly, it is necessary to determine one of
From the technological point of view, it is easier to fabri- two relative frequencies,.. From the relative frequency and
cate structures with a variation in geometric parameters thachannel wavelength the pitch value for PC of the first filter
a variation in the refractive index. Moreover, in the case ofcan be obtained from Eq. (6), and then the relative frequency
a variation in geometric parameters, the central band gap fresf the second channel can be found. The frequencies obtained
guency can be changed in the range of 0.25 - 0.48; and imust satisfy the condition for the existence of the rod radius
the case of a variation in the difference of refractive index,value (Fig. 2), at which both frequencies are within the band
which is typical for semiconductor-air structures, this rangegap of the basis PC structure. This task can be simplified with
is 0.35 - 0.47. The upper edge of the band gap, changes mudts preliminary graphical solution indicated in Fig. 2.
more slowly than the lower edge (see Fig. 1b). These facts Finally, we have a PC structure with the following pa-
complicate the task when we work with the variation in re-rameters for the square lattice: the background refractive in-
fractive index. dexn; = 1, rod refractive indexn,. = 3, distance between

rod centersa = 0.55 um, r; = 0.108a, ro = 0.175a,
. andrs = 0.229a. The structure parameters for the device
3. Demultiplexer on the Base 2D PC with hexagonal PC lattice are: bgckground refractive index
1, rod refractive indexn,, = 3, distance between

. . . A nl =
To specify the main parameters of the device, it is necessary , centersg = 0.65 um, v, = 0.11a, ry — 0.17a, and

to determine the exact difference between refractive index
. . ra = 0.235a.
and geometric parameters of the PC waveguide channel and
; . : . As a result based on the method of PBG, parameters
PC filters. For this reason, let us consider the band gap width . :
. L of the demultiplexer have been selected. This method does
and placement dependence on the rod radius divided by the

pitch value (Fig. 2). For the largest band gap parameter varir-]Ot give any information about behavior structure outside of

o : ; PBG, and cannot give an optimal solution, which demand the
ation, it is useful to work with the lowest band gap (Fig. 1). o ; CE .
In Fia. 2 horizontal solid lines indicate channels of nor- additional investigation into spectral characteristics by rea-
n "g. : . . o sonable alteration of geometrical parameters. Thereupon we
malized frequencies,; andw,2, while vertical solid lines

- X ! . X . present a spectral analysis (the spectral dependence of the
indicate rod radius for the first filter;, main waveguide power on each output port of the device) and data (maximum

0.5 available bit rate determined by the frequency filter proper-

\ r p r2 r3‘ | ‘ ties) characteristics.

0.45- .
4. Numerical Results
0.4 o SR O, We propose a two-channel wavelength division demulti-
: plexer, represented by the integrated device based on the ¢
0.35¢ : square or hexagonal lattice 2D PC, fo55 ym and1.31 ym

wavelength channels of separation, respectively.

Relative frequency (wa/2rc)

0.30 S co Wavelength demultiplexing is carried out using a 2-

channel splitter, and the elements are indicated in Fig. 3. In

0.25. general, square and hexagonal devices have a similar design

and only in the form of output splitter channels. Demulti-

‘ : ‘ plexer consists of input channel (In) produced by the W1

081 015 02 025 03 035 04 waveguide made of a line defect formed by removing one

ria row of rods from the background PC. This waveguide con-

FIGURE 2. The scheme for selection of geometric parameters usingnects to the splitter with two output ports SO1 and SO2. We

band-gap map. propose to set in the output ports of the splitter, the wide band

Rev. Mex. 5. 52 (5) (2006) 453-458



456 I. GURYEV et al.

1,0+

S\NA\N\ N0 000222 — Bounded waveguide
S\\N\\\\\\V0 00222727 0,94 == Continuous waveguide - /\ -
SNV 222y 0,8 ‘
\\\}%,\,J,l_'__'_l_ffff 07 - L , ,
SO1 di™y 1 1) (f £ 93 s02 2 :
s\\\)ﬂt tRC PP > 06 / / '
S Y. A T T B WA I B 05 /

% & PR 1]t (FLres 2 | o o o S 04 // ; 5
S TR A I W o 031~ = /
e oo e ¢ 0o 0,2 n = D 7

- e & & o e * PO 0,1 AN b / h

2 A

o o oo @ EEEE X X 0,0 —— : — —
\?\dz In 1,30 135 140 145 150 1,55 1,60

Wavelength, um

FIGURE 4. Reflectance from the splitter for bounded (T-splitter)
and continues waveguides (X-splitter).

a)y T-splitter

N Y IV IA

vt legetery
SoMe My a0 000257 e po o0 ®™e e o e
sor S\ MM 80847 s02 0L L e
N VoVl 0,2 P e e o 0g 00 B e
N el t 2, e o0 00 - 0600 D
\\\‘ (‘\‘\\\‘ '////') V' y B 4 = e i
RNy g LByl oyl y s s oo WS .
AT T RS TP L g : A e
NS T RS S pgyavmds
\‘\ FiiTer 1 | 7 Ll ETE—— "’ ﬁ o ﬁ' @ 'Lﬁ;\r ? "ﬂf ﬁ i- -& 'ﬁ
i e TN ﬁ@ﬁﬁ,'ﬁ.ﬁ‘@ A
- & e & o & ® = BB 8 Ol '7--"i:ij = & o o 8
-----.-o ...----- B W h‘t_—-«wﬁﬁ [ -3 -3
- - [ = [ ] |n L » . e n # ﬂ- ﬁ‘!’__ a4 ‘,ﬁ ﬁ ﬁ- ﬂi Jﬂ-"l
BSOS S Pt & 88

b) Y-splitter

FIGURE 3. Diagram of the optical demultiplexer based on a PC
splitter with the square (a) and hexagonal (b) lattice. Rod diame-
ters d1, d2 and d3 correspond to elements of filter 1, background
PC with pitch a, and filter 2 respectively.
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frequency filters, created by three successive rods with diam-
etersd; andds. As we have seen in Fig. 3, the filters embed-
ded in the output waveguides have the same lattice constant
and are placed in accordance with the lattice of background
PC. Moreover, we present results for the modified square lat-
tice device. Its main input waveguide has a specific peculiar-
ity, which consists in the continuity of the input waveguide
beyond the bound of T-shaped splitter (Fig. 3a) and the cre-
ation of the continuous W1 waveguide. This fact does not :
affect the efficiency of demultiplexing, but it makes it possi- g,gygre 5. Results of FDTD simulation of wavelength channel
ble to decrease the reflectivity of the whole structure at theypiting for (a) source wavelength31.m, and (b) source wave-
operating wavelengths more than 3 times. This is illustratedength1.55.m.
in Fig. 4. On the other hand, the continuity structure provides
a higher data transfer rate because of avoiding the parasit@DTD) [18-20]. Computed electromagnetic field distri-
resonances at the point of the channel splitting. bution in the square lattice PC demultiplexer is shown in
The investigation into of the characteristics of this demul-Fig. 5 for two transmitted signals with wavelength 1,3h
tiplexer was conducted on the basis of a numerical experifFig. 5a) and 1.55m (Fig. 5b). Filter 1 withr; < r5 in
ment using the finite difference method in time domainthe left channel of the splitter fully reflects the radiation with
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wavelengthl.31 um, and filter 2 withrs > r5 in the right  the power at the specified wavelength on the output channel
SO, and SQ, respectively (Fig. 7). We concluded that the

channel reflects the radiation with waveleng@th5 pm.
The analysis of the device efficiency was investigated usratio of powers in the square lattice case is about 20 dB in

ing spectral characteristics based on square and hexagonal

lattices (see Fig. 6). These characteristics were obtained by 20 : .
computer calculate for each wavelength. ] — Square lattice
In case of the square lattice PC the reflectance is almosfa 11 - - - Hexagonal lattice J.
absent; however, the power distribution for each channel is—%, 10 e
not uniform. Transmission for the channel 1,&5% is twice o 5] -t
as good as the 1.3&m channel. For the device based on & . i
the hexagonal lattice PC, the situation is inverse: the powerg 0_ ) / /
distributes between channels is uniform, but at the operating2 -5 Meby I’
wavelengths the reflectance is observed. The high level ofthe_g 101 YN / ‘
reflectivity can be explained by low waveguide properties of % 151 N N ’
the channel in comparison with devices based on cubic lat-o@¢ ™™ ~
tice PC. -20
Due to non-ideality of the filters in the secondary waveg- 12 13 14 15 16 17
uides, parasitic penetration of the radiation of different wave- . um

lengths through the filters into the adjacent secondary waveg-
uide, is observed. The channel separation efficiency of th@icure 7. Channel power ratios for demultiplexer based on square

device on the PCs with different lattices also can be analyze¢solid) and hexagonal (dashed) lattice PCs.
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FIGURE 6. Transmission characteristics of the demultiplexer basedbased on the square lattice PC. (a) - source wavelengthuh31

on square lattice (a), and hexagonal lattice (b) PC. (b) - source wavelength 1.x5.
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both output channels, and the wavelengths of the systerb. Conclusion
show a high separation efficiency of the demultiplexer.

One of the most significant characteristics of the inte-n this work we have investigated properties of the PCs based
grated devices is the data transmission. To show the desigih the selection of structure parameters. The plane wave ex-
of a two-channel demultiplexer, pulse pattern responses withansion method was applied to finite periodic structures. The
a Gaussian pulse series of 50 fs. were studied. Pulse pattenew design of the wavelength division demultiplexer based
responses of the demultiplexer based on the square lattice Rfp, the integrated PCs was also proposed. The operation prin-
at different wavelengths are shown in Fig. 8. ciples of the devices were considered and proved. Besides,

We found that the attenuation of the transmitted pulse ishe spectral and data characteristics were investigated. Due to
approximately(60 — 70)%, but the broadening is almost ab- quite satisfactory data characteristics, the device can be effec-
sent. Output pulses have a duration of 52 fs and 58 fs corraively used in novel ultra-short pulse systems, with high-bit
sponding to 1.33um and 1.55:m, respectively. This broad- rate data transmission systems.
ening pulse takes place by the interference of the wave in
the filters, but it does not have an influence on the bit error
rate because it is negligible in comparison with time inter-
val between pulses. So pulses remain clear enough to H%Ckn0W|6dgmentS
recovered successfully. The pulse pattern response for the
demultiplexer based on the hexagonal lattice PC is similafhis work was supported by the projects: PROMEP.
to the square lattice PC. In both cases the low broadening §ONVOCATORIA INSTITUCIONAL DE APOYO A
achieved by applying wide band frequency filters, and can b&A INVESTIGACION no.  000008/05 and 000018/05.

recommended for demultiplexing of ultrashort pulses with aCONCYTEG-5987-FONINV, “Apoyo a la maestren Ing.
very broad spectrum. Eléctrica”, CONCyYTEG No. 06-16-K117-31.
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