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Abstract

We analyze and propose a directional optical caupimbedded irPhotonic Crystal
(PhC), which acts as an albptical nonlinearswitching cell. This switching cell can
work in an altoptical switch used in the-Band of the ITWwavelength from 1530nm
to 1565nm) The nonlinear switching method uses aelative low power external
command sigmal, inserted in the centratoupling region, which acs as another
wavegyuide The switching process is based on tlebangeof the straightstate to the
cross state owing to the external command signdh our simulations we used the
methodsPWE (Plane Wave ExpansionfDTD (Finite-Difference TimeDomain)and
our own BPM(Binary Propagation Method)

We can useur coupler to obia a crossbar space switch matrix.
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1. Intr oduction

Electronics cannot indefinitely growth. For instance, electronics in modern computers is
forced to operate at evligher frequenes.For that reason, computers are subjected to
heating of the hardware, which is a serious probldowever, the greater problem is

the nodes of optical telecommunication networks, due the even higher operational
frequencies and bandwidths [1].

PhCwaveyuidescan be integrated with other PhC structures such as cavities to produce
functional devicesLow-less efficiency bends have been demonstrated in many different
photonic crystal geometrieI.he ability to add or remove one or more wavelength
channelsfrom a multiplexed signalis an essential function iall-optical networks
Optical add/drop filter@nd optical memorgmbedded in PhC arequiredcomponents

for future altoptical processing.

Due to the micrometric size of the Directional Coupler (OCgan be integrated with
theabove mentionedevices to obtain PICs working in fully optical networks.

The major obstacle to the use of such devices as switchingfacelll-optical
telecommunications systenms that the switching between theput and output ports
needs to be activated by an extesighal

We propose a directional coupler embeddedanlinearphotonic crystal driven by an
external commandignal along periodic arrays of dielectric materialhis command
signal, which is strongly ¢dinedin the coupling regiorfSee section 3)jncreases the
effective refractivendexand consequently the coupling coefficient is reduced. Thus the
coupler, which was designed to operate indtnaightstate can now works in tlezoss

state. Taking ird accountthat the power of the command signal for obtaining the

needed difference in threfractive indexto bring the coupler of the straight state to the



cross state is a function of the Kerr coefficient, of the group velocity and of the coupler
length,we can use these three parameters to determine the lowest possible power of the
commandsignal However, due to great difficulty in obtaining the Kerr coefficient
change, the most feasible is to increase the coupler length by the power periodic transfer
characteristic of this device.

| believe this article presents the first design and detailed verification of-aptiakl
switching cell embedded in photonic crystal working aver G band @erdion rang

of the ITU. A nonlinear DC embedded in PhC dmvdy an external signal was
presented, but the PhC structofehatdeviceallows only thework over a very narrow
operation rang¢2]. Moreover tlat device has a very lonigngth, which makes it not
suitable to be embedded in PICs.

A directional couplerstructurewith coupler lengthreduced 22% with respect to
similar structuresvas accomplished by embedded Kerr nonlinear rods in the coupling
region of aPhC formed by a triangular lattice of rods in air [3].

However, ulike the PhCs structures presentgdother authorsthatare not suitable

for work on altoptical broadband telecommunications systems, ourdiwensional
directional coupler (DC) is formed by a triangular array of air holes embedded in a
nonlinear semiconductor slab waveguide.

The vertichlayer of our device is made oh#nP cladding/InGaAsP core/InP substrate
with a triangular structure of air holes, whiplovides a small energy difference and
quastparallel dispersion relation of the propagation constants of the even and odd
supermdes fi]. Therefore, that dispositive has a small coupling leagih can work in

an alloptical broadband telecommunications systerB&Dd of I1TU).



2. Theoretical M odel

Figure 1 shows theven TransversElectric mode TE) mode and th&E odd mode
within a W1 waveguide(one defect line)embedded in &2D PhC made of InP
cladding/InGaAsP core/InP substrate with a triangular structure of air. holes
(Figure 1)

Figure2 shows that the even mode and the puitle are divided inteverevenmode
evenoddmode odd-evenmode, anddd-oddmode,when they penetrate the coupler
(Figure2)

According to supermode method when thesupermods are travelling within the
coupler, theypossessglifferent propagation constanf@.en € bodq). Hence the coupling

length of a symmetrical directional coupisr

L. = % L; =P (Cross state) Q)

bodd - b

even

From the coupled mode methdthe coupling length of a symmetrical directional

coupleris:
L, =P (Cross stat) (2)
2k ’

where K is the coupling coefficient.

Taking into account ow-intensity Continuous WavéCW) beam, if we neglect the
Sel-Phase Modulation SPM) and CrossPhase Modulation(XPM) effects, he
amplitude (A) andntensity (I) of the signak function ofthetraveleddistance within

the coupler (z)andof the coupling coefficientaccording to the following equations
[5]:

A(2)= A codkd) and I, (2) = A?(codkz)) (3)
A(2)=-iAsin(kz) and 1,(2) = A’ (sin(kz)}? (4)



Hence, I ftthe dptical poweinseztedinto one ofthe two input ports isfully
transferred to the exiport of the waveguidecorresponding to the sanwaveguide

where the signal was inserteslréight state).On the other hand, KL, = the optical

power inserted into one die two input ports isfully transferred to the exgort of the
waveguide corresponding to the adjacent waveguide where the signal was inserted

(cross state).

If z=L.weget L, :m%, wherefimo is an integr. Hence,whenfimo is odd the

coupler is operating inhe crossstate On the other hand, whe&imo is eventhe

coupler is operating ithe straightstate.

Figure3 shows the structure of otwo-dimensionaDC.

(Figure3)

This coupler is embedded in adwlimensional (2D) triangular lattice @fir holes

with radius g = 0. 31a, where n@o is the | attice ¢
The vertical layer of the coupler is formed by a cladding of InP (n = 3.17), a core of
InGaAsP (n = 3.35), and a substrate of InP. This &traccan be represented

accurately by a effectiverefractive index g = 3.258.

Taking in account the large size of our dispositive, 3D simulations are not adequate.

The bandgap of this structure opens fromu =0.20ltou=0R285er e HAuod i s t
noormd i zed frequency (u forTEapblaxizedlghti s t he wave
The directional coupler has two W1 defect line waveguides and the coupling region is

a line ofair holeswith radius ¢ = 0.19a. The air holes at the outer edges of the W1
waveguidess r. = 0.35a (Figures).

Figure 2 shows that the quasingle mode region covers the reduced frequencies

fromu =0.275to u = 0.293.



The coupling length depends on the separation of the two propagation constants
(equation 1). If we decrease de radwmighe air holes between the waveguideys

the difference between the propagations constants become smaller and the coupling
length is reduced. However, the bandwidth is reduced Mareover with the
increasing of theuter borderir holes(re) of thetwo coupled W1, the change in the
coupling length is not strong, but thendwidth is not negatively affected.

The bandwidth for the coupler wity = 0.31a,r. = 0.19a and.r= 0.3% covers the
reduced frequencies from u = 0.274 to u = 0.@8@gure?2).

As we are interested in working in-Band of ITU we have adopted a = 0.434nm.
Hence, the coupling length (straight state) is=L 2 3 . 4&@gom 1)for the

whole reduced frequencies band.

3. Switching Method

We use the PWE/] and FDTD methodsn the analysidelowdescribed

The signal switching is possible due to the different propagation constants of the two
split modeghat arise in the syste[8].

The normalized frequency of theommandsignalis u = 0.2094. The wave number of

this command signal is located very near of the limit of the irreducible Brillouin zone.
Therefore,it is within the Photonic Bandsap PBG), but outside of the 1530m i

1565 nm bandof the data signalsThis signal is inserted in the coupling region, which
operates aa periodic waveguided).

Figure 4 shows the dispersiogiationof this periodic waveguidebtained by means of
PWE

(Figure4)



Plots of theH, fields of thelowestorderof the TE modes at k very near of the limit of

the irreducible Brillouin zondu = 0.20194), which are travelling within the periodic
guide is shown in figure Ve can see that the electrical field is completeinfined in

the central coupling regiodence, the increasing of the value of the refractive index
due the nonlinear effect arises only in the coupling region, where the periodic
waveguide is locatednd this command signal influences the process d€king only

by modifying of the refractive index.

(Figure 5)

If the commandsignal is working in theouplingregion therefractve index increases
(due to thenoninear effecty, which causeshe decrease dhe coupling oefficient
value(Please see thals below) If we considetthat the couplewasdesigned to operate
in thestraightstate the decreasef the couplingcoefficient should be sufficient to bring
the coupler to work in the crosgate(Figure6).

(Figure6)

The calculation ofthe necesary power shouldtake intoaccount the increase of the
refractive indexin the couplingregion(Dn), which depends on thesed PhC structure,

andonthenormalized frequency of the conandsignal.

p= DA -

In equation §) P is the desiredptical power of theeommandsignal, n, is the non

linearrefractive indexFor a polarizatiofpreserving fiber with core made of pure silica
we have p= 2.66.10°m*W. Nevertheless, the last expeents showed that we can

adopt n = 1.61*10"m%W for our device[10]. Aeit is the modeeffective area(modal

volume is given by((a#2n)®), vgl', is the command signalgroup velocity in a



conventional axial uniformwaveguide and vg[is the low group velocity of the
commandsignal in the coupling region(the wave number is located very near of the
limit of the irreducible Brillouin zone)

To get low optical power for the command signal, we need low valgg ¢geéquatio

(5)).

Since our coupler, was originally designed to operate in the straight state, and we need

modify the coupler to operate in the cross state;
- — _ Db,
Db.L. =p . We know thatDb,L, =2p, then We get Db, == Hence,we must use

the command signdl o r ed uc e tyto @alf of &d ouginal vafue, spfthat our
couplercan changéo cross state.

However, for the coupler with L = 2lto change from the straight stat the cross
stat®2eeph 3°. The nD,bC(z)w%?’Lz E%Plg‘a:i%Dbd.

This means that for L = L

Dbc(n) = (znn-Lcl)p = (22;] l) Dbd (6)

Table 1shows the needed difference between the propagation constant of the modes
( gpfio) the switching of the straight state to the cross segarding the length adur
coupler.

(Table )

Taking into account that the variation in the refraeindex to change the couplef

straight state to cross state can be obtainedoy qpndl = 2[1l1?, and & we

2p

havel, = ——, weobtain that



1C

/Db,

Dn= e (7)
Pmnke= o/ 2
m(,)=" ﬁ" ®)

Table 2shows the requiredifferencein the refractive index anioh the needed optical
power of the command signdbr the switching of the straight state to the cross state
regarding the length of our coepl

(Table 2)

We can nonhandP depehdertcéregarding the coupler length is very large.
The upperpart of figure 7 shows the field distribution concerning the data signal (u =
0.28) inside the coupler with length ?fL. (straight stateusingthe FDTD, before the
insertion of the command signalhich was obtained by FDTIAt the bottom of the
figure 7 we show the field distribution of the data signal inside the coupler, after the
insertion of the command sign@ross state)

(Figure 7)

To aralyze the gradual increment of the refractive index using the PWE method, we
gradually increase the dielectric constant of the coupling region, leaving unchanged the
rest of the coupler structure. The results of these simulations show the effects aksociate
with the gradual increase in the power of the command signal.

The values founth table (2)agree with the results from our simulations.

The periodically corrugated interfaces of the PhCs waveguides can originate coupling
between the cdirectional fundenental mode andounterpropagation higheorder
modes, leading to the formation Mini-Stop Bands (MSBs)Our simulations took into

account the waveectorswithin the PBG but outside of MSBs.
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Despite the fact that our coupler is embedded monlinearphotonic crystal 12], we
can usethe measured dispersioof the data signal withirnthe photonic crystal
waveguideg13], andapply the coupled modes equatiof®) and (10))in the analysis
of this device.

In order to analyze the nonlinear effects in BieC structure, we developed a numerical

met hod (" Binary Propagation Met ho<btep ( BPM))

Fouri er 0 -oadardRanjek wtutr & dn, solves the coupled mo
WAL 1A T, WA a

TAATAFEAT A el + Bl ik ©)

WAL LA i, A A

uz+vg u[+2b i 2T 9('62|+B|'°1|)Az+'kﬁ (10)

Vg is the group velocityb, is theGVD parametefobtained by[13]), U= Qs the loss

parameter(lossless) g is nonlinearity coefficient '@2'2%'% ), B is the parameter
ff

which govern the XPMnduced nonlinear couplg, and k is the coupling coefficient.
Figure 8 shows the variance in the transmission depending on the k values for the
minimal coupler lengtt{Figure (8a)), and for coupler length ten times greater than the
minimal coupler lengti{Figure (8b)). Please nte that the decline in the value of the
coupling coefficient, due to the nonlinear effects caused by command signal, reverses
the straight state of the coupler to the cross stat¢héls value decayhe coupler lose

its switchingcharacteristics, and whe& = Othe waveguideare decoupled.

Figure8

We can useur coupler to obtain a crossbar wisiense noiblocking spaceswitch

matrix (any unused input can be connected to any unused output, without requiring

any existing connection to be reroutet¥]|
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A full-optical WDM switch architecture usa space switch matri@5 i1 17]. Figure9

shows a crossbar wigsense noiblocking switch fabric. The 4x4 switch fabric consists

of 16 2x2 switches. Indeed the 2x2 switchescane2x2 directional couplers embéed

in photonic crystal.

Figure9

The interconnection between the inputs and the outputs is prepared according to the
foll owing r ul ei:tooitfgub, thedatansigeatraversesrthe @x2 coupser

in row i until it reaches column j and trages the couplers in column j until reaches
output jo

To obtain the operation of a coupler in the crostteis necessary to insert the

commandsigral in that coupler.

4. Conclusions

We have proposed a directional coupler embedded in photonic cyisteth canacts

by an external command signéli = 0.2194). This device can operate as switching

cell in an alloptical switch for the&C-Bandof ITU.

The needed optical power of the external command depends on the change in the
effective refractive indexHence, he optical powerof the external commands
dependent on theoupler lengtithat was choserFor example,fithe coupler length
is23. 436¢m, t h e powee ad the dxterogb tommaad i83.4590V.
However, if the coupler length B85,2 mthe neededoptical powerof the external

command is only.3384W
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We can useur coupler to obtain a crossbar wislense noiblocking spaceswitch
matrix (any unused input can be connected to any unused output, without requiring

any existing connection to be rerouted).
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5. Table Captions

Tablelph versus coupler | ength.
Table 2 Required differencén the refractive index and the needed optical power of the

command signal.

6. Figure Captions

Figurel Dispersion relation of the W1 waveguidmbedded within the PhC

Figure2 Dispersion relation of the directional coupler emdesaiwithin the PhC.
Figure3 Structure of our directional coupler.

Figure 4Dispersion relation of the periodic waveguide within the copupling region.
Figure 5Gray-scale plots of the fields of the first band of the TE modes within the
periodic guide.

Figure 6 (a) Prior to the eomandsignal insertion, all entry optical power exits
through the B1 port. (b) After theommandsignal insertion all entry optical power
now exits through the B2 port.

Figure 7Upper part: Field distribution concerning the datarsibinside the coupler
with length of2*L. (straight statepefore the insertion of the command sigrdtton
Field distribution of the data signal inside the coupler, after the insertion of the

command signalcross state)
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Figure 8Variance in the tnasmission depending on the k valuasMinimal coupling
length (L). The oupler length (L)s equalto 2 timesL..
Figure 9Coupling coefficient offset.

Figure 104x4 seltcontrolled crossbar switch fabric.

Table 1

Coupler Neede(Needed val u Decreaseinthe

Length (straight the switching of the val ue of

state) straight state to the switching of the

(x10° m™) cross state (x1®m™) | straight state to the
cross state (x10m™)

Lc 2.681 1.3405 1.34(%
2.Lc 2.681 2.0107 0.6702
3.L¢ 2.681 2.2342 0.4468
4.1 2.681 2.3459 0.3351
5.L¢ 2.681 2.4129 0.2681
6.Lc 2.681 2.4576 0.2234
7.Lc 2.681 2.4895 0.1915
8.L¢ 2.681 2.5134 0.1676
9. 2.681 2.5321 0.1489
10.L¢ 2.681 2.5469 0.1340
11.L 2.681 2.5591 0.1219
12.L 2.681 2.5693 0.1117
13.L¢ 2.681 2.5779 0.1031
14.L 2.681 2.5852 0.0957
15.L 2.681 2.5916 0.0894
16.L; 2.681 2.5972 0.0838
17.L 2.681 2.6021 0.0789
18.L¢ 2.681 2.6065 0.0745
19.L¢ 2.681 2.6104 0.0706
20.L¢ 2.681 2.6140 0.0670
21.L¢ 2.681 2.6172 0.0638
22.L¢ 2.681 2.6201 0.0609
23.L¢ 2.681 2.6227 0.0583
24.L 2.681 2.6251 0.0559
25.L¢ 2.681 2.6274 0.0536
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Table 2
Coupler N e e d e ( Needed optical power of
Length the command signal
(W)

Lc 0.0331 33.4590
2.Lc 0.0165 16.7296
3.Lc 0.0110 11.1530
4.1 0.0083 8.3648
5.Lc 0.0066 6.6918
6.L. 0.0055 5.5765
7.Lc 0.0047 4.7799
8.Lc 0.0041 4.1824
9.L. 0.0037 3.7177
10.L¢ 0.0033 3.3459
111, 0.0030 3.0417
12.L¢ 0.0028 2.7883
13.L. 0.0025 2.5738
14.L, 0.0024 2.3899
15.L¢ 0.0022 2.2306
16.L. 0.0021 2.0912
17.L¢ 0.0019 1.9682
18.L. 0.0018 1.8588
19.1, 0.0017 1.7610
20.L¢ 0.0017 1.6730
21.L¢ 0.0016 1.5933
22.L¢ 0.0015 1.5209
23.L¢ 0.0014 1.4547
241 0.0014 1.3941
25.L¢ 0.0013 1.3384
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Figure 1
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Figure 3
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Figure 8

Figure 9



