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Abstract  

 

We analyze and propose a directional optical coupler embedded in Photonic Crystal 

(PhC), which acts as an all-optical nonlinear switching cell. This switching cell can 

work in an all-optical switch used in the C-band of the ITU (wavelength from 1530nm 

to 1565nm). The nonlinear switching method uses a relative low power external 

command signal, inserted in the central coupling region, which acts as another 

waveguide. The switching process is based on the change of the straight state to the 

cross state owing to the external command signal. In our simulations we used the 

methods PWE (Plane Wave Expansion), FDTD (Finite-Difference Time-Domain) and 

our own BPM (Binary Propagation Method). 

We can use our coupler to obtain a crossbar space switch matrix. 

 

Keywords: Directional Coupler; Nonlinear Switching; Photonic Crystal.  
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1. Intr oduction 

 

Electronics cannot indefinitely growth. For instance, electronics in modern computers is 

forced to operate at ever-higher frequencies. For that reason, computers are subjected to 

heating of the hardware, which is a serious problem. However, the greater problem is 

the nodes of optical telecommunication networks, due the even higher operational 

frequencies and bandwidths [1].  

PhC waveguides can be integrated with other PhC structures such as cavities to produce 

functional devices. Low-less efficiency bends have been demonstrated in many different 

photonic crystal geometries. The ability to add or remove one or more wavelength 

channels from a multiplexed signal is an essential function in all-optical networks. 

Optical add/drop filters and optical memory embedded in PhC are required components 

for future all-optical processing. 

Due to the micrometric size of the Directional Coupler (DC), it can be integrated with 

the above mentioned devices to obtain PICs working in fully optical networks. 

The major obstacle to the use of such devices as switching cell for all-optical 

telecommunications systems is that the switching between the input and output ports 

needs to be activated by an external signal.  

We propose a directional coupler embedded in nonlinear photonic crystal driven by an 

external command signal, along periodic arrays of dielectric material.  This command 

signal, which is strongly confined in the coupling region (See section 3), increases the 

effective refractive index and consequently the coupling coefficient is reduced. Thus the 

coupler, which was designed to operate in the straight state can now works in the cross 

state. Taking into account that the power of the command signal for obtaining the 

needed difference in the refractive index to bring the coupler of the straight state to the 
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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 

command signal. 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. 

I believe this article presents the first design and detailed verification of an all-optical 

switching cell embedded in photonic crystal working over the C- band operation range 

of the ITU. A nonlinear DC embedded in PhC driven by an external signal was 

presented, but the PhC structure of that device allows only the work over a very narrow 

operation range [2]. Moreover that device has a very long length, which makes it not 

suitable to be embedded in PICs. 

A directional coupler structure with coupler length reduced 22% with respect to 

similar structures was accomplished by embedded Kerr nonlinear rods in the coupling 

region of a PhC formed by a triangular lattice of rods in air [3]. 

However, unlike the PhCs structures presented by other authors, that are not suitable 

for work on all-optical broadband telecommunications systems, our two-dimensional 

directional coupler (DC) is formed by a triangular array of air holes embedded in a 

nonlinear semiconductor slab waveguide. 

The vertical layer of our device is made of an InP cladding/InGaAsP core/InP substrate 

with a triangular structure of air holes, which provides a small energy difference and a 

quasi-parallel dispersion relation of the propagation constants of the even and odd 

supermodes [4]. Therefore, that dispositive has a small coupling length and can work in 

an all-optical broadband telecommunications system (C-Band of  ITU) .  
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2. Theoretical Model  

  

Figure 1 shows the even Transverse-Electric mode (TE) mode and the TE odd mode 

within a W1 waveguide (one defect line) embedded in a 2D PhC made of InP 

cladding/InGaAsP core/InP substrate with a triangular structure of air holes.  

(Figure 1) 

Figure 2 shows that the even mode and the odd mode are divided into even-even mode, 

even-odd mode, odd-even mode, and odd-odd mode, when they penetrate the coupler. 

(Figure 2) 

According to supermodes method when the supermodes are travelling within the 

coupler, they possess different propagation constants (ɓeven e ɓodd). Hence, the coupling 

length of a symmetrical directional coupler is: 

evenodd

Bc LL
bb

p

-
==

2

1
 (Cross state)      (1) 

From the coupled mode method, the coupling length of a symmetrical directional 

coupler is: 

k
Lc

2

p
=  (Cross state),        (2)  

where k is the coupling coefficient. 

Taking into account a low-intensity Continuous Wave (CW) beam, if we neglect the 

Self-Phase Modulation (SPM) and Cross-Phase Modulation (XPM) effects, the 

amplitude (A) and intensity (I) of the signal is function of the traveled distance within 

the coupler (z), and of the coupling coefficient, according to the following equations 

[5]:  

() ()kzAzAa cos0=  and () ()( )22

0 coskzAzI a =      (3) 

() ()kziAzAb sin0-=  and () ()( )22

0 sin kzAzI b =      (4)  
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Hence, if kz = ˊ/2, the optical power inserted into one of the two input ports is fully 

transferred to the exit port of the waveguide corresponding to the same waveguide 

where the signal was inserted (straight state). On the other hand, if kLc = ˊ the optical 

power inserted into one of the two input ports is fully  transferred to the exit port of the 

waveguide corresponding to the adjacent waveguide where the signal was inserted 

(cross state).  

If z = Lc we get: 
k

mLc
2

p
= , where ñmò is an integer. Hence, when ñmò is odd the 

coupler is operating in the cross state. On the other hand, when ñmò is even the 

coupler is operating in the straight state. 

Figure 3 shows the structure of our two-dimensional DC.  

(Figure 3) 

This coupler is embedded in a two-dimensional (2D) triangular lattice of air holes 

with radius rb =  0.31a, where ñaò is the lattice constant [6]. 

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 structure can be represented 

accurately by an effective refractive index neff = 3.258. 

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

The bandgap of this structure opens from u = 0.201 to u = 0.295, where ñuò is the 

normalized frequency (u = a/ɚ; ɚ is the wavelength) for TE polarized light.    

The directional coupler has two W1 defect line waveguides and the coupling region is 

a line of air holes with radius rc = 0.19a. The air holes at the outer edges of the W1 

waveguides is re = 0.35a (Figure 3). 

Figure 2 shows that the quasi-single mode region covers the reduced frequencies 

from u = 0.275 to u = 0.293.   
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The coupling length depends on the separation of the two propagation constants 

(equation 1).  If we decrease de radius of the air holes between the waveguides (rc), 

the difference between the propagations constants become smaller and the coupling 

length is reduced. However, the bandwidth is reduced too. Moreover, with the 

increasing of the outer border air holes (re) of the two coupled W1, the change in the 

coupling length is not strong, but the bandwidth is not negatively affected. 

The bandwidth for the coupler with rb = 0.31a, rc = 0.19a and re = 0.35a covers the 

reduced frequencies from u = 0.274 to u = 0.286 (Figure 2).  

As we are interested in working in C-Band of ITU we have adopted a = 0.434nm. 

Hence, the coupling length (straight state) is Lc = 23.436ɛm (equation 1) for the 

whole reduced frequencies band.  

 

3. Switching Method 

 

We use the PWE [7] and FDTD methods in the analysis below described.  

The signal switching is possible due to the different propagation constants of the two 

split modes that arise in the system [8].  

The normalized frequency of the command signal is u = 0.2194. 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 Band-Gap (PBG), but outside of the 1530 nm ï 

1565 nm band of the data signals. This signal is inserted in the coupling region, which 

operates as a periodic waveguide [9]. 

Figure 4 shows the dispersion relation of this periodic waveguide, obtained by means of 

PWE.  

(Figure 4) 
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Plots of the Hz fields of the lowest-order of the TE modes at k very near of the limit of 

the irreducible Brillouin zone (u = 0.2194), which are travelling within the periodic 

guide is shown in figure 5. We can see that the electrical field is completely confined in 

the central coupling region. Hence, the increasing of the value of the refractive index 

due the nonlinear effect arises only in the coupling region, where the periodic 

waveguide is located and this command signal influences the process of switching only 

by modifying of the refractive index. 

 

(Figure 5) 

If  the command signal is working in the coupling region the refractive index increases 

(due to the non-linear effects), which causes the decrease of the coupling coefficient 

value (Please see details below). If we consider that the coupler was designed to operate 

in the straight state, the decrease of the coupling coefficient should be sufficient to bring 

the coupler to work in the cross state (Figure 6).  

(Figure 6) 

The calculation of the necessary power should take into account the increase of the 

refractive index in the coupling region ( nD ), which depends on the used PhC structure, 

and on the normalized frequency of the command signal. 
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[2]         (5)  

In equation (5) P is the desired optical power of the command signal, 2n  is the non-

linear refractive index. For a polarization-preserving fiber with core made of pure silica 

we have n2 = 2.66.10
-20

m
2
/W. Nevertheless, the last experiments showed that we can 

adopt n2 = 1.61*10
-17

m
2
/W for our device [10]. Aeff is the mode effective area (modal 

volume is given by ((ɚ/2n)
3
), uvg| , is the command signal group velocity in a 
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conventional axial uniform waveguide, and cvg| is the low group velocity of the 

command signal 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 value of ȹn (equation 

(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; 

pb =D ccL . We know that pb 2=D cdL , then We get 
2

d
c

b
b
D
=D . Hence, we must use 

the command signal to reduce the value of ȹɓd to half of its original value, so that our 

coupler can change to cross state.  

 However, for the coupler with L = 2Lc to change from the straight state to the cross 

state ȹɓc(2) 2Lc = 3ˊ. Then, we obtain: d
d

c

c
L

b
bp

b D=
D

==D
4

3

22

3

2

3
)2( . 

This means that for L = nLc: 

d

c

nc
n

n

nL

n
b

p
b D

-
=

-
=D

.2

)12()12(
)(        (6) 

Table 1 shows the needed difference between the propagation constant of the modes 

(ȹɓ) for the switching of the straight state to the cross state regarding the length of our 

coupler.  

(Table 1) 

Taking into account that the variation in the refractive index to change the coupler of 

straight state to cross state can be obtained by ȹnLc = ɚ/2 [11], and as we 

have
d

cL
b

p

D
=

2
, we obtain that: 
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p

bl

4
dn

D
=D ,           (7)  

ȹn(n)nLc = ɚ/2 

()
n

n d
n

p

bl

4

D
=D          (8)  

Table 2 shows the required difference in the refractive index and in the needed optical 

power of the command signal for the switching of the straight state to the cross state 

regarding the length of our coupler.  

(Table 2) 

We can note that the ȹn and P dependence regarding the coupler length is very large. 

The upper part of figure 7 shows the field distribution concerning the data signal (u = 

0.28) inside the coupler with length of 2*Lc (straight state) using the FDTD, before the 

insertion of the command signal, which was obtained by FDTD. At the bottom of the 

figure 7 we show the field distribution of the data signal inside the coupler, after the 

insertion of the command signal (cross state).  

(Figure 7) 

To analyze 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 associated 

with the gradual increase in the power of the command signal. 

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

The periodically corrugated interfaces of the PhCs waveguides can originate coupling 

between the co-directional fundamental mode and counter-propagation higher-order 

modes, leading to the formation of Mini -Stop Bands (MSBs). Our simulations took into 

account the wave vectors within the PBG but outside of MSBs. 
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Despite the fact that our coupler is embedded in a nonlinear photonic crystal [12], we 

can use the measured dispersion of the data signal within the photonic crystal 

waveguides [13], and apply the coupled modes equations ((9) and (10)) in the analysis 

of this device. 

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

method ("Binary Propagation Method" (BPM)). This method, which uses ñSplit-Step 

Fourierò and ñfourth-order Range-Kuttaò, solves the coupled modes equations: 

( ) 21

2

2

2

112
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2
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22

1
ikAAABAiA
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A
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µ
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µ

µ
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µ
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g

a
b    (9) 
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2
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1
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t
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t

A

Vz

A

g

++=+
µ

µ
+

µ

µ
+

µ

µ
g

a
b .   (10) 

Vg is the group velocity, ɓ2 is the GVD parameter (obtained by [13]), Ŭ = 0 is the loss 

parameter (lossless), g is nonlinearity coefficient (
effA

n
l
p2.2 ), B is the parameter 

which govern the XPM-induced nonlinear coupling, and k is the coupling coefficient. 

Figure 8 shows the variance in the transmission depending on the k values for the 

minimal coupler length (Figure (8a)), and for coupler length ten times greater than the 

minimal coupler length (Figure (8b)). Please note 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 state. As the k value decay the coupler lose 

its switching characteristics, and when k = 0 the waveguides are decoupled. 

Figure 8 

We can use our coupler to obtain a crossbar wide-sense non-blocking space switch 

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

any existing connection to be rerouted) [14].  
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A full -optical WDM switch architecture uses a space switch matrix [15 ï 17]. Figure 9 

shows a crossbar wide-sense non-blocking switch fabric.  The 4x4 switch fabric consists 

of 16 2x2 switches. Indeed the 2x2 switches are our 2x2 directional couplers embedded 

in photonic crystal. 

Figure 9 

The interconnection between the inputs and the outputs is prepared according to the 

following rule: ñTo connect input i to output j, the data signal traverses the 2x2 couplers 

in row i until it reaches column j and traverses the couplers in column j until reaches 

output j.ò  

To obtain the operation of a coupler in the cross state is necessary to insert the 

command signal in that coupler. 

 

4. Conclusions 

 

We have proposed a directional coupler embedded in photonic crystal, which can acts 

by an external command signal (u = 0.2194). This device can operate as switching 

cell in an all-optical switch for the C-Band of ITU.  

The needed optical power of the external command depends on the change in the 

effective refractive index. Hence, the optical power of the external command is 

dependent on the coupler length that was chosen. For example, if the coupler length 

is 23.436ɛm, the needed optical power of the external command is 33.4590W. 

However, if the coupler length is 585,9ɛm, the needed optical power of the external 

command is only 1.3384W.  



 13 

We can use our coupler to obtain a crossbar wide-sense non-blocking space switch 

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 

 

Table 1 ȹɓ versus coupler length. 

Table 2 Required difference in the refractive index and the needed optical power of the 

command signal. 

 

6. Figure Captions 

 

Figure 1 Dispersion relation of the W1 waveguide embedded within the PhC. 

Figure 2 Dispersion relation of the directional coupler embedded within the PhC. 

Figure 3 Structure of our directional coupler. 

Figure 4 Dispersion relation of the periodic waveguide within the copupling region. 

Figure 5 Gray-scale plots of the fields of the first band of the TE modes within the 

periodic guide. 

Figure 6 (a) Prior to the command signal insertion, all entry optical power exits 

through the B1 port. (b) After the command signal insertion all entry optical power 

now exits through the B2 port. 

Figure 7 Upper part: Field distribution concerning the data signal inside the coupler 

with length of 2*Lc (straight state) before the insertion of the command signal. Bottom: 

Field distribution of the data signal inside the coupler, after the insertion of the 

command signal (cross state).  
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Figure 8 Variance in the transmission depending on the k values. a) Minimal coupling 

length (Lc). The coupler length (L) is equal to 2 times Lc. 

Figure 9 Coupling coefficient offset.  

Figure 10 4x4 self-controlled crossbar switch fabric. 

 

Table 1 

            

                 

Coupler 

Length 

Needed ȹɓ  

(straight 

state) 

(x10
5
 m

-1
) 

Needed value of ȹɓ  for 

the  switching of the 

straight state to the 

cross state (x10
5
 m

-1
) 

Decrease in the 

value of ȹɓ  for the  

switching of the 

straight state to the 

cross state (x10
5
 m

-1
) 

Lc 2.681 1.3405     1.3405 

2.Lc 2.681 2.0107     0.6702 

3.Lc 2.681 2.2342 0.4468 

4.Lc 2.681 2.3459 0.3351 

5.Lc 2.681 2.4129     0.2681     

6.Lc 2.681 2.4576     0.2234     

7.Lc 2.681 2.4895     0.1915     

8.Lc 2.681 2.5134     0.1676     

9.Lc 2.681  2.5321     0.1489     

10.Lc 2.681 2.5469 0.1340 

11.Lc 2.681 2.5591 0.1219 

12.Lc 2.681 2.5693 0.1117 

13.Lc 2.681 2.5779 0.1031 

14.Lc 2.681 2.5852 0.0957 

15.Lc 2.681 2.5916 0.0894 

16.Lc 2.681 2.5972 0.0838 

17.Lc 2.681 2.6021 0.0789 

18.Lc 2.681 2.6065 0.0745 

19.Lc 2.681 2.6104 0.0706 

20.Lc 2.681 2.6140 0.0670 

21.Lc 2.681 2.6172 0.0638 

22.Lc 2.681 2.6201 0.0609 

23.Lc 2.681 2.6227 0.0583 

24.Lc 2.681 2.6251 0.0559 

25.Lc 2.681 2.6274 0.0536 
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Table 2 

                                             

Coupler 

Length 

Needed ȹn  Needed optical power of 

the command signal 

(W) 

Lc 0.0331 33.4590 

2.Lc 0.0165 16.7296 

3.Lc 0.0110 11.1530 

4.Lc 0.0083 8.3648 

5.Lc 0.0066 6.6918 

6.Lc 0.0055 5.5765 

7.Lc 0.0047 4.7799 

8.Lc 0.0041 4.1824 

9.Lc 0.0037 3.7177 

10.Lc 0.0033 3.3459 

11.Lc 0.0030 3.0417 

12.Lc 0.0028 2.7883 

13.Lc 0.0025 2.5738 

14.Lc 0.0024 2.3899 

15.Lc 0.0022     2.2306 

16.Lc 0.0021 2.0912 

17.Lc 0.0019 1.9682 

18.Lc 0.0018 1.8588 

19.Lc 0.0017 1.7610 

20.Lc 0.0017 1.6730 

21.Lc 0.0016 1.5933 

22.Lc 0.0015 1.5209 

23.Lc 0.0014 1.4547 

24.Lc 0.0014 1.3941 

25.Lc 0.0013 1.3384 
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Figure 3 
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Figure 5 
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Figure 8 
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