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Abstract

Multimode interference in optical waveguide is attractive for all optical switching. In this paper, a novel 3x3
all-optical switch based on 3x3 multimode interference (MMI) structures is proposed. Nonlinear directional
couplers in two arms of the structure are used as phase shifters. In this study, we use chalcogenide glass on silica
for designing the device structure. The switching states of the device can be controlled by adjusting the optical
control signals at the phase shifters. The transfer matrix method and beam propagation method (BPM) are used
for designing and optimizing the device structure.
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1. Introduction

Optical communication networks have evolved into the era of all optical networks. In such networks, all-optical
switching elements are particularly important. In recent years, various approaches to realize all optical switches
have been proposed. The MEMS switch is one of the best candidates for large order switch systems. In addition,
the thin film based switch (Kruger, Joushaghani, & Poon, 2012) (expensive for packaging and difficult to
integrate with other devices), the liquid crystal based switch, the directional coupler based switch (Sugisaka,
Yamamoto, Okano, & Komori, 2008) and the MMI coupler based switch have been either commercially
available or found in laboratories. In comparison with other all optical switches, the MMI based switch has the
advantages of low loss, ultra-compact size, high stability, large fabrication tolerance and greater feasibility for
integration (Leuthold, Besse, Hess, & Melchior, 1997). There are many implementation methods to realize
optical switching based on MMI structures (Cabhill, 2005). For switching purposes, MMIs can either be placed in
a Mach-Zehnder interferometer (MZI) as splitter or used as distinct region. Although, there have been some
optical switches using MMI structures using thermo-optic (Al-Hetar, Mohammad, Supa’at, & Shamsan, 2011;
Liu, Mak, & Wong, 2009) and electro-optic effects (Earnshaw & Allsopp, 2010; Wang & Yao, 2007). However,
high speed optical communication systems require high speed optical switches. Therefore, it is particularly
necessary to achieve all-optical switches.

Recently, chalcogenide (As,S;) waveguides have been proposed as a new platform for optical signal processing
offering superior performance at ultrahigh bit-rates. Additionally, the high nonlinearity enables compact
components with the potential for monolithic integration (Xu et al., 2008), owing to its large nonlinear
coefficient n, and low two-photon absorption (good figure of merit), the ability to tailor material properties via
stoichiometry, as well as its photosensitivity. These properties allow the fabrication of photowritten gratings and
waveguides.

The main aim of this paper is to propose a new structure for all-optical switching based on two 3x3 MMI
couplers using nonlinear directional couplers as phase shifters. Chalcogenide glass on silica platform is used for
our designs. In this work, the operating principle of MMI based switches using theoretical analysis is presented.
Nonlinear directional couplers at two outermost arms in the inter-stage of two 3x3 MMI couplers play the role of
phase shifters. In order to realize the phase shifters using nonlinear directional couplers, the control signal is at
an arm of the nonlinear directional coupler, and the information signal is at the other arm that is also the
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outermost arm of the MZI structure. The control signal must be separated from input signals and enters the
switching structure from a different single-mode access waveguide after the switching operation. The aim is to
reduce the powers transferring between control waveguides and information signal waveguides. Numerical
simulations are used to verify the operating principle of the proposed all-optical switch.

2. Device Design and Analysis
2.1 Analytical Expression of the 3x3 MMI Coupler

The operation of optical MMI coupler is based on the self-imaging principle (Bachmann, Besse, & Melchior,
1994). Self-imaging is a property of a multimode waveguide by which input field is reproduced in single or
multiple images at periodic intervals along propagation direction of the waveguide. MMI coupler can be
characterized by the transfer matrix theory (Bachmann, Besse, & Melchior, 1994; Soldano & Pennings, 1995).
Following this theory, the relationship between the input vector and output vector can be obtained. To achieve
the required transfer matrix, the positions of the input and output ports of the MMI coupler must be set exactly.

In this study, the 3x3 MMI waveguide has a width of Wy, the access waveguides have the same width of W,.
The positions of three input and output ports are located at x;

X _(Hl)We i=0,1,2 1
i~ 2 3 ’(l_a’) ()

. . A -0.5
where W. is the effective width of the MMI coupler. It is determined by W, = W + —O(nf —n; )
i

Here n, is the refractive index of the core layer; A is the free space wavelength.

In the general interference mechanism, the shortest length of the MMI coupler is set by

Lyivi =Ly 2)
where L; is the half-beat length of two lowest-order modes and can be written as
o 4anc2
T BB 3%

The transfer matrix of the 3x3 general interference couplers (GI-MMI) is determined by (Bachmann, Besse, &
Melchior, 1994)
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2.2 All-Optical Switch Using 3 %3 MMI Structures

The configuration of the proposed all-optical switching is shown in Figure 1. It consists of two 3x3 general
interference MMI couplers having the same size. The first MMI operates as a splitter whilst the second operates
as a combiner. Here, two nonlinear directional couplers are used as two phase shifters for switching input signals
from input ports a,(i=1,2,3) to output ports b;(j=12,3).
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Figure. 1. An all optical switching based on 3x3 MMI couplers using directional couplers as phase shifters

Complex amplitudes and phase shifters at input and output ports of the proposed structure (see on Figure 1) can
be expressed by the following matrices

a, b, e 0 0
M, =|a, [\ M, =|b, | and &=/ 0 1 0 (%)
a, b3 0 0 ej(Pz

Where ay, a,, a3 and by, b,, b; are three input ports and output ports respectively; ¢; and ¢, caused by directional
couplers respectively are relative phase shifting angles between at two outermost arms which link MMI regions

(in the condition of initial phases at ports A, A, and Aj are considered the same values, respectively).

We have the following relations:

MoutzM'q)'M'Min (6)
Equation (6) can be written in detail
_r 2n 1o, +% . 2 .
O I TP
b, 2n n ( 2m 21 an | (&
b, =% eJ(WT) ¢ ej(‘pz +T) 17 &3 3 |]a, (7
b, n L T2 rla
eJ(<P1+ 3) J3 CJ(% 3) RESNS 3
Table 1. Phase shift states for operation of the 3x3 optical switches
Input (O]} [0 Output
a 0 2n/3 b1
a 2n/3 0 b2
a; -27/3 -21/3 bs
a 21/3 0 b,
a, -21/3 -21/3 b,
a) 0 27/3 b3
az -27/3 -27/3 b,
as 0 2n/3 b2
az 21/3 0 b3

Now we calculate the phase shifters to control input signals to any output ports. Assuming that output is
switched to port b; (that means b;= 1, b,= b3;= 0) from port a; (a;= 1, a,= a;= 0). Expanding and solving the
Equations (7) we can easily obtain the roots @; = 0, ¢, = 27/3. In the same ways, we also find out matched phase
shifts for all switching operation states. In summary, in the condition of phase shifts are caused by the first MMI,
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accumulation phases at shifters required to control the input signal to any output ports can be expressed in Table
L.

As mentioned above, the structure of an all optical switching requires two nonlinear directional couplers (Danaie
& Kaatuzian, 2011) as phase shifters at two outermost arms of optical device as shown in Figure 1. Originally,
the nonlinear directional coupler includes two waveguides that have small distance and full coupling takes place
between them in one coupling length, provided that one or both of them have non-linear behavior. This
non-linear behavior can be guaranteed with high intensity control field which changes the nonlinear refractive
index. When the distance of two nonlinear directional couplers is very small and mode field amplitudes vary
slowly in the z- propagation direction, the interaction of electrical fields in nonlinear directional couplers
complies with coupled mode equations

_dA

= kBY, (IAF +2[B[ ) @®)
dB

=R, (1B +2/aF )5 ©)

Where « is the linear coupling coefficient, it is determined by « = T , L. is coupling length, A and B are field
amplitudes of the control and signal waveguides of the directional coupler and i, Yy, are nonlinear coefficients
describing the self-phase modulation (SPM) and cross-phase modulation (XPM) effects. Nonlinear coefficient is
determined as follow

_ 27,
MoAcgr
Ao is wavelength in the vacuum, n, is nonlinear refractive index of the waveguide, Ay is the effective modal

cross—section area. Under the effect of self-phase modulation in the nonlinear directional coupler, the phase in
directional coupler can be changed proportional to the intensity of input of electrical fields of waveguides.

(10)

The nonlinear phase shifts in the directional-coupler waveguides that are caused by cross phase modulation
(XPM) effect can be defined as
2mn, L, (I, + 21,
g=22nakello +21,) (1)
Ao

Where: I, 1. are the intensities of signal and control waveguides respectively. In the phase matched case when
the input wavelength and the refractive index of two waveguides are identical, maximum coupling will take
place.

2.3 Design and Optimization

In this study, we use the chalcogenide glass As,S; for designing the whole device. The material used in core
layer of the proposed optical switching structure is chalcogenide glass As,S; with refractive index n, = 2.45 and
the silica material SiO, used in cladding layer has refractive index n. = 1.46. As,S; (arsenic trisulfide) is a direct
band-gap, amorphous semiconductor. By using a highly controlled deposition process, a photo-polymerizable
film of As,S; can be deposited on standard silica glass substrates. Chalcogenide (As,S;) is chosen due to its
advantages. For example, it is attractive for high rate photonics integrated circuits (Pelusi, Luan, Madden, Choi,
Bulla, Member, & Eggleton, 2010; Ta et al., 2007), especially attractive for all optical switches in recent years
because of the fast response time associated with the near-instantaneous third order nonlinearity allows flexible
ultrafast signal processing. In addition, the chalcogenide glass supports the operation of wavelengths range in the
windows 1.55 um; and As,S; material has a high refractive index contrast to allow for a high confinement of
light (Shi, Anand, & He, 2009) also ultra-compact size. Therefore, it is useful and important for large scale
integrated circuits. The other advantage of the chalcogenide glass is that it has a high nonlinear coefficient n,
about 2.92x10° um*W. From Equation (11), we can see that phase angle in the phase shifter of the structure
increases proportionally in the nonlinear coefficient and the control field intensity, so if nonlinear coefficient is
high then control field intensity is low when the phase angle is constant. This is better for operation of the
proposed switch because a very high intensity of the control beam will overwhelm the signal. Moreover, since
the control beam intensity is much higher than the signal beam one, the nonlinear directional coupler needs an
extreme high isolation; so that it is difficult to design and optimize the proposed structure. Silicon dioxide SiO,
is used in cladding layer because of high refractive index difference between core and cladding layers that allows
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for a high confinement of light and also supports a larger mode numbers in MMI region. In addition, both As,S;
and SiO, materials are available and cheap also they can implement in the practical fabrication. Recently, these
materials are very attractive for ultrahigh bit-rate signal processing applications (Finsterbusch, Baker, Ta,
Eggleton, Choi, & Madden, 2006; Luan, Pelusi, Lamont, Choi, Madden, Luther-Davies, & Eggleton, 2009).

The device used in our designs is shown on Figure 1. Here, we use the TE (Transverse Electric) polarization and
operating wavelength 1550-nm for analyses and simulations. If the uniformity of the time harmonic of
TE-polarized waves can be assumed along the x direction of Figure 1, the simulation can be done assuming it as
a 2D structure (Bahrami, Mohammadnejad, & Rostami, 2011; Tseng, Fuentes-Hernandez, Owens, & Kippelen,
2007). In order to reduce time consuming but still have accurate results. a 3D device structure is converted to a
2D structure using the effective index method (EIM) first, then the 2D-BPM method is used for simulations
(Tseng, Fuentes-Hernandez, Owens, & Kippelen, 2007).

The design parameters of the proposed structure are chosen as follows: the width of each 3x3 MMI coupler
Wamris 24um, the width of access waveguides W, is 4um in order for single mode condition can be obtained,
the length of the multimode region Ly is set as L, for the general interference mechanism and it can be
calculated by the mode propagation analysis (MPA) method is 1259.8 pm.

Parameters of the control waveguides are designed as follows: the width is set as W,; at the beginning, a straight
waveguide has the length of 2059.15 um calculated by using the BPM. Next, it is connected to a sine waveguide
which has the length of 1000 pum in z propagation direction and the distance of 9 um in x-direction. Then it is
concatenated to another straight waveguide. By using the BPM, the length of the straight waveguide of the
nonlinear directional couplers L. is chosen to be 360 um to satisfy the eliminating condition of the cross transfer
power between control and structure waveguides. Gap g between this straight waveguide and the outermost arm
is small (Figure 1) to enable mode coupling. Finally, a sine waveguide and a straight waveguide are in turn
connected (as shown on Figure 1). We choose the sine waveguide for two purposes: first, the sine waveguides
are used to connect the straight waveguides together in which it puts a waveguide near outermost arms which
link between MMI regions in order to make a full coupling and a phase shift between nonlinear directional
waveguides and the second aim is that light beam power can be conserved when propagated through it. Both
control beams and input signal beams have the same wavelength, amplitude and polarization state in all of
switching states.

Now we optimize the whole device structure. Firstly, the length Ly is optimized by the 2D-BPM method to
find the optimal value by changing the values of the length around L,. Finally, we find out the optimal value as
1260 um. The optimal gap g between two parallel waveguides of the directional couplers used as phase shifters
can be found by using the BPM. The simulations are shown in Figure 2. We need to find the optimal value g to
minimize the cross transferring power between outermost arms and the control waveguides and split the total
power entering into one input port equally at mode coupling positions in case of the control waveguide is on and
access waveguides are on one by one into 3 arms A By, A,B,, A3B; as Pajgi, Pasa, Passs, respectively. This can
be done by introducing power into ports a;, a, and a; and use 2D-BPM method. Due to the symmetry of the
proposed structure, we only need to consider the power inserted into control waveguide 1. By changing the value
of g gradually from 0.09 pm to 0.11 pm and monitoring and normalizing the power P4p; as well as Peoyporr, We
choose the optimal value of g as 0.1 um according to Figure 2.
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Figure 2. 2D BPM simulation results for the optimal values of the gap g between control and structure
waveguide
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To optimize the operation of the MMI regions in the role of the splitter and combiner as well as minimize the
insertion loss and crosstalk effect, linear taper waveguides are used to connect between MMI regions and access
waveguides. In our design, linear tapers have the length 1,= 150 um and the widths from 3 um to 5 um are
calculated and optimized by BPM simulations.

As mentioned before in results are shown on the Table 1, when the input field enters the switch from the input a,
port, if the phase shift in the first linking arm is zero and the second linking arm is 27/3, it will switch to output
b; port.

Table 2. Power intensity states for operation of the 3x3 optical switch

Optimal Optimal
Input Output I I,
(GW/em?) (GW/em?)

a, b; 450 277
a b, 274.2 450.75
a, b; 330.12 332.62
a b; 279 448.5
a b, 327.8 327.8
a b; 448.5 279
a3 b; 332.62 330.12
a3 b, 450.75 274.2
a3 b; 277 450

For switching from an input to an output of the structure, we implement numerical simulation by 2D-BPM
method to find optimal values of field intensities of control waveguides. The simulation has to satisfy two
requirements: the first, we find the values of field intensities of control waveguides to produce exactly matched
phase shifts for switching operations; then those values must be optimized so that the transfer power between
signal waveguides and control waveguides is minimal.

We assume that the normalized input power in optical switching device is set as 1 normalized unit; input field
intensity I, equals 1 GW/cm® This value is chosen because it can generate the largest nonlinear phase shift
(Ruan, Luther-Davies, Li, Rode, Kolev, & Madden, 2005). To reach the switching state from port a; to port by,
firstly we find the intensity I;, which is introduced into control waveguide 1 (also see Figure 1), by varying the
intensity slowly. The appropriate result is about 448 GW/cm” making phase shift 0 in comparison with the center
access waveguide. Secondly, we can also change the value of the intensity I,, which is introduced into control
waveguide 2. The appropriate result is about 279.6 GW/cm® making phase shift 27/3 in comparison with the
center access waveguide. Finally, if we use these results to reproduce the simulation and adjust their values very
slowly around them again, we obtain the optimal values I, = 450 GW/cm? and I,= 277 GW/cm?, respectively.
The reason for this is due to the loss when the light travels in the MMI region and also because the length of
MMI region is too long to be operated as a splitter or a combiner accurately. Table 2 lists optimal field intensities
and states of control waveguides used in two control waveguides.

3. Simulation and Discussion

Figure 3 shows simulation results by 2D BPM for all of switching states in the 3x3 all optical switches
corresponding to all values of parameters listed on the Table 2. With respect to visual geometry, the results are
good for operation states of the switch. Due to symmetric nature of the proposed structure, the role of input ports
a; and a; are equivalent. Without loss of generality, we only need to consider the simulation results of a; and a,
ports of the structure.

Results reveal high output power intensity, which ensures the high performance of the switching structure.
Subsequently, a high-level switch should have the suitable insertion loss, extinction ratio, crosstalk, and good
tolerance independency against the wavelength and fabrication. Thus indicating the listed parameters is
important in manufacturing an optical switch.
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Table 3. Insertion Loss, extinction ratio and crosstalk of the proposed structure

Insertion Extinction Crosstalk

Input Output .
Loss (dB)  Ratio (dB) (dB)
al bl -0.19 31.94 28.65
al b2 -0.3 30.73 28.83
al b3 -0.15 33.33 28.69
a2 bl -0.17 33.16 28.67
a2 b2 -0.1 29.37 29.03
a2 b3 -0.17 33.16 28.67
a3 bl -0.15 32.33 28.69
a3 b2 -0.3 30.73 28.83
a3 b3 -0.19 31.94 28.65
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Figure 3. Simulation results implemented by BPM method for all switching states of the 3x3 all optical switches
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The calculation formulas for the insertion loss (I. L.) and extinction ratio (Ex. R.) as follows (Bahrami,
Mohammadnejad, & Rostami, 2011).

IL.(dB) = 1010g10(

ExR.(dB) = 1010g10[

out

n

Phigh

low

|

|

(12)

(13)

Where P, and Pj, are the output and input power of the switch in operation state, Py;e, and Py, are output power
levels in ON and OFF states of input ports respectively. Crosstalk is the ratio of the power at a specific output
from the desired input to the power from all other inputs (Papadimitriou, Papazoglou, & Pomportsis, 2003). The
calculated insertion loss and extinction ratios of the switch are shown in Table 3.

Result simulation presented in Figure 3 and Table 3 prove that all of the important parameters of the proposed
optical switch are suitable for all optical switching. Refractive index of As,S; in this design is calculated by
Sellmeier’s Equation (Chaudhari, Suzuki, & Ohishi, 2008). Results show that when the wavelength varies from
1545 nm to 1555 nm, the refractive index of As2S3 varies from 2.4496 to 2.4503. This variation is very small so
we can be neglected. Therefore, in all of simulation results, we consider refractive index of chalcogenide glass as

a constant.
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Figure 4. Normalized output power on the variation of the width and length of MMI regions in operation states
of the proposedswitch: a) the variation of the width and b) the variation of the length
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Figure 5. Dependency on wavelength of the insertion loss in operation states of proposed structure

As shown in Figure 4, the length and the width dependency of the MMI sections in proposed structure are
simulated by the BPM in all of operation states of the switch. The output power is normalized according to the
input power. Results denoted the variation of the output power in a quite large range of the width and the length
of MMI regions. The variation of insertion loss is less than 0.75 dB is the tolerance of the width and the length
are less than 0.3 um and 20 um respectively. Hence, the fabrication tolerance of proposed design is very large.
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Figure 6. Simulation results by 2D BPM about wavelength dependency of the proposed structure:
a) Crosstalk and b) Extinction Ratio
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Figure 5 shows the wavelength dependence of the insertion loss of the proposed all optical switch. An important
parameter in operation of all optical switches is wavelength sensitivity. In this design, wavelength sensitivity is
defined as the smallest change of wavelength range around the operation wavelength to ensure a variation level
in output power. If we choose the variation of the output power as 0.6 dB, the data from simulation results shows
that wavelength sensitivity in all cases is 10 nm.

Figure 6 shows the dependence of the crosstalk and extinction ratio of the switch on wavelength. The results
show that in the bandwidth 10nm around the center wavelength 1550 nm, the variation of crosstalk is about 11
dB to 29.24 dB whilst the variation of extinction ratio is about 29 dB to 34 dB respectively. These values are
good for applications in optical communication networks.

Clearly, the proposed switch has an ability to switch none blocking from any input ports to any output ports. In
comparison with an existing 3x3 optical switch using a 3x3 fiber coupler, we can see that the 3x3 fiber coupler
cannot switch none blocking between input and output ports despite having phase shift in each input port. This is
explained by coupling modes into fiber couplers. The light waves in the fiber ports, as well as the structure
themselves, are mirror-symmetric in one plane. Thus light in the widest fiber excites itself at the fundamental
mode in the waist. Light in the intermediate fiber excites one of the second modes, and light in the narrowest
fiber excites one of the third modes. In both cases, the mode is excited is the one that is symmetric about the
plane of fibers. For symmetry reasons, no flexural wave can couple light between the first and third modes, so
light cannot be routed directly between the widest and narrowest fibers. Hence, the single 3%3 fiber coupler is
restricted set of allowed states for switching operation (Culverhouse, Birks, Farwell, & Russell, 1997).

In comparison with the existing approach structure in the literature which used the 3x3 MZI structure and
electro-optic effect (Syuhaimi, Rahman, Shaktur, & Mohammad, 2010), our proposed structure has a better
insertion loss. In addition, our proposed switch is an all-optical switch that can be useful for all-optical networks
and other all-optical signal processing applications.

Moreover, in comparison with the existing MEMS technology, based on simulation results presented in Table 3,
the proposed structure has the same insertion loss and crosstalk but it has some further advantages of impact size,
reliability and suitability for large integrated circuits. Disadvantages of the proposed structure are polarization
dependence, phase shifters driving and its manufacturing price is more expensive than MEMS switches’ one
(Papadimitriou, Papazoglou, & Pomportsis, 2003).

4. Conclusion

A novel all-optical MMI switch has been presented in this paper. The non-linear directional couplers are utilized
to realize passive phase shifters. The proposed structure are analyzed and designed by using the transfer matrix
method and the beam propagation method. The optical control fields are used to make phase shifters for the
operation of the all optical switch. The simulation results show that the switching operation is done carefully, the
fabrication tolerance is relatively large. The proposed structure can be used to construct multi-port optical
switches, such as NxM optical switches (where N and M are multiple of 3). The quality of performances of the
proposed optical switch is good hence this structure can be useful for applications in optical communication
networks.
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