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Abstract— We present a compact, low-loss, completely non-blocking 
4x4 optical switch possessing loss uniformity with a negligible variation 
of 0.8%-1.5%. It is observed that the total switching loss ranges from 
1.8% to 4.1% only with fabrication tolerances of ±2.5%. Integration of 
MMI waveguides approach has been used to optimize switching speed, 
losses and overall on chip area coverage of the proposed switch. 
 
 
Optical computing will be an alternative to existing 
communication networks/technologies to overcome the 
issues of loss uniformity, restricted speed and power 
requirements. Being an essential component for all optical 
networks, optical switch [1] enables signals in optical 
fibers or integrated optical circuits (IOCs) to switch 
across each other. The design and fabrication of single-
substrate-based high-order all-optical switches has been a 
challenging task in order to place them with other on-chip 
systems and applications (integrated with other devices). 
In integrated devices, loss uniformity [2] is an important 
issue which is a measure of losses that occur to all 
possible combinations of input and output. Switches with 
different losses for different input output combinations 
lead  to an undesirable feature, i.e. an increased dynamic 
range of signals in the network [3]. A nonblocking 3x3 
optical cross connection (OXC) with a fewer number of 
optical switches with uniform losses in the range of 1-
3dB is explained in [4]. A high order, strictly non-
blocking optical cross-connect with uniformity and loss 
of 2.8 dB has been fabricated using silica-on-silicon 
waveguide technology with 1 x 4 MMI-based generalised 
Mach-Zehnder interferometers [5]. The straight MMI 
devices have favorable tolerance to device width, 
wavelength, polarization independence, and low 
propagation loss, particularly for ignoring bending losses, 
etc. [6].  

MMI-based devices are much less sensitive to 
variations in etch depth when compared to an equivalent 
directional coupler, since their design does not depend 
significantly on etch depth [6]. The alloy GaAs/AlGaAs 
has been used for various high speed electronic, 
optoelectronic devices and their hetero structures to form 
multimode optical waveguides [7]. In this paper, we have 
designed and analyzed the performance of a non-blocking 
4×4 all optical switch using integration of 
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GaAs/AlxGa1-xAs based MMI waveguides approach in 
order to optimize its coverage area while maintaining loss 
uniformity. The dimensions of the basic switching 
element design were kept minimum in order to optimize 
interconnect losses and overall on-chip area coverage. It 
is obvious that for each elementary switch with small 
dimensions, the propagation speed will be higher and thus 
the switching response of the switch - better. 

An all-optical switch has two inputs and two outputs, 
with two switching states (Figure 1): one is the "straight" 
state, also referred to as bar state and the other is "swap" 
state also referred to as cross state. The inputs and outputs 
are in an optical form and the switching is performed in 
an optical domain internally.  
 

 
Fig. 1. Basic 2x2 switch with switching states (a) the "bar" state; (b) the 

"cross" state 
 

The choice of material, switching technology, and 
architecture have great impact on the performance of 
MMI based all optical switches. Fan Wang et al [8] 
reported that, in MMI couplers, the field profile at the 
input is replicated at regular intervals and produces single 
and multiple mirror images, which in turn have been used 
for switching and power division. But this leads to high 
crosstalk and a less reliable system. Alternatively, by 
making a small change in the refractive index along the 
coupling length, switching can be achieved. This is 
known as a multi-region refractive index modulation 
method. Partial index-modulation regions can operate by 
current injection for a refractive index change and a high-
speed optical switch is expected [9]. In recent years, MMI 
based low loss, low crosstalk, scalable and low cost 
switches have been developed by means of electro-optics, 
and thermo optics [10]. 

Varying the refractive index of the MMI section by a 
very small value - either by current injection [11] or by 
heating electrode [8], switching can be achieved in a 
MMI based optical switch. The basic structure of a 2×2 
MMI optical switch with the dimensions of various 
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sections, depicted in Figure 3, has been designed as 
follows. 
 

 
Fig. 2. Layout (not to scale) of a straight MMI coupler based 2×2 optical 

switch. 
 

The structure mainly consists of three regions labeled 
as Region-1, Region-2, and Region-3, with refractive 
indices n1, n2 and n3, respectively. The outer edges of both 
the input and output waveguides coincide with the edges 
of the MMI region. To work with the switch in the BAR 
state, we have set n1=n3=n0 and n2=n, such that n0>n. In 
order to achieve output in the CROSS state, we have set 
n1= n2= n3=n0. The value of fraction x for waveguide 
material AlxGa1-xAs has been varied (from 0.9 to 0.5) to 
change the refractive index of the coupling region ‘2’ 
(n2): from 3.058 to 3.15 by the current injection method. 
Wavelength influence (in the range of 800-900nm) on 
AlxGa1-xAs refractive index has been taken into account 
by changing x with heating current (10 mA). Passive 
simulations confirm that the design can exhibit overall 
loss of 0.3 dB with crosstalk lower than 20 dB. The 
designed switch has been used as a switching element 
(SE) for realization of the proposed 4x4 switch. 
 

The proposed 4×4 optical switch has been designed by 
integrating  six 2x2 switches on a single substrate. The 
switching element’s connection is chosen in order to have 
a smaller number of switching elements and reduced 
physical area. The total device size has been reduced to 
0.20 mm (width) x 2.8 mm (length) less than reported in 
[10] [12], being also compatible with on chip 
applications. We have used optical signals of frequency 
193.2 THz with different power level 10, 20, 30 and 40 
mW. The fabrication tolerances of ±2.5% (for length & 
width dimension of the device) were achieved by 
optimizing the output/input channel separation of internal 
SE’s. We have used these power levels with different 
connection patterns [5] to check its loss uniformity and 
non blocking switching nature [10] [13] for all possible 
input/output patterns. Uniformity is the difference 
between the maximum and minimum output powers at 
output ports [14]. Figure 3 depicts a 3 layered cross 
sectional view of the proposed 4x4 switch with a 
substrate, MMI sections and electrode regions. The 
electrode regions have been developed across the 
individual SEs in order to alter the refractive indices so as 
to perform the switching in them. A finite difference 
beam propagating method was used to investigate 
lightwave propagation in axially varying waveguides. 
Design and 2D isotropic simulation results were produced 

using an OPTIBPM analyzer and simulator with VB 
scripting. Perfectly matched layer (PML) boundary 
conditions were used, which defines the truncation of the 
computation domain by layers without any reflection 
irrespective of signal frequencies [15]. To check switch 
loss uniformity, input signals of different power levels 
covering 24 possible combinations randomly were used. 
Table I shows all possible output w.r.t inputs 1,2,3,4 with 
corresponding states (bar and cross states) for individual 
SEs. 
 

 
Fig. 3. View (cross sectional and top) of the  proposed 4x4 switch (IP 

denotes input port, Out denotes output port and SW denotes a switch, M: 
1-6, electrode region) 

 
TABLE- I: States of different switches (B=Bar, C=Cross) 

Output patterns States of different switches 
a b c d S1 S2 S3 S4 S5 S6 
1 2 3 4 B B B B B B 
1 2 4 3 B C B B B B 
1 3 2 4 B B C B B B 
1 3 4 2 B B C B C B 
1 4 2 3 B C C B B B 
1 4 3 2 B C C B C B 
2 1 3 4 C B B B B B 
2 1 4 3 C C B B B B 
2 3 1 4 C B C B B B 
2 3 4 1 C B C B C B 
2 4 1 3 C C C B B B 
2 4 3 1 C C C B C B 
3 1 2 4 B B C C B B 
3 1 4 2 B B C C C B 
3 2 1 4 B B C C B C 
3 2 4 1 C B C C C B 
3 4 1 2 B B C C C C 
3 4 2 1 C B C C C C 
4 1 2 3 B C C C B B 
4 1 3 2 B C C C C B 
4 2 1 3 C C C C B B 
4 2 3 1 C C C C C B 
4 3 1 2 B C C C C C 
4 3 2 1 C C C C C C 

 
Figure 4 presents a visual of switching occurring 

internally for optical powers applied to specific 
input/output patterns. Similarly, other combinations were 
also realized and the device was found completely 
nonblocking.  
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Fig. 4. 2D view of internal switching effects for one possible 
input/output combination (s1, s3, s4, s5 are in cross states and s2, s6 are in 

bar states). 
 

The power levels at subsequent output ports were 
measured for two different refractive indexed modulated 
regions, i.e. for n2=3.058 and 3.15. The average loss was 
calculated for each input and output pattern and results 
were then plotted using MATLAB 7.0 to check the 
variations in switching losses for every possible 
input/output combination. As shown in Figure 5, it is 
observed that with n2= 3.058, the switch possesses loss 
uniformity with a variation of 0.5% and average loss of 
1.8% only. For n2= 3.15, loss uniformity with a variation 
of 1.5% and average loss of 4.1% were observed. Two 
different refractive indexed MMI regions with n2 = 3.15 
and 3.058 were considered in order to follow the 
principle of parallelism [16], which also verifies the 
uniform switching characteristic for both cases. 
Therefore, the integration of an uniformly structured 
MMI waveguides approach resulted in reduced on chip 
area with enhanced loss uniformity as compared to [4] [5] 
[14]. 
 

 
 
Fig.5. % Loss (@output ports) for all possible power patterns (@ input 

ports), showing loss uniformity variation of 0.8%-1.5% with total 
switching loss between 1.8%-4.1% only with n2 = 3.15 & 3.058 

 
In summary, we report a compact, low loss, completely 

non-blocking 4×4 integrated MMI all optical switch with 
absolute loss uniformity. The reductions in elementary 
switch lead to lower power consumption and physical 
device area. The architecture is extendable into 8x8 and 
16x16 switching matrices. Loss uniformity is an 
important aspect to be considered thoroughly before 
fabricating integrated all-optical switches for system on 
chip applications. Integrated MMI sections need to be 

fabricated carefully to avoid overlapping errors and to 
make the best use of on-chip area coverage. 
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TEQIP, Ministry of Human Resources Development, 
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