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Abstract: Based on the CROSSBAR network (CN) and the BANYAN
network (BN), two new rearrangeable nonblocking constructions of
extended BANY AN network (EBN) were proposed for implementing 8x8
optical matrix switch. The interconnection characteristics of these two types
of rearrangeable nonblocking EBN were studied, and the logic program for
driving switching units was provided. The calculated insertion lossis 3.3 dB
for 8x8 optical matrix switch. Silica waveguide 8x8 matrix optical switch
was designed and fabricated according to the calculated results. The silica
waveguide propagation loss of 0.1dB/cm and waveguide-fiber coupling loss
of 0.5dB/point were measured. With the fabricated 8x8 matrix optical
switch, optical insertion loss of 4.6 dB, cross-tak of -38 dB, polarization
dependent loss of 0.4 dB, averaged switching power of 1.6 W, and
switching time of 1 ms were obtained. A basic agreement between
experimental results and theoretical calculated values was achieved.
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1. Introduction

Two essential modules in full-optical network are optical cross connect (OXC) and optical
add/drop multiplexing (OADM), and matrix optical switch is the central part of an OXC
system. The exploitation of large-scale matrix optical switches is the practica demand in the
modern optical communications and information processing systems [1-3]. Matrix optical
switch is a device to realize the switching operations of optical signals among multiple
channels, so it is required to connect optical signals between any input and output ports
without blocking. According to the blocking possibility, an optical matrix switch can be
categorized into strictly nonblocking and rearrangeable nonblocking [4]. If a connection can
be built between any available pair of input-output ports without changing any existing
connections, it is strictly nonblocking. If al the input-output connections can be built by
rearranging the built connections, it is called rearrangeable. Planar lightwave circuit (PLC)
technologies can radically overcome the limitation of conventional mechanical technologies
and micro-electro-mechanical system (MEMS) technologies in switching speed and operating
stability because of its no-moving-part property. Silica-on-silicon waveguide technology is
widely investigated in fabricating large-scale optical matrix switch because of its particular
merits such as low optical loss, excellent compatibility with mature semiconductor
technologies, high coupling efficiency with fiber, and low cost [4-5].

In fact, a PLC-based nonblocking large-scale optical matrix switch is an effective
combination of a network of optical signal links and a permutation of switching units. Since
the Mach-Zehnder interferometer (MZI) structure switches are the most suitable for silica
waveguuides, the networks based on the 2x2/1x2 switches are preferred to implement the
silica-PLC-based large-scale optical matrix switches [4-6]. A CROSSBAR network (CN) isa
typical strictly non-blocking optical switch network, and is widely used in integrated optical
components [6-7], especially in large-scale nonblocking matrix optical switches. However,
many interconnection stages and switching units of CROSSBAR network for a switching
operation result in larger device size and more optical loss, and further restrict its application
in matrix optical switches based on PLC technology. A BANYAN network (BN) with
butterfly interconnection construction needs fewer switching units and interconnection stages,
s0 it has a smaller device dimension and a lower loss than a CROSSBAR network for the
same scale of matrix switches. Thus, the BN also attracts more attention for constructing
large-scale nonblocking optical switch recently. A BANY AN network is, however, an inner
blocking network, because two optical signals from different input ports to different output
ports sometimes pass through the same switching units synchronously, and then they are
probably blocked each other. To solve this problem, some nonblocking networks are atered
by combining different trimmed networks or adding inside linking [8-11], but their much
more interconnection stages and links result in a large network or a complicated routing
process, so that approach is not a good choice from the view point of fabrication.

In this paper, we analyzed the construction characteristics of CN and BN in detail, and
compared the optical insertion losses between CN- and BN-based matrix optical switches.
Then, we define an extended BANY AN network (EBN), which is made up of the basic
BANYAN network. The EBN is not a strictly nonblocking network, but it can implement
nonblocking switching operations by pre-optimizing the signal routes with a given drive
program, so the EBN-based switch is rearrangeable nonblocking. The rearrangeable
nonblocking property of an 8x8 optical switch with EBN construction and the logic diagram
for driving switching units were provided and analyzed, and the interconnection optical loss
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and the averaged switching power were cdculated. Based on the EBN construction, we
fabricated a silica waveguide 8x8 optical matrix switch and obtained expectable experimental
results. Accordingly, the experiments prove that this type of extended BANY AN networks
shows some inherent advantages in aspects of device size and optical loss over other
congtructions.

2. Network construction analysis
2.1 Construction analysis of CROSSBAR and BANYAN network

Figure 1 (a) and Fig. 1(b) are the constructions based on CN and BN with N=8, respectively.
As shown in Fig. 1(a), for a matrix optical switch of CN congtruction with a scale of N, the

numbers of linking stages, switching units stages and total switching unitsare n, = N-1, N
and N2, respectively. A signal need pass through N, stages of switching units from an input

to an output, wheren,, =2m-1(m=212,---,N) . As areault, it brings about the big device

size, large optical loss, and the non-uniformity of the signal paths. Thus, some additional
switching units are used for the purpose of compensating the non-uniformity of optical loss
[12], and make all signal paths have 2N —1 stages of switching units. As shown in Fig. 1(b),
for an NxN matrix optical switch based on the BN construction with butterfly interconnection,
the numbers of intersectional linking stages, switching units stages and total switching units

are N, N, and N-n,_, respectively, where ny =log} and n_ =log) +1. All the signals
between any input port and output port will track log)+1 switching units. With the

increasing of N, the superiority of BN is more apparent in the aspects of device size and
optical loss for large-scale matrix optical switches.
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Fig. 1. Constructions of the CROSSBAR network and the BANYAN network
with the width of N=8: (a) is the CROSSBAR network; (b) is the BANYAN
network

In the MASK design, we avoid the scenario of three-waveguide intersection, namely two
butterfly lines and a horizontal line intersect one another at a crossing point, by designing the
proper layout of linking waveguides. Therefore, there are only two scenarios of intersections.
One is the intersection between a horizontal line and a butterfly line with the intersecting
angle of 6, , and the other is the intersection between two butterfly lines with the intersecting

angle of 4, . It is easy to find 6, =6y, /2. Corresponding to the above two types of
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intersections, two intersection-induced 10sses of Lo (Gps) @nd Ly o (6) are defined. It is

easy to see from Fig. 1(b) that each butterfly line intersects with the N/2' reverse butterfly
lines, and intersects with the N/2' —1 horizontal lines. The intersection numbers of these
two types of intersections are defined as n,,, (6,,) andn,, . (6,.) , respectively, and given by

ninter(gbb)zN/2i |=1121n (1a-)
nima(é’bs)zN/Zi -1 i=12---,n (1b)
Then thetotal intersection lossis
n n
Tlinter = Z L(@bb) - Minter (Fon) + Z L(Bbs) - Minter (Bs) @)
i=1 i=1

Where, L(6,,) and L(6,) ae the corresponding intersection-induced losses a the
intersection angle of &, and 6, , respectively. If an individual MZI unit loss isL, , the
number of MZI units for an optical signal to pass through isn,, , the averaged MZI length
islyz , and waveguide propagation lossisL ., , the total loss of switching units and the total
propagation |oss can be calculated by

Tlswiteh = Nzt Lz ©)
TLprop =Nyzlvz I-prop (4)

Considering the fiber-waveguide coupling lossLye¢ , finaly, we obtain the insertion loss IL
of the matrix optical switch of BANY AN network as

IL=TLinter +TLsniten + TL prop + 2hwec (5)
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Fig. 2. Simulation results of the intersection- Fig. 3. Simulation results of the insertion
induced optical loss versus the intersection angle optical loss versus the switch scale N

N

With the simulation software tool OptiBPM, we simulate the influence of intersection
angle on intersection-induced loss with respect to two-waveguide intersecting as shown in
Fig. 2. Note that, the intersection-induced optical loss quickly decreases with angle

increasing, specially L ¢ (6,s) 1S 0.09dB and Lo (Gy) i less than 0.01dB when angle
6, is 30 degree. According to the design and measured results, we take the averaged length
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of each individual switching unit as 1.0cm, the propagation loss 0.1dB/cm, the fiber-
waveguide coupling loss 0.5dB/ point, and the access loss of switching unit 0.4dB. With

Egs. (1) to (5), the relations of insertion loss IL versus the switch width N of the BN and the
CN are obtained as shown in Fig. 3. The great superiority of the optical matrix switch based
on the BN construction can be seen in optical loss and device size when N islarge.

To study the networks from topology, the CROSSBAR network is strictly nonblocking
network, and any connection can be established between an available input-output pair
irrespective of the operating state of the network. Nevertheless, the BANYAN network is
inner blocking construction, and its established connections maybe impact the building of a
new connection. The reason is that there is only one possible path for each optical signa to
track from an input port to an output port, and when two optical signals from different input
ports to different output ports track the same switching unit, blocking will appear. Therefore,
some extra-steps should be added to solve this problem. For instance, as shown in Fig. 1(b),
the two signals from input ports 1 and 5 to output ports 1' and 2’ will be blocked each other at
the switching unit 1 of stageC, , and aso the signals from input ports 1 and 5 to output ports
3 and 4’ will be blocked each other at the switching unit 2 of stage C, . In general, when two
optical signals input from the ports with different number of 4, i.e. from input ports 1 and 5,
or from ports 2 and 6, or from ports 3 and 7, or from ports 4 and 8, and to the output of the
following four groups of ports, i.e. the output of ports 1' and 2', or of ports 3' and 4, or of
ports5' and €', or of ports 7 and 8', they will be blocked at the switching units of stage C, .

In other cases, the optical signals can pass through the BN and reach the destination output
ports without blocking.

2.2 Congtruction analysis of extended BANYAN network

Figure 4(a) and Fig. 4(b) show the type-l and type-Ill EBN constructions of 8x8 optica
switch, respectively. In them, each small square is a switching unit with MZI construction.
The two types of EBN constructions are both formed by extending a stage in horizontal
direction, which has the same forms as the stages of the BN congtruction. The extended stage
of type-l construction has the same form as stage S, of the BN construction, but that of type-

Il construction has the form of stage S, instead of stage S, . So, each of the two types of

extended networks has five stages and total forty switching units. With each of the EBN
congtructions, two optional paths can be chosen for an optical signal to track in each input-
output pair. Accordingly, we can properly choose the signal path from the two possible paths
to realize rearrangeable nonblocking signal routing.

1 T 1 r
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Fig. 4. Constructions of the two types of extended BANYAN network: (a) the
type-l construction; (b) the type-11 construction

#75359 - $15.00 USD Received 22 Sep 2006; revised 27 Dec 2006; accepted 9 Feb 2007; published 13 Jul 2007
(C) 2007 OSA 23 July 2007/ Vol. 15, No. 15/ OPTICS EXPRESS 9351



The signal routing process of type-l construction is illustrated in detail as follows. As
shown in Fig. 4(a), stage S, is divided into two groups, and stage S; is divided into four
groups of | to 1V frames, marked with dashed line. Here, only upper | and Il groups of stage
S, is considered. If two signals, coming from ports k andk+4 (k=1234) of stage C,

and go to the destination output ports k' and k'+1 (k'=1,3") of stageCs, pass through | and

Il groups separately, the blocking will be avoided. To simplify the logic diagram, we define
that the signals coming from ports 1' and 3' fixedly pass through | and |1 groups, respectively.
In the general case, the signals coming from the ports 2 and 4’ also pass through | and Il
groups, respectively, but the possible case of blocking can be avoided by exchanging the two
signals pathsto Il and | groups, respectively. In the same manner, the signals coming from
ports 5’ to 8' yield to the same case asthe signals from ports 1’ to 4'.

Initialize| and O
| —T

¥

fori=1to8
1(D)»]; O@) »k
i Tk

v

D(i)=|T(2i) -T(2i-1)|
i=1234

1=T(2), F@)=2; i=T(2), F()=1;
1=T4), F@)=2; i=T(4), F@)=1;
[ ]

j=T(6) , F(1)=2; i=T(6) . F()=1;
i=T(8), F()=2; i =T(8), F()=1;
| ]
Fori=1,35,7
i=T@),F@=1
Search the states of
switching units of all paths

End

Fig. 5. Flow diagram of the switching driver with respect to the type-I extended
BANY AN network

Severa vectors are defined in order to address the electrical-driven switching units with a
program. The vectors 1(1x8) and O(1x8) are respectively the numbers of input ports and
output ports, and M(1x4) is the number difference of the input ports of the signals which are
for two adjacent output ports, where M(i)=|l (2i)-1 (2i-1)| (i=1,2,3,4). Vector F(1x8) is defined
to mark the signal path according to the signal output choice at the switching units of stage
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C,, and isset as 1 for straight line output and 2 for butterfly intersectional line output. R(8%5)

is the matrix for operating the switching units, and R(m,n) is defined to stand for the value of
switching units, and the value of R(m,n) is 1 when the switching unit of the m-th row and the
n-th column should be activated electrically, otherwise its value is 0. Based on the previous
depiction about nonblocking property of the signal routes, matrix R can be obtained by the
flow diagram as shown in Fig. 5, where T is the temporary vector, and i, j, k are temporary
variables for the program operations.

For the type-ll construction, the signals coming from 1' to 4 and from 5’ to 8' should
yield to the routes in the upper group and the lower group of stageC, , respectively. When a
blocking state occurs, the signals arriving at ports k' and (k'+4) (k=2 or 4) should be
exchanged to the routes in the lower group and the upper group of stage C,, respectively.

The flow diagram of the type-1l construction is not described again because of its similarity
with that of the type-l. In the signal routing program, we can define a state list to memorize
the switching units on/off states of the accessible routes of all input-output pairs. Based on the
previous process for finding the signal route, the switching matrix T will be produced. Further
more, we can create the drive signals to perform the switching actions with a drive circuit. As
an illustration, we completed a calculation program of matrix T with the flow diagram as
shown in Fig. 5 and obtained partial results. Table 1 lists eight groups of the values of the
vector F and the matrix T with different switching states. According to the values, we can
judge the optical paths of al the signals and the activities of al the switching units. For
instance, as shown in the table 1, the VV-th group provides the rearranged optical paths and the
switching units activities when possible blockings exist. When the input-output-port pairs of
optical signdsare1-1', 2-3, 3-5, 4-7,5-2, 6-4', 7-6', and 8-8', the optical paths of signals
5-2',6-4', 7-6', and 8-8' arereelected by passing through groups 1, I, 1V, and |11 at stage S,
in the frames of Fig. 4(a), respectively. Thus, each optical signal can find a path without
blocking each other to pass through from input ports to output ports.

Table 1. Calculation results of matrix T according to type-1 EBN construction

i I I
T T T
A A A A A A R N A N A P I Y A
17 (11111 1(® 01101z 2111111
22 [1]1]0|0 1 1|27 01|01 11|25 0lo]o|1]|1]1
33 |[1]0]0|0|0|1[36 |0 0010|1321 11001
44 1|01 |1]|0|1[45 |0 0| 1|00 1|46 |0 0]0 001
55 | 1|01 |1]0]|1]54 |0 0| 1|00 1|58 |0 0lo0|o0]|0]1
66 |1]0l0|0]o0 1l63 |0 ]o0]0| 10167 111001
77 [1]1]l0|0 1 1|72 0|1 0|1 1|1 |74 0lo]o|1]|1]1
88 | 1| 1|1 |1|1|1(8r |01 | 1|01 1|88 |1 211|111
v Y Vi
In-Out T F | In-Out T F | In-Out T F
GGG GIG GGGl G GGG GG
5 [o]ol1 |0 1 1| 112|211z 2211211
2T (1110 o0 1|23 1|00 10123 [ 1]o0]1 o011
33 |[1]0]0]o0]o0|1[35 |0 00|10 135011101
47 [0]o]olo| 1147 |0 0| 1|11 1|47 001|001
56 | 1| 1110|252 |0 0| 0|10 2|58 110|101
62 (0|01 |11 2|64 00|11 |1|2|66 100 001
74 [0]o0lo0 |11 2|76 |1 1|11 12|74 0ol1]o1]1]1
88 | 1|00 |1]|0|2(88 |10 0|10 2820 0l0 o011

3. Theoretical calculation

With the previous analysis, the optical loss of the BN and EBN congtruction is compared.
Figure 6(a) displays the proportion of different optical lossin the insertion loss. We can notice
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that most of optical loss of EBN is from the access loss of switching units and intersection-
induced loss, and the two types of EBN constructions have the same loss of switching units
and propagation loss, but type-Il construction has a larger intersection-induced optical loss
than that of type-I congtruction. When N is small, the loss of switching units is larger than
intersection-induced loss, but the intersection-induced loss increases faster than the loss of
switching units with N, namely, the influence of intersection-induced optical loss on insertion
loss becomes more serious. Figure 6(b) shows the simulation result of insertion loss versus
switch width N. It is easy to see from Fig. 6(b) that two types of EBN constructions have
larger insertion losses than BN construction and their difference in the insertion loss becomes
larger with N, but the increasing speed of the type-I construction is less than that of the type-I1
construction. Comparing with that of the CN construction in Fig. 3, the insertion losses of
EBN constructions are relatively smaller obviously.
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Fig. 6. Simulation results of optical 10sses versus switch scale N: (a) the optical 1osses of the
EBN construction versus switch scale N; (b) the insertion losses of the BN and EBN
constructions versus switch scale N
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Fig. 7 Simulation results of the intersection number and intersection-induced loss versus the
switch scale N: (a) the intersection number versus switch scale N; (b) the total intersection-

induced lossat 6, =30 degree
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The relations of the intersection number and the intersection-induced loss versus switch
width N are depicted in Fig. 7(a) and Fig. 7(b), respectively. It can be found from Fig. 7 that
the two parameters increase more rapidly with N, and the two types of EBN constructions and
BN congtruction have the similar changing trends, but that of the type-l are less than that of
type-1l construction at al time. The proportion of intersection-induced loss is much smaler
and can be ignored when N is small, but its influence on insertion loss will be dominant and
must be considered when N is big. Figure 8 shows the relations of the switching power of two
types of EBN congtructions with different N when all the N channels of signals operate
synchronously. As for an 8x8 matrix optical switch, the total switching power of 10W and the
averaged switching power of 1.2W/ch are calculated, and they are all relatively larger than the
counterparts of CN construction.

Y T T

T T T T T

70 | —=—: ENconstruction v
—v—: EBNH and EBNH | construction

8 8
1 I

Switching Power (W)
8

AN

11

Fig. 8. Simulation results of the total switching power versus the switch width N

4. Experimental resultsand discussion

With the simulation results, we designed a rearrangeable nonblocking 8x8 matrix optical
switch with the type-1 EBN construction. The refractive index difference, the cross-sectional
size, and the intersection angle of waveguides are 0.75%, 5.5x5.5 um? and 30 degree,
respectively.

Ribbon
fibers

coupling
area

Fig. 9. Photo image of 8x8 matrix optical switch with the EBN
construction and silica waveguides, where WG stands for waveguide

With the PEVCD deposition and RIE etching, we fabricated a sample of 8x8 matrix
optical switch, and the photo image of a packaged device is depicted in Fig. 9, where the
central chip, ribbon fibers, waveguide-fiber coupling areas and electrical connectors are
labeled. Figure 10 shows the relations of optical output versus the applied electrical power
with respect to the wavelengths of 1530, 1550 and 1570 nm, respectively. The measured
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values of propagation loss and waveguide-fiber coupling loss were respectively 0.1dB/cm and
0.5dB/facet at 1550nm wavelength. Further several main parameters such as insertion loss
(IL), crosstalk (XT), polarization dependent loss (PDL), switching power consumption (SPC),
and switching time (ST) were obtained as listed in Table 2. The average measured values of
these parameters are 4.6dB, -38dB, 0.4dB, 1.6W/ch, and 1.0ms, respectively. Note that the
measured value of IL is closed to what is obtained in simulation, and as well the results of XT
and ST are also excellent. In addition, the central-chip size is only 55x6mm? which is much
smaller than what is based on the CN, accordingly the insertion loss is also reduced a lot. It
turns out that this type of extended BANYAN construction has promising applications for
large-scale optical switches with low loss and low cost.

0 T T T T T
—u—1550nm| N
1 |—e—15300m P P
' e
1570nm o 2y
-10| Ve
~ 's
[ ’n’
Z s
@ /’
=]
S
3
E] "
S 5 Pad
IS ue
() f. o
30 o
Dy
354 ’J'
T T T T T
0 500 1000 1500 2000 2500

Fig. 10. Measured results of insertion loss versus applied power of the fabricated
8x8 optical switch with the EBN construction and silica waveguides

Table 2. Measured results of 8x8 optical matrix switch

Items IL XT PDL SPC ST
Unit dB dB dB W/ch ms
Vaue 4.6 -38 0.4 1.6 1

5. Conclusion

Two types of extended BANY AN networks with rearrangeable nonblocking character are
proposed, and the main characteristics, including insertion loss and butterfly intersection, are
analyzed. The blocking property and the signal routing process of an 8x8 matrix optical
switch are discussed in detail. With a fabric of Silica-based 8x8 matrix optical switch of
approximate 5.5cm in length, the measured insertion loss of 4.6dB is closed to the simulation
result. It is proved that the extended BANYAN network is superior to the CROSSBAR
network in size and optical loss because of its fewer stages of switching units. It is easy to
finish 8x8 matrix optical switch in a4”-wafer without looped layout design. It is necessary to
remind that although no blocking of the EBN construction is made sure in theory and by the
actual fabric, the further study of the general mathematic logic diagram of signal routing
should be made to realize the application of this network in universal sense.
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