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Two-Module Stage Optical Switch Network

Hideaki OkayamaMember, IEEE, Member, O$Xutaka Okabe, Toru Arai, Takeshi Kamijollember, IEEE
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Abstract—A large-scale optical switch array based on Il. GENERALIZED THREE-MODULE-STAGE NETWORK
guided-wave technology using two-module-stage network archi- )
tecture is proposed. Networks are derived from a generalized ~ To obtain a two-module-stage network, we start from a gen-

three-stage switch network. Two types of architecture are demon- eralized three-module-stage network shown in Fig. 2. Matrix
strated. In the first, building blocks in each module are1 x n, switchn x m is placed at the output and x » at the output.
n X m nonblocking switches orn X r switch that can route g mnigqje stage x  switch are grouped into three layers. The

limited numbers of input signal. In the second, crossbar, Banyan, | | ists P r x r switch h iddle-l
or four-stage wide-sense nonblocking network is used as building I0West layer consists df r x r switches. The middle-layer con-

blocks. The interconnection is simpler than for the first type. Sists ofm/(PQ) groups of lowest layer group®.is the number
Network architectures that use Banyan or wide-sense nonblocking of interconnections connected fromax m switch to ar x =

network building blocks are classed as thinned-out Banyan syitch. The top layer consists of/(PQ’) middle layer groups.

I _ _ _ _ @' is the number of interconnections those are connected from
Index Terms—Banyan, optical switch, switch matrix. ar x r switch to am x n switch. Each lowest layer group is con-
nected to each outputxn» switch group. The network is strictly
I. INTRODUCTION nonblocking whenP is larger tharn/Q) — 1 or (2n/Q’' — 1)

and rearrangeable wheft) = n (PQ' = n).

T HE OPTICAL switch array [1]-{3] is a basic component  gqr rqyting signals, the x m switch sends an input signal

of any system, such as cross-connects or local area gty group ofP » x r switch where a routes to desired output

works, routing optical signals in an optical form. These sy$s connected. The x m switch selects a route which thex

tems require a large-scale optical switch network that handiggiich and interconnections to x » switch with desired output
numerous input and output ports. An optical switch matrix Witly ot 411y occupied. The x  switch sends the signal to desired

a large port number is difficult to fabricate in one chip. Many,, ., ., switch andn x n switch routes the signal to the desired
optical switch matrix devices must be connected to attain larg&sin it

scale optical switch network. In the generalized crossbar optical\Nith' m = PQ(Q = @) andQ = 1 the network becomes a

switch network [4] [Fig. 1(a)], optical switch matrices must b|os network. There are several ways to selead, and(Y, but
connected irp ranks when network porjstimes the number of ;. i1is report we chos€ = ¢ = 1, which gives a reasonable
each optical switch matrix are required. A three-module staggy nymper. We name the network based on Clos network type |
netvyork such as a Clos network [5] [Fig. 1(b)] is used mainly t@:los—based) architecture and the second type@ith Q' = 1
attain a large port number. The resultant network based onthgse> _ type II. The interconnection pattern differs in these
conventional architectures has high loss due to the relativgly, architectures. To attain a two-module-stage network, we di-
high insertion loss of the optical switch matrix device. Low l0S§ige the three-stage network at the middle stage r swit,ch
network i; expected _for a two-module-stage network. Only the. 4 ombine each part of the middle stage + switch with

tree architecture [6] is known for a two-module-stage expanglzt siage or third(last)-stage switches. The type Il architecture
able network. The tree architecture [Fig. 1(c)] has a proble@ nore easy to rearrange the network into two-module stage
because the numbers of interconnections and modules are higg@. 15 the segregation of interconnections. Switch elements and

In this report, we propose expandable two-module-staggerconnections in a module are integrated into a optical switch
networks with fewer interconnections and modules. Thfrray chip.

networks described are derived from a generalized three-stage

switch network. Two types of architecture are shown. In the

first, the building blocks in each module atex n, n x m lll. TYPEI, CLOS-BASED ARCHITECTURE
nonblocking switches at x r switch that route limited number

. . The Clos network shown in Fig. 1(b) is strictly-nonblocking
of input signal [4], [7], and [8]. In the second type, a CrOSSbavrngnm is larger thar2n — 1 and rearrangeable when is

gsngjlilrgw?r fgllgcsl:gg[i]\’vl_lqﬁ:?:tsefcg?;tgggglnn?sniit:nvore(rlstﬁaﬁﬁrger thann. To divide the middle (second) stage switch and

. 9 ' ; P combine parts with first- or last-stage switches, the middle-stage
that in the first type. Network architectures that use Banyan Sog/ itch must be segregated into several parts. An obvious way is
W|de—.sense nonblocking network building blocks are cIass?o decomposed the middle stage switch into two-stage switches.
as thinned-out Banyan networks [9], [10].

In Fig. 3(a), the middle-stage switch is decomposed intor
andr x ¢ optical switch matrices. By combiningx r andr x

Manuscript received June 9, 1999; revised December 9, 1999. q switches with the first- and last-stage switches, the structure
The authors are with R&D Group, Oki Electric Industry, Company, Ltd., Ha: .

chioji, Tokyo 193-8550, Japan. of the module in the two-stage-module network becomes that
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Fig. 1. Conventional multiple module stage architectures: (a) generaliz,

square crossbar, (b) Clos network, andXt)x NN tree structure.

andg x r switches. The last module stage is composed>of;

andm x n switches.

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 18, NO. 4, APRIL 2000

Q

PQ / "[),(" Q
m Ty PQ

n
?( - mxn

11

‘ i1\ ;

1 P v 1
1

4R\

Q : nr
\ @
%E miPQ 1 Q'
I
;1

mnr T mnr

PQQ! PQQ
i )

LK

/

\

I/

1111

o

Fa—__[— =2

m/(PQ")

3

¥/ A

Fig. 2. Generalized three-module-stage architecture.

into a two-stage switch network. We ugex m andn x g”
switches in an x m switch. Then x ¢” andg x r switches are
combined and replaced by awy x ¢’ switch in which only
qq” signals are routed (Fig. 4). Due to the limited required per-
mutation of theng x ¢’ switch, the switch structure is simpler
than for strictly nonblocking.

For routing signalsg’ x m switch sends input signal to a
nq x ¢"r switch not fully occupied. Then theg x ¢”r switch
sends the signal to a module with desired output. In the output
moduleq”’r x ng switch route the signal tov x ¢’ switch with
desired output and thas x ¢’ switch sends the signal to the
desired output.

A. Architecture withy = ¢/ = 1

Forq = ¢” = 1, only one signal is handled by the; x
q"'r (n x r) switch. Examples of the x r switch routing one
signal are shown in Fig. 5. The device in Fig. 5(a) consists a star
coupler and optical gates placed at each port. The optical gate at
input selects one signal from among various input and the star
coupler distributes the signal to all output ports. The optical gate
at the output port selects a signal destined for a desired path.
The second is a Banyan network [Fig. 5(b)] constructed with
%192 (output port number) stages ok22 switch elements. The
Banyan network is capable of routing one signal to any output.
The optical switch using an arrayed-waveguide structure [8],
[12] [Fig. 5(c)] also routes one signal among many input ports
to a destination. A small-scalg x m switch is used instead of

For the thermooptic switch [11], the crossbar is preferable ftre n x m switch in Fig. 3(b). They x » (¢ = 1) switch in
then x m andm x n switches due to power consumption. IrFig. 3(b) andn x » switch in Fig. 4 have essentially the same
the other case, we decompose thex . and m x n switches complexity.
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Another application of this network is as a router using com-
bination of electronic and optical routing. Using the electronic @
router [13] as &’ x m switch and the optical switch (Fig. 5)
as am x r switch, we implement a large-scale high-bandwidth
router. The total number of electronic routergi§/¢"” and op-
tical switche2mr. Several optical switches must be integrated
to reduce the number of optical switch modules.

2x2 switch

B. Architecture withy = ¢ = ¢”" = 1 )

Forq = ¢’ = ¢ = 1, the network in Fig. 4 becomes equal to
that of [4]-[6]. The network consists df m andn x r switches.
The device in Fig. 5is used for botlxn andn xr switches. For
n = r the network becomes similar to the extended generalized
shuffle (EGS) network [14] with x m fan-out at the input, two
stager x r switches each routing one signal amdx 1 fan-in
at the output. Strictly nonblocking condition for Fig. 4 network
with n = » shows much wide range than for the EGS network ©
(Fig. 6). Fig. 5. Multiple input and output port switches routing one signal.

Since the network is based on a tree architecture, crosstalk is
low. Crosstalk generated atx m, n x r, andr x n switches is using devices in Fig. 5(a) and (c) is shown in (1) to a second-
rejected at then x 1 switch at the last-stage module. Secontbrder approximation with, being the device crosstalk
order crosstalk is generatedrat » andr x n switches which
contribute a little to the crosstalk. The crosstalk of the network SXR=2X,—10log,o(n+r +m). 1)

Phase shifter Waveguide array
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EGS: Blocking rate P(B)={1-[1-r (r-1)/m]*3}*m
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TABLE I
COMPARISONBETWEEN /N X N TREE AND TYPE | STRUCTURE

8 Tree This work
) SW element number A O
This work - - X N w2
Fig. 4 (9= q'=q"=1, Total interconnection O 2N
n n=r) SW output row A N2 A N
4 SW rank number O TogN Alog,N +1
Module number X 2N O 2N
" Total X O
) ~ EGS(P(B)=0.1) Banyan nxr switch
O Good A Fair X Poor
2 4 8 16
m

The crosstalk of the network using a Banyan is shown in (3).

Fig. 6. Comparison between type | and extended generalized shuffle netwqi{, e to fewer crosspoints with other paths in the binary tree and

TABLE |

TYPE | FEATURES FORr NUMBER

Strictly nonblocking: m=2n

Banyan network, crosstalk is less than in (1)
SXR=2X,.—10log;o(logs n + log, 7 +logy,m)  (3)

whereX.. is switch element crosstalk.

sw input n sw output mr modules 2r Igrt\ﬂ;g:ﬁ)rr-\
I(?:zrn) N/2)” N 2oN)" (2N)3/2 C. Network forThermgoptic (TO) Switch = 1)- -
For the TO optical switch, which uses refractive index change
r=n N" 2N oN" oN** due to temperature change induced by a heater electrode, the
» » o crossbar architecture is desirable to reduce total drive power.
r=n/2 (2N) 2N 2(N/2) 2N Then x m switch in Figs. 2 and 3 must use a crossbar archi-
tecture. In this case the module structure becomes that shown in
banyan switch Fig. 3(b)
- | \ - Total switch elements in one module becomé: + » — 1)
nl 3 - for a basic crossbar and(2n+r— 1) for a double crossbar. For
B a strictly nonblockingV-port network withm = 2n, the total
. F switch element number in one module2& (N/r + r — 1) /r
ixin switch and (4) for basic and double crossbar, respectively

T, =2NQ@2N/r+r—-1)/r. 4)
By constructing thel x m switch with a cascade df x 2
switches log, m stages: binary tree) and using the Banyan net- For NV = 32 andr = 8, the total switch element number in
work as ann x r switch, the network becomes a thinned-ou@ne module becomes 94%%k 8 double crossbar devices. For
Banyan network. Several features are changed by selectiofof= 64 andr = 8, the total switch element number in one
r. Features for = 2n, r = n, andr = n/2 are shown in module becomes 72% af x 16 double crossbar devices. For
Table I. The switch input number increases and total intercoff- = 64 andr = 16, the total switch element number in one
nection number decreases with decreasifigodule number). module becomes 143 of 8 x 8 double crossbar devices. The
The output number remains the same. The total switch numi@ial switch element number of the networkzistimes that of
in a modulel, = n(m — 1)+ mrlog,(r)/2 and increases with €ach module. For very larg¥ the total switch element number
decreasing.. With n = N/r andm = 2n, becomes!/r times that of the tree architecture.
The network crosstalk is shown in (5).
Ts _ N(ZN/7 +r 10g2 r_ 1)/7,' (2) SXR= 2XS€ — 10103‘10(71 —+ 10g2 7+ m) (5)
There would be optimum value fat. In our report we se-
lectr = n. For64 x 64 networkT, = 504 which is almost
equal to the switch element numberi@éfx 16 double crossbar.  The three-stage architecture in two extreme cages,1 and
Module features is shown in Table Il compared to a known twd? = 1 is shown in Fig. 7(a) and (b) respectively. We start with
stage-module architecture, i.e., tree architecture. The switchelg. 7(a)(¢ = 1) for the type Il. It is expected that the network
ement stage increases for one stage and output ports twice,igstrictly nonblocking wherP is larger thar2n — 1, following
total interconnection and module numbers are reduced. The tated method of Clos. To make the structure different from the
switch number in the network i + log,(r)]/r times that of Clos networky/P should be larger than two. These leads to m
the tree architecture for very largé. larger thardm — 2. To obtain a two-module-stage network, we

IV. TYPE Il ARCHITECTURE
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(@) (Section IV-B), we replace x m andr x r with switch network
Q composed o x m,n x 1 (n xm),andl x r (r x r) switches

r as in Section Ill.

Routing of the signal in Fig. 8 is done as the same as in Sec-
tion Il. The divided two part of x r switches should be operated
§1*—F consistently to route signal as a single: » switch.

3
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3
S
)
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A. Type Il Structure witlm = 1 (P = 1: Strictly
Nonblocking)[4]

nr H H
al| ¢ ¢>< o
%LTQ wQ Q Then x m switch becomes & x m switch and a cascaded
TS~ 1 x 2 binary tree structure known to be the simplest way of
: ;1 constructing a x m switch can be used. The network started
% ; 1 % from Fig. 7(b) becomes the same for= 1 and@ = 1. The

7 x r middle-stage switch is implemented using a crossbay
wide-sense-nonblocking, erx » tree structure. To implement a
low-crosstalk optical switch network, we use a dilated (double)
crossbar and x 4 wide-sense-nonblocking network (Fig. 9).
The structure becomes a conventiolNak NV tree structure with
r groups ofl x N binary trees integrated into a module when
using a tree structure for x ». For the TO optical switch, a
crossbar is preferable in power consumption.
ma / m/Q The interconnection pattern is much simpler than that for
type |. A patterned bundle fiber is used and the required bundle
mQ number ism? /P, about2 N /r for strictly nonblocking.

(b) The switch element number in one module-ig» — 1) +
Fig. 7. Generalized three-module stage network used as a basis for typEnW.Q/2 for basic andr(m.— 1)+ mr? for a dou.ble_CI’OSSbar'
structure. Using N = mr, the switch element number is given by (6)
(Fig. 10).

simply divide the middle stage x r switch in the middle. Half T, = N(N +m—1)/m (6)

of ther x » switch is combined with the first-stagex m switch

to obtain the first module stage (Fig. 8). The remaining half of A 32 x 32 network is implemented using 16 modules
ther x r switch is combined with the last-stagex n switchto with module complexity almost equal to & x 8 double
obtain the last module stage. We proceed with two strategiesctossbar switch. A 32-Clos network requires 24-double
simplify the structure as of Fig. 8. In the first (Section IV-A), wecrossba® x & switches. A64 x 64 network is implemented
choser = 1 and use a crossbaréx 4 wide-sense-nonblocking using 32 modules with module complexity almost half of a
switch for the middle-stage" x » switch. In the second 16 x 16 double crossbar switch. The 64-Clos network requires
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Fig. 12. Characteristics of type II.

24-double crossbdi6 x 16 switches. The crosstalk is the sameI
as in (5). ForN = 32 andm = 8, the total switch element

number in one module becomes 1209&0of & double crossbar With IV x N tree structure in Fig. 12. The horizontal axis shows
devices. ForN = 64 andm = S. the total switch element INPut port number of a module divided by 2. The tree architec-

number in one module becomes 111% i6f x 16 double turein Fig. 12 is an architecture composed of integrated array
crossbar devices. These numbers are slightly higher than $ne to many binary tree switch in a module. The architecture
a Clos-based structure (4). FOF = 64 andr = 16, the IS obtained using tree architecture fox » switch in Fig. 8. The

total switch element number in one module become% @@ Module numbers are the same for all the architectures shown

16 x 16 double crossbar devices. The total switch number in tifa Fig- 12. The interconnection is simplified at the expense of
network is2m times that of a single module. The total switctPUtPut port number. Architectures using crossbar or wide-sense
element number in the network is equal to the tree architectdl@nPlocking network are more efficient in simplifying intercon-
for very largeN. nections.

The 8 x 8 switch usingd x 4 wide-sense-nonblocking net- i
work is shown in Fig. 11. The network is a thinned-out-Banydi- TYPe Il Structure Using Tree-Structuredx m, m x n,
switch we proposed [10]. The open circle represents m andr x r
(n = 1, m = 2) switch in Fig. 8 and closed circle thex r Then x m switch is decomposed intg x m andn x 1
(r = 4) dilated wide-sense nonblocking network (Fig. 9). Netswitches. Then x n switch is decomposed intox » andm x ¢’
work features are detailed in [9{ = 4N — 4, total intercon- switches. The x » middle stage switch is decomposed iftor
nection= N2/4) . Two types of type Il structure is comparedandr x 1 switches. The resulting two-module-stage network is
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waveguide interconnection.

of devices of [15] and [16]1 x m input switch (deflector)
andn x r switch (deflector) are connected by interconnection
using a planar waveguide. Each deflector is composed of a star
coupler and waveguide array with phase controller. The input
light is divided among waveguide array at the star coupler.
By controlling the phase at the waveguide array, the light
wave front is tilted and propagation direction in the planar
waveuide is directed to a desiredx r switch. The light fed

into waveguide array of the x » switch is phase controlled to
focus the light power into a desired output at the star coupler.
The structure eliminates complex interconnection in a module.
Other types of deflectors such as a turning mirror can be used
instead of a waveguide array deflector.

3
5

9

Fig. 13. Type Il structure using x r switch with limited nonblocking.
V. SUMMARY

showninFig. 13. The/¢ x 7 orr xn/q switchinwhichonly  Alarge-scale optical switch array based on guided-wave tech-
asingle signal is routed, is used similar to Section 11I-B, but théology using a two-module stage network architecture is pro-
interconnection between two modules is different. posed. Two types of network described are derived from a gen-
Atthe input stage, we denoke(from 1 tor) as output number eralized three-stage switch network. Building blocks in each
of n/¢’ x r switch. Then/q¢' x r switch is grouped intd® module ard xn,n xm nonblocking, omn xr switches that route
switches and we denote the switch number in a groyp(ism  limited numbers of input signals. Crossbar, Banyan, or four-
1toP). The group number is(from 1tom/P). Themn/¢ xr stage wide-sense nonblocking networks are used as building
switches anch/q' ¢’ x m switches constitutes a module. Theblocks. Network architectures that use Banyan or wide-sense
modules are grouped intomodules. The module number in anonblocking network building blocks are classed as thinned-out
module group is: (from 1 tor). The module group number isBanyan network.
g (from 1 tom/P). At the output stage, we denoté (from 1 Interconnection and module humbers are reduced compared
to r) as input number of x n/q’ switch. Ther x n/q¢’ switch to known two stage module architecture (tree architecture).
is grouped intaP switches and we denote the switch numbekmong various types the Type Il wide-sense nonblocking net-
in a group ag’ (from 1 to P). The group number i§ (from 1  work (Fig. 9) exhibits smallest,, but the module number scale
to m/P). Them r x n/q" switches anch/¢' m X ¢’ switches asN/4. T, of the Type Il crossbar (Section IV-A) is the largest.
constitutes a module. The modules are groupedsimmdules. The output switch row number in a module is the same for all
The module number in a module groughis(from 1 tor). The types. The module output fiber number of type Il wide-sense
module group number ig’ (from 1 tom/P). The connection nonblocking network is half of that in other networks. The total
between output of the input module and input of the outpiriterconnection number of the type Il wide-sense nonblocking

module is done to establish relatiohs = h, b’ = k, 7 = network can be very large but is 1/4 of the tree structure. For

g, ¢ =1, § =j. module number larger thadN'/? the total interconnection
The characteristics of the network are the same as that dember of type | Banyan network (Section IlI-B and IV-B) is

scribed in Section 111-B. less than type Il crossbar network. Type | Banyan network is

A module using arrayed waveguide switches with plan@referable concerning switch number in a modijeand total
waveguide interconnection (Fig. 14), [8] is a modified versioimterconnection number. However, for the TO switch network
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