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INVITED PAPER

Guided wave optical switch architectures.

Part 1.

Space switching

D. K. HunTER and . ANDONOVIC

Guided wave optical switching has been in existence for well over a decade and, at
present, several architectures exist that could become candidates for use in optical
systems. This paper will review optical space switching architectures, highlighting
their performance parameters. Issues peculiar to optical implementation such as
crosstatk, waveguide interface losses and attenuation will be considered. A similar
treatinent for optical time division switching will be presented in an accompanying

paper.

1. Introduction

Optical switching, as the name implies, involves the
switching of optical signals, rather than electrical
signals as in conventional electronic systems. One of
the driving forces behind its development is that the
signals to be switched can be at a much higher bit rate
than with clectronics. This is due to the EMI and pin
out problems that plaguc large high-speed clectronic
systems.

Two types of guided wave optical switching systems
can be identifiecd. The first is a hybrid approach in
which optical signals are switched, but the switches are
controlled clectronically. With this approach, the use of
clectrical control signals implies that the routeing will
be carried out electronically. As such, the speed of the
clectronic switch control signals can be much less than
the bit rate of the optical signals being switched.
Nevertheless, factors such as clock skew and RC time
constants limit the speed at which the electronics can
operate, although this should not be a problem in many
rcal applications where very high-speed reconfiguration
rates are not required. The second approach is all-
optical switching. Here, not only are signals switched
optically but the switches are also controlled optically.
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The processing necessary to calculate the switch set-
tings is optical. This potentially overcomes the prob-
lems associated with the hybrid approach. However,
such systems will not become practical until far into the
future and hence are not considered here.

This paper will confine itself to a description of
hybrid guided-wave optical switching since it represents
the most mature technology to date. Furthermore, the
paper will concentrate on space-switch architecture,
fabrics which set up connections between different
circuits by setting switching devices or crosspoints. The
review will highlight a number of switch types, empha-
sizing their disadvantages and performance para-
meters. There is a vast literature on the theory of these
architectures, and only architectures that are amenable
to optical implementation will be discussed. Issues
peculiar to photonics implementations, ¢.g. crosstalk,
interfacing, crossovers and attenuation, will be con-
sidered.

2. Switch model

Most architectures are realized with a regular array of
switches called crosspoints. In the case of photonics
these crosspoints take the form of 2 X 2 switches, which
are most readily implemented with directional coupler
switches (figure 1), or onc of its variants [1]. These
switches are the basic building block and may also be
used as 1 X2 or 2 X 1 switches by leaving an input or an
output unused. Most space switch banks are organized
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Figure t. Schematic of a guided-wave optical directional

coupler switch (I1=1loss of switch; x = crosstalk).

in stages, cach state consisting of a column of switches.
In cach stage, except for the last one, each switch
output is connected to a switch input on the next stage.
The inputs of the first-stage switches form the input
terminals of the architecture, and the outputs of the
final-stage switches form the output terminals. An
architecture is said to be blocking if there is one or
more set of connections between different inputs and
outputs that it cannot realize; i.e. it is not always
possible to set up a new call between a pair of free input
and output terminals. There are also non-blocking
networks; strict sense non-blocking where there will
always be at least once free route through the network
for a new call, where the call may be set up without
rerouteing the existing calls; wide sense non-blocking,
where some rule must be used to decide what route to
choose when activating a new call; and rearrangeably
non-blocking networks, where new calls can always be
accommodated but it may be necessary to re-route
cxisting calls through the network.

Before discussing the architectures, some definitions
must be introduced. The crosstalk (in dB) of a single
directional coupler switch 1s represented by X and its
loss by £L(dB). X is always negative. The loss at each
connection between an optical fibre and a waveguide,
which are realized in an integrated optic geometry on a
suitable substrate, is W(dB). SXR is the signal-to-
crosstalk ratio of the whole switching network while the
total insertion loss is A. If the signal enters the switch

Table 1.

network, and passes through K switches, the resulting
SXR is approximately:

SXR = — X — 10 log,, K(dB) (1

Throughout the paper two sets of values for X, L and
W are used in calculations. The ‘best case’ values
represent the best device reported [!1] X=-35dB,
L =0-25dB, W=0-5dB. The ‘worst casc’ values repre-
sent more practically available devices [2]; X=—
20dB, L=1dB, W=2dB. These figures arc for the
case of lithium niobate (LiNbQ,) dircctional coupler
switches which, at the present time, are the most
mature technology. However, the architectures can be
realized with any 2 X 2 crosspoint technology, such as
indium phosphide semiconductor laser amplifiers [3].

The attenuation calculations only consider the loss
due to the directional couplers and fibre/substrate
interfaces. No attempt is made to consider waveguide
losses, or waveguide bends and crossovers.
Interference effects [4] in the devices are also ignored;
crosstalk is assumed to add to the signal linearly. The
permissible values of SXR and A are dependent on the
application, so figures have been chosen to give some
indication of the characteristics of switching systems.
Thus, a minimum value of 11 dB is taken for the SXR
since this represents the maximum noise level consis-
tent with a Bit Error Rate (BER) of less than 1077,
assuming digital transmission. A generous maximum
attenuation of 25 dB has been chosen; very few practi-
cal systems can accommodate a greater loss although
this situation is changing with the proliferation in the
use of optical amplifiers (see Table 1).

3. Crossbar switch

The crossbar switch is easily implemented optically.
Figure 2 is an example of a 4x4 matrix utilizing 16

Restrictions on the switch size (N) for a number of architectures as a function of

attenuation and crosstalk, assuming a SNR of 11 dB (for a BER of 10~°) and a maximum attenuation
of 25 dB (PC = passive combiners; PS = passive splitters)

Attenuation Atten, Crosstalk Crosstalk

Number limit, limit, limit, limit,
Architecture of switches best case WOrst casc best case wOrst casc
Crossbar N2 48 1 252 8
Planar N(N-1)/2 96 21 251 7
Tree 2N(N-1) 7-037 X 10" 256 3-584 x 102110 1-042 x 10°%
Tree, PS N(IN-1) 64 16 3-619x 107 128
Double xbar 2N? 95 20 794329 795
Simp. tree N(5N/4=2) 2-815 x 10" 2048 5-884 x (218 1-644 % 107
Simp. tree, PC N(@AN/4~1) 64 32 256 8
Benes Nlog, N=N/2 2:815%x 10 2048 8:507 x 1077 16
Dil. Benes 2Nlog, N 2-815x 10" 1024 2:228 x 10" 1048576
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directional couplers. In general, a N x N matrix uses N-
switches, onc for cach crosspoint. The fabric is wide
sense non-blocking but its control algorithm is very
simple. When no connections are set up, all the
switches are set to the cross state. To connect an idle
input to an idle output, the switch that is connected to
both is sct into the bar state. To disconnect the call, the
same switch is returned to the cross-state. The largest
switch of this type that has been fabricated on a single
substrate is an 8 X 8 on lithium niobate [5]. Polarization
dependent Af-reversal directional coupler switches
were used operating at 1.3 um. The interaction length
of cach coupler was 2 mm and the length of the whole
device was 60 mm. The drive voltage for each switch
was approximately 8 V. The worst extinction ratio on a
switch was 18.6 dB. It scems unlikely that matrices
larger than 16 X 16 will be possible on one substrate.

The minimum path length through the switch matrix
is | (input N to output 1) and the maximum is 2N — 1
switches (input 1 to output N). So the minimum value
of Ais L+2W and the maximum is L2N—-1)+2W.
While this indicates that the attenuation through the
matrix 1s not constant, the variation is not so marked as
it appears since the attenuation is equalized to some
extent by the varying lengths of waveguide required to
rcach the matrix from the edge of the substrate. In the
8 X 8 matrix mentioned ecarlier, the maximum attenua-
tion was mcasured to be 6-8 dB, whilst the minimum
was 5-3dB [5].

The worst possible signal-to-crosstalk ratio occurs
when a signal enters on input 1 and leaves on output 1,
since the maximum number of other signals can pass
through the switches that are used by the signal.
Therefore, for N=4,

SXR=-X—-10log, 3. (2)
For gencral N
SXR=~-X—10log,, (N—1). 3)

A more accurate formula, which takes attenuation into
account, is [6]:

1_ l()*(Nfl)l./ll)
SXR=X-NL—10log (W) (4)

1 OUTPUTS

Figure 2.

A 4 X 4 optical crossbar switch.
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Figure 3. An 8 X8 planar network.

On re-examining figurce 2, switches IJMN are simply
acting as one 2 X 2 switch and may be replaced by one
switch reducing the number of switches required to
N?—3. The architecture is amenable to implementation
in lithium niobate since no waveguide crossovers are
necessary and the switches may be packed closcly
together.

4. Planar architectures
A planar rearrangeable switching network may be con-
structed frm N(N—1)/2 directional coupler switches
[7], roughly half as many switches as for a classical
crossbar. The penalty for the reduced number of
switches is an increase in control complexity. A 8 X8
rearrangeably non-blocking network is shown in figure
3, requiring eight stages. In general, a N X N network
requires N stages, where N may be even or odd.
N(N —1)/2 is the minimum number of switches poss-
ible for a planar nctwork. Assuming that the inputs and
outputs are numbered | to N, starting from the top, to
realize the assignment i— N 4+ 1 —i cach call must cross
over every other call. There are N(N — 1)/2 such pairs
of calls and, given that no waveguide crossovers exist in
a planar network, the number of switches cannot be
less than N(N —1)/2. In the worst case, a call passes
through N switches, giving a SXR of

SXR=—-X—-10log,, N, (5)
and the worst case attenuation is
A=LN+2W, (0)

assuming implementation on one substrate. Since lith-
ium niobate directional couplers are long, thin devices,
their length limits the size of matrix that can be fabri-
cated on one substrate. Figure 4 is a schematic of the
way a matrix could be spread over several substrates. If
the network has 2N —3 stages, instcad of N, it is
self-routeing [8]; the state of a switch can be deter-
mined purely from the destinations of the calls entering
it.
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5. Tree architectures

Tree architectures [9] exhibit superior crosstalk perfor-
mance for the architectures considered thus far, but at
the expense of more crosspoints. For N inputs and
outputs, a crossbar nceds 2N — 1 stages while a tree
switch needs only 2 log, N stages allowing longer direc-
tional coupler switches for a given length of substrate,
which in turn results in lower driving voltages. Tree
architectures are realized through tree-structured split-
ters and combiners.

An tactive’ 1 X N splitter (i.¢. a demultiplexer) can be
constructed from directional couplers; a 1 X & splitter is
shown in figure 5. In general, N—1 switches are
required. An active combiner (i.c. a multiplexer) is
simply a splitter in reverse. Only log, N signals are
required to drive such a splitter or combiner since, in
cach stage, only one of the switches is used at once and
henee one control signal can be shared by all. The
largest device of this kind fabricated on one substrate is
I x 16 [10] using 15 Af3 reversal polarization indepen-
dent switches operating at A=1-3um. The couplers
were cach 7mm in length, the total device length being
SO mm. The msertion loss was 4-25 dB with a worst case
crosstalk of 10dB for a 70V drive voltage. Larger
architectures could be built by taking many one-
substrate devices and cascading them; these will not be
considered here.

Passive splitters and combiners can be made from
fibre couplers or from Y-junctions in glass or silica-on-
silicon integrated optics. If active splitters and com-
biners are used (tigure 6) the resultant switch network
is clearly strict-sense non-blocking using 2N(N—1)
switches, nearly twice as many as the crossbar switch.
The SXR is greatly improved over both the crossbar
and planar architectures, since for a signal to find its
way from an input to a wrong output, it must go to a
wrong switch output and hence experience an attenua-
tion of X, at lcast twice. The worst signal-to-crosstalk
ratio is:

SXR = —2.X — 10 log,,(log: N). (7)
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Figure 4. A planar architecture spread over multiple sub-
strates.

SUBSTRATES

Figure 5. An 1X8 active splitter.

1xN Nx1

Figure 6. The tree architecture.

Assuming the splitters/combiners are fabricated on
separate substrates the loss is

A=2Llog, N+4W, (8)
and on one substrate
A=2Llog, N+2W. 9)

A 4 x4 switch of this type, made from polarization
independent Apf-reversal directional coupler switches
at A=1-3um has been reported [11] (figure 7). The

Figure 7. A 4 X4 tree structure.
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switch labric was fabricated on one substrate of length
~5S0mm. Each directional coupler was 4-3mm long
and required a switching voltage of 50 V. The SXR,
bascd on measurement of individual switches was pre-
dicted to be greater than 58 dB. The attenuation was
~9.4 dB for the TM mode.

An alternative polarization independent 4 X 4 switch
matrix has been realized [12] using 1 x 2 digital optical
switches (DOSs) as opposed to directional coupler
switches. DOSs do not require accurate control volt-
ages and, when compared with directional couplers, are
relatively wavelength insensitive. They do, however,
require high drive voltages (60 V) and exhibit high
crosstalk levels, typically 10dB for a single switch
clement. Crosstalk need not be a limiting problem for
some applications, especially since it is reduced by the
tree architecture. The switch was fabricated on one
chip ol length 52 mm, with an average insertion loss of
8-2 dB (for the TE polarization).

Another approach to realizing tree structures is to
use passive splitters and active combiners allowing
broadcast mode, where one input can be connected to
more than one output. There is, however, the penalty
of increased crosstalk and also increased attenuation
due to the division of power in the splitters. The SXR is

SXR=— X—10log,, (log, N). (10)
Assuming the passive couplers have an excess loss of L'
A=0C+L +L)log, N+2W. (1

It is also possible to have active splitters and passive
combiners. The same formulae as above apply,
although the geometry does not allow inputs to be
broadcast to more than one output.

A polarization independent passive splitter/active
combiner switch fabric has been fabricated on one
substrate [13]; Ap-reversal switches were used operat-
ing at A= [-3 um, requiring drive voltages ~4 V. The
maximum attenuation was 13-9dB and the crosstalk
was measurcment limited (< —35 dB). More recently a
16 X 16 switch was realized to act as the centre stage of
a time division switching system [14]. Four passive
splitters, or two active splitters, were placed on each
substrate. The combiners were made up of 1Xx2
switches. The total insertion loss of the switch was
29 dB. The switching speed was better than S ns and the
extinction ratio of each active combiner was better than
20 dB.

A 4 x4 double crossbar switch is shown in figure §
[15]. an architecture related to the tree architecture
(figure 6) since cach row of four switches in the upper
halt of the network functions as an active splitter, and
¢ach row in the lower half is an active combiner. This

fabric requires a large number of waveguide crossovers.
The insertion loss assuming a single substrate is

A=(N+1)L+2W (12)
and the worst case crosstalk is
SXR=-2X-10log,, (N—1). (13)

This represents poorer performance since a signal can
pass through up to N switches in cach combiner, rather
than log, N in the original tree network. A 4 X 4 switch
of this type has been fabricated using Ap-reversal
directional couplers operating at 1-3 um [15]. The SXR
was 30 dB with no reported loss figure. The crosstalk at
the numerous waveguide crossings was negligible since
a large intersection angle (7°) was used. The substrate
was 64 mm long, the crosspoints nceding 8 V drivers.

6. Simplified tree structure

The simplified trec structure is a variant of the tree
structure [16]. Considering figure 7, the switches in the
centre two stages are divided into groups of four
switches. Each of these groups functions as a 2X2
switch, and a single switch may bc used to replace
them, resulting in a simplified structure of figure 9.
More generally, the simplified tree structure may be
defined using the recursive definition of figure 10 [16];
the definition reduces a 2'x2' network to four 2'~' x
2! networks and 2'*' 2x 2 switches. The reduction
continues until N=4, when directional coupler
switches are substituted for the centre stage 2X2
switches. If the reduction is continued one stage further
so that the centre stage switches are 1 X 1—no switch
but just a link—the original tree network is produced.

The number of switches used is N(S5N/4—2) and the
worst case SXR is

SXR=—X—10log, (1+ (log, N— 1)x), (14)

where x =10*"". Since the directional coupler switches
in the centre stage are the only switches that can pass

—

=

—I:l—l

ils

9 000

Figure 8. A 4 X4 double crossbar switch matrix.
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Figure 9. A simplficd tree structure, derived from a 4 x4
tree structure.

mor¢ than one signal at once, the SXR can be increased
significantly by improving the extinction ratio of only
these switches. The attenuation is (assuming one sub-
strate):

A=Q2log, N— 1)L +2W. (15)

The largest switch matrix of this type is a polarization
independent 8 X 8 device [17] operating a 1.3 pum. The
worst casc insertion loss is 12dB and the worst case
SXRis 18-7 dB. 64 directional couplers were used, each
5-7mm in length with a 85V switching voltage. The
device was 65 mm long.

Another approach is to usc 2X 1 passive couplers
instead of directional couplers in the rightmost stage of
figure 10. This reduces the number of switches used
while reducing the SXR N(3N/4 — 1) switches are used
and the worst case SXR is [16]:

SXR=—X—-10log,, (N/2). (16)

The total loss is now
A=(og, NYL+(log, N=1)}(L"+3)+2W. (17)
As 8x 8 device has been realized [18] comprising 40
polarization independent  ApB-reversal  directional
couplers and 24 passive combiners. Each switch was
9mm long, giving a total device length of 61 mm. The

reported switching voltage was 11V, the worst case
SXR 13 dB and the total attenuation was 20 dB.

N/2xN/2§

N/2xN/2§

i N2xoNnl:

iNanng

Figure 10. Recursive definition of the simplfied tree archi-
tecture.
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Figure 11. A 16X 16 Bene$ network.

7. Benes and dilated Benes networks

Optical switching architectures are often quite different
from their classical electronic counterparts. However,
the Bene§ network, a rearrangeably non-blocking
architecture, lends itself easily to implementation with
directional couplers, since it grows recursively from
2X2 elements. A NXN Bene§ network consists of
2log, (N —1) stages of N/2 switches [19].

A 16 x 16 polarization dependent Bene§ network [20]
(figure 11) has been fabricated in a substrate of length
70 mm and operates at 1-3 um using reversal switches
throughout. Due to the nature of the architecture, a
substantial amount of the substrate length was utilized
by waveguide crossovers (minimum acceptable angle
7°) and waveguide bends (minimum acceptable radius
35mm). Consequently, the eclectrode length on the
switches was only 2 mm, giving a relatively high switch-
ing voltage of 40-50 V. Individual switch ¢lements had
crosstalk better than —20 dB, crossovers had crosstalk
better than —25dB.

The theoretical attenuation for this type of network
is:

A=Q2log, N— DL +2W, (18)
and the SXR is:
SXR=—-X-10log, (2log, N—1), (19)

since each signal passes through 2 log, N — 1 switches.
To reduce the crosstalk level further, the Bene$

network can be dilated [21], reducing the crosstalk (by

ensuring, at most one call traverses any switch at once)

T X
(a)

7T {F—-1F
(b)

Figure 12. (a) First step in dilation; (b) second step in
dilation.
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Figure 13. A 16 X 16 dilated Bene$ network.

at the expense of roughly doubling the number of
switches. To make a dilated Bene§ network from a
regular Benes network, first replace each switch with a
four-swtich structure of figure 12(a), which ensures that
only one call goes through cach switch and, while still
conscrving this condition, pairs of back-to-back
switches may be connected (figure 12(b)).

A 16 x 16 dilated Bene§ network (figure 13) is very
similar in appecarance to an ordinary 32 x32 Bene§
network, but with two differcnces. Each input switch
has only one input used and cach output switch has only
onc¢ output used and, secondly, the centre stage is
missing. Any assignment of inputs into outputs can be
realized while only having one signal passing through
cach switch, drastically reducing crosstalk [21]. The

control algorithm is very similar to that of a conven-
tional Bene$ network. The attenuation is:

A=2Llog, N+2W, (20)
and the crosstalk is given (approximately) by:
SXR=-2X-20log,, 2log, N—1)+3. (21)

The SXR figure is over twice as great as for a conven-
tional Bene$§ network.

A polarization dcpendent 16X 16 dilated Benes
network (figure 13) has been realized in lithium niobate
using Af reversal directional couplers [22]. To allow
lower drive voltages through longer clectrodes (average
12-4 'V for 6-:2 mm length) the fabric was made on two
substrates, each 90 mm long. The insertion loss was
12-4 dB, and the extinction ratios of individual switches
are all better than 15 dB, and most better than —20 dB,
indicating that the SXR of the whole fabric is always
better than 20 dB. The best case switching time was 1 ng
and the worst case was 2-5 ns allowing the switch to be
used for TDM switching {23] where the space switch
must be reconfigured every timeslot. The worst case of
2-5 ns could be reduced to | ns by proper design of the
electrode lead pick up to eliminatc unnecessary capaci-
tance.

8. Extended generalized shuffle networks

Extended generalized shuffle (EGS) networks [24] are
an extended class of architectures, which includes many

Figure 14. A 16X 16 extended
generalized shuffle network archi-
tecture.
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Figure 15.

existing networks as special cases. A dilated EGS
switch has been implemented (figure 14) [25], which
has 16 inputs and outputs and consists of 448 directional
couplers on 23 substrates, which are polarization sensi-
tive and hence interconnected by polarization preserv-
ing fibre. The architecture is strict-sense non-blocking.
Crosstalk in the fabric outputs is always below —25 dB,
and loss varies from —17-9 to —26-5 dB with 97% of the
results falling in a 6 dB range.

Table 2.

The number of switches required as a function of switch size (N) for a number of architectures.

9. Conclusions

A number of optical guided-wave space-switch archi-
tectures has been reviewed. Table 1 summarizes the
characteristics of these fabrics, their application scctors
being driven by the combination of, and trade-offs that
exist between, the parameters. Figures 15-17 show
their behaviour with respect to number of switches,
attenuation and crosstalk as a function of switch size
(number of inputs N). In their calculations, the tormu-

Architectures listed in order of merit for various performance

characteristics. (PC=passive combiners; PS=passive splitters; dashes

indicate no preference)

Crosspoint Control
count Attenuation Crosstalk complexity
Benes Simplified tree Tree —

Dilated Benes Tree Simplified tree —

Planar Benes Dilated Benes —

Simp. tree, PC Dilated Benes Tree, PS —

Tree, PS Planar Benes —

Crossbar Double crossbar Double crossbar —

Simplified tree Simp. tree, PC Simp. tree, PC Benes

T'ree

Double crossbar

Tree, PS

Crossbar

Crossbar
Planar

Dilated Benes
Planar
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Figure 16. The attenuation performance as a function of switch size for (a) ‘best’ case L=0-25dB; W=0-5dB; L'=1dB;
(b) ‘worst’ case L=1dB; W=2dB; L'=2dB.



486 D. K. Hunter and 1. Andonovic

Switch Size
0 16 32 48 64 80 96 112 128
0 N N A N " N . )
10 4
.20 4
'—o0— Crosshar
—O—Planar
o -30 4 —a—Tree i
E— \--»x»--Tree,PS
K —x~—— Double Xbar
E —o——Simp.Tree ‘
S 401 —+——Simp.Tree PC'
.— =+— - Benes
- - & - -Dil Benes
.50 4
.60 4
-70 4
(a)
Switch Size
0 16 32 48 64 80 96 112 128
5 -
0
-5 4
-10 4 —o0— Crossbar
—{—Planar
o —a—Tree
3'15‘ -- % --Tree,PS
g e o  —Xx—Double Xbar
" - — .
2 20 W o X  —o—Simp.Tree
(5} —+—— Simp.Tree PC
— =+ - Benes
.25 4 -- & - -Dil.Benes
.30 4
-35 4
.40 4

(b)

Figure 17. The crosstalk performance as a function of switch size for (a) ‘best’ case X =—35dB; (b) ‘worst’ case X =20dB.
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lac presented in the paper—rather than experimental
results—arc used in order that a meaningful compari-
son can be made.

The figures further highlight the trade-offs between
diffcrent parameters. For example, networks using
more switches, generally, have superior attenuation,
crosstalk and/or control complexity. To accentuate
this, Table 2 arranges the architectures into lists for
different performance criteria, the best architectures
being at the top of the relevant list. Inspection of the
table reveals that no single architecture appears at the
top of all four lists.

To date, the most notable application of a guided-
wave optical switch fabric has been as a node in an
optical transport layer, based on a multiwavelength
implementation [26], and used as an overlay on top of
the existing  telecommunications  network.  Similar
implementations have been researched worldwide [27].
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