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Two-dimensional (2-D) microelectromechanical system (MEMS) optica
switches have the merits of easy fabrication and high reliability. Since theabptic
signal loss is mainly proportional to the length of signaling paths in the switches
current 2-D MEMS optical switches that use a crossbar structure dasther
limited number of ports. For larger 2-D MEMS optical switches, we may use
nonrectangular topology switching fabrics to shorten the internal signpéitty
or to recollimate the optical signal segment by segment inside the swittkees.
discuss these approaches from the aspect of implementation and roartitngl
complexity. © 2004 Optical Society of America

OCIS codes060.1810, 230.3990.

1. Introduction

Optical cross connects (OXCs) are important elements ireleagth-division multiplex-
ing (WDM) networks and applications such as multiple-protdambda switching1, 2]
and optical burst switching]. Many technologies have been proposed for building OXCs.
Microelectromechanical system (MEMS) optical switchegehattracted much attention
because of their potential in building large OX@s$]. MEMS optical switches use mir-
rors to modify the routing paths of optical signals inside #hwitches. There are two types
of MEMS optical switch: those with mirrors that can rotatelatop at multiple positions
and those with mirrors that can have only binary positiof first type of MEMS optical
switch has smaller optical signal loss but requires ratbheraticated servo control systems
for the mirror movements. Since the control of mirror moveinaecision becomes diffi-
cult if N is large, reliability and stability are the main concernshwhis type of MEMS
optical switch p].

The second type of MEMS optical switch uses straightforveigétal control circuits to
drive the movements of mirrors. The mirrors can be fabritatea single silicon substrate.
The optical signal propagation is parallel to the surface thtegrates the mirrors. These
switches are often called two-dimensional (2-D) MEMS agtiswitches. The switching
time of 2-D MEMS optical switches (the required time for é&dighing a connection be-
tween input—output ports) can be within 1 ms because simpiera algorithms are used.
In general, 2-D MEMS optical switches are more reliableblstaand easily fabricated
[7]. However, currently available 2-D MEMS optical switchem/b a rather small number
of ports, e.g.N < 32, because optical signals are transferred in free spameiMEMS
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optical switches. They get divergence and lose their polgergathe propagation paths.
Since the paths are longer for a larger number of pNrtsve have to use a larger mir-
ror so that sufficient optical signal power can be transtefrem the input to the output
ports B—10]. Currently, 2-D MEMS optical switches use a crossbar stngc Although the
crossbar structure has the advantages of being strictlplaocking and easy to fabricate
for small switches, the required mirror size grows rapidithvthe number of portdl. The
fabrication becomes difficult wheM is large. Although multistage MEMS optical switches
with a crossbar structure have been propoddd the shortcomings are the high optical
signal loss and the high interconnection cost between sfafjeHence, alternatives to the
crossbar structure are desired for 2-D MEMS optical swiche

In some cases, special traffic patterns such as setting ugecthons in opposite di-
rections in pairs can help double the capacity of 2-D MEMSaaptswitches by slight
modifications to the crossbar structufe?[ 13]. In general, there are two approaches for
increasing the number of poin 2-D MEMS optical switches. The first approach is to
shorten the input-to-output path length so that lalgexan be available for the same mir-
ror size. This approach uses nonrectangular switchingcile.g. L and triangular shapes
[14, 15]. Complicated routings for the optical signals inside thétches are also required
[16]. Another approach is to divide the input-to-output patite multiple individually rec-
ollimated segmentsl[r, 18]. Extra collimating optical devices are needed, e.g.jm@ting
lenses 17], or concave mirrors]8]. In principle, the mirror size can be independent of the
input-to-output path lengthlB], but the number of portsl would still be limited by other
factors such as the required number of mirrors, compleXityh® optical signal routings,
and the number of reflections to the optical signals. Owinthéademands of large reliable
OXCs, in this paper we investigate the pros and cons of mgltirge 2-D MEMS optical
switches with these approaches.

In Section2, we use MEMS optical switches with crossbar structure asxample
for discussing the performance parameters that we use tparenthe alternative switch
structures. We then describe the switch structures in $tibee3: Polygon cross connects
(SubsectiorB.A), nonrectangular topology switching fabrics (Subsecfds), the matrix
switches with integrated micro lenses (Subsecfiat), and the 2< 2 switching module
approach (SubsectiohD). A comparison of the alternative switch structures is giire
Sectiond. Finally, we conclude in Sectioh

2. Performance Parameters for Two-Dimensional MEMS Optical Switches

For clarity, we use MEMS optical switches with crossbar e as an example. Figure
1 shows a 4 4 MEMS optical switch with crossbar structure. Input porid autput ports
are labeled front; to 14 andO;, to Oy, respectively. We label the mirrors according to their
row—column position. Each mirror can either be in theor theorF state. A mirror(x,y)

in theoN state reflects the optical signal from input plgrto output porOy. The mirrors in
the OFF state have no effect on the switching of optical signals. EBNI& optical switches
with crossbar structure, at most one mirror should be irothstate at each row or column.
The mirrors(1,d), (2,b), (3,¢), and(4,a) in Fig. 1 are in theoN state. Optical signals from
input portsly, I, 13, andl,4 are switched to output por€y, Oy, O¢, andO,, respectively. In
the following, we discuss the performance parameters trgtwith the switch structures.
Those fabrication-related parameters such as devicelsngitime and driving voltage will
not be included19].

2.A. Number of Switching Elements

For cost and reliability, it is desirable to minimize the ruen of switching elementsg.
In anN x N optical switch with crossbar structure, the number of regpliswitching ele-
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Fig. 1. 4x 4 2-D MEMS optical switch with crossbar structure. The mirrgksd), (2,b),
(3,¢), and(4,a) are in theoN state. Optical signals from input pottg I, I3, andl, are
switched to output port®y, Op, Oc¢, andOa, respectively.

ments (movable mirrors) isl2. Most noncrossbar structures require fewer switching ele-
ments R0]. For example, the number of requireck 2 switching modules in Spanke—Benes
[21] and Bene§%2] networks areN (N — 1) /2 andN log, N — N/2, respectively. Since the
function of a 2x 2 switching module is to pass or interchange the two inputapsignals

in a MEMS optical switch, one movable mirror is sufficient Bcd module. The savings of
switching elements can be significant but often at the ex@ehkigher routing complexity
and more reflections to the optical signals.

2.B. Complexity of Optical Signal Routing

The complexity of routing the optical signals inside thetstwes can affect system per-
formance if the complexity grows rapidly with the switcheiZhe MEMS optical switch
with crossbar structure in Fig.has a unique optical signal routing path for a given pair of
input and output ports. All paths are formed by two segmeSitse the optical signals are
transferred in free space, different path segments cas ams another without interfer-
ence. Only one mirror must be activated to set up a conneclioese properties simplify
optical signal routing inside the switches. The requireacpssing for routing an optical
signal inside the switching is a constant.

2.C. Optical Path Length

The path lengthP of optical signals is important, since the strength of th&oajp signals
degrades with the path length. In Figy.the path lengtiP (x,y) of a connectiorly — Oy

is 4— x+y intermirror distance units (pitches) if we relalzel..,cto 1,...,4. In anN x

N MEMS optical switch with crossbar structure, internal peghgth can vary from 1 to
2N —1, e.g., the path lengths of connectidps— Oy (Pmin) andly — Oq (Pnax) are 1 and
7, respectively. Since the outputs of a switch should havdlai signal quality, the path-
length difference between the connections should be ad ampbssible. Otherwise, extra
effort is required for equalizing the optical signals.
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2.D. Number of Reflections

In MEMS optical switches, the loss of optical signals insesawith the number of reflec-
tionsKef encountered inside the switches because of mirror angusatignment and mir-
ror imperfect reflectiond]. Since optical signals encounter only one reflection irssbars,
i.e., Kref = 1, we generally neglect the reflection-related optical @idmsses in designing
MEMS optical switches with crossbar structure. When stmaswther than crossbars are
used, an optical signal may encounter multiple reflecti@isre going to the desired output
port. The optical losses resulting from reflection may beisicant. The number of reflec-
tions, Kief, in such situations becomes a helpful parameter for desgrithe difference
between switch structures.

2.E. Loss of Optical Signals

When an optical signal passes through a MEMS optical swit@mdounters optical power
loss in response to coupling loss between the fibers and thehswnirror angular mis-
alignment, imperfect mirror reflection, air absorptionddream divergences] 8]. Cou-
pling loss is invariant for all kinds and sizes of MEMS optisaitch. Losses caused by
mirror angular misalignments and mirror imperfections @iten neglected because of the
improvement in the MEMS fabrication process, e.g., angu@alignment< 0.1 deg and
commercial-grade mirror reflectivity 98% [19]. We consider them only if the number of
reflections is large. Air absorption loss grows with the cgitsignal path lengtR, but it is
insignificant when beam divergence loss is considered.

(1.a) () ( (12Wo 2W(2)

-D 0 z +D
Fig. 2. Gaussian-beam model for the optical signal from inpuwf the switch in Fig.1.

Mirrors (1,a) to (1,d) are in theoFF state. The optical signal is collimated and focused
onto the mirror(1,d). W (2) is the Gaussian-beam radius of the optical signal at distance

Figure2 uses the connectida — Oq4 of Fig. 1 as an example to describe beam diver-
gence. For illustration, we assume that mirfbyd) is also in theoFF state. The distance
between the input poft to mirror (1,d) is D. The coordinate O of the propagation distance
is set at the location of mirrarl,d). W (z) is called theGaussian-beam radiusnd repre-
sents the radius at which the optical signal intensity happled to exp—2) = 0.135 of its
maximum at distance[23]. The optical loss resulting from Gaussian-beam divergdac
a mirror of radiuR at distancez is

@)
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L =exp|———| -
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W (z) can be calculated from

W (2) =Wo
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272
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whereWp = W (0) is thewaist radius which is the minimum value o (z). We assume
that the optical signal is collimated and focused onto thépwiint of the optical path to
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minimize the diffraction p]. Otherwise Wy will be at the location-D instead of the loca-
tion 0. Herez, is called theRayleigh rangewhich is the distancefor W (z) = 21/2Wp. Wp
andzy are related agp = ()\zo/n)l/z, whereA is the wavelength of the optical signal. In
principle we may reduckgaysdby using large mirrors or small-beam-radius optical signal
€.9.,Lcausswill be smaller than 1.1% if we use a mirror with radi@s= 1.5W (z). Owing
to the fabrication limits, however, both the mirrors and dptical signal beams should be
of reasonable size. The minimum valué{D) is (2)\D/Tt)1/2 when we sekp = D in Eq.
(2). In MEMS optical switches with crossbar structukg,aussbecomes significant if the
number of portd\ is large.

2.F.  Mirror Radius

Mirror radius is highly related to optical signal loss andhe switch dimension. For power
consumption and reliability, the mirrors should be smalbwdver, it should be large for
minimizing Lgauss Since the limitations of the fabrication process shout dle consid-
ered, the situation becomes complicated. Equat®rstiows that the optical signal beam
radiusW (D) is proportional to the path lengt (2D in Fig. 2). SincePpax=2N—1in
MEMS optical switches with crossbar structure, large ngrare therefore required for
switches with largéN. ForN = 16 and 32, the mirror radii of MEMS optical switches with
crossbar structure are approximately 146 and 228 respectively, if 8+ 800 um is used
to approximate a pitch, i.e., the distance between miramssidering the fabrication pro-
cess limitations§]. The mirror size varying with the number of poltsalso causes extra
difficulties in fabrication of large MEMS optical switches.

Let o be the ratio constant between the intermirror distance laadptical signal beam
radiusW (D). The dimension of a MEMS optical switch with crossbar stioetis then

approximated aB ~ NoW (D). Since the minimuniwV (D) is (2)\D/T[)1/2, we have
D ~ 2N20?\/TU

This implies that we should increase the switch dimensiomfédd if we double the num-
ber of portsN. Otherwise, the optical signal loss resulting from Gaussieam divergence
increases significantly. The switch dimension increasamidly with N makes MEMS op-
tical switches with crossbar structure unattractivl is large P, 10].

2.G. Nonblocking Property

Two-dimensional MEMS optical switches with crossbar suite have a unique path be-
tween an input—output pair. The path setup does not interfith the acceptance of new
connections in other input—output pairs. This phenomesostrictly nonblocking 22].
However, two or more paths may be available between an inptgdt pair if other switch
structures are used. In such cases, the path setup may hfmlewsome rules to avoid
interference in the later connection acceptance, i.e e\8&hse nonblocking. Some switch
structures can be “rearrangeably” nonblocking; i.e., we tmarequired to rearrange the
paths of existing connections in order to accept new coioret Rearrangeably non-
blocking switches are not preferred in traditional telecamication applications, because
adding a new connection may disturb the existing connestiBasides, it may not be easy
to rearrange the paths of existing connections within threneotion setup time (typically
seconds) if the switch size is large, ey.;> 10* for general telephone systems. In WDM
optical networks, the setup of connections is based on theadds of multiple gigabits-
per-second bandwidth. The duration of a wavelength coiored relatively long com-
pared with that for telephone connections. Since we canatige longer connection setup
time, itis possible to minimize the disturbance to existingnections even if rearrangeably
nonblocking switches are used.
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3. Alternative Switch Structures

Although MEMS optical switches with crossbar structureenthe advantages of low con-
trol complexity, topology regularity, and easy fabricatidhey require mirrors in large
number, mirrors with large radius, and switching fabricdarge dimension. Otherwise,
the optical signal loss grows rapidly with the number of poAtiternative switch structures
have been proposed to reduce the number of mirrors and Ibweptical signal loss.

3.A. Polygon Cross Connects

Without significantly increasing the hardware complexétysimple way to double the ca-
pacity of a MEMS optical switch with crossbar structure igake advantage of the con-
nection symmetry property; i.e., connections are oftenugpein pairs 2, 13]. We can
always relabel the input—output ports and use a switch thange the connections such
thatly — Oy andly — Oy are set up in pairs. The number of mirrd¢s, can therefore
be largely reduced if we can switch the two connections with mirror. From this idea,
MEMS optical switches with modified crossbar structure ggiouble-sided mirrors have
been proposed and generalized to the Polygon cross coriaesetis/e nodes with degree 3
or more [L3]. Figure3 shows a Polygon cross connect for a node with degree 3. Thurgle t
groups have been connected to the node. Input—outpufls¢€,1,/0-}, {I3/03,14/04},
and{ls/0s,16/Os} belong to different trunk groups. Connections can be setnly lze-
tween inputs and outputs in different trunk groups. All migrin Fig.3 are double-sided.
The mirrors(1,6), (2,3), and(4,5) are in theoN state. Optical signals from input poitts

I2, I3, 14, I, andlg are switched to output por@g, O3, Oz, Os, O4, andO;, respectively.

Fig. 3. Degree 3 Polygon 2-D MEMS optical cross connect that takesnéage of the
connection symmetry property, i.¢,— Oy if Iy, — O. All mirrors are double-sided. The
mirrors (1,6), (2,3), and(4,5) are in theon state. Optical signals from input poits I,
13, 14, 15, andlg are switched to output por@g, O3, Oy, Os, O4, andOg, respectively.

With the connection symmetry property, the cross conneétign3 requires only 12
double-sided mirrors instead of the 24 mirrors used in MEN&cal switches with cross-
bar structure. To serve@degree node witlm input—output pairs on each trunk group, a
single MEMS optical switch with crossbar structure req:t;n(ne:sd)2 mirrors. If the signal
transportations from a trunk group to otlfer— 1) trunk groups are handled by a dedicated
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nx (d — 1) n switch, we need a total af (d — 1) n? mirrors andd number of(d — 1) to 1
couplers. Using the Polygon cross connect, we require ady— 1) n?/2 mirrors.

3.B. Nonrectangular Topology Switching Fabrics

Although Polygon cross connects use double-sided mircossvitch a pair of optical sig-
nals simultaneously, parameters such as optical sigraltasror size, and switch physical
dimension are similar to those of the crossbars. EvideRtiygon cross connects would
encounter the problems similar to those of MEMS optical slmgs with crossbar structure
if the number of connection pairs is large. Hence, nonregtkmn topologies have been
suggested for 2-D MEMS optical switches, e.g., thewitching matrix [L4] and the array
interconnection 15, 16, to shorten the input-to-output path lengths instead kihtaad-
vantage of the connection symmetry property. Mx N 2-D MEMS optical switch with
nonrectangular topology reduces the maximum input-tguatpath length fron@’ (2N) to

0 (1.5N) [14, 15]. The required mirror radius is therefore 0.866 that of thessbars. We
may use it to halve thegayssand increase the number of poNs In addition, nonrectan-
gular topology 2-D MEMS optical switches can require ha#f ttumber of mirrors as those
with crossbar structure. These are done at the expense tplauéflections to the optical
signals, more-complicated routing control, and rearrabbyenonblocking property.

- @0,
A
””” ©3 o,
/ AOC Aod
L 0 T Ay
12 T ’(’2’,’3’)‘3’ i / ) ””” i’(’z’,’c’) ””””””
L1

Fig. 4. 4x 4 L-switching matrix 2-D MEMS optical switch. The input—output connections
are the same as in Fi@j. The mirrors in the dark-gray area are double-sided, while the rest
can be single-sided mirrors. The mirrg¢isd), (2,3), (2,c), (a,4), and(b, 3) are in theoN
state. Multiple reflections are required for shortening the internal opigadkpaths, e.g.,
two reflections for connectiorg — Oy, andlz — Oc.

Figure4 shows a 4x 4 L-switching matrix 2-D MEMS optical switchll]. The input—
output connections are the same as those in Eigince the input—output ports and the
mirrors are arranged according to theshape area, the maximum input-to-output distance
is 5 instead of the 7 in Figl. However, multiple reflections are required for switching
the optical signals, e.g., two reflections for connectibns» Op andlz — Oc. Since the
connection symmetry is not assumed and some connectioeddahare mirrors, cooper-
ation between mirrors is important. In Figj.the mirrors in the dark-gray area are double-
sided, whereas the rest can be single-sided mirrors. Withtber connections, connection
I3 — O has three choices of routing path and mirror setting. Whemasteof the connec-
tions are considered, however, the feasible setting ismontprs(1,d), (2,3), (2,c), (a,4),
and(b, 3) in the oN state. Otherwise, avoidable blocking occurs.
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Apart from having shorter internal optical signal path isg 2-D MEMS optical
switches with nonrectangular topologies require a smailember of mirrors. AnL-
switching matrix requiredl?/4 double-sided antl?/2 single-sided mirrors. The number
of mirrors can be further reduced by arranging the inputpaiyports and mirrors according
to a triangular area as that shown in Fig.15]. The maximum optical signal path length
is still ¢ (1.5N), but we require onl\N (N — 1) /2 movable double-sided adi fixed mir-
rors. The reduction of hardware complexity is at the cost ofemreflections to the optical
signals, e.g., three reflections instead of one are reqdimedonnectiond; — O4 and
l4 — Oa.

0, [ 63 _on

I S|
__1___&/1_3_ :_.L_I
I (23) ””” ””” i”""T(’z’,’c’); 2.d)
B SN
RSN N D
i, 1, vO, VO,

Fig. 5. 4x 4 rearrangeable nonblocking 2-D MEMS optical switch. The input—outpot
nections are the same as in FigMirrors (2,3), (2,c), and(b, 3) are in theoN state. All
mirrors are double-sided apart from those in the white area,(ags), (b,4), (1,c), and
(2,d), which are nonmovable mirrors. More reflections are required fiucimg the num-
ber of movable mirrors. For connections— Og4 andl4 — Og, three reflections instead of
one in Fig.4 are required.

Two-dimensional MEMS optical switches with nonrectangtdgpology are rearrange-
ably nonblocking. Algorithms have been proposed to endwatrtew connections can al-
ways be accepted when there are no existing connectidghslif some cases, we have to
reroute existing connections to accept a new connectiodmer@ise, the new connection
may encounter a large number of reflections or, in the worst,dae blocked. Without ex-
isting connections, a new connection encounters at mast tieflections on its path from
input to output in a nonrectangular topology 2-D MEMS opteaitch, e.g., see Figb.
However, up to hundreds of reflections may be required iftexjsconnections are con-
sidered 16]. It is a challenge to develop fast algorithms that balateedisturbance to
existing connections and the number of reflections to olpgigaals.

3.C. Matrix Switches with Integrated Microlenses

Owing to the high complexity of routing control and the reageably nonblocking prop-
erty, nonrectangular topology 2-D MEMS optical switchesymat be suitable for some
applications. Instead of modifying the switching fabripatogy, an alternative is to con-
trol the optical signal beam radius with microcollimatiegpées and increase the maximum
size of MEMS optical switches with crossbar structure agdicgyly [17]. There are two
approaches. The first is to integrate a collimating lens ah @airror of a MEMS optical
switch with crossbar structure. In MEMS optical switcheshwirossbar structure, optical
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signals are collimated and focused to the farthest min@raihimize the required mirror
radius, e.g., the minimum optical signal beam radgss at location 0 in Fig2. By inte-
gration of the lenses on the mirrors, however, the minimuticapbeam size should be set
at the midpoint of the path to the farthest mirrors insteagl, ¢he location-D/2 in Fig. 2.

In principle, this can double the maximum path length of th&aal signals or reduce the
mirror radius to 0.707 of the original if each lens can beotathade for the corresponding
set of mirror and input—output ports. Since the lens radarshe a few tens of the optical
wavelength, traditional design rules may no longer be apple for the lenses. Moreover,
the large incidence angle (45 deg) also makes techniquésasuparaxial and Gaussian-
beam approximations inaccurate for modeling the actiorhefléns on the optical beam
[24]. Direct simulation of the interaction of the optical beandahe mirror lens system by
solving the Maxwell equations with techniques such as theefitifference time-domain
(FDTD) method is not feasible either because of the size ehtirror lens systems. The
suitable parameters for the mirror lens system may have tetegmined by experiments,
and fabrication of the switches will be rather complicated.

L =
LTS
0 R SR I S S
SN B
- | colllimatingC> | C}}
enses 1
| (CXOIN |
I4 @Ga |t iruull
D
: Oa O i Oc : Od
\ 4 v \ 4

Fig. 6. 4x 4 multimodule 2-D MEMS optical switch with crossbar structure. The input—
output connections and status of the mirrors are the same as ii. Figere are four % 2
MEMS switching modules with crossbar structure. Intermodule collimatinggleare used

to extend the path length limit of the optical signals. Another proposal is torateeéens

on each mirror instead of the intermodule lens arrays.

Another approach is to install collimating lens arrays lewthe MEMS switch mod-
ules as shown in Fig [17]. Figure6is a 4x 4 multimodule 2-D MEMS optical switch with
crossbar structure. There are foux 2 MEMS switching modules with crossbar structure
similar to that in Fig.1. The collimating lenses are used only to reduce the bearagadi
the optical signals between modules. The required numbeolbmating lenses is there-
fore largely reduced. Separating lenses and mirrors atspligies the fabrication process.
Lens design, however, is more complicated because theabptgnals may pass through
multiple switching modules and lenses. The lenses have tatefully designed to opti-
mize for the various conditions. Otherwise, the perforneaatthe optical switches will
degrade significantly.

3.D. 2 x 2 Switching Module Approach

All MEMS optical switches we discussed in Subsecti@ns, 3.B, 3.C still have the prob-
lem that their number of input—output ports are limited by #ttceptable maximum input-
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to-output path length. Using a mix of the approaches mayeas® the number of input—
output ports in some cases, but the problem persists. Ongovsglve the problem is to
segment the paths inside the switches and collimate theabgtgnals segment by segment
[18]. From Subsectio.E, an optical signal with wavelengthhas a minimum beam ra-
dius (2)\D/Tt)1/2 at the midpoint of a free-space propagation path of len@hfat has
been collimated and focused onto the path midpoint. Thepagbke maximum path length
of the optical signals is determined once the mirror sizenisrg The maximum number
of input—output ports then depends on how we arrange the-optput ports and the mir-
rors [13-16]. Integrating lenses on mirrors of the MEMS optical switshvwth crossbar
structure (SubsectioB.C) increases the acceptable maximum input-to-output dytii
length by dividing the paths into two individually collimeat segments. However, the ac-
ceptable maximum length of each segment is still limitedHzyrhirror size 17]. Since the
input-to-output path length grows with the number of inuttput ports, we need solutions
that adaptively divide the optical paths into segments Veitigths that do not grow or only
grow slowly with the number of input—output ports. Furthere routing of the optical sig-
nals inside the switches should be as simple as possiblesi@pde solution is to borrow
from the traditional wisdom of building large switches bydmposing them into networks
of 2 x 2 switching modulesZ0]. For example, Fig7 shows two 4x 4 switches using archi-
tectures of Spanke—Bene&X&l] and Benes network®Pp]. As the performance and operation
of these networks have been well studied, the remaining@mols to implement the 2 2
switching modules with MEMS.

A D
I, — 0
X c X F o
L— B >< E —X—O
e e o

(a) A 4x4 Spanke-Benes network

DA gD A
o Xt
X X o

A
I,—
X

(b) A 4x4 Benes network

Fig. 7. Two rearrangeably nonblocking switch architectures. ¢a4&6panke—Benes net-
work. (b) 4x 4 Benes network.

Figure8 shows a proposed design ok2 switching modules]g]. In the center of the
2 x 2 switching module, there is a movable double-sided flatanivs,, for exchanging
the optical signals. Unlike the approach we described irs&ciion3.C, there are no extra
collimating lensesMs, M2, M, and My, are input and output fixed concave mirrors that
not only direct but also collimate the optical signals beswex 2 switching modules.
For a pair of connected 2 2 switching modules in neighboring stages, their output and
input mirrors must be matched so that the optical signaldbeaappropriately recollimated.
Assuming that theN-OFF status of mirroMs,, has a negligible effect, the optical beam
sizes are determined by their propagation distance betéteefx 2 switching modules
and are not related to the optical path length from inputttput ports. Hence, large 2-
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concave mirrors

concave mirrors

Fig. 8. Proposed R 2 switching module in cross state. The two optical signals from inputs
11 andl, will be switched to the output®, andO,, respectively, if the movable switch is

in the OFF state. Otherwise, optical signals from inplitgindl, are switched to outputS,
andOy, respectively.

D MEMS optical switches can be built accordingly. In somewwek architectures, e.g.,
the Spanke—Bene$ networks in Fitfa) [21], the optical signhal propagation distance is
constant for most pairs of 2 2 switching modules in neighboring stages. Similar to the
case of the mirror lens system in Subsectio@, the suitable parameters for the concave
mirrors M1 to My may have to be determined by experiments because of theuttifficin
modeling the reflected optical beams under large incidengkea and small mirror radius
[25]. Fabrication of mirrors to a predetermined radius of ctux@and tolerance is certainly
not easy. The fabrication process for the Spanke—Benegeuithie is simpler than that
of the Benes architecture because the intermodule disiartbe same and most of the
2 x 2 switching modules are identical for the former architegtiie., most of the concave
mirrors have the same radius of curvature.

We can build large MEMS optical switches with ax2 switching module, but the
switch performance largely depends on the switch architest Although many & 2
switching-module-based switch architectures are availfdy different purposes, few of
them are designed for MEMS optical switches. For examplan&g-Benes networks have
the shortest optical signal propagation distance betwegghhoring 2x 2 switching mod-
ules but requireN (N —1) /2 switching modules for a x N switch [21]. In contrast,
BeneS networks require onMlog, N — N/2 switching modules, but the optical signal
propagation distances between modules can be large, andeckath the location of the
modules and the switch siz&7). To strike a balance, we may either combine the input—
output mirrors of the two % 2 switching modules in neighboring stages of the Spanke—
Bene$ networks to save mirrors or add more mirrors to furthéde a long segment in
Bene$ networks so that small mirrors can be used. In mosscagsemay have to mod-
ify the existing 2x 2 switching-module-based switch architectures to prothgerequired
performance. New switch architectures may be requirednmescases.

4. Comparison between Different Switch Structures

The comparisons between different 2-D MEMS optical switthcdures are summarized
in Table 1. For a fair comparison, we use a Polygon cross connect (Stitns&.A) with
N-pair connections, i.eM = 2N input—output ports with connection symmetry. For non-
rectangular topology switching fabrics, we assume a tritargshape 15]. For the matrix
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switches in SubsectioB.C, we assume that a lens is integrated onto each mirror. Hence,
the maximum performance from this kind of switch can be otgdi[l7]. For the 2x 2
switching module approach in Subsecti®, both the results of the Spanke—-Bene$ and
Benes architectures are listed.

In Table1, we compare alternative architectures under those diffgrarameters, not
including the optical loss. As we discussed in Subsedi@nthe optical losses caused by
coupling, mirror imperfections, and misalignments depbighly on the fabrication pro-
cesses. We assume that they are negligible owing to the iegfdEMS technologyl9].
For the beam divergence loss, a new performance model dihetthat in Subsectioh.E
is required for correctly describing the reflected beamdbyntirror lens system in Subsec-
tion 3.Cand the concave mirrors in Subsecti®®. Such a model, however, is not available
at the moment. Since the beam divergence loss highly dememtie radii ratio between
optical beams to that of the mirrors, mirror radius in Table also used to represent the
optical loss performance of optical switches in ideal caBes a detailed comparison, the
required mirror radii for different switch structures igimg the effect of large incidence
angles are plotted in Fi@. The mirror radius is set to 1.5 of the maximum beam radius of
the optical signals in the maximum input-to-output pathhaf $witches. Switch structures
that require smaller mirrors have a larger reduction in beamrgence loss (Sectiak).
For convenience, the pitch size between mirrors is set tapipeoximation &+ 800 um
for all switches, wher® is the mirror radius§]. Figure9 shows the required mirror radii
in micrometers for the MEMS optical switches we describe&éattions?2 and 3 except
for the Polygon cross connect. The Polygon cross connedbedreated as a MEMS op-
tical switch with crossbar structure if we consider conize in only one direction. The
mirror radii for the optical switches with structures of ssbars, nonrectangular switch-
ing fabrics, and crossbars with collimating lenses aretg@dbivith the dotted, dashed, and
dashed—dotted curves, respectively. Those for th@ Bwitching modules with Bene$ and
Spanke—Benes architectures are plotted with solid curitbsonosses and circles, respec-
tively. From Fig.9, the switches using the:22 switching module approach with Spanke—
Benes architecture require a mirror radius that is independf the number of porthl,
whereas those of the switches with crossbar structuresaserrapidly. Those with other
switch structures require a mirror radius that is in betwtbese two. The mirror size of the
Spanke—Benes architecture does not vary with the numbesrts pecause the intermedi-
ate distance is constant and the concave mirrors are usellitnate the optical beams.
But this is achieved at the expense of the largest numberflettions to the optical sig-
nals N, large number of mirrorsl (N — 1) /2, and large routing complexit§’ (N2/2). If
these problems could be overcome with improved MEMS fabidngrocessing, the 2 2
switching module approach with Spanke—Benes architeetatgd be the best choice.
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Table 1. Comparison between 2-D MEM S Optical Switch Structures

Crossbar  Polygon Nonrectangular Lensed Crossbar x 2 BW Module
Spanke-Bene$ Benes$

Mirror radiugP) 02N oM@ 015N ON Constant ON
Max. number of reflections 1 1 N— 1@ 1 3N 6log,N—3
Number of movable mirrors N2 M2/4©  N(N-1)/2 N2 N(N—1)/2 Nlog,N—N/2
Number of fixed mirroré) 0 0 N 0 2N(N-1)  4Nlog,N—2N
Routing complexit{f) ON)  o0M/2© ¢ (N?/2) 0 (N) 0 (N?/2) ¢ (Nlog, N)
Max. path length (pitches) ~ N—1 M —1©) 1.5N 2N—1 N N
Blocking propert{®) SNB SNB RNB SNB RNB
Mirror reflection sides Single Double Double Single Double
Mirror typeM Flat Flat Flat Flat Flat and concave
Extra collimating lenses No No No Yes No
Connection symmetry No Yes No No No

(@ Crossbar: the 2-D MEMS optical switches with crossbar structure ($egtid®olygon: the Polygon cross connects (Subsec-
tion 3.A). Nonrectangular: the Nonrectangular topology switching fabrics{&etipn3.B). Lensed crossbar: Matrix switches

with integrated microlenses (Subsecti®R). 2 x 2 SW module: 2 2 switching modules (Subsecti@D).
() Optical signals are collimated to the midpoint of the segments to minimize thizedanirror size.
(© For fair comparisony = 2N.
@ The LB (least-bend) routing algorithm is useid].
(®) Both flat and concave mirrors are considered.
® The computations required for setNipconnections.
(9 SNB is strictly nonblocking; RNB is rearrangeably nonblocking.
() Only flat or concave mirrors are considered here.
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Fig. 9. Required radius of mirrors for 2-D MEMS optical switches with thectures
of crossbars, nonrectangular topology fabrics, crossbar with cditimé&nses, and 2
modules with Benes$ and Spanke—Benes architectures.

The routing complexity is not important in crossbar-likeitelv structures (including
Polygon cross connects and crossbar structures with ailtiignlenses), but it may cause
significant performance degradation for noncrossbar stres (both nonrectangular topol-
ogy fabrics and the 2 2 switching module approach). Only the complexity®fN) is re-
quired for routings in crossbar-like switch structures.rbtaver, these structures are strictly
nonblocking and have at most one reflection to the opticaladgy In non-crossbar-like
structures, we are required to minimize the reflections dsagahe disturbance to the ex-
isting connections. We may have to block the new connectieves cannot find the suitable
paths within the setup period. Routing algorithms that dedrteeavy computations are not
favorable even if they have better path searching capabiiiom Tablel, the maximum
routing complexity of non-crossbar-like structuresﬁs{Nz/Z). Since this computational
complexity considers the path searching only for new cotimies, the application of the
noncrossbar structures may be restricted if the reroutfrgxisting connections is con-
sidered. Similar to our discussion in Subsect®B, fast algorithms that can balance the
disturbance to existing connections and the number of teflecto optical signals are
useful in the application of non-crossbar-like structures

MEMS optical switches using thex22 switching module approach with Benes archi-
tecture requirdNlog, N — N movable double-sided flat mirrors antll g, N — 2N fixed
concave mirrors. The required mirror size is similar to thfahe crossbar with collimating
lenses. Movable double-sided flat mirrors have been dematedtin prototypes of Polygon
cross connectslB] and thel-switching matrix [L4]. The fabrication of concave mirrors is
feasible but requires complicated etching and micromaadiprocessingl9]. As we have
discussed in SubsectichD, suitable parameters for the collimating devices may have t
be determined by experiments at the momed P5]. Since most switching modules in
MEMS optical switches using thex22 switching module approach with Spanke—Bene$
architecture have similar parameters, we may have smalleichtion complexity even
though the required number of mirrors is larger.
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5. Conclusion

MEMS technology is a mature technology for building largéicad cross connects. Two-
dimensional MEMS optical switches are reliable, stable, @esily fabricated but available
only in a small number of input—output ports, el.< 32. The major limiting factor is
that the size of mirrors inside the switches is proportidodhe length of the paths that the
optical signals take from the input to output ports. Theretao approaches to increasing
the number of ports for 2-D MEMS optical switches. The firspraach is to shorten the
input-to-output optical path length so that largércan be available for the same mirror
size. Another approach is to divide the input-to-outputhpanto multiple individually
recollimated segments. Extra collimating optical deviaesneeded with this approach. In
this paper, we have reviewed and compared different prégposduding the Polygon cross
connects, honrectangular topology switching fabricsssioars with collimating lenses, and
the 2x 2 switching module approach. If the problem of large numiferefiections to
optical signals could be overcome with improved MEMS fadttilzn processing, the22
switching module with Spanke—Benes architecture wouldhleebiest choice. Otherwise,
we may consider the Bene$ architecture or the crossbar wlitmating lenses.
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