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Summary of Concepts

This chapler offers the reader a quick overview of the contents of this report. These entries are taken directly
ot af the text of the: report. Mo effon has been made 1o provide continuity between the: thoughts, as that is
one of the jobs of the full text. Since these are the fundamental concepts, they have not changed in this

update.

The great national and international carmeers have built fiberTWDM networks that promase (und deliver)
bandwidih that was only dreamed of two or three yvears ago. Now the issue 15 leaming that QoS involves
more than electrical and opucal parnmeters. [0also involves service fexibilite, rapid provisioning,
reamangements, and the ability o support new, ‘on-demand” services. = Intraduction

What is left, however, may be an even greater problem. The question is how o deal with all of this added
bandwidth and how 1o deal with the rapid changes and reamrangements implied by a market growing this
fast, = Intreduetion

'OXNC” 15 a broad ferm dencting a class of optical devices {and opio-elecironic = called OBEO devices) that
allow a flexible interconnection of ghtwaves. These are variously called "Optical Switches,” "Optical
Rouers.” "Optical Cross-Connecis.” and a number of combinations of these and proprigany names.

- What Are OXCs?

The omiginal justification for the DACS was o replace the ever-expanding 138-1 cross-connest bavs [[38Xs),
As DS-15 and then the higher layer services became the backbone of the electrical ielecommunications
world, these physical paich panels became completely unmanageable. IE will be seen that this 1s the same
basic driver for the application of OXCs. — What Are OXCs?

OXCs can be thoughe af as the direct optical equivalent of TACS (digital cross-connect systems) that have
been used in the electrical environment since the mid-1980s, - What Are OXCs?

Bwitches are fundamentally very simple devices, with no intelligence of their own. The application of these
simple devices with various kinds of intelligence added gives rise to the armay of things that we often
ambiguously refer toas ‘switches,” = What Are (XCs?

Given all of these considerations. it is projected that QXCs will be both the enabler cof. and 2 major reason for
a migration tx, an “all-opticel” network. — What Are OXCs?

Chorest cstimates that the new network will achieve up 10 705 savings in cperating costs and reduce
provisioning cycles by up o 93%. — What are OXCs?

OXC devices depend on a number of echnobogies w achieve their swilching functions as follows (1he first
of these is known as an "Opague Switch” — the light docsn’t go through it = and the other three are known as
Transparent Switches” — the light pees through them). — Technologies

[t should he noted thay, although some of the press coverage would seem o suggest athenwise, ransparent
switches are not inherently better than opagque, Like mast other technology choices, they each have their
alvantnges and dissdvantges. — Technolories
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Thie: issuie of Joss in the use of wansparent switches is often misunderstood, The use of’ transparent swiiches
in “all-optical’ networks can easily be (mistakenly) thought of as a ransmission advantage, and the press
sometimes misleads us i think this is the case. Transparent swiiches are the source of optical signal hoss in
the calculation of the optical path: budget. — Technologies

and the loss of the ransparent optical switch iselll —Technologies

In oncker 10 be able 10 achieve the Tunclionalities describad above for the WIXC, Le., to e able w switch and
transhate wavelengths, it 1 nocessary to have a device integrated into the OXC that is capable of ranskating
froim one wavelength o another, and to change the ‘translated 1o wavelength very quickly, -Technologies

As DWDM technology bas gained o strong foothold oa the hackbones of the world's iransmission markets,
the “hackbone botleneek ' has begun to be eliminated. Whike this vast increase in transmission capacity has
solved one problem, it has also created ancther problem in the wrea of control. = Applications

The OXC is beginning to also have significant *offensive’ potential, This comes from being able to offer
existing services (bandwidth), but doing it in dramatically different ways, resulting in new services,

= Applications

As discussed in the Technology Section, there is a methodology of delining OXC's by ¢lass - FXC, WSXC,
and WIXC. By reviewing how epch of these may be used, we will be able o illusirate several major
applications, and furnher draw the differences between these clisses. - Applications

In summary, the OXC approach is cheaper. offers much greater Mexibility, and is faster for making
rearmangements. — Applications

Naturally, one of the fundamental uses of OXCs is cincuit routing. In fact, one can think of all of the other
capabilities as special cases of circull routing. — Applications

The guestion with this senace provider, was how he woukd expand his business afier establishing the 1P rings
in the six citfes he planned 10 serve, — Applications

Optical switches can be used in conjunction with routers 1o achieve the proteetion desired {actually much
faster protection, because it is in the oplical domain and it is pre-configured), while rediucing the number of
expensive router parts needed, -Applications

The growih of (e Intemit is o major driver and cemainly the most important of the market drivers. In foet it
could be sabd it the other drivers ane really just subsets o derivitives of the Inlernel growth. So how much
and how fast is the Infernet growing? - Market Drivers

While this is a fairly conservative esimate for the growth of the Internet, it still results in o network mgquirement
in just five years for an infrastrocture that is close 0 15 times larger than today s PSTN, & should be noted
that the above projection would suggest a backbone traffic load of approtimately 30 lerabits in the busy hour
in 204, = Market Drivers

Although it is somewhat of a second-onder effect, anather driver (or maybe an indication of a combination of
other drivers) is the increase in the number of wavelenpthe ot junctson points. — Market Drivers
To understand the magnitude of these possible savings it should be remembered that, Qrwest cstimates that
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the new network will achieve up o 704 savings in operating costs and reduce provisioning cyeles by up (o
@555, largely throngh the placement of OXCs, When this savings potential is fully understond by the carmers
of the world, there will be a very swong market in OXCs. = Market Drivers

Admost all the vsual forecasters predict this market will boom. It is felt (and this thought is expanded in the
mll:ﬁal n |J'.|l: rl:|ah:ti !-iﬂ.'l.‘ilm of this l'r()-ak!l that the vast inl:n:u;w i ll'u::_]uaniit}' I:JE w.;|1-'¢|¢ngll1..ti will dri'ﬂ: the
market for contrel capabilities. — Market Projections

Using this model-driven approsch 1o the market, the twotal is the sum of the local model results plus the IXC
made]. This addition will present the ol market projection for OXCs over the five-year tmeframe,
- Market Projections

It appears that the market is going 10 be competitive enough w achieve a very close grouping of prices for
bath wechnologics. — Price Projections
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0XCs — The Centerpiece of the All-Optical Network

Update Introduction

This original repon was issued in November 2000 Much of the technical and srchitectural material i sall
accurate and current, but vanows ancas of the repon need updating. The purpose of this wpdaie w the onginal
repoit is 10 bring those areas up-to-dae, and 10 add sew infonmation that has developed. The approach 1o
presenting this material has resulied in 2 completely stand alone document. The onginal format and organization
is preserved, however, the introduction of each chapier will describe the changes made i the update. In most
cases this will allow the reader 1o readily see the changes made from the original repon. T is thoughi that this
capability will be most useful in the forecast area. This paragraph is the only change in the Introduction.

Introduction

DW DM has brought us the answer 1o the need for massive amounts of bundwidih, acress the city, across the
country and now across the workd. The need for this bandwidth has been, and continues to be, driven by the
emergence of the Intermel as dhe single most significant development in the hiswry of communications. This
ever-increasing demand has changed the whole approach o facility and even route provisioning. Bandwidth
incnements (e.g., OC-48) that would have been the entire cross-section on o given route only two or three
YEArs ago, afe pow Not even provisioning imerval incremenss.

We Had a Bottlencck: Now We Have Gridiock

Whike D'WIM has given us the tool o deal with this bandwidth cxplosion, it has not given us a way 10 be
ablle i comtno] this massive amount of bandwidth. W were looking (or a way 1o keep up with the unending
demand Tor bandwidth as presened by the Intemnet and we found it in DWDM. Some of the camiers (AT&T,
for example} are estimating that their backbones are increasing at 4 rate of 4005 a year! Trying o keep up
with that growth, both the existing growth and the forward looking view of a really scary "hockey stick™
growth curve, wis the first problem. Now, we can take existing [iber (at least 10 a greal extent - some of the
older fiber may nat support all of the capabilities of DWEM at all distances), add D'W DM and we have an
insbint incremse in bandwidih of up w100 limes. So, that solves the botdeneck probler, o Jeast for pow.

What is leli, however, may be an even greater problem. The guestion s how (o deal with ol of this adided
bandwidth and how 1o cleal with the rapid changes and rearrangements implied by a market growing this
fast. In addition 1o the growth, and the implied amount of churn (in @ market growimg like this, the end
cusiomers are also in wemoil, ying ko devise the best way o deal with growth from their viewpoinis, tus
causing many change orders 1o bandwidth providers), the network is langely stack with an architecture that
was singularly unfifed o rapid changes and additions - Le.. SONET. To establish & new wavelength on
SONET<ferived facilities ( SONET on DWDM or SONET directly on fiber), it is ofien nevessary i make
physical equipment adkditions and changes at many nodes — particularty where nings inersect. The additions
and changes require significant engincering, cquipment procuring. site visits, and carcfully coordinated
testing and tum op activities. As a result of all of this work, provisioning intervals stretich ino many months
and service costs contimue to be very high n spitc of decreasing casts of underlying infrastracture. These
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factors have all combined i lead us from a bandwidth bottlenack o a gridlock alut — we have a great deal of
pateniial bandwidth, but it is very hard o effectively wse i

The: great nutional and international comers have built fiber WD networks thal promise aml deliver
bandwidih that was only dreamed of two or three years ago. Now the issue is leaming that QoS involves
TTOTE ﬂ'l:m c!::lrir,'.:d unrl n]'.lli-;;.'1| 5!5n[l;1rd.~i.. I3 H]s-l_'r invn|w;:',: 5:::".-"11:1: ﬂcxihﬂil}'_ mp:i:l pwviﬁiuning .;m:l
rearrungements, and e ability w suppon new, Son-demand” services, These are the Qualities that will suppon
the new strategies of service providers in the era of [P, the Intemet, B2B, ewc. They are also the parameters
that will mem all of that bandwidth inw useful and marketable services.

The answer that is developing o this gridlock glut. is the Optical Switch (OXC.) This new (new in these
sizges and with the capabilities now hecoming available) device will (1) allow extremnely rapid service
provisioning and rearrangements, (2) facilitate mesh wopologies that more directly support da walfic and
that can save on equipment, facilitics. and operitions costs, (3) provide an extremely fast optical level circuit
i [iberfwavelengthifcute) restoration capability, and (4) support new services on 2 wavelength level based on
rapid and remoiely controlled switching.

This reporn will explone this new device in depth. 1t will: develop a basic understanding of OXCs, explore all
aspects of the wechnology. review applications, evaluate market drivers, ppoject murket demand and prices,
and descnbe available equipment and vendors,

Except where specitically noted difterently, this reporn deals with existing, available Cor nearly so) techinology
for OXCs. The curment versioms of the OXCs are primunly “dumb” switches, Some vendors (particularly
some of the OREC switch vendors) are adding significant software to the peripheral contrel systems allowing
somiee very wseful fand in some cases specticulary services. However, the switches remain fairly dumb, The
Applications. Market Forecasts, and Pricing Forecasts are all based on these comparatively dumb systeims.

Future development will be focused on two major areas:
1. Producing all-oprical switches fully capable of WEXC and WIXC classes of operstion. (See the
Technology Section for a full discussion of these classes,)
2, Incorporating true optical mwter capabilities, whereby the O will actially be able o parse the
incoming optical sipnal and perform a switching function based on this infomaton in el (or very
near real ) e,

The first of these will be commercially available in the next few vears, and the second will likely take longer,
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What are OXCs?
Update Statement

There are no changes in this chaper.

“OXC is 2 broad term denoting a class of optical {and opio-electronic ~ called OEO) devices that allow a
flexible interconnection of lightwaves, These are vanously called “Optical Switches,™ "Optical Routers,”
“Optical Cross-Connects,” and a number of combinations of these and proprietary names. The level of
flexibility, the underlying technologics used. the amount of electrical involvement. and the allocation of
intelligence all determine the precise OXC use and classification. In this report. we will investigate each of
these and the impact each has on OXC use, and the OXC market.

OXCs are relatively obd devices (in terms of Internet time ) in that they have been a long-time internal
component of most WM eeminals, [n this application they are very small, simple devices that ane connected
to detectors (that detect o chiange in a SONET signal or detect the loss of a light signal) that cause the OXC
10 switch between fiber paths for restoration or maintenance purpases. The devices s applications discussed
in this report are all, more or less, derivatives of this simple function.

OXCs can be thought of as the direct optical equivalent of DACS (digital cross-connect systems) that have
been used in the electrical environment since the mid-1980s. DACS are used as a replacement for the old
physical patch panel, providing a “point of flexibility” among many physical facilities, devices, and routes.
DACS are usexd 1o cross connect SONET signals (onginally they were used o connect asynchronous signals,
ez, DS-1's, DS-3's, e ) of vanous levels. This report will examine the various echnologies, applications,
and approaches for these devices,

When is a Switch Really a Switch?

If one thing is clear from the above, it is that the vendors have done us no favors in clarifying the nomenclamre
for these devices. Afier discussing the generlities of the answer w the question of “What is an OXC?" itwill
be instructive 1o review various devices ofien lumped in 1o the cateory of “switches.” and their differences.
A review of general definitions for each of the relative devices will help explain this situation,

"Switch” Types

Switches are fundamentally very simple devices, with no intelligence of their own. The application of these
stmple devices with various kinds of intethigence added gives rise 1o the array of things that we often
ambiguousty refer 1o as " switches.” We shall consider these devices beginning with routers, the most inielligent.
and ending with DACS, the least intelligent.

Routers

Routers have internal switches that are controlied by integrated “rules” tables. These are the most intelligent
of all devices considered here. A router is a network device that uses Layer 3 of the OS] (Open System
Intesconnect) Model (the IP layer) 10 obtain the micnded destimation of an [P frame. [t then uses this destimanon
address 10 run against an intermal look-up able 1o determine how the frame should be forwanded. Routers are
“imelligent” clements bocause of the look-up tables that they contain. These tables can be formed by outside
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input fe.g., by a system administrator) or by special protocols that allow routers to be “network sensitive,”
This means that they can "learn” abaut the environment of the network in which they exist. and they can
adapt 1o changes,

A router obtains the destination address by parsing [P frames down o the Laver 3 addressing infonmation. It
ll'ucn e this in[un'n:iti.u;m tor forweard the mel:. Whale 1 5 |uu|ning up I|'||,: ]'Jnrt ul;lrﬂn:.ﬁ for fm-ur:iing,, I]'H:
data rame 15 bulferad in the mouler.

Like IF switches, rowters do not hold a circuwit, or really use the concept of a “call.”
TDM Switches

TN (Time Division Muliplex ) switches include the POTS (Plain Old Telephone System) voice switches.,
They have address signaling (the “called ' number) information provided with each call. This signaling
infoimmanon drives the swilch (in the pre-electronic days — ancient history in Intermet time — the switch was
directly driven, a digit ata time) 0 make the appropriaie connection to the desired party. The swiich helds a
path (o time slot) decicated e that call for the duration of the call. The modem, electronic, stored program
switch can use extensive ronting functions o direct calls on the paths most likely o conmect, and can retry if
Ly run an 1o blockages.

ATM

ATM swatches are momany wiyvs @ cross between TDM and [P switches, They use the Header mformation
(like IP switches) w0 establish a path that is held for te length of the call (like TDM switches), Asynchronous
Tramsfer Mode { ATRM) setually uses a syachronous form of tmnsmission. in that it contnuously wnsmits
cells of a constant size ina fixed relatonship 10 each other, However the way the cells ane assigned o user
traffic is on an “as recquired” basis, (rather than on a fixed hasis as is the case in SONET], thus it is chamctenzed
as “asynchronous’ as related o the end vser.

As mentioned, ATM uses a cell concept in transmitting data. The cell size is fixed as the SONET frame is;
bt it is much smaller, If only a small amount of data 15 (o be fransmitied, then a partially fifled cell 15 noi
much (at keast o as much as with SONET) of @ penalty becawse the cells are relatively small. Also, the cells
can be interleaved so that virually any size bandwidth requirement can be achicved by simply transmitting
more cells. Thus ATM was perhaps the ongin of the “bandwidih oo demand” idea.

Although the ATM specifications allow for handling connectioniess (Le.. messages sent without esiablishing
an end-to-end conmection ), or connection-oriented wraffic {i.e., an end-to-end circuit is assured and reserved
befiore raffac 15 sent), i01s @ connection -oriented protocol. 1 es this charetenistic that provides ATM with one
of its most impostant assets - the ability to (before the fact) guarantee quality of service (oS o a given call
for as durntion. An end-to-end virwal aireuit 15 estabhished and reserved for the duration of the mnsmission
based on a ‘class mark” indicating the quality of service the given call is entitfed. (oS is defined specifically
in & mumber of ways (useally in erms of bit emor rses or lost bits) depending on the provider of the service,
But it always relates to the reserved bandwidth and delav of the virual cirenit provided to a given service,

AT is o wansmission and 4 switching methed that is based on packet techinigues, butas noted above, it uses
fixed cell lengths of 53 bvtes, These cells are composed of 5 bytes of header (containing address, and
honsekeeping informaton) and 48 bytes of payload {omly 44 for soome coses of wraflie) that gives o overhiesd
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loss of at beast 945, The mansmission portion of ATM correspands fairly closely o the Layers 1 {physical)
and 2 {Data Link) of the 051 Model, Some authars noie that ATM also provides some of the higher Layer
{051 Model) services.

IP Switches

IP switches use the [P (Iemet Protoool) header information o forwand each packet 1o the next node. There
is ma concept of “circuit™ or “call” involved in this transmission, but mercly the forwanding of packets of
infermiation from node 1o node unil the data reaches the destination node. Ethemet switches work in the
same manner, except that they use the information in the Ethermnct header (Layer 2 of the OS5I model) mther
than the 1P information { Layer 3) o desermine the forwarding of the data packet.

DACS

DAL e e least inielligent of the devices using swirches, The detsl that [ollineg wis previously presented,

but is repeated for completeness, DACS are used as a replacement for the old physical paich panel, providing

for n “point of fexibility” among many physical facilities, devices, and routes, DACS are used 1o cross

connect SONET signals (originally they were used to connect asynchronous signals, e.g., DS-1's, DS-3,

ete, ) of vasious levels. These interconnectons allow,

Miintenanoe fursctions { ueming down a rout o allow equipment replacement or iesting. for exampbe);

Facility resrrangements;

Acoess (o test exjuipment on an auomated basis

Restoration functions by having a preprosrammed response 10 the loss of & particular facility, oule,

oF device:

*  Service establishment and pre-tosting by reconfigunng io a given seTvice amangement al a particular
time;

®  Service design by providing, for example, voice circuits during ihe day on one route and then
switching a1 night 10 provide a broadband data modte.

DACS do not wse address signaling ot all, znd they do nod have a call concepl. They ane pamarily static
devices, However, as can be seen from the listing abave they have a very dramatic mole in the elecirical
telecommunications network.

OXCs ~ The Cenferpiece of the All-Optical Network

The ariginal justification [or the DACS was to replace the ever-expanding 18- | eross-connect bays (DSXs)
As DS- 15 and then the higher layer services, became the backbone of the electrical telecommunications
world, these physical patch panels became completely unmanageable. It will be scen that this is the same
basic driver for the application of OXCs.

Drivers to DACS Deployment

What had originally been comemplated as 2 bay (the DSX bay) that would allow easy acoess for making
needed changes, had hecome in iself 3 magor soumce of mouble. DS- 1 (and later DS-3) became the common
denominator for everyihing in the telephons office. Switches. facilibes. remote lerminals, and other devices
all interfaced 2t DS-1. Tie allow for Mexibility it was necessary i lerminate all of these devices on the DSXs,
As time wenl on, these panels buill sp layers of jumpers. Making a change was as kely 10 cause a fauh, 26
it wiis 1o achieve the desined change, In addivon, as new services, particularty of o widehand rature, developed,
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they required changes more or less simultaneously at many nodes in the DS network, This meant expensive
visits to these sites, and a real effort to make all of the changes on a coordinated basis. The result was that the
services were very expensive to provide, and very slow to implement.

DACS were the answer to this problem. While the layers of jumpers continued to increase, once in place,
they no longer had to be moved. The DACS could achieve all of the necessary changes without moving any
of the jumpers, or even louching the jumpers. They could also do this under remote control, automatically
and on a perfectly coondinated basis over very wide geographic arcas. They eliminated the physical problems;
dramatically reduced the time and cost impacts; and made feasible new services and restoration capabilities.

The Parallel Universe of OXCs

Now we have come &0 a tme with DWDM when wavelengths are terminated at multiple nodes in natonwide
ring-based architectures. The growth of the Intemet has driven traffic on the DWIDM backbone routes so that
at a minimum they are doubling every year and at the highest estimates are increasing by 400% a year. End
customers are requiring wavelength services to keep pace with their own demand. To implement a new
wavelength (or to reroute one for a new service), requires visits to each of the nodes, It also requires carefully
coordinated (both in time and as to the types of changes) steps at the many nodes. All taken together, these
impacts are causing delays of up o 6 10 8 months 1w provision a wavelength service_ In addition, the costs of
the provisioning process are such that a service with intrinsically very small marginal ¢osts in terms of
equipment. is still very expensive becanse of the difficulties in providing the services. Testing 15 also very
difficult because it generally requires that an OTDR (optical time domain reflectometer) be transported o
the appropriate node location, and physically connected to the appropriate fiber.

If this situation sounds familiar to the scenario that was the driver of the DACS deployment a decade and a
half ago — itis. It is the same set of circumstances. The answer this time will be the QOXC - the optical switch.
We are already seeing major service providers taking steps to move in this direction. Witness Qwest’s
announced (January 2000) plans to overbuild its entire network with an all-optical solution. If one looks
carcfully at this announcement (which is remarkable in light of the fact that it came almost immediately on
the heels of Qwest completing its existing network), it s clear that the main thrust is an attempt 1o achieve
operational improvements by going to a network that is controlled by OXCs. In fact, Qwest estimates that
the new network will achieve up 1o 70% savings in operating costs and reduce provisioning eycles by up to
95%. Several other camier companies including Williams, Extant, Broadwing, and Global Crossing have
subsequently announced similar plans.

OXCs can solve all of the problems outlined above and can make new services and applications possible. In
addition, they are likely 1o be cheaper than alternatives.

In addition to solving the operational problems associated with the quantity issue, X Cs promise o offer an
elegant solution o the quality problem of an all-optical network. In today's world, restoration (for facility or
component failure) is almost exclusively handled by the APS ( Automatic Protection Switching ) features of
SONET, In an all-optical network SONET nings may not be an available answer and that architecture may
not ke the most appropriate for data - the vast majority of the waffic load on our developing networks. In this
coming world, a mesh architecture is the best answer for the data traffic, but there 15 a question as o how 1o
achieve the protection function. This can be achieved with OXCs with pre-programmed failure reaction
scenarios. (It is also possible, o some extent, for OXCs 1o react to failures on an “on-the-fly” basis, but that
is not going 1o be the: primary method for the near term.)
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In addition to providing a more appropriate architecture for data, mesh promises to be a more economical
approach o failure protection, due 1o its ability w share protection mutes, rther than having 1005 protection
bandwidth, 25 is the case: with raditional approacties. Studies have suggested that opticad switches and mesh
architectures can achieve as great as S0%-60% savings in capital cosis over the imditional SONET ring
approach.

Given all of these considerations. it is projeciad that OXCs will be both the enabler of, and 2 magor reason for
a migration 0, an “all-optical” network. (It will be seen. however, that “all-optical” may not always mean
only optical as we go forwand in this repor. )

General Featlures of an OXC

Having looked at o working definition of an OXC, we would now like w present o general list of basic
requirements for OXCs, [t will be clear as we go through the Technologics Section, that applications and
technical approaches will eause differences in emphasis on varous of these requinements, lowever he list
will still be instructive 1o vse s a futere yardstick.

An OXC s a device thit allows a given number of optical inputs o access o selection of aptical outpurs.
These inputs and outputs may be wavelengths or fibers (with multiple wavelengths. ) General requirements:

Reconfgurability - Maybe this soes without saying. but it should be stated. I8 just means that the
switch can switch inputs w outpuis, under extemal control.

Nonbilecking - These network devices must be able 10 terminate and switch all of their inputs 10 an
available output under all circamstances. There is no foom for a “husy signal” in this kind of switching.

Scaleable - In backbone network applications particulary. this is of great imponance. No camier
wanits io face thee prospect of having 1o make a ‘fork lift” replacement of a device Tike an OXC with
s much traffic going through it. Devices that start atonly 32 x 32 must be able 1o scale at least 10
1060 1000 in backbone applicationsi, given the curment and propeciad growih rates of the network.,

Low Insertion Loss - This refers (o the optical insertion loss (e, the atenuation of the light.) We
will see in detail later the reasan for this requircment, but in generil, i is abwious that it is desirable
fior any light path element (o hove a low loss charactenistc,

Law Crosstallk - Apain, this relers we anoptical signal impoaet 17 crosstalk is 0o high between any
pwo intermnal paths, the signals will be desraded, and perhaps unusable.

Fast Switching Time - In many of the applications of (X Cs the switching time ks of mest imponance.
An example is in restoration applications. The twtal time on restoring a fatled link must be no greater
than 50 mis (based on SONET standards), Thas. the time for the OXC 1o intemally swiich must be as
small as possible 50 as to be sbie to meet this standard,

Low Cost and Reliable — These devices will be central 1o very high capacity network points. In
onder to achieve their greatest psefolness, they must be relatively cheap, Also, because of their
central location, it is imperative that they be virtually fault free (intemally ).
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Technologies
Update Statement

This sgction is revised extensively in that the 1ists of vendors are completely revised. The status of ownership
of the companies, the status of prodocts and the latest products ane all areas of revision 0 these lists. The
descriptions of the basic technologies remain unchanged. [n addition this section has been updated o include
a discussion of OMO {optical — millimeter wave — optical) switches, and of 1 D (one dimension) technology,

Underlying Technologies

ORC devices depend on a number of echinologies o achieve their switching functions. A major grouping of
these 15 a5 follonars

Electromic Crosspoint — The most prevalent, © date, uses an internal ight-to-electrical conversion
prior {and back afterwards) 1o the switching function.

MEMS = Micro electio-mechanical systems — mirmors - these are arrays of tiny mimors that are
electrically controlled o bend the light from a given inpor o a desired outpur.

LCD = Licguid erystal display — Uses liguid 1o bend light 1o the desired owpur.

Ink-Jet Primter/Fluidics — Uses heat to canse bubbles in fluid channels that reflect and redirect
light.

(The first of these is known as an *Opague Switch” — the light doesn’t go throogh it — and the other three are
known as “Transpareat Switches” - the light goes through them.

The tollowing 15 a much more detailed review of these underdyving fechnologies,
Review of Basic Technologies

OED

Oiptical-Elecinical-Optical switches are the iraditional way e perform this function, There ane several sysiems
shipping at this point with up to 512 x 512 ports: Many of the systiems available are much smaller than this
however, with many lmited 1o 32 x 32, These switches offer high-speed switching: 0 db insertion lass
factually they can offer optical gain, depending on the svstem and the needs), and they offer the possibility of
wsing system intelligenee, There are also shorcomings {see section comparing opacie o ransparent swisches),
particulurly the lack of upzrade Flexibiliny.

These switches largely use well-known and widely available ASIC VLS] echnology. The optical signal is
terminated on a diode, where it is converted o an ¢lectrical signal, After conversion, the digital information
can be monitored, swilched, and wsed as a bosis for intelligence in directing the output. 1 is converted back
1o an optical signal as the output of a laser,
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OEO Vendors
Sce the Summary of Vendors sections for details of vanious vendors” systems,
MEMS

Micro-clectromechanical systems (MEMS - akso sometimes calied MOEMS - micro-optosiectromechanical
systems) may be the most promising of the all-optical technologies. MEMS are actually a pan of a very
broad technology development that goes far past OXCs and even far pasl ielecommunications. It is really a
class of developments thast focuses on the growth of tiny, complex machines on silicon chips. It has applications
in computer design (computer on a chip), medicine (both medicine delivery and internal imaging from tiny
cameras), and fluidics (microfluidic devices) and in many other areas, Products from this technology area
have included automaobile pirbag sensors, pressure sensors, displays, scanners, printers, data storage, and
adaptive optics.

The development in just the last two years of prototypes, and (he very imminent production models of large
scale, carer grade all-optical OXCs from this technology has grabbed the attention of the entire industry,
The fact that this development is not limited w one manufacturer (or even 1o a single echnical approach) has
made this a somewhat spectacular introduction of an entirely new (in this application) technology.

Figure I, MEMS Layowt

- "

As previously noted, MEMS is the use of armays of mirrors to switch light from a set of input fibers 10 a set
of output fibers. The mirrors can be repositionad so as 10 achieve the swilching function. These tiny mirrors
(on the order of 2 milimeters in diameter) are amranged in two arrays and positioned so as 1o reflect an input
on ane miror 10 8 mirmor on the second amay and then 1o an output. Figure | is a representation of the general
arrangement,

It shouk! be noted thit I same vendaors” approaches o this technology, 4 “fold mirror™ is located between the
two rmirrors shown, This is 4 stationary mimor included 1o redirect the light backwirds o the moving mirror
location,

Two Approaches to MEMS
Even with this brand new approach 10 switching lightwaves there are two methodologies being advocated
and developed. These are a digital (or two dimensional — 2D) approach and an analog (or three dimensional
= 3D) approach.

Digital Approach
In this approach the misvors can only be in two positions ~ on or off, thus digital. 1t is an extremely simple
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approach to the MEMS technology because of the simplified control system. The digital approach is known
as an NxN (N squared) architecture, because it requires NxN mirrors to allow N anputs to be routed to N

outpuls.

A difficulty with this architecture is that the light travels in free space as it goes (0 the selection miror. As the
size of the swilch goes up the distance the hight must travel (its maximum distance) squares. A beam of light
tends to expand in daameler as it travels in free space, causing a need to tightly focus the beam, and carefully
align the mirrors. This problem is generally believed to limit this approach to 32x32 ports on a single chip.
Of course, it is possible 1 build switch architectures with multiple chips, but that adds w© the complexity, and
adds to the insertion loss problem.

Figure 2, Sketch of Two Dimensional MEMS
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Siemens TransXpress Optical Service Node is a known example of using the digital approach. Figure 2
illustrates the digital approach,

Analog Approach

In the analog approach w MEMS the mirrors can take many positions. While this design results in the use of
less mirrors, it is much more complex in terms of the control system for the mirvors and the alignments
required. On the other hand, this approach only uses 2N mirrors (to allow interconnection between N inputs
and N outputs), and it is not constrained by the Tight propagation distance as the digital version is, As a result,
itis thought that this technology can scale to, perhaps. thousands of ports. Systems are available, or nearly
s0, that will provide over 1000x 1000 ports.

In spite of the complexity, this approach is the one being used by the highest profile planned switches —
Lucent's LambdaRouter and the Xros (Nortel) X-1000. Figure 3 illustrates this approach,
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Figure 3, Sketeh of Multi-Dimensional MEMS
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In general, the MEMS analog approach is currently viewed as the most likely to be o real success in carrier
grade, high port count OXCs. The devices can be produced in a relatively inexpensive production process,
with high reliability. There is 4 question as to the ongoing reliability of the minors” positioning systems. This
is a complex system that must function with a high degree of precision over long time periods. Only the
testing of full commercial products will detennine this factor.

MEMS switches tend to have relatively high insertion losses. Reports o date indscate that this koss is going
w0 be approximately 7 1o 8 db from input 10 output.

MEMS Developers and Vendors

The following provides a listing of the major vendors developing either MEMS components or sysiems. or
both. The systems vendors have more extensive comments in the “Summary of Vendors” section of this
feporL

ADC
PO.Box! 10
Minneapolis, MN §5440
Tel. 612-938-8080
Fax 612-964-3202
www, e eom

ADC is primarily & system vendor, but in this area they are developing o MEMS-hased, OEM product.
ADC"s experience in diffractive optics, semiconductor manufacturing processes, and volume manufacturing
has been leveraged 1o develop research and development for integrated optics. Integrated optics is a high-
level integration of several lechnologies, including micro-clectromechanical systems (MEMS). The integrated
optics products are compact, with low-power consumption due 10 passive lemperature compensation.

Agere Systems
555 Union Bivd.
Allentown, PA 15109
Tel B66-243-T347
WWW agere com
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Agere Svatems, formerly the Microelectronics division of Lucent Technologies, is a leader in sales of
communications cormponents. It is currently in the process of being spun off, That process is expected o be
completed by March 2002, They design, develop and manufacture optoelectronic components for
communications networks, and integrated circwits for wse in @ bmoad range of commamications and computer
equipment.

Agere produces a 6<bX64 MEMS swich module for inclusion in OO0 switching systems. 1 is the 3200-
Series Oprical Switch Module. [t is based on the 3-D architecture. This 15 in a very small package -
approximately 3x8 inches.

Astarte Fiber Networks
1553 35th SL Suite 100
Boulder, C0 8030
Tel. 34458774
Fax H13-H0-2975

vy, Bellien, com

Telliwm {see “Summary of Vendors”) completed the acquisition of Astarte Fiber in October of 2000,

Astane produced a product line of switches infended for somewhat slower speed applications {up io OC-48),
although the switch fabric itself is nog imiang, The products ane designed for the campus. data center, and
enterprise environments. They use MEMS matrixes as the switching point for reconifiguring fiber networks
in these environmen s,

Prolusets in the Star Switeh family inelude the 7200, the 7202, and thee T250 for various applicsetions. Al en
be expanded up w 72572 ports, These products are currently available.

C Speed Corp.
120 Cremona D, Suite ©
Santn Barbasy, CA Q3117
Tel, B05-362-3100
Fax B03-562-3190

wiww s pecdcom

C Speed mearates sophisticated micro-photonics, optics and controd systéms in a robust and manufaclurable
package that can be configured as an optical cross connect subsysiem offering 32x32 o 1024x 10324 or
higher pon counts.

C Speed uses “30" or “Beam Steered” MEMS, which is one af the leading technolowsies capable of meetng
pont count and religbility requirements of tomomow’s wavelength-rich optical networks, C Speed 30 MEMS
cesign and packaging is smid woenable the development of switches that meet welecoan refiability reguiremenis,

Calient Netwarks
ERET Rue Fedraid
San Jose, TA 95135
Tel. 408-972-3600
Fax d08-972- 3800
wyw,calient mel
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Calient Opocal Components, onginally known as Kionix, Inc., was acquined by Calient Networks in December
2000. Kionix was founded m 1993 © commercialize next-gencration MEMS ( Micro-ElectoMechanical
Systems) technology developed at Comell University in lthaca, New York. Through its wse of Reactive fon
Exchung. the compuny developed diverse products sach 25 memial somon, microswitches, macrofiusdic syseems
and mechamcal data sorage. in addition © mecro-mimor arrays and other optical components. Calient Opecal
Components will tilue these advances 1 adidress the burgeonng demand 1 the optcal components market.
Cabent Optical Components is 3 wholly owned subsidiary of Calient Networks and will continee operations
n Ithaca, New York.

Calient Optical Components’ MEMS fabication tochmique results in high-aspoct ratxo structures that can be
wsed b sy stems of capacilative sensors, electrostatic actuators, swilch contaces, holes and channels for guiding
fibers or Mulds, and other applications, Calient Optical Components’ micro-mimor arrays push MEMS

technology 1o the limit, taking advantage of the many mechanical, electrical and optical chamcteristics that
result when using silicon as a building material,

Corning

MPROAD
Coming, NY 14831
Tel. 607-786-8125
WWW COMIRE Com

Coming » working with InielliSense 10 develop MEMS-based communications devices. Corming is alo
imvolved in Liquid Crystal devices. They have also more recently ( 1 22000) announced the collsboration
with Sycamore on the development of 3D MEMS.

Coming and Sycamore willl collaborate on defimmg the functionality and iesting the application of new 3D
MEMS wchnology i telecommunicanons nerworks. The collaborative effort s expected 1o accelerate the

deployment of M) MEMs opocal swatch tochnology as pant of an intelligent opocal networking solution.

CoreTek (Nortel)
299 Ballandvale St
Wilmington MA 01887
Tel. 978-570-1200
Fax 9785701 3000
www coretekine.com

CoreTek has o strong background in MEMS and in work with ventical-cavity, surface-cmitting lasers. They
have described work thist combines these technologies for 4 wnable MEMS device. (See the Section of the
Repont on Tunable components for the impact of this combination. )

The VOSEL munable MEMS device is descnibed as follows:

Features.
® Imegrased fumcnonality
* High power munable CW laser
* Broadband wavelength locker - locks 0 the ITU 50 GHz grd
o High Output Power (+13 dBm) for use with existing external modulator
* Tunable scross 80 channels in cither the C or L hands

* Compact footprnt and low pu-ercmupmn
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* [ntegral TEC
* Hermetically sealed 26-pin butterfly package

Benelits:
* Enables network agile applications. and greatly reduces sparing costs
L] Rr:]iuh]n: .;md rapicl hlning ACMSS the r_'nmp|::l,|: C or L hun.d
* [mproved sipnalfnoise matio
= Compatib ke with existing link budgers
+ Gilobal managed-wavelength provisioning is now a reality
= High density design-in
* Excellent iemperature control
* Enhanced long-term performance and reliabilicy

Cronos (JDS Uniphase)
M0 Merial Crr, Pkw. 51110
Muaorrisville, MO 27560
Tel. @19-380-1316
WO, T TS TS 0T

Cromos was acguired by 105 Uniphose o stock wanssction in April 20000 Prior (0 joining DS Uniphase,
the company operated as a division of MCMNC, a non-profit technology incubator locaed in Research Triangle
Park, N.C.

Crimos 15 the only MEMS supplier tha provides bulk, surface, and high-aspect ratio § LIGA ) micromachining
= the three key processes usad o fabricate MEMS devices. Cronos has produced over 30 MEMS patents and
patents pending. 8 manufactuning facility that supports stale-of-the-art MEMS fabrication processes, and a
base of high profile customers, including many Fortune 500 companies, Cronos manefactures MEMS
components, primarily for communigations applications, using foundry Services and proprictary MEMS
devices,

Cronos is unique because it kas focused all of s efforts on simplifying the implememation of MEMS
components for original equipment manufacturers (OEMs), To this end Cronos has created, and commercialky
demonstrated, standardized building blocks for MEMS processing and MEMS cornponeris,

These building blocks are the beginning of 2 complete plafionm that will evenunlly lead w an application-
specific approach 1o MEMS, very similar o the application-specific approach that has been so successiul in
the integrated ciomt indostey.

[mitial producis from Crones = MEMS micronelays, eptical ateneators, and phowmic switch components -
are available at the chip-level as stand-alone components or in amay formats, and are comenthy being qualified
b several major i2lecom equipment OEMs. Cronos also delivers a fully qualified, surface micromachining
provess for bath progotyping and manofacturing of costomer-proprieary MEMS designs.

IntelliSense Corp. (Carning)
30 Jonspin Bd.
Wilmington, MA D587
Tel. STR-SEE-R000
Fax 978-9BE-RO01
warw,inlellisensc.com
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IntelliSense offers a genemlized design, manufacturing and integration software capability for MEMS devices.
IntelliSense had (prior © the acquisition by Coming) a joint development agresment with Coming 1o develop
elecommunications devices based on MEMS. InielliSense is a manufacturer of software ( ImelliSuite ) for
assisting in the development of MEMS-based devices for a number of other industries.

Coming Incorporated, a leading producer of optical fiber and components, ts developing optical switch
modules for next-generstion networks. As part of these modules, IntelliSense assised in the design of MEMS-
bhased mirror armays which reflect optical signals withow electrical regeneration. These mew switches will be
used in next-generation networks 1o reduce operating costs and increase network capacity and reliability

Corning announced an agreement in mid-2000 10 acquire the remaining portion of IntelliSense for $500
million in stock,

Lucent
OO0 Mowtain Ave,
Murruy Hill, NFOT974
Tel. KRE-4-Lucent
wiww. lucent-optical.com

Agere Systerns, the former Microelectronics Group of Lucent Technologhes, has ansounced a fully integrated,
three-dimensional (3D) microelectromechanical systems ( MEMS) optical switch component that will be
marketed 1o makers of optical networking systems. It offers 64 input sl 64 output ports in a small form-
factor, and contains the control electronics needed o form a self-contained subsysiem - permitting quick
inlegration ino optical networkimg systern designs. (Also see Agere., under this heading. )

Designed 10 be in the core of all-optical cross conneets and add/drop mubtiplexers, the $200 series MEMS
switch module uses a scalable, 3D architecture developed by researchers at Lucent Technologies” Bell Labs
10 manipulate optical signals without the need to convent the signals to clectrical form. It is the first in 3
family of small-form-facior optical switch modules that will be offered by Agere Systems. The new small

form factor package measures approximately 97 x 107 x 4"

Nanovation
AT0S0 Five Mile Rd.
Northville, MI 48167
Tel, T34-384-4000
Vs T34416.0T83
W W IEIOY RO 0O

This company was foundled in 1996, and tock its current name in 1999, Nanovation is an OEM that makes
a number of optical devices. It filed for Chapter 11 in July of this year (2001 ), so its luture is unclear. Its
switch is a very small (1x2 or 2x20) device with a very low ( 1.5 db) insertion loss. The following describes
their optical switch product.

Nanovation's product portfolio is based on imegrated, high performance optical components. The company s
patenied photonic device wechnologies can be integrated on a single semiconducion waler. These iechnologies
will ultimately make it possible 10 integrate lange numbers of Nanovation’s devices on a single photonic
integrated circuit (PIC) for a fraction of the cost of discrete photonic devices o provide advanced optical
functionality.
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The company’s first produet line is based on its silica-on-silicon echnology, encompassing several patent-
pending hybrid silicaMEMS {Nanashutier) technologies including switches and variable attenuators that
can be integrated with waveguides that contain taps, splitters, and tilers,

The Nanoshutier optical swiich is a low loess, non-blocking. laiching component designed for wide-band
waw:h;nglh w.-‘i!:hing EFI]'.IEE:.I.”(]I‘IS i !l'ic: | 26 () 15{"3 T ﬁh:r lru.n:\irniﬁinn b;n-d |t i.t; idl,::\'l”_;..' .tiuitr:& ﬁ}:r
long haul, metropoli o and local area fber optc networks meluding WDM, DWDAL OADM systems and
optical component testing, 1tis packaged in a rugged housing wath integral elecerical pincuts and piglail fiber
leads.

Product Feamres:

o Ix2, 2x2
Wideband 1260- 1600 nm
= Manoshutier MERMS
* Silica-on-silicon Waveguides
* Fail-safe Latching
* Position Sensing
Integrated 1-5% Taps
= Low Logs
* Moderate Switching Speed
* Low Cross Talk
+ Small Size

-

Onix Microsystems, Inc.
4135 Lakeside Dr.
Eichmond, CA Q4B
Tel. 5 HI-GEG- 203}
Fax 520-6680-2025
WO R GRS VSIE S Com

Oy isometimes emoneously relemed i as Onys inothe press) is @ stant up | 1998) that specializes in MEMS
communications devices, They now ship an 8x8 device known as the PASSPORT, The cument architeciune
is digital, but they are said 1o be at work on an analog device,

The Onix Microaystems PASSPORT 8x8 Optical Switching Engine is the first ina series of buikding blocks
that revolutionize aptical netwarks, The PASSPORT 8x8 provides fullv corfigurable, hi-directional, non-
blocking interconnection of eight optical inputs o eizht opical oupats, inherently ranspareat to dita bit e
and protocol. The PASSPORT 8x8 is suited for wavelength selective, cross-connect reconfigurable, add-
dirop multiplexing, dynanic network provisioning, protection and restoration. md rerate network monitoring.

The PASSPORT 8x8 utiliees o single-crystal silicon mirror swructure w deliver greater mimor planariny,
thermal stability, and rigidity.

Features/Benefits:
= Ulniform lavw insertion boss (3 db)
# Millisecomd switching time
* Low voltage (3 V) operation
= Configuration latching on power infermupt
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Xros (Nortel)
777 Pastonia Ave,
Sunnyvale, CA 9086
Tel, 408-733-71331
Fax 408-733-7377
WWW.XI0S.com

LCD

The LCD (Liguid Crystal Devices) technology is based on a “sandwich™ structure of two layers of glass with
Tiquid crystal material between them. The application of small voltages to the sandwich can cause incident
light to change its polarization and thus its properties can be controlled. This technology has been used for
years for vanous light displays such as waiches. laptop computer, calculators, ete. In the telecommunications
arend, these devices can be used for a variety of purposes, including switching, attenuation, and other
applications. As a switch it uses an army of ports (fiber connectors) to direct light through a liguid erystal and
then to a “polanized” lens. At the polarizer lens the light beam is either transmitted through to one output or
reflected off to another depending on whether the liquid crystal had a voltage applied or not, Figure 4
illustrutes this technology,

Figure 4, Sketch of Liguid Crystal Technology
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Although the jury is certainly still out on the question, it would appear that the current consensus is that LCD
will be a viable echnology for switches of small port sizes (under 32x32) and for a variety of other
elecommunication optical components, but likely not for the larger port count switches that are possible

© 2001 161 Consuténg be 29 Tel: 8003239008 -Fax 617734 8382

0010

Cisco Systems, Inc.
Exhibit 1056
Page 31



