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Optical transport capacities have grown significantly in the last decade to
meet the increased demands on communications networks. This growth
has been achieved both by increases in individual channel rates, which are
based on time division multiplexing (TDM), and by increased channel
counts, through the use of dense wavelength division multiplexing (DWDM,).
Yet increasing optical transport capacity alone is insufficient to scale the
network; the underlying data needs to be delivered from numerous
geographically diverse originating locations to similarly diverse terminating
locations, requiring increasing switching capacity to facilitate this
networking need. Since the growth in the individual TDM channel rates

is driven by the capabilities of electronics, it is reasonable to expect that
the switching capacity of electronics will tend to track this trend, although
because of the challenges in high data rate interconnects it is unlikely to
exceed it. This leaves the challenge of managing the increased bandwidth
attained through the use of DWDM. Management of this bandwidth in
the optical layer is an attractive proposition if eliminating unnecessary
high-speed electronics in the path of an optical signal can reduce the
complexity of the network and the associated equipment costs. These
optical bandwidth management elements are classified according to the
degree of switching, as either reconfigurable optical add/drop multiplexers
(ROADM) or wavelength selective cross-connects (WSXC), analogous to

the add/drop multiplexers and digital cross-connects of the TDM domain.
We generalize these elements and describe whether the switching provides
functions that are multicolored, colorless, or colored, and whether the
channels are fixed data rate or rateless. We review the wavelength
selective switch (WSS) components that perform the necessary switching
function and present two successful technology platforms that can be

used to construct them: planar lightwave circuits (PLC) and micro-electro-
mechanical systems (MEMS). We also discuss future directions for WSS
technologies and device functionality to more flexibly manage bandwidth
in the optical layer. © 2006 Lucent Technologies Inc.
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Introduction

Dense wavelength division multiplexing (DWDM)
has provided greatly enhanced data transport capac-
ity on a single fiber, with today’s state-of-the-art sys-
tems capable of carrying multiple terabits per second.
The economic basis behind DWDM is the sharing of
the fiber resources, components, and optical amplifiers
across many time domain multiplexed (TDM) chan-
nels. Innovations in optical transport systems, includ-
ing the addition of Raman amplification as a way of
achieving distributed amplification inside the fiber
itself, has greatly increased the reach of these systems
to thousands of kilometers in terrestrial systems.

The increased capacity and reach of optical trans-
port systems now poses a challenge to efficiently
utilize and manage the diverse data flows that must be
carried in a real network. In general, a network sup-
ports a set of data paths having unique ingress points,
transmission routes, and egress points distributed
across the network. Typically there are more data
paths with shorter length than longer length, which is
merely a manifestation of Rent’s rule for intercon-
nection lengths [12] applied to the networking do-
main, and has been observed in real synchronous
digital hierarchy (SDH) networks [63]. While some
networks appear to have a lower bound to the link
length, this is an artifact of the divisions between the
classifications of networks as access, metro, regional,
or long haul. If the collection of networks is treated as
a single network, then a monotonically increasing
number of links with decreasing link length would be
seen. This distribution in data path lengths poses a
dilemma: to take advantage of DWDM we need to ag-
gregate as many of these paths on a fiber as possible;
to take advantage of the reach we want to go as far as
possible between optical to electronic to optical (OEO)
regeneration sites where data can be aggregated and
disaggregated form the DWDM system. This dilemma
can be resolved by providing the capability to aggre-
gate and disaggregate data paths in the optical do-
main, allowing the remaining data paths to continue
in the optical domain as far as required or practical.
This function, referred to as wavelength add-drop
(WAD) or optical add-drop multiplexing (OADM), has
been considered for some time, though initially it was
little more than a set of optical demultiplexers and
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Panel 1. Abbreviations, Acronyms, and Terms

ADM—Add-drop multiplexing
AR—Anti-reflection
AWG—Arrayed waveguide grating
CMOS—Complementary metal oxide
semiconductor
DWDM—Dense wavelength division
multiplexing
MEMS—Micro-Electro-Mechanical Systems
OADM—Optical add-drop multiplexing
OEO—Optical to electronic to optical
OSNR—Optical signal-to-noise ratio
PHASAR—Phased-array
PLC—Planar light wave circuits
ROADM—Reconfigurable optical add/drop
multiplexer
SDH—Synchronous digital hierarchy
TDM—Time-division multiplexing
TPA—Two-photon absorption
WAD—Wavelength add-drop multiplexing
WDM—Wavelength division multiplexing
WGR—Waveguide grating router
WSS—Wavelength selective switch
WSXC—Wavelength selective cross-connect

multiplexers with a fiber patch panel between them.
Today greater functionality and performance is ex-
pected of the OADM in support of higher networking
hierarchy layers, including the ability to provide remote
provisioning, protection and restoration functions.
This added flexibility is referred to as reconfigurable
optical add-drop multiplexing (ROADM). These re-
configurable devices have performance enhancements
necessary for meeting the physical layer requirements,
such as wide, flat pass bands to ensure maximal band-
width utilization of the optical system. In addition,
ROADMs typically incorporate dynamic capabilities
[70] such as providing power equalizations to im-
prove system optical signal to noise ratio (OSNR) and
maximize reach. The transition from an optically am-
plified line system with optical to electrical to optical
(OEO)-based add-drop multiplexing (ADM), to the
use of reconfigurable optical add-drop multiplexing
(ROADM) with transparent transport and ultimately
to transparent networking using wavelength selective
cross connects (WSXC) is illustrated in Figure 1.



ADM—Add/drop multiplexing

OEO—Optical to electronic to optical
ROADM—Reconfigurable optical add/drop multiplexing
WSXC—Wavelength-selective cross-connects

Figure 1.
Evolution of optical line systems.

In the simple picture of a line system with add-
drop nodes, all added and dropped traffic goes to OEO
interfaces, which are local to the add-drop node.
However it is unlikely that traffic truly terminates at
these nodes, rather it may enter some other optical
transport system. In the same way that the OEO was
eliminated in the primary transport path by using a
ROADM, the OEO at the drop and the add sites might
also be eliminated allowing the optical system to be
extended.

Figure 1 also illustrates that there can be multi-
ple branches at a node and multiple branching
nodes on a system. Now that traffic between multi-
ple line systems is being managed in the optical
domain, the function that is required at the nodes
is that of providing a wavelength selective cross-
connect (WSXC).

In this paper, we describe in detail the functions
that ROADM and WSXC nodes play in bandwidth
management. We describe how a basic building
block for these devices is the wavelength selective
switch (WSS), though it comes in many functional
forms and can be constructed with a variety of tech-
nologies. We focus on detailed implementations
based on free space optics coupled with switching
using micro mirror arrays, and on integrated optics
using planar lightwave circuits (PLC), which have

been most successful to date in demonstrating
this functionality. We describe the subsystems that
have been demonstrated in the different technolo-
gies and highlight the advantages and limitations
of each technology. Finally we discuss the prospect
for future wavelength switches that could enable
packet-based functionality.

Optical Bandwidth Management

We should first consider the granularity of the
switching that can be performed in the optical
domain. The basic unit of bandwidth is the TDM data
rate (e.g., 2.5 Gb/s, 10 Gb/s or 40 Gb/s) modulated
on each of the carrier wavelengths corresponding
to each of the DWDM channels. While it is possible to
switch integer multiples of this bandwidth as a single
entity using a banded approach, the flexibility to
switch channels individually provides the greatest
bandwidth management flexibility and capability.
These functions need to be provided in a fashion that
is as transparent as possible to minimize the impact on
the physical layer performance of the optical system in
terms of distorting the data stream due to limitations
in the shape or flatness of the data pass band or due to
degrading the optical signal-to-noise ratio (OSNR),
which might negate the reach of the transport sys-
tem and therefore the justification for managing
bandwidth in the optical domain.

Wavelength selective switches (WSS) are trans-
parent optical subsystems, which can switch single
wavelength channels or wavelength bands between
multiple ports. A wavelength selective switch, shown
schematically in Figure 2 is a subsystem containing
some means of separating or demultiplexing the
wavelength channels at the ingress ports, some kind
of optical switch fabric and means of recombining or
multiplexing some or all of the wavelengths into one
or more egress ports, following the switching func-
tion. The switch fabric can have a variety of levels of
connectivity and also may have input and output
ports which are not multiplexed. There is no wave-
length conversion or OEO inside a WSS, so the switch
is optically transparent for the photons carrying the
data. The switch fabric can also have add and drop
ports which are not connected to the multiplexers.
The number and type of ports determine the type of
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Figure 2.
Schematic of a generalized wavelength selective switch.

switching function and network functionality sup-
ported. Since the physical fiber ports on a WSS can
have different capabilities, we will primarily charac-
terize the WSS by the connectivity degree of the
switching elements, which is equivalent to the
potential number of network paths (K), which may
be interconnected by the device.

In a transparent switching environment care must
be taken in defining the number of ports and the
functionality that each port supports. In this paper
we will consider three types of ports: colored, colorless
and multicolored. A colored port is one in which the
wavelength channel of the light that can enter or
leave it is predefined and has one unique value. A
colorless port is one in which the wavelength channel
of the light that can enter or leave it can be varied
remotely but can only have one unique value at a

time. A multicolored port is one which can support
multiple wavelength channels of light that enter or
leave it, and the wavelengths can be varied by the
switching function of the device. In the following, we
will use the parameter K to describe the degree of the
switch and the parameter N to define the number of
channels in the underlying DWDM system. The num-
ber of physical ports will depend on the degree of the
switch and whether the ports are colored, colorless, or
multicolored and logically could be in the range of
one to the product of K and N.

Of particular interest is the 1 X K WSS, which is
shown schematically in Figure 3 and comprises a sin-
gle demultiplexer and a switch fabric, which consists of
N units of conventional 1 X K switches (one per wave-
length). There are K multiplexers attached to the out-
put ports of the switches. The 1 X K or alternatively

1 XK

Yvy

1 XK

—»— DEMUX

DEMUX—Demultiplexer
K—Degree of switch
MUX—Multiplexer

Figure 3.
1 X K wavelength selective switch.
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the reverse K X 1 port arrangement is more attractive
than the more generalized K X K WSXC since it main-
tains robustness to failures. This is often referred to as
“east-west separable” functionality and it will be dis-
cussed in later sections.

WSS are typically designed for a fixed wavelength
channel plan; with a given channel’s spacing and pass-
band requirements derived from the intended maxi-
mum transmission rates. Since the lifetime of optical
network equipment can exceed 10 years, and devel-
opment and adoption of new transmission formats
and data rates is difficult to predict over such a time
scale, a rateless WSS, with programmable bandwidth
and channel plan could be of great interest since it
would allow support for different data rates without
having to sacrifice spectral efficiency and non uni-
formly spaced channels. Figure 4 provides a view of
both conventional and high-resolution wavelength
selective switches. Figure 4a shows the principle of
conventional resolution WSS, with one channel
per mirror. Support for different data rates by utiliz-
ing a high-resolution WSS is illustrated in Figure 4b,
and non-uniformly spaced channels are shown
in Figure 4c. Each switching element of channel
bandwidth is shown. In the conventional device (top)
there is one switching element per predefined chan-
nel. Flexible bandwidth is typically achieved by
combining contiguous WDM channels into single and
wider channels [9, 58, 59].
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Conventional and high-resolution wavelength
selective switches.
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For example, one could use two channels of a
WSS with 50 GHz channel spacing and combine or
bundle them to provide a 100 GHz wide channel,
capable of supporting higher data rates [58]; how-
ever, even greater flexibility can be achieved if the
presented channel bundling is combined with a
WSS, which has very high spectral resolution [9].
This requires control of the phase and amplitude of
the edge of the passband so the adjacent channels
can be added coherently in phase. For the MEMS
WSS for instance, the micromirror corresponding to
the adjacent channels would have to be aligned so
that they would appear as a single wider mirror.
Although most WSS are not currently intended to
provide this capability, many devices implemented
using MEMS,
would actually support it. A drawback of the high

liquid crystal, or PLC technology

resolution WSS approach is that the physical size of
such a switch will be larger than a WSS meeting the
system requirements at deployment.

Reconfigurable Optical Add/Drop Multiplexer (ROADM)
The ROADM is a device that can selectively drop
channels from and add channels to a WDM system,
while allowing the remaining channels to continue in
the optical domain without the need for OEO regen-
eration. The traffic on one side of the ROADM node
has to be independent of the traffic on the other, or
“east-west separable,” to ensure protection of traffic.
This requires that the elements forming the system
that manages traffic coming from or going towards a
given direction (for example east) must be capable of
continuing to function if the other direction (west)
fails or if it is being replaced or undergoing mainte-
nance. This allows a node at an add-drop site to main-
tain a connection to the network even if one of the
fiber pairs to it is cut or part of the add-drop multi-
plexer fails. The practical consequence of this is that
the add and the drop functions for a given path in the
network cannot be performed using the same device
nor can they even reside on the same circuit pack.
However, the add for one path and the drop for a dif-
ferent path can be on the same device and/or circuit
pack. The separation typically occurs in the ROADM
at the through (THRU) channels point illustrated in
Figure 5, where the boxes indicate the separation of
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Figure 5.

ROADM configurations for producing drop and add ports.

the add and drop functions to allow for east-west
separation.

Before adding new traffic to the line system,
we must ensure that the selected DWDM channel
bandwidth is clear. The drop function must suffi-
ciently extinguish the data to avoid coherent cross
talk penalty [27]. An extinction ratio of >35 dB is
typically required for this function, to account for
power diversity in the signal levels.

Since the drop function selects which channels
go to the drop port and which go to the through
port, the most obvious configuration for imple-
menting the ROADM is that of the 1 X 2 WSS. Thus,
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the switch will independently route each of the
incoming wavelength channels to one of the output
ports. Similarly, for the add function, where the
selection is between the through port and the add
port, a 2 X 1 WSS switch could be used. This archi-
tecture has the attractive feature that both 1 X 2 WSS
and 2 X 1 WSS contribute to the extinction of the
dropped channels on the through path. If the inten-
tion is to add and drop multiple channels per node,
a mechanism to demultiplex and multiplex the chan-
nels is required. Again the straightforward addition
of a multiplexer to the add and drop ports leads to
the system illustrated in Figure 5a. While the output



from the 1 X 2 switch is a multicolored port capable
of supporting any wavelength in the system, the out-
puts of the demultiplexer are colored ports which
require that either receivers be prepositioned for
each wavelength which may be dropped, or a new
receiver must be physically added at the time of
reconfiguration. A similar argument holds for the
transmitting lasers for the add ports.

The basic way of building a ROADM outlined
above may be modified to incorporate different func-
tionality and technology capabilities. A first step is to
realize that the WSS contain demultiplexers and there
is generally a point, after the 1 X 2 switching in them,
at which the demultipexed light could be coupled out.
This leads to the elimination of the separate multi-
plexer and demultiplexer as illustrated in Figure 5b.
This brings advantage in reducing the number of com-
ponents required and reduces the loss in the drop
path. However it removes the capability to make an
incrementally scalable demultiplexer or to use a com-
mon amplifier to overcome the loss of all the dropped
channels. Another alternative, as shown in Figure 5c,
is to replace the 1 X 2 drop switch with a power split-
ter and utilize a 1 X 1 WSS, which is often called a
wavelength blocker, since light either comes out of its
single output port or is internally blocked. The dropped
signal in this case actually contains a copy of all the
channels in the system including the through channels.
Only ports of the demultiplexer that have receivers
represent dropped data channels and the 1 X 1 WSS
is configured to block those channels from the through
path. There is also the option, by not blocking a
dropped channel, of being able to provide a multicast,
also called “optical drop and continue” function,
useful in applications like video distribution. The add
function can be achieved using a multiplexer and
a power combiner to bring together the through
channels and the add channels. This provides the
same equivalent network function as two 1 X 2 WSS
while requiring only a single 1 X 1 WSS. This is
attractive since the 1 X 1 switch is often considerably
easier to build than the 1 X 2 WSS, as it is has only
two fiber connections and is engineered to have
only one low loss state. One disadvantage is that only

one device, the 1 X 1 WSS, provides isolation, which
necessitates higher extinction characteristics. There are
of course other variants than those shown in Figure 5
for using 1 X 2 WSS for drop and power combiners for
add, or power splitters for drop and 2 X 1 WSS
for blocking and add.

One of the major limitations of these approaches
is that the ports of the demultiplexer, which are
attached to the receivers, have a fixed wavelength
assignment and are colored ports. This significantly
reduces the flexibility and ability to remotely recon-
figure and manage the bandwidth in the network, as
dropped channels can be received only if a receiver is
physically connected to the specific channel. This im-
plies that for flexibility in remote management, many
more receivers need to be deployed than would be
used at any given time. The ability to drop any wave-
length to any receiver would eliminate this ineffi-
ciency. While this could be achieved by placing an
optical cross-connect at the output of the demulti-
plexer, which would create colorless ports, there is an
alternative approach using higher port-count WSSs.

If instead of using 1 X 2 WSS for dropping chan-
nelsa 1 X K WSS is used, as shown in Figure 5d, then
K — 1 drop ports can be supported (with one port
reserved for through traffic). These K ports are multi-
colored and can have any or all wavelengths dropped
to them. In the case of a ROADM, we would generally
consider dropping only a single optical channel for
ports that are subsequently attached to a receiver, as
receivers are typically wavelength insensitive. With
this configuration there is no preset assignment of
wavelength channels, providing much more flexibil-
ity around which channels to drop. The add path can
use a similar switch or may use power combiners.
There is an additional requirement on the transmitters
that they have tunable lasers to take full advantage of
the flexibility offered. Initially, a concern with this
approach might be that building a WSS with as many
ports as the number of channels in the system would
be impractical (K = N). This architecture assumption
originates from ROADMs with colored ports, where
the need to be able to drop any channel equates to the
requirement to drop all channels and a number of
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ports equal to N. However, once the flexibility to drop
any channel at any port is available, it is no longer
necessary to have a WSS with K = N: if we envision
dropping all the traffic at an add-drop, then it would
probably make more sense to terminate the line sys-
tem at the node. It is reasonable to assume that the
realistic drop fraction is <50% and probably much
lower. This approach can also be made scalable by
attaching additional WSSs to the ports of the first WSS
to act as reconfigurable demultiplexers, or by adding
the fixed demultiplexer of the conventional ROADM
scheme to one of the ports so that both fixed and flex-
ible ports are available.

The flexibility to put any wavelength on any
port adds an additional constraint that the switch-
ing function may need to be hitless. By this we mean
that in the process of reconfiguring the switch
state of a particular channel, that signal must not
appear on another intermediate port, which could
be carrying live traffic. The importance of hitless
switching and methods of implementing it will be
discussed further in the sections on WSXC and WSS
technology.

Wavelength Selective Cross Connects WSXC

A wavelength selective cross-connect (WSXC) can
be thought of as an extension of the functionality of
a ROADM in an optical mesh network. Whereas with
the ROADM, channels are added and dropped from a
single line system for OEO conversion, in the WSXC
channels are routed in a transparent fashion from one
or more line systems and added to one or more line
systems. The term “degree,” is often used, the degree
being the number of outgoing (or ingoing) paths con-
nected to the node. A ROADM is a degree 2 node,
and a WSXC node is a degree D node, where D > 2.
Typically a WSXC node would also be expected to
provide the same local add-drop functionality as a
ROADM, although strictly this is a hybrid WSXC and
ROADM function. We will first consider the case of
cross-connect and then the local add-drop function.

The most obvious way of constructing this func-
tionality with D = K + 1 line systems converging on
a network node that we wish to cross-connect, is to
use a 1 X K WSS in each line system to distribute the
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Figure 6.
Wavelength selective crossconnect.

incoming traffic to K output ports corresponding to
the K destination line systems. A K X 1 WSS can then
be used in each outbound line system to accept traf-
fic from the one port of each of the K dropping WSS
as illustrated in Figure 6.

As with the ROADM, there are several alternate
ways of implementing this. One method analogous
to the blocker arrangement of the ROADM is to use a
1:K power splitter to distribute the light to an array of
1 X 1 WSSs or blockers, and then use K:1 power
combiners to add the traffic to the outgoing paths.
While in the ROADM case the use of blockers reduced
the number of active components, in the case of the
WSXC it tends to increase them. The blocker approach
for WSXC requires K? devices versus the 2K devices of
the 1 X K WSS approach. An additional concern is
the accumulated loss from the 1:K power splitters and
combiners as the number of ports increases. An alter-
native is to replace either the K X 1 or the 1 X K WSS
with a power combiner/splitter to reduce the com-
plexity. Introducing a power combiner requires that
the switch be hitless to avoid adding interfering data
channels to other paths during switching. If the
distribution 1 X K WSS is replaced with a 1:K splitter
then the K X 1 WSS may not need to be hitless as it



cannot create an interfering data channel present in
the line system. However, if a hitless technology is
not used, the desired path may still experience tran-
sient hits related to the channel being switched dur-
ing the switching cycle.

The functionality of a ROADM can be added to
the WSXC by increasing the number of ports on the
WSS or power splitters. Adding one extra port permits
a single multicolored local add or drop port, which
could be connected to a fixed demultiplexer or an-
other WSS to act as a reconfigurable demultiplexer
with multicolored ports. If multiple ports are added,
then multicolored port ROADM functionality can be
provided directly.

WSS Technologies

As is illustrated in Figure 2 and Figure 3, a wave-
length selective switch (WSS) performs demultiplexing,
switching and multiplexing. In this section we will de-
scribe some of the technology approaches which are
attractive for building WSSs. Typically, since we wish to
manage a large number of channels simultaneously,
the demultiplexer is implemented using a grating:
This can either be a planar waveguide grating like
an arrayed waveguide grating (AWG) (also called a
waveguide grating router (WGR) or phased-array
(PHASAR)) [13, 60, 67] or a free space system with a
ruled or holographic diffraction grating. Both of these
approaches will be discussed further in subsequent sec-
tions. While there are many switching technologies
that can produce wavelength blockers (1 X 1 WSS)
and even 1 X 2 WSSs, we are primarily interested
in being able to make large arrays of switches with
1 X K functionality and this requires an approach
which can be highly integrated. Integration can be
achieved using either high-dimensional switching for
each switch element as with a MEMS tilt mirror or the
cascading of multiple 1 X 2 switches as with silica PLC
waveguide approaches.

The spectral characteristics, such as the passband
and stopband, are of fundamental importance for
capacity and transmission performance in optical
networks. The optical passband of a device is defined as
the frequency range within which the transmissivity
changes less than a specified ratio. The passband

defines the bandwidth available for data transmission
on that channel and is critical to achieving the desired
performance in an optical line system. If a certain type
of device, such as a wavelength add-drop multiplexer,
has to be traversed multiple times during signal trans-
mission, then maximizing the flatness of the top of the
passband becomes more important. The phase com-
ponent of the transfer function is also important since
it can induce dispersion in the data signal. The pass-
band is typically a function of the spectral resolution of
the demultiplexer but it may also be limited by the
switching element and interactions between spectrally
adjacent switching elements. Devices with higher spec-
tral resolution can typically achieve wider flatter am-
plitude passbands but are physically larger and more
susceptible to imperfections such as mirror curvature
[46] or phase errors that induce loss and dispersion.

Free Space WSS Systems

In this section, we focus on WSSs that have mul-
tiplexers and demultiplexers that are integrated in the
free space section of the switch. The multiplexing is
achieved by a diffraction grating, and we present the
typical configuration of a free space grating-based
demultiplexer and its properties.

An example configuration [44] for grating-based
wavelength selective switches is shown in Figure 7.
The free space 1 X K WSS design is based on two
major subassemblies. The first subassembly is used to
spatially overlap the beams from the individual input
and output fibers to allow for switching between
multiple ports; the second is used to spectrally re-
solve the channels and introduce the wavelength se-
lectivity. The role of the first subassembly is to image
the input and K output optical fiber end faces onto
an angular multiplexed common magnified spot.
This subassembly converts the distinct spatial loca-
tions of the fibers to unique angular propagation
directions. The second subassembly introduces
the desired wavelength-selectivity property with the
use of a diffraction grating. It spatially disperses
the input-magnified common spot, consisting of the
N WDM channels, onto a liquid crystal or MEMS
micromirror array such that each channel is imaged
upon a separate pixel or mirror (or set of) in the
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Figure 7.
WSS optical system configuration.

array for independent addressing using the imaging
optics represented by the resolution lens. For the
case of one micromirror per channel each mi-
cromirror in the array is tilted to a desired angle,
which subsequently determines the output fiber to
which the reflected light will couple upon imaging
back to the fiber array, on a per channel basis. The
first subassembly determines the optical beam mag-
nification ratio, the fiber array layout, and the re-
quired mirror tilts to reach each output fiber. The
second subassembly determines the amount of spa-
tial dispersion for separating the WDM channels and
obtaining the necessary passband width.

The optical subassembly responsible for imaging
the optical fiber end faces onto a common magnified
spot is comprised of a fiber array, a matching microlens
array, and a condenser lens whose aperture subtends all
the beam apertures from the fibers. The fiber array
consists of K + 1 fibers, where one fiber is assigned to
carry the input signal and the remaining K fibers are the
output fibers. The microlens array and fibers are coax-
ially aligned and result in collimated beams arranged
in a one-dimensional array to accommodate mirrors
with a single tilt axis. Gaps are introduced between
some of the lens apertures to allow for the variable at-
tenuation feature without giving rise to crosstalk [44].
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The condenser lens focuses the K + 1 collimated beams
at its back focal plane, where the beams are superim-
posed and differentiated only in propagation direction.
The optical arrangement of the first subassembly
implements a telescopic imaging system of the fiber
modes via the lenses from the microlens array and the
condenser lens. The imaging operation magnifies the
optical beam emerging from the single mode fiber by
the ratio of the condenser lens to the microlens focal
lengths. For the 1 X 1 WSS there is the possibility of
using only one fiber with an optical circulator. If the
unity magnification of the fiber mode size is acceptable
then no additional optics are required for this stage [51].

The second optical subassembly spatially disperses
the magnified mode that was generated by the first
subassembly and images it on the micromirror array. Its
design is similar to a spectrometer with a Littrow
mounted diffraction grating. A single lens collimates
the light that is then incident on the grating. The
diffracted light, which is propagating back towards the
lens and is angularly dispersed, is imaged by the same
lens onto the micromirror array. As is well known from
classical spectrography, the spectral resolution of the
instrument increases with increasing focal length and
grating frequency, and with decreasing input slit size. In
our switch, the magnified mode size is equivalent to a



spectrograph slit size. Our analysis shows that the spec-
tral performance of the free space WSS is directly
related to the dimensionless ratio &, which is defined as
the ratio of MEMS micromirror size to the magnified
spot mode size. All of the optical system parameters of
the WSS contribute to this dimensionless ratio: The
focal lengths of the lenses, the grating frequency and
the fiber mode. The ratio measures how well the
Gaussian mode is confined within the micromirror, and
will be shown to determine the passband performance.
The channel passband performance of the WSS is
derived by solving the frequency-dependent, power-
coupling efficiency integral. Using some simplifying
assumptions, which are satisfied in most cases of
interest for example micromirror size nearly equal to
channel spacing (mirror array with 100% fill-factor);
the coupling efficiency is defined by

1 2v
nv) = 4{erf{\ﬁ§<1 — Vch):|

; erf[\/ig(l +2”)}}2 (1)
Ven

where v is the temporal frequency variable, v, is
the DWDM channel separation, and erf is the error
function. The frequency-dependent coupling effi-
ciency can be plotted for various values of the ratio €.
Figure 8 displays calculated passbands showing
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Calculated passbands for a wavelength selective
switch.

insertion loss as a function of the confinement
parameter ¢ which is the ratio of mirror size to beam
size and v, is the channel-to-channel frequency
spacing. We assume a 100% fill-factor micromirror
array, and the effect of the neighboring mirror is neg-
lected. Thus, passband requirements can be accom-
modated in the design of the WSS by varying the
ratio of the mirror size to the magnified Gaussian
mode size, which sets &, in fulfillment of the optical
transport requirements.

While free space systems can be combined with a
variety of switching technologies including liquid crys-
tal for 1 X 1 WSS [2] or 1 X 2 WSS [2, 57, 58], or
even higher degree using beam steering, to date
MEMS tilting micro mirrors have shown the greatest
ability to scale to greater switching degrees (K > 2).

Micro Electro Mechanical Systems

Free space-based WSSs require a linear mi-
cromirror array, where each mirror in the array can be
independently tilted for the reflected light to couple to
the different output ports. Since the mirror has to ad-
dress multiple states, its control tends to be analog in
nature. The micromirror fill-ratio has to be very high,
with minimal gaps between mirrors, to maximize the
passband widths. This high fill-ratio requirement
represents a challenge in the design of the MEMS
device. The mirrors need to be supported by a flexure
mounting without resulting in mechanical crosstalk.
The actuation mechanism, typically electrostatic, must
be well shielded to prevent electrical crosstalk. The
mirrors must be sufficiently flat to prevent beam and
wavefront distortions upon reflection. The reliability
of the MEMS device has to be very high, as a mirror
failure would render a WDM channel inoperable.
Fortunately, research and development in the field of
MEMS has matured in the last decade and multiple
foundries around the globe can produce micromirror
arrays in a variety of materials (typically silicon is
chosen), meeting the required specifications for a
telecom product.

Each micromirror in the MEMS linear array
needs to tilt about one axis when the fiber ports are
aligned as a linear array. It would be most desirable,
from an optical performance point of view, to have
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the rotation axis be at the center of the mirror surface
and parallel to the dispersion direction. However, due
to the high fill-ratio requirement, such a solution is
unfeasible. Three different solutions have been pur-
sued to circumvent this difficulty: placement of the
rotation axis beneath the mirror surface [72, 75],
shifting of the rotation axis to the edge of the mirrors
[29, 38, 39], or turning the rotation axis to be or-
thogonal to the dispersion direction [55]. The first
solution requires multilevel processing and hence is
more complex to fabricate, in the second solution the
rotation will be accompanied by displacement into
the plane, and the third solution is more sensitive to
both mirror curvature and diffraction off the mirror
edge [46, 47]. Having the tilt axis parallel to the
dispersion direction is most desirable since it not only
provides fewer features in the passband [47], and
lower sensitivity to mirror curvature [46], but it also
decouples the spot size setting the spectral resolution
from the spot size determining the angle required to
tilt between ports. This allows for the use of anamor-
phic optics [44, 48] to increase the number of ports
without sacrificing spectral resolution.

To illustrate the second and third types of mir-
rors, we will discuss micromirrors developed at Bell
Laboratories [29, 38, 39, 55] for WSS and shown in
Figure 9. A mirror utilizing the scheme of changing

(@ (b)
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Figure 9.
Electrostatically actuated MEMS mirrors for
wavelength selective switches.
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the axis of rotation to be orthogonal to the disper-
sion is shown in Figure 9a. This arrangement results
in simple torsion spring structures and a balanced
mirror, with electrostatic actuation provided by elec-
trodes embedded below the mirror surface. As noted,
there are advantages to mirrors with a rotation axis
parallel to dispersion direction. This has lead to the
development of parallel mirrors of the cantilever
support type, with a mirror supported from the edge.
An embedded parallel-plate approach electrode be-
neath the actuator was used with the design is shown
in Figure 9b, along with an angle magnification
mechanism [38]. This was achieved by separating the
actuator plate from the mirror plate, and unequal
arm lengths for transferring the motion from the ac-
tuator to the mirror. An alternative option to the can-
tilever design is a novel fringe field actuator [29],
shown in Figure 9c. It is created by deposition of a
10-micrometer thick layer of polysilicon in close
proximity to the mirror. By charging the polysilicon
electrode, the silicon plate moves out of plane due
to electrostatic attraction. The fringe field actuation is
advantageous in that there is no “pull-in” effect, a
known unstable regime in parallel plate actuation.

The MEMS mirror array performance can be
characterized in several ways. Of primary impor-
tance is the ability of the mirrors to reach the re-
quired tilt range at a certain voltage. Mirror A utilizes
two electrodes, each disposed at an opposite side of
the rotation axis. By applying a voltage to one
electrode or the other, the mirror will tilt in one
direction or another. Since the mirror utilizes a par-
allel plate actuation, the tilt angle becomes unstable
as the pull-in voltage is reached. The designed oper-
ating range for the mirror in Figure 9a was *6
degrees. The mirror in Figure 9b also utilizes a single
electrode with parallel plate actuation, and the mir-
ror exhibits the pull-in effect, which occurs after the
design tilt angle of 6.5 degrees. Mirror C, with fringe
field actuation, exhibits saturation in the angle versus
voltage curve. Such behavior increases the mirror
stability at larger tilt ranges and can achieve 9 degrees
of tilt. All mirrors exhibited resonance frequen-
cies higher than 2 kHz, meeting current Telcordia
requirements [69].



Two axis-tilt mirrors have also been developed
using placement of the rotation axes beneath the mir-
ror surface [71] and by using a structure similar to
Figure 9b with an actuator plate but allowing torsion
rotation using two activating electrodes [34]. These
allow greater port count as well as the possibility of
achieving hitless switching.

Planar Lightwave Circuits

While the term planar lightwave circuit, or PLC,
may be applied to a variety of integrated optic mate-
rial systems, the most prevalent in terms of commer-
cial availability and deployment is that based on
silica-on-silicon with waveguides formed in silica pat-
terned on standard silicon wafers. This technology has
been widely used, initially for WDM filters, but
increasingly for more complex functions including
recent commercial deployments of ROADM devices.
The main advantages of silica-on-silicon PLCs are the
very low propagation loss, the ease of coupling to fiber
(no AR coating or complex spot size converter
required), the lack of a need for hermetic packaging,
and the ability to be mass-produced.

The key attraction of integrated optics has always
been reducing component costs. Using wafer-scale
processing of many devices simultaneously, the te-
dious, precision alignment of different optical ele-
ments required in bulk optics is unnecessary, replaced
by the alignment of only one or two fiber arrays to the
waveguides of a chip and the electrical, mechanical
and thermal packaging of that chip.

Arrayed Waveguide Grating Filters. The first com-
mercial success of the PLC technology was in
providing multiplexing and demultiplexing filters for
WDM transmission systems. The basic building block
is a so-called arrayed waveguide grating (AWG),
shown in Figure 10, which is an integrated optic
equivalent of a bulk Echelle grating with imaging
lenses.

The AWG is made from a parallel array of wave-
guides of monotonically increasing path length. Light
is imaged onto the waveguide array from the input
waveguides by an input star coupler. Similarly, a sec-
ond star coupler is used to capture the output of the
waveguide array into output waveguides. The path

Waveguide grating

Input ports Output ports

Figure 10.
Arrayed waveguide grating.

length difference in the array causes the wavefront
to tilt in wavelength and so the input beam, after
dispersion in the grating array and interference in
the output star coupler, is spread across the output
waveguides as a function of wavelength.

A typical AWG has a single input waveguide with
light of many wavelengths, corresponding to WDM
channels. The AWG separates the light at the output
plane where the discrete WDM channels are trans-
mitted into individual channelized output waveguides.
Thus this basic device provides a WDM demultiplexing
function. The device may be operated in reverse to
multiplex individual wavelength channels to a single
WDM stream. Advances in AWG design have enabled
low-loss, flat-top filter designs to be made commer-
cially at low per-channel cost. Currently AWGs are
the technology of choice for DWDM filter applications
with more than approximately eight channels.

Thermo-Optic Control of Light. The second key
building block of PLC technology is an element which
can dynamically route light on the circuit. We may
wish to switch light between different paths, divide
light into a multitude of different paths in different
amounts, attenuate a light beam by a certain amount
or completely extinguish a light path. These are all
functions, which may be performed by thermo-optic
Mach-Zehnder interferometer elements [65]. The
basic element comprises a Y branch power splitter, a
phase shifter in the Mach-Zehnder and a balanced
2 X 2 coupler. An example design [11] is shown in
Figure 11 where the marked angles represent the
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Figure 11.
1 X 2 switch using a thermo-optic Mach-Zehnder
interferometer.

accumulated phase difference between the local
eigenmodes of a particular section.

The power splitters and combiners may be three-
or four-port elements combined in different ways to
make attenuator, 1 X 2 switch, 2 X 1 switches or 2 X 2
switch functionalities. As an example, consider a device
with four ports: with no power applied and assuming
the two Mach-Zehnder arm lengths are equal, light
input to the upper input arm will exit from the lower
output arm. Once a 7 phase shift is applied the light
will exit from the upper output arm. In a two-port de-
vice, the light is coupled to or from the output port to
unguided modes as the phase is changed. This device
then operates as an attenuator rather than a switch.

While thermo-optic switches are relatively slow,
with response times on the order of a millisecond,
and need high powers of approximately 300-500 mW
[36, 64] to switch each element, they have signifi-
cant advantages such as very low losses of under
0.25 dB, high isolation of >20 dB and, importantly,
the advantage of solid-state reliability. High levels of
integration have been demonstrated with 256 switches
on a single PLC chip [26]. If greater isolation or ex-
tinction is required, then dilated switch architectures
can be used.

As mentioned earlier, the ability to provide hitless
switching is necessary for certain applications in
ROADM and WSXC and this can be achieved in PLCs
by adding an extra switching stage, which acts as a
shutter.

Demonstrated Functionality
A large number of devices and functionalities
have been demonstrated on PLCs from basic blockers
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(1 X 1 WSS) and 2 X 2 WSS [10, 52, 53] to higher
port count WSS [11, 16, 66] as well as structures
incorporating features of both [4, 17, 19, 20, 26,
53, 62]. A review of a range of devices has been given
in [18] and [54]. The first examples of wavelength
routing PLC structures were simple 2 X 2 WSS
devices demonstrated by Okamoto [52, 53] based on
two AWGs and an array of thermo-optic switches
similar to the approach illustrated in Figure 5b. It is
normally necessary to use two stages of switch ele-
ments in series to achieve the necessary isolation per-
formance [28]. Low insertion losses of under 8 dB
with high isolation levels better than 40 dB have
been shown [18]. These devices reported in the lit-
erature are not east-west separated although it is pos-
sible to make then separable by splitting the
functionality across two separate 1 X 2 WSS and 2 X
1 WSS chips.

Limited mesh connectivity may be added by inte-
grating two further AWGs to the basic structure [53].
However, for more practical mesh networks the degree
of connectivity is higher and typical WSS structures
are more appropriate. These are constructed from
AWG demultiplexers and multiplexers and “trees” of
thermo-optic switch arrays to direct the light. The first
example was an 8-channel 1 X 9 WSS [11], which
has full flexibility to direct wavelengths to operate as
a multicolored WSS for use in a fully flexible ROADM.
Another example is a 20-channel 1 X 3 WSS targeted
at a WSXC node [16]. These two examples illustrate
the inherent tradeoffs of the integrated approach in
that the available die size and relatively high power
consumption of the switches limits the functionality
that may be integrated. Of course, advances in reduc-
ing power consumption [36, 64] and higher index
contrasts [31] continually increase the range of func-
tionality that may be monolithically integrated.

Recent advances have included the addition of
some colorless or multicolored add-drop capability
to ROADMs with large numbers of channels. The ap-
proach of allowing K = N as demonstrated for 8 mul-
ticolored ports illustrated in Figure 12 [11] does not
easily scale to larger channel counts. An alternative is
to use a cross-bar switch architecture to create color-
less ports. This has been shown with the capability to
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Figure 12.
Silica-on-silicon PLC 1 X 9, eight-wavelength WSS.

drop 4 out of 32 channels [4], which is a very limiting
number of drop ports. A different structure using two
stages of switching to construct an asymmetric cross-
connect achieved a 33% drop fraction (8 channels
out of 24) [19]. Although the performance of these
newer device designs is not yet adequate for practical
systems, these are still promising avenues for further
research.

Free space optics and MEMS have also been used
to demonstrate a large number of devices and func-
tionalities. 2 X 2 WSS [22], blockers (or 1 X 1 WSS)
[37, 51], and higher port count WSS [14, 33, 34, 42,
43, 44] have been shown. The first examples of wave-
length routing using free space and MEMS were
simple 2 X 2 WSS devices demonstrated by Ford [22].
The switch uses free space optical wavelength multi-
plexing and a column of micromechanical tilt-mirrors
to switch 16 channels at 200 GHz spacing. The elec-
trostatically actuated tilt mirrors had a 20 us switch-
ing response. The total fiber-to-fiber insertion loss for
the packaged switch is 5 dB for the passed signals and
8 dB for added and dropped signals, with switching
contrast of more than 30 dB for all 16 channels and all
input and output states.

Wavelength blockers (1 X 1 WSS) were of in-
terest because of the simpler design requirements
with only one state with low insertion loss being

required. A 64 channel equalization and blocking
filter utilizing a free space lens and grating multi-
plexer with micromechanical tilt mirrors providing
variable attenuation was demonstrated in [51]. It
achieved a 5 dB insertion loss with a 3 dB passband
of 87 GHz for 100 GHz spaced channels. Attenuation
range achieved is in excess of 35 dB. Devices [37]
with diffractive MEMS [25, 61] have also been
demonstrated.

A blocker device with a channel spacing of 13 GHz,
is used to demonstrate seamless support of data rates
from 2.5 Gb/s to 160 Gb/s by using one to 32 wave-
length channels [59]. It showed typically a 1 dB dip
between wavelength channels, which generated a
negligible penalty. Using MEMS micromirrors for
channel bundling offers some unique advantages,
particularly if micromirrors with two tilt axes and
out-of-plane movement are used. With such an
array, in fact it would be possible not only to control
the passband shape, but also to control the in band
group delay curve, thus opening a realm of new
transmission mitigation capability for higher order
linear impairments [70].

WSS with 1 X K switching functionality imple-
mented in free space arrangements have been
demonstrated with various configurations. The abil-
ity of a single WSS to route a record number of WDM
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channels has been confirmed in a 128-channel count
switch, with 4 output ports, operating on 50 GHz
channel separation with bandwidth sufficient to sup-
port 10 Gb/s data rates [43, 44]. The switch exhibited
wide and flat passband widths, in support of core
optical networking specifications for cascading
switches. Further WSS efforts emphasized 100 GHz
channel separation (64-channel counts) with band-
width support suitable for 40 Gb/s data rates [42, 43].
A1 X 2 switch configuration as well asa 4 X 1 WSS
configuration were demonstrated [43] using an iden-
tical packaging solution, based on a tubular housing
with sufficient degrees of freedom for simple align-
ment [21, 23, 51, 68]. The increased port count was
achieved by the introduction of anamorphic optics
[48]. The WSS development effort yielded switches
with losses of less than 4 dB with low polarization
dependencies, as well as 10 dB dynamic spec-
tral equalization range and blocking capability (loss
>40 dB). WSS 1 X 4 switches using reflective optics
arrangements have also been demonstrated [14, 33]
and qualified for deployment [34]. 1 X 2 WSS scala-
ble to 1 X 14 [71] and 1 X 9 hitless [34] devices,
which use two-axis MEMS tilt mirrors to avoid beams
crossing output ports during switching and increase
port count, have been shown.

Utilizing four 1 X 4 WSS modules [43, 44], a
complete wavelength selective cross-connect has been
demonstrated [45] following the architecture of
Figure 6 with passive splitters instead of 1 X 4 WSS.
This 4 X 4 WSXC is capable of handling 64 channels
on each of its input ports (total channel count of 256)
as well as 40 Gb/s data rates, for a total throughput
exceeding 10 Tb/s. Such a modular WSXC architec-
ture is attractive as it can be deployed incrementally,
as links are added to the network, and is more robust
against failures, as a single WSS module failure does
not render the WSXC inoperable for the remaining
links.

Systems that incorporate both waveguides and
micromechanical devices to provide WSS functional-
ity have been demonstrated [15, 24, 40, 41]. The
MEMS mirrors have been used as phase shifters to
allow the construction of a 1 X 2 switch [24].
Alternatively the PLC has been used to replace the
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conventional grating and fiber coupling optics in free
space systems [15, 40, 41]. This combination of PLC
and MEMS results in a WSS that is smaller and easier
to package than a pure free space WSS. Importantly,
it saves one from having to hermetically package a
large bulk grating.

Future of Wavelength Selective Switching Devices

The benefits afforded by WSS in the operation
and economics of optical networks encourages the
development of alternative switching technologies.
For these technologies to succeed they must provide
either a new functionality or significant improve-
ments in cost, size, performance, or power consump-
tion. We provide a brief survey of alternative
technologies for WSS implementation that show
promise in these directions.

Silicon Photonic Devices

As previously discussed, silica-on-silicon-based
PLC technology offers a robust, guided-wave optics
platform for implementation of both active and pas-
sive photonic devices. Active switching components
implemented using the thermo-optic effect are rela-
tively slow: They require ~1 ms settling time, are high
power consuming, and require a minimum spacing
between dynamic elements to avoid thermal crosstalk.
This, in turn, limits the achievable density of integra-
tion. Alternatively MEMS-based micromirror devices
can have negligible power consumption and switching
times of 20 us [22], but are typically fabricated in
silicon. As recently demonstrated, it is possible to
implement a completely integrated, silicon-based 1 X K
WSS, where the single silicon substrate is used for
both guiding the light and for forming tilting MEMS
mirrors [5], but the use of MEMS micromirrors still
necessitates high voltage drive electronics, which
consumes power and increases cost.

The motivations for using silicon for photonic
devices fabrication include the opportunity to co-
integrate control electronics, and if they are compat-
ible with a CMOS process, fabricate them in a high
volume electronics fabrication facility. The latter
brings the process expertise and control from the field
of microelectronics and the cost reduction benefits of



the high volume such facilities support. Silicon’s high
index of refraction also supports very small bending
radii, allowing for the formation of compact passive
photonic devices. Active components can still be based
on slow, high power consuming thermo-optic modu-
lation in silicon although electro-optic switching based
of field or carrier injection effects can provide faster
modulation.

Lithium Niobate Photonic Devices

Lithium niobate (LiNbO;) crystals offer many
physical effects that can be used for photonic devices,
such as a strong electro-optic effect, piezo-electric
effect, and optical nonlinearities. They have been
commercially very successful as data modulators using
the electro-optic effect, and were instrumental in
ushering in 10 Gb/s data rate transmission systems in
the 1990s. While the commercial modulators widely
used today contain essentially one switch each, larger
arrays of switches have also been demonstrated [49].
Since LiNbO; waveguides are usually made by diffu-
sion, the waveguide bend radii are consequently rel-
atively large, making it difficult to realize the high
density AWGs that are required for the demultiplex-
ing function of the WSS devices. One possible solution
is hybrid integration of LiNbO; switches with silica
PLCs AWGs, which could represent a path to realizing
WSS, which would support packet-switching rates.
The coupling for a hybridized silica LINbO; PLC device
could be easier than a fiber array coupling commonly
used for LiNbO; switch arrays since the waveguide
pitch could be reduced and the silica waveguide can
provide mode-size conversion functions to make
mode matching easier.

Acousto-optic ROADMs have been demonstrated
on LiNbO; [50] by generating an acoustic wave on
the surface of LiNbO; with the use of the piezo-
electric effect. The acoustic wave acts like a grating,
diffracting the wavelengths in different directions.
Acousto-optic switching is relatively fast at =1 us,
with relatively low switching power. However,
acousto-optic switching frequency-shifts the diffracted
light, and the acoustic wave non-linearity threshold is
very low (limiting the number of acoustic frequen-
cies that can be added together).

Polymer Photonic Devices

Polymer-based devices provide a wide range of
material attributes that can be chemically synthesized
and engineered. Furthermore, polymers are easy to
process; they can be spin-coated, low-temperature
cured, plasma etched, and molded. Demultiplexing
and switching functionalities have been demonstrated
in thermo optic polymer-based devices [1, 32, 56] and
recently commercialized, but long-term reliability
remains a concern. Very high bandwidth electro-optic
modulation has been demonstrated in polymer
devices [3], but they have not matured enough to
support the complexity required in fabricating a WSS,
even though polymer electro-optics have been
worked on for several years now.

llI-V Semiconductor Photonic Devices

Devices grown from II-V semiconductor mate-
rials on GaAs and InP are widely utilized for photon-
ics devices. Due to their direct bandgap, they can be
used for optical amplification and integration with
laser sources and detectors. They provide the strong
electro-optic effects necessary for compact, efficient
modulators and switches. The GaAs material system
is generally less expensive than InP but materials
grown on it cannot currently provide optical gain at
the telecom band around 1550 nm like those grown
on InP can. Both ROADMs and WSSs have been
demonstrated in InP [6, 7, 8, 30, 35, 49, 74]. The first
demonstrated ROADM in InP had 4-channels, con-
sisting of AWGs and switches [49]. The first demon-
strated WSS in InP was a 6-channel 2 X 2 WSS,
which was based on two interleave-chirped AWGs
connected by a waveguide lens [8]. A 4-channel 2 X 2
WSS using AWGs and switches [30] has been demon-
strated and a 16-channel ROADM was also demon-
strated. [7] Blockers and channel selectors have been
demonstrated by connecting two AWGS by an array
of SOAs [35]. A spatial 9 X 9 OXC was demonstrated
using beam steerers [6]. This concept can be extended
to make a WSS by replacing some of the waveguide
lenses with waveguide gratings. Fast electro-optic
switching in these materials can support a packet-
switching WSS, as opposed to the previously de-
scribed circuit switching WSS. Furthermore, since
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detectors and amplification can be integrated, losses
can be compensated and monitoring schemes can be
added onto the WSS.

A serious obstacle for realizing a practical InP
WSS is overcoming two-photon absorption (TPA).
TPA becomes a problem when significant optical
power is launched into an InP waveguide. TPA means
two photons are absorbed simultaneously, even
though the photon energy is below the crystal
bandgap energy. This generates high-energy elec-
trons. These high-energy electrons make the InP
more metallic, causing it to absorb even more pho-
tons. It usually takes several nanoseconds for the car-
riers to recombine. TPA can cause inter-channel
crosstalk when multiple wavelength channels that
are multiplexed together are in an InP device [73]. It
is possible to fabricate waveguides on GaAs with
bandgaps greater than twice the photon energy,
which would reduce the TPA effects significantly,
though the lack of a suitable gain material on GaAs
for 1550 nm wavelength remains a problem.

Conclusions

Managing bandwidth in the optical layer has been
driven by the rapid growth in bandwidth required
by the network and made available by the use of
DWDM systems, and the fact that electronic-based
switching systems have been unable to deliver equiv-
alent switching capacity at reasonable cost and power
consumption. ROADMs are currently being deployed
in many systems both for ultra long haul and metro
applications. WSXCs are nearing deployment as ultra
long haul systems are connected to form transparent
networks. Various architectural implementations can
be utilized to provide the ROADM and WSXC func-
tionality, each leading to specific switching function-
ality. Subsystem implementations with PLC utilizing
thermo-optic modulation, or with free space optics
using MEMS micromirrors, and in some hybrid PLC
and MEMS configurations have been presented, and
emerging technologies reviewed.

As 1 X K WSS gain acceptance and proliferate in
the telecom market place, we expect the emphasis
will be directed towards three significant aspects of
wavelength selective switching technology that we

122  Bell Labs Technical Journal ~ DOI: 10.1002/bltj

have discussed and that will allow for greater devel-
opment of optical bandwidth management:
e Increased use of colorless or multicolored ports,
¢ Increased switching speed to allow packet or fast
circuit switching in the optical layer,
e Variable bandwidth channels.
The use of colorless or multicolored ports has
not yet been fully exploited in networks. With the in-
creasing deployment of tunable lasers in the network,
the flexibility to recolor a port will give significant
advantages for reducing operating cost and giving
greater reconfigurability to the network. Such re-
configurability on the add and drop paths can resolve
network blocking by providing alternate routing
paths and support wavelength assignment without
the need to resort to wavelength conversion using
either OEO conversion or optical regeneration
schemes.

The higher switching rate of ROADMs will en-
able each wavelength channel to carry packetized
traffic or for channels to be subdivided in the optical
layer into several TDM circuits at lower rates than the
channel rate. This overcomes the limitation on cur-
rent ROADMs and WSXC, which currently can man-
age traffic only at a wavelength channel granularity,
and essentially perform only circuit switching.

Using wavelength-switching elements with vari-
able bandwidth channels allows networks to evolve
with new transmission formats and data rates without
having to replace in-line hardware. It allows for effi-
cient use of the optical bandwidth while allowing both
low and high data rate channels to be managed effi-
ciently in the optical domain.
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