


As market demands catch up to the glut of
network capacity, carriers are beginning to build
out newer infrastructure. Not only must this
infrastructure support new bandwidth, it must
also support new services, with reduced
provisioning intervals and lower capital and
operational costs. Together, these capabilities
make up what are known as •intelligent optical
networks.Ž New systems and subsystems are
making use of the properties of MEMS to enable
carriers to build these networks.

This paper outlines several technologies based on
MEMS components, including optical switches,
attenuation and equalization devices, and tunable
components. The applications and drivers for
deployment of these devices and systems are
detailed. Included in the discussion are the
challenges, issues, and risks that network
operators face in deploying these technologies.

OPTICAL NETWORK MARKET DRIVERS

With bankruptcy, consolidation, and
overcapacity woes in carriers• pasts, the

former glut of optical capacity has disappeared.
Shifts in carriers• business drivers and operating
models have changed their requirements for
optical equipment; no longer is there an outcry for
larger and larger systems, handling endless
amounts of capacity. Instead, carriers are adopting

leaner operating models, trying to do more with
less. This is driving network operators to consider
a new set of requirements when evaluating optical
equipment. Features of interest now include
automatic provisioning, remote configurability,
and reduced power and space needs. These drive
the all-important reductions in operating expenses
that are key to positive cash flows [3].

The need for reduced operating expenses does not
enable equipment providers to sell •gold-platedŽ
equipment to carriers for their networks. The
competitive landscape has also driven carriers•
capital budgets to lower levels, especially in core
networking and optical transports. Equipment
providers must find ways to reduce their
customers• operational expenses, with less
expensive equipment.

With the overbuilt core, carriers are paying more
attention to access„literally the •on-rampsŽ to the
core network. Nearly every major local carrier has
announced a fiber-to-the-node, fiber-to-the-curb,
or fiber-to-the-home/premise (collectively known
as FTTX) strategy, with some carriers beginning
construction, and others even offering services
over these networks. The sheer amount of data
that can be delivered over these networks will
drive capacity increases in the core transport
mechanisms as well. The new fiber infrastructures
put in place by these efforts will also require new
methods of supervision and surveillance, as
carriers have never managed this scale of optical
connectivity.

MEMS-BASED OPTICAL COMPONENTS

Optical networking systems manufacturers are
now using MEMS in a variety of components,

beyond the large, scalable optical switches that
were seen in previous generations of equipment.
MEMS components can be used to perform a
variety of functions, including redirecting,
reflecting, and attenuating light. The systems
made up by these components can be divided into
several subsets:  core optical switches, automated
fiber management platforms, variable optical
attenuators (VOAs), and reconfigurable optical
add-drop multiplexers (ROADMs).

Core Optical Switches
The initial application of MEMS components, 
core optical switches, is still relevant; however, 
the opportunities for deployment are reduced
from the initial projections. Optical switches can 
enable extremely high bandwidth connections 
and services, supporting high-performance
applications such as high-speed simulation,
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visualization, and grid computing (super-
computing technology using the resources of
many disparate networked computers). 

Photonic switches use MEMS-based core
materials to provide all-optical light switching.
Tiny reflective components, resembling mirrors,
are adjusted to steer an optical signal. MEMS
switch cores come in two designs:  2D MEMS,
where the mirrors are arrayed on a single level
(and therefore can be adjusted only in two
dimensions), and 3D MEMS, where the mirrors
are on multiple planes. More flexible and scalable
than the 2D systems, 3D MEMS allow for more
lightpaths through the switch. However, 
3D MEMS are more complex and costly than the
generally smaller and easier-to-manufacture 
2D design [3]. These devices are usually referred
to as A x A in size, where A is the number of input
and output ports. Thus, a 32 x 32 switch can direct
any of 32 input signals to any of 32 output signals.
Due to their complexity, 3D MEMS devices
typically support much larger switch core sizes.

Figure 2 illustrates the operation of 2D and 3D
MEMS switches.

Photonic switches can provide significant cost
savings over traditional OEO optical switches, as
a certain percentage of traffic at any node is
•expressŽ traffic, i.e., it does not terminate locally.
In a traditionally designed OEO switch, this
traffic would be regenerated electrically before
being transmitted to its next destination. Photonic
switches can direct this traffic to the proper
interface without regeneration. The traffic
destined for local equipment can be connected to
a smaller OEO switch, sized just to handle the
local traffic, as shown in Figure 3. This hybrid
implementation can offer lower capital expenses
and a lower cost of ownership by reducing space
and power consumption.

Another driver for photonic and hybrid
OEO/photonic switch applications is the
•agnosticŽ feature of photonic switches. A
photonic switch will direct a stream of light,
regardless of the number of wavelengths 
or •colorŽ of that stream, the underlying 
protocol, the bitrate, etc. As such, photonic
switches are considered more future-proof, as
different OEO devices are required for different
wavelengths, different protocols, different
bitrates, etc. When new protocols or higher
bandwidth services are deployed, existing OEO
infrastructure can become worthless, requiring
new equipment to be purchased. Photonic
switches can ensure that a carrier•s investment
will be viable for a longer term.

Photonic switches also enable the framework for
generalized multiprotocol label switching
(GMPLS). GMPLS is an extension of the signaling
protocols of MPLS to lower-layer entities in the
network, including optical and physical layer
devices. GMPLS-enabled photonic switches allow
automated provisioning and bandwidth-on-
demand services, as well as new services like
optical virtual private networks.
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Figure 2a.  2D MEMS Operation [4]

Figure 2b.  3D MEMS Operation [4]
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Although the applications and drivers for
photonic switches are strong, several pitfalls have
hindered their deployment. Carriers must
consider the loss across the fabric of the switch.
Each component does have a finite loss, and this
loss must be carefully calculated into the link
budget of the optical path. This often has the
unintended consequence of requiring additional
amplification, or worse, OEO regeneration„a
problem for designers, who had sought to avoid
the need for OEO regeneration in the first place!

The complexity of MEMS-based devices is also an
issue„each mirror needs very complex
electronics to drive its movement and stabilize its
position. These devices add cost to the system as
well, counteracting some of the potential cost
savings of the technology. Another complexity
consideration is the finite switching time
involved in repositioning the reflective
components. This time must be carefully
considered when examining applications, as the
switching for these devices is not •wire speedŽ
(data processed or switched at its native rate).

Complexity is also cited as an issue in terms of
durability. While the photonic core is future-
proof, concern that the equipment controlling 
the core configuration may need to be 

replaced quickly has hindered deployment.
Finally, carriers have cited concerns about dust,
dirt, and even resiliency in the face of vibration,
such as in an earthquake zone. Several manu-
facturers of optical components are countering
this claim by certifying their equipment with
standards institutes or organizations, such as
Telcordia® Technologies, Inc.

Table 1 summarizes the similarities and
differences between optical and photonic
switches.
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Figure 3.  Photonic Switch Integration Used to Terminate Local Traffic

Table 1.  Optical Versus Photonic Switches

Characteristic
Optical 
Switch

Photonic 
Switch

Cost per port Higher Lower

Capacity
Limited by size of
switch core

Virtually unlimited

Granularity Circuit Wavelength

Switching/Routing
Wire-speed,
processes signals

Out-of-band

Maturity
Deployed in large
numbers

Limited deployments

Flexibility
Limited by granularity
of core

Future-proof
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Automated Fiber Management Platforms
Photonic switches can be used for more than just
core optical nodes; a new application is emerging
for MEMS-based switching systems. As carriers
deploy FTTX technologies and continue to 
extend the reach of their optical infrastructure,
they face the challenge of managing literally
hundreds of fiber interfaces in a single location.
Managing these interfaces is typically done
manually via an optical distribution frame (ODF)
or patch panel. Manual patch cords are installed
by a technician, placing the proper signal on the
proper interface. Any moves, additions, or
changes must be done manually, and
configuration records are often developed by
hand as well. Testing of fiber cables terminated
on the ODF panel is also done manually, and a
costly error can occur if the technician
accidentally tests an in-service fiber pair!

This manual work is costly and labor-intensive
and also introduces many opportunities for
errors. In the case of an unmanned site, 
repairs, testing, and provisioning cannot occur
until a technician arrives on site. This delay can
increase the mean time to repair or time to 
turn-up a new circuit.

Automated fiber management systems make use
of MEMS components to mechanize this process.
Traffic can be switched or rerouted electronically
and remotely. Since signals do not need to be
switched dynamically or in real time, lower speed
(and lower cost) components are used.

Automated fiber management platforms also
enable advanced features. They allow for a circuit
layout inventory to be developed electronically,
so carriers can monitor exactly what signal or
circuit is riding on what fiber, and when and

where it takes place. This can virtually eliminate
the outages that result when the •wrongŽ fiber
pair is disconnected. In addition, remote,
automated testing as well as test equipment
consolidation is made possible. A single piece of
test equipment can be used in one site, and the
automated fiber management platform can be
used on the tested fibers to direct the signals from
that site to the correct strands [5].

While automated fiber management is a potential
beneficial application for carriers, several
obstacles may hinder its deployment. ODF panels
are entirely passive components„the only active
component is the technician who is cabling
them„while these platforms are active. This
means that the system will require power and
telemetry and that, typically, some experience in
using its management platform will be necessary.
Carrier personnel will require training in using
this equipment as opposed to the ODF panel,
which requires a very low skill level.

Figure 4 highlights the differences between
automated and manual fiber management.

A final hurdle is deployment cost. While carriers
are eager to reduce operational expenses, which
clearly is possible with this platform, they are
unlikely to pay a premium for equipment
functions to do so. Systems manufacturers will
have to justify a large gap in capital savings with
a much lower cost of ownership, or reduce that
gap with maturing, mass-produced technology.

VOAs

VOAs are components that allow the
attenuation of selected optical signals or

wavelengths. These components are integral in

Figure 4.  Automated Versus Manual Fiber Management
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dense wavelength division multiplexing
(DWDM) systems, as they are used to
dynamically compensate for skewed gains in
network wavelength amplification. The
amplifiers used in typical DWDM systems 
have varying degrees of •flatnessŽ„signals of
certain wavelengths are amplified more or 
less than signals of other wavelengths. After
several chains of amplification, the wavelengths
receiving the most amplification may be 
powerful enough to saturate the receive
electronics, while the wavelengths receiving the
least amplification are just strong enough to
register at the receiver. VOA components can
then attenuate only the most powerful
wavelengths, bringing the entire signal into
conformance with DWDM receiver specifications.

VOA components are also crucial in protection
switching functions, as a cable cut can reduce the
number of aggregate wavelengths on a fiber.
Optical amplifiers have a fixed amount of
amplification, which is typically linked to
amplifier pump laser current; the amplification 
is then spread across all of the relevant
wavelengths. If a broken or disconnected fiber
results in the amount of wavelengths being cut in
half, the remaining wavelengths will be amplified
twice as much. This effect is often cascaded
through multiple amplifiers; the end receiver
component may then receive a signal that is
significantly higher than the component•s
operating specification for optical power,
rendering the received signal unintelligible. VOA
components can prevent failure during a
protection switching event by attenuating the
offending wavelengths until they are in the
operating range for receiver input power.

MEMS-based devices use tuned components that
can be adjusted, typically by raising or lowering
them, to accomplish attenuation by partially or
completely blocking a stream of light. These
components can be thought of as being very
similar to a mechanized camera shutter, albeit on
a much smaller scale. Multiple actuators can be
used to provide a very highly resolved range of
attenuation; this arrangement is potentially
superior to alternative optical attenuation
technologies. Figure 5 illustrates a MEMS-based
VOA. The cylindrical items are two optical fibers;
attenuation is achieved by raising a metallic
shutter in the gap [6].

As they are significantly smaller and less power-
hungry than competing technologies, MEMS-
based devices do not require temperature
compensation, which affords several advantages.
Temperature control requires additional

electronics, which adds cost, complexity, power
consumption, and real estate requirements to the
component. Temperature control requirements
also typically prevent non-MEMS-based VOA
components from being deployed outside 
the central office or other controlled,
telecommunications-oriented environment. On
the other hand, MEMS-based VOA components
can be deployed in a wider variety of
environments, including outside plant and access
networks. Potential applications for MEMS-based
components in distribution environments include
amplifiers for cable television systems, and gain
control devices for active FTTX deployments.

For these reasons, MEMS VOA components are
experiencing widespread market acceptance;
several design wins have been announced in
recent months. Systems designers must consider
other issues in addition to the cost and
complexity of this particular subsystem. The
electronics required to control and drive these
devices must also be assessed and taken into
account as part of an entire design. When
evaluating a particular design or component, the
system architect must also examine items such as
scalability. Unlike wideband optical components
such as optical switches, these devices may have
to attenuate individual wavelengths or small
bands of wavelengths. Systems designers must
ask themselves:  Will one device be sufficient as
larger numbers of wavelengths are deployed?

ROADMs

ROADMs have received significant attention
from carriers in recent months. These

components allow for remote provisioning and
management of DWDM systems. Selected
wavelengths can be transparently transported or
serviced„added to and dropped from client
equipment„at particular nodes. Changes can 
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Figure 5.  MEMS-Based VOA [6]
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be made remotely and in real time via an
integrated control plane such as GMPLS. These
components hold great implications for
improving service velocity and reducing
operational expenses. Figure 6 illustrates the
functionality of a ROADM [7].

In addition to these advantages, several ROADM
designs offer further benefits, such as remote
wavelength testing, dynamic power balancing
(also known as equalization), and remote signal
surveillance. The dynamic power balancing
feature of a ROADM may seem very similar to
the features of a VOA; this is not entirely
coincidental. VOAs are one of the components
that make up a typical ROADM.

Two types of component subsystems are used 
in ROADMs„wavelength blockers and
wavelength-selective switches. Wavelength
blockers are devices offering the capacity to
add/drop wavelengths and that have some
tunability„the ability to add/drop selected
wavelengths. Wavelength-selective switches are
more widely tunable and flexible. Most
wavelength-selective switches can be configured
to add/drop or pass through any number or
combination of wavelengths at a node, allowing
for more modularity and deployment ease while
reducing spacing requirements. It should be
noted that this flexibility typically comes at a
price premium [8].

ROADM technologies were first deployed in
metropolitan networks, where channel counts are
low and wavelength spacing is accordingly high.
Integrated silicon components, using no moving
parts, perform well for these applications. As

metropolitan networks grow, systems designers
typically increase wavelength counts by
interleaving channels in between existing
channels, allowing for retention of amplifier
components. This approach presents a problem
for silicon-based ROADMs, as flatness
requirements for these interleaved systems are
generally higher. Additionally, ROADM
applications are being proposed for long-haul
networks. Long-haul networks typically feature
higher capacity, higher channel count
wavelength division multiplexing (WDM)
systems, which present the same challenges as the
interleaved metropolitan systems [9]. 

MEMS-based wavelength-selective switches are
emerging that provide solutions to this flatness
problem. Subsystems are based on either
diffractive MEMS components or MEMS mirrors.
Diffractive MEMS components use arrays of
piezoelectric materials suspended over a
substrate; in this condition, the device •looksŽ
like a mirror to light. Applying a voltage to the
materials causes them to move in the direction of
the substrate and thus become a diffraction
grating, attenuating a specific frequency of light.
Arrays of MEMS materials can be used to
selectively reflect or attenuate specific channels.

Diffractive MEMS do not require contact to
actuate (instead relying on applied voltage) and
are relatively simple to manufacture. They are
also more reliable than mirror-based MEMS, due
to the lack of moving parts, and can be packaged
in a smaller subsystem. The only limitation is
scalability„arrays of tuned components become
more complex by orders of magnitude when
channel counts increase.

Figure 6.  ROADM Subsystem Functionality [7]
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Mirror-based MEMS subsystems, long used for
optical switches, can be built for much higher
channel-count applications. Designers have to
contend with the same challenges found in
optical switches„cost, complexity, reliability,
and size. Systems designers are now developing
hybrid techniques in an attempt to take
advantage of the positives of both technologies.
Several manufacturers now offer hybrid
diffractive MEMS/mirror MEMS wavelength
selective switches.

While optical systems using ROADM
technologies are an enabler for scalable,
dynamically reconfigurable networks, systems
designers must pay additional attention to
implementation details. Granular power
measurement and control are required for each
wavelength. Fault isolation at the wavelength
and component level is a necessity, since a single
misdiagnosed fault can cause networkwide
instability. Additional hardware and software
required to perform these functions can entail
additional cost, real estate, and complexity. As
such, ROADM technologies may hold a •first-
costŽ penalty for smaller, lower channel-count
networks when compared to more mature
technologies. Carriers must consider the growth
forecast and timeframe when evaluating choices
for new optical networks.

CONCLUSIONS

A fter much early hype, MEMS-based optical
devices are experiencing continued

deployment in next-generation optical networks.
These components enable a number of advanced
networking features, such as dynamic
reconfigurability, while potentially reducing
power consumption, network real estate, and
capital and operational expenses. The benefits
offered by systems using these components often
come at a cost, however. Also, not every
application or deployment is suitable for MEMS-
based systems. To achieve an optimum network
design, network engineers must continue to use
strong planning methodologies, combined with
detailed knowledge of ideal applications for
various technologies and the associated cost-
versus-benefit tradeoffs.  �

TRADEMARKS

Telcordia is a registered trademark of Telcordia
Technologies, Inc., in the United States, other
countries, or both.
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