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Photonic switches that have the potential to change 
the way optical networks are built and used have already 

been developed. Large photonic switches can be built with a 
3D topology and bulk-silicon MEMS structures. Photonic switches
with 256 ports and mean optical loss of 1.3 dB have already been
demonstrated. Larger mirror arrays and/or Clos interconnection

architecture can be used to make switches with up to 32,000 ports.
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in the 1980s, before the advent of EDFAs,
it was not deployed in large networks since
for short transmission spans, the equip-
ment was considered too expensive to use
to combine optical signals onto a single
fiber. The development of EDFAs enabled
the network configuration depicted in 
Fig. 2(c), which allowed WDM signals to
be sent over thousands of kilometers.
Here, optical amplifiers boost the signal to
compensate for loss, eliminating the need
to employ a number of long-reach electri-
cal interfaces. This configuration has been
widely deployed since the early 1990s, be-
cause WDM allows the cost of the optical
amplifiers to be averaged over many wave-

lengths, and the optical amplifiers allow
the cost of the WDM equipment to be av-
eraged over a longer distance.

Today’s networks with OEO switches
[Fig. 2(c)] require: separation of the opti-
cal wavelengths at each switching junc-
tion; conversion of the optical signals to
electrical signals; demultiplexing to suffi-
ciently low data rates for electrical switch-
ing; multiplexing the electrical signals to
higher data rates; modulation of the elec-
trical signals onto optical carriers; and,
wavelength division multiplexing of the
multiple signals onto fibers. For this appli-
cation the name “optical switch” is a mis-
nomer, since, in this example, a large, ex-
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Figure 1. Emerging optical network topology using photonic switching with wavelength conversion.

Figure 2.Optical network evolution: (a) first generation with regeneration, (b) second generation with
WDM, (c) third generation with optical amplifiers, (d) fourth generation with photonic switches.

P hotonic switches are being de-
ployed in optical telecommunica-
tions networks because the need

for transmission bandwidth is outstrip-
ping the capacity of today’s optical-electri-
cal-optical (OEO) switches. Figure 1
shows an example of future network func-
tionality using photonic switches. Incom-
ing traffic, consisting of high-speed wave-
length division multiplexed (WDM) opti-
cal signals, is routed to a photonic switch;
the majority of signals pass through the
switch unaltered. To separate the optical
wavelengths, some of the signals are
dropped by switching to optical demulti-
plexers, before being sent to electrical re-
ceivers (R). The electrical signals are
passed to an electronic switch and electri-
cally demultiplexed (demux) to local
users. Incoming traffic is aggregated and
passed through the electronic switch to a
transmitter (T), then through an optical
multiplexer (mux) to the photonic switch.
The photonic switch routes the traffic
through the network, which includes opti-
cal amplifiers (OA) and other photonic
switches. Some ports are directed to the
wavelength converters (WC) which are
necessary for non-blocking routing of sig-
nals across multiple switching stages of a
WDM network.

Just as erbium-doped fiber amplifiers
(EDFAs) enabled rapid network evolution
(Fig. 2), the increased capacity that results
from replacing electronic switches with
photonic switches will result in evolution
of photonic networks to all-optical trans-
mission. An early optical network topolo-
gy, shown in Fig. 2(a), consisted of a num-
ber of optical spans separated by electrical
repeaters. In this configuration, an elec-
tronic switch is used to multiplex multiple
low-data-rate signals into a few high-data-
rate signals and switch them to optical
links consisting of short-reach (SR) optical
transmitters for short spans or long-reach
(LR) optical transmitters for long spans,
followed by optical receivers (R).

The advent of WDM
WDM components allow the outputs of
multiple transponders to be combined
onto a single fiber, as shown in Fig. 2(b).
Here, optical signals from multiple LR
transmitters are combined onto a single
fiber using an optical wavelength multi-
plexer, and separated at the destination by
an optical wavelength demultiplexer. Al-
though WDM equipment was developed
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pensive electrical core performs the actual
work within the OEO switch. This OEO
topology has been deployed at data rates
of 2.5Gbit/s. As the speed of optical links
increases beyond 2.5Gbit/s, OEO switches
become unattractive due to the increased
size and power consumption of the elec-
trical switching core.

A fourth-generation network configu-
ration, in which photonic switches are 
replacing OEO switches, is shown in 
Fig. 2(d). In this configuration, many
spans of expensive electrical transponders
and receivers have been eliminated. As
shown in Fig. 1, OEO switches are being
pushed out to the edge of the optical net-
work, where they are effective at providing
the necessary grooming of low-speed traf-
fic. Photonic switches with 256 ports are
available from several vendors. Larger
switches are under development.

MEMS technology
Several technologies based on micro-elec-
tro-mechanical (MEMS) devices have
been used for photonic switches. One
switch technology, shown in Fig. 3(a), uses
an array of mirrors that can rotate about
one axis. A row of collimators convert light
in input optical fibers to columns of free-
space beams. A column of collimators
couple rows of free-space beams into out-
put optical fibers. A mirror is raised to de-
flect light from one input optical beam
traveling up a column of mirrors to one
output optical beam traveling down a row.
This topology is called a 2D MEMS
switch, because switching of the optical
beams occurs in two dimensions defined
by the surface of a single MEMS die.1

Another switch technology, shown in
Fig. 3(b), uses two arrays of mirrors that
rotate in two axes. Each input fiber directs
light to a mirror in the input array. The in-
put mirror steers the input optical beam
to any output mirror, and each output
mirror directs light to an output fiber. This
topology is called a 3D MEMS switch, be-
cause the optical beams are switched in the
three-dimensional space between the two
MEMS die.

The number of mirrors needed for an
N x N non-blocking switch is shown in
Fig. 3(c). A 2D switch configuration re-
quires N2 mirrors, while a 3D switch con-
figuration needs only 2N mirrors,2 assum-
ing perfect mirror yield. The 2D configu-
ration, well suited for small switch sizes
like 8 x 8 ports or 16 x 16 ports, becomes
impractical for large switches because of
the large number of mirrors required. Ac-
counting for mirror yield accentuates the

differences in the two mirror topologies,
because a mirror yield of 99% substantial-
ly increases the size required for a 100 port
2D switch, while even a mirror yield of
90% has little effect on the number of mir-
rors needed for a 1000-port 3D switch.

Two main technologies have been de-
veloped for large, MEMS-based photonic
switches. One topology, shown in Fig. 4(a),
is based on thin-film mirrors. Here, an
epitaxial mirror layer is deposited, while a
supporting layer is removed from under-
neath the mirror to allow it to rotate
around hinges. The hinges are preferably
made of silicon, a highly elastic material.
Reliability testing of this technology,
which involves rotating the mirrors 108

times, typically shows only elastic defor-
mation, with no measurable change in
mechanical properties.

It is difficult to build flat, thin-film
mirrors, because of variations in residual
stress that builds up in the mirror during
film deposition. As shown in Fig. 4(b),
mirror flatness can be substantially im-
proved by using a bulk mirror topology, in
which the mirrors are etched from the sil-
icon wafer. Allowing for 0.5 dB of added
loss due to mirror curvature, the maxi-
mum switch size is calculated in Fig. 4(c)
as a function of mirror flatness for a 3D
photonic switch, in which the mirrors can
rotate 10° in both axes and fill 20% of the
available array area. Since a bulk mirror
can easily achieve a radius of curvature of
many meters, photonic switches can be
built with more than 1000 ports. A typical
thin-film mirror radius of curvature of
25-100 mm limits the size of low-loss
switches to about 50-200 ports. In addi-
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Figure 3. MEMS-based photonic switch config-
urations: (a) beam steering in two dimensions;
(b) beam-steering in three dimensions; (c) mir-
ror number scaling for 2D and 3D switches.

Figure 4. (a) Thin-film mirror technology. (b) Bulk-silicon mirror technology. (c) Calculated loss con-
tribution of mirror radius of curvature and switch size.
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tion, the need to etch the support material
from under thin-film mirrors limits mir-
ror size and makes it difficult to build
large, low-loss optical switches using thin-
film mirrors.

3D switch performance
The most common communication stan-
dard for today’s optical networks is a
short-reach interface, which defines a loss
budget of 7 dB from the transmitter to the
receiver. The loss for switches used in such
networks needs to be <4 dB, so that 3 dB
can be allocated to monitoring and to op-
tical path protection functions added
around the switch, without exceeding the
7 dB loss budget. Automated optical char-
acterization equipment is necessary for
large photonic switches, because a 256-
port photonic switch has >65,000 possible
connections. The measured loss distribu-
tion of a typical 256-port photonic switch
is shown in Fig. 5(a), which depicts a con-
figuration in which the median connec-
tion loss is ~1.3 dB. This loss is substan-
tially lower than can be achieved using
other available technologies.

Switching time, defined as the interval
between application of an electrical signal
to the mirrors and the moment at which
the optical power remains over 90% of the
final value, is important for restoration of
optical networks after fiber cuts or other
unanticipated outages. MEMS mirrors are
mechanical structures with resonant fre-
quencies on the order of 1 kHz, a charac-
teristic which limits switching time to a
few milliseconds. The Q of these mechan-
ical structures can be high, so that moving
the mirrors too rapidly excites the reso-
nant mode of the mirror and causes ring-
ing of the optical signal. Measured switch-
ing time, using both a non-optimum mir-
ror drive waveform that excites the mirror
resonance and an optimum mirror drive
waveform that avoids ringing, is shown in
Fig. 5(b).

Future generation switches
The size of low-loss photonic switches is
limited by diffraction. Diffraction causes
the optical beams to spread during free-
space propagation, which can increase op-
tical loss when the beams couple back into
the output optical fiber. By comparison, in
waveguide systems like optical fibers, dif-
fraction-induced losses are negligible; for
large switches, on the other hand, wave-
guide propagation losses are substantial.
Figure 6(a) shows the optical path length

and size of an input and output MEMS
mirror array for a mirror deflection of 10˚,
with the mirror area filling 20% of the ar-
ray. For large 3D MEMS switches in the
“diffraction-limited regime,” the area of
each mirror must be increased in propor-
tion to the number of switch ports in or-
der to maintain a constant optical loss; for
this reason, the MEMS array area is pro-
portional to the square of the number of
switch ports. The MEMS die area begins
to decrease more slowly with decreased
port count in the “dimension-limited
regime,” in which mirror spacing is limited
by collimator pitch and other mechanical
constraints. As can be seen in the figure,
for a 3D architecture, the MEMS arrays
start to become quite large for a low-loss
switch size of N>1,000 ports. In addition
to diffraction loss, larger switches have
longer optical paths that increase the diffi-
culty of optical alignment and the com-
plexity of optical assembly.

A technique to build much larger
switch arrays, shown in Fig. 6(b), uses a
three-stage Clos configuration3 in which
an N x N switch is assembled using a num-
ber of smaller switches. The first stage
switches have p inputs and 2p outputs, fol-
lowed by 2p center stage switches with k
input and output ports, and the third stage
switches with 2p inputs and p outputs.

The effective non-blocking Clos switch
size is N x N, where N=p·k. Strictly non-
blocking switch operation requires 2p-1
center stage switches; an additional stage
has been added to Fig. 6(b) for redundan-
cy. In the event of a connection failure in
one of the 2p-1 center stage switches, the
connection could be rerouted through a
path in the redundant center stage switch.

In one example, input switches with
eight inputs and 16 outputs (p=8), and 16
center stage switches are used. By means of
this approach, a Clos switch with more
than 2,000 ports could be built with 
256-port core switches. Looking forward,
by replacing the 256-port core switches
one at a time with 1,000-port core switch-
es, the Clos switch could be upgraded to
8,000 ports while carrying live traffic. Al-
ternately, a Clos switch with greater than
32,000 ports—a size unheard of a few
years ago—and approximately 10 dB of
optical loss could be constructed using to-
day’s technology by cascading 128 x 256
input-stage and output-stage switches
with 256-port center stage switches.
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Figure 5. (a) Optical loss distribution typical for
>65,000 connections, measured at 1.3 �m. (b)
Measured switching time using non-optimized
and optimized drive waveforms.

Figure 6. (a) Diffraction-based scaling of mirror
size and path length as a function of switch size. (b)
Clos-network interconnection of smaller switches
to form a large, non-blocking switch.
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