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We review the performance and applications of compact (20 cm®) and large-
scale (320X 320) three-dimensional microelectromechanical system (3-D
MEMS) based optical switches. The low loss (<3 dB for all 102,400 paths) and
variable attenuation capable optical switch performs penalty-free for cascaded
operation at 40 Gbits/s. Scalability and performance of integrated
wavelength-selective cross-connects based on 3-D MEMS with an unprec-
edented 12.8 Thit/s switching capacity for next-generation all-optical net-
works are also presented. © 2006 Optical Society of America
OCIS codes: 060.0060, 130.0130.

1. Introduction

With the rapid deployment of passive optical networks (PONs) and triple-play ser-
vices, a number of network operation challenges, such as fiber management, fiber
fault localization, and customer churn, have emerged from the growing outside-plant
fiber infrastructure [1]. A remotely managed automated fiber solution based on large-
scale optical switches with small footprint and low power consumption is a good can-
didate to address these challenges and adds further value by integrating remote test
and monitoring capabilities for fast and precise fault isolation [2]. As an automated
patch panel, a large-scale optical switch is also desirable in lab automation applica-
tions in which testing accuracy and speed are critical. While optical switches based on
InP [3] or 2-D microelectromechanical systems (MEMSs) [4] have been demonstrated,
these technologies do not scale beyond 16 to 32 ports, as the optical loss increases dra-
matically. On the other hand, compact optical switches with greater than 300 ports
and low loss have been demonstrated using scalable 3-D MEMS [5,6]. The wide wave-
length range (1250 to 1650 nm) of operation of these 3-D MEMS switches is particu-
larly ideal for the above-mentioned applications, where low loss in several bands of
the spectrum is critical (for example, in PONs, the upstream wavelength is 1310 nm,
downstream wavelength is 1490 nm, the video overlay wavelength is 1550 nm, and
the fault localization wavelength is 1625 nm).

The growth in access networks also leads to larger capacity requirements in metro-
politan, regional, and long-haul networks, which require photonic cross-connect nodes
that can support multiple dense wavelength division multiplexed (DWDM) channels
at fast bit rates [7]. As large-scale electronic switching is limited beyond 10 Gbits/s
and also has additional drawbacks such as high power consumption and large rack
space, next-generation reconfigurable optical networks based on future-proof all-
optical switching nodes become an attractive alternative. Integrated and ultracompact
wavelength-selective photonic cross-connects (WSPXCs) based on large-scale and bit-
rate transparent 3-D MEMS optical switches provide dynamic wavelength switching
of multiple degrees of fiber, support for 100% add—drop without incurring any excess
loss penalty, and inherent per-channel power balancing, are thus the leading candi-
date for the next-generation DWDM switching node [8-10].

In this paper, we review the performance of a bit-rate and wavelength transparent
compact 320X 320 optical switch based on 3-D MEMS. In Section 2, we describe the
static optical switch performance, which includes optical insertion loss, wavelength-
dependent loss (WDL), polarization-dependent loss (PDL), and cross talk. In Section 3,
we present the dynamic optical switch characteristics that include 40 Gbit/s cascad-
ability performance and variable attenuation by mirror detuning. Finally, in
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Fig. 1. Schematic layout of the compact 3-D MEMS optical switch.

Section 4, we discuss the scalability of WSPXCs based on 3-D MEMS switches and
review their performance.

2. Static Optical Switch Performance

The schematic layout of the 3-D MEMS optical switch, which consists of two pairs of
fiber arrays and two pairs of MEMS mirror arrays, is shown in Fig. 1. A low-loss light
path is established from an input fiber to an output fiber by collimating the beam by
a lens onto the MEMS mirror [5]. This input mirror then steers the beam onto the
other MEMS array, where an output mirror points to the desired output fiber. This
optical switch scales to greater than 300 ports in a compact volume of 20 cm? that
includes the two fiber array blocks and the MEMS mirror arrays.

The optical loss distribution measured at 1310 nm for the 320X 320 optical switch
is shown in Fig. 2(a). All 102,400 paths achieve a measured loss of less than 2.9 dB
with a median loss of 1.4dB. It should be emphasized that these measurements
include additional loss and uncertainty errors due to multifiber connectors (used for
ease of testing), which results in the widening of the expected core switch loss distri-
bution and therefore in an increase of the expected maximum loss of 2 dB [5]. The
WDL performance of the optical switch for a typical path is shown in Fig. 2(b) with a
less than 0.5 dB variation over the entire 1250 to 1650 nm range.

The measured median PDL of the optical switch at 1550 nm is less than 0.1 dB with
a maximum of 0.3 dB. Chromatic dispersion (<0.5 ps/nm) and polarization-mode dis-
persion (<10 fs) are negligible, and degradation of signal quality beyond 40 Gbits/s is
not expected. The measured switch return loss for all ports is better than 40 dB, while
optical cross talk is less than —60 dB. It should be noted that cross talk is primarily
dominated by adjacent ports, while the contribution from other ports is typically less
than —80 dB. The excellent optical properties of 3-D MEMS optical switches allow for
a transparent introduction of these large-scale switches into various applications in
PON networks, lab automation, and DWDM all-optical networks.

3. Dynamic Optical Switch Performance

The cascadability of the 3-D MEMS optical switches was characterized at 10 and
40 Gbits/s. It was previously demonstrated in a 10 Gbit/s recirculating loop testbed
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Fig. 2. (a) Loss distribution and (b) WDL response of the 3-D MEMS optical switch.
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Fig. 3. 40 Gbit/s BER measurements with no switch (filled circles) and 18 cascaded
switch paths (open circles). Inset, received 40 Gbit/s eye diagram.

that the optical switch introduces less than 0.5 and 1.7 dB penalties after 20 and 60
transitions through the switch, respectively, due to incremental accumulation of PDL
[8].

Figure 3 shows the bit error rate (BER) measurements at 40 Gbits/s for all four
tributary channels with no switch and after cascading 18 switch paths. No significant
power penalty was observed with the cascaded switch paths, and the inset to Fig. 3
shows the open 40 Gbit/s eye diagram at the receiver. Since next-generation all-
optical DWDM networks are not expected to exceed 10-15 switching node transitions,
the lack of significant signal degradation at bit rates of 40 Gbits/s reconfirm the
transparent nature of 3-D MEMS optical switches as discussed in Section 2.

An advantageous feature of 3-D MEMS optical switches is their ability to detune
mirrors to induce variable attenuation on optical signals [10]. This inherent charac-
teristic of 3-D MEMS eliminates the need for external variable optical attenuators in
various applications such as DWDM power balancing and amplified spontaneous
emission noise suppression, which reduces the size, cost, power consumption, and
additional optical loss. Attenuation levels up to 20 dB can be achieved with minimal
disturbance on the optical stability and cross talk by simultaneously attenuating both
the input and output mirrors. Figure 4 shows the BER measurements comparing no
switch and four cascaded and attenuated switch paths. After inducing 12 dB attenua-
tion on each of two high-angle paths and 5 and 13 dB attenuation on two low-angle
paths, the measured receiver sensitivity at a BER of 1079 is within 0.3 dB of the base-
line without the switch. Figure 5 shows less than 4 ms fall and rise times for a typical
switch path when 10 dB attenuation is applied and reversed.

4. Wavelength-Selective Photonic Cross-Connect

Next-generation ultrahigh-capacity mesh optical networks will require wavelength-
selective cross-connects (WSXCs) with high throughput and large add—drop capability
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Fig. 4. BER measurements with no switch (filled circles) and four detuned switch
paths (open circles).
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Fig. 5. (a) Fall (3.5 ms) and (b) rise times (3.8 ms) for 10 dB attenuation.

that will enable dynamic reconfigurability and provide end-to-end network-level pro-
tection and restoration [7]. Therefore, the WSXC node must be scalable and modular
to support up to eight degrees (fibers) and 100% add—drop (with typical 20-30% ratios,
including regeneration and wavelength conversion). The WSXC also needs to allow
each tunable add-drop transponder to have seamless and colorless access to all N
fibers of the node to provide the dynamic end-to-end mesh protection and restoration
feature of the network. As will be described in this Section, ultracompact integrated
WSPXCs based on 3-D MEMS optical switches fulfill the aforementioned require-
ments of next-generation high-capacity WSXC nodes.

The WSPXC is shown schematically in Fig. 6. An incoming—outgoing DWDM signal
is de/multiplexed into granular wavelengths using an array-waveguide grating (AWG)
or thin-film filter (TFF) based de/multiplexers (D/MUXs). At the core of the WSPXC is
the 320320 nonblocking 3-D MEMS optical switch that directs each individual
wavelength to any of the desired fiber outputs. Tunable add—drop transponders
directly access the core switch and can be directed to any of the desired input—output
fibers due to the nonblocking and colorless switching ability of the core switch. Simi-
larly, the access over the full optical band allows for wavelength-resource sharing
(wavelength converters and regenerators) at the WSPXC, which reduces the network
level cost and increases efficiency. An ultracompact (20 cm®) WSPXC can be realized
by integrating AWG D/MUXs directly into the fiber block arrays (Fig. 1) with an
unprecedented capacity of up to 12.8 Thits/s at a 40 Gbit/s data rate. Alternatively,
the WSPXC can also be configured to provide up to 100% add—drop without incurring
any extra optical loss.

A WSXC node can also be realized by using a broadcast-and-select architecture
based on wavelength blockers and passive optical splitters [11]; however, this architec-
ture scales poorly due to unacceptable high optical losses as the node degree and/or
the add—drop ratio increase. An alternative architecture is based on 1:K wavelength-
selective switches (WSSs) that distribute the incoming DWDM channels to any of the
K outputs (with typical K=9) [12]. A two-degree reconfigurable optical add—drop mul-
tiplexer (ROADM) is realized by cascading either two WSSs or one WSS and a passive
coupler [13]. The ROADM modules can then be interconnected for an N-degree WSXC
node. In this architecture, the ROADM modules can only provide direct add—drop for
a very limited number of transponders (K-N); therefore, D/MUXs followed by optical
switches are required at each add—drop. The size of the required optical switch is
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Fig. 6. Schematic of 3-D MEMS based WSPXC.
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Fig. 7. (a), (b) Scalability of switching and (c), (d) filter elements as a function of node
degree and add—drop ratio (circles, squares, diamonds, upper and lower triangles are 0,
0.25, 0.5, 0.75 and 1 add—drop, respectively).

determined by the number of wavelengths on the D/MUX, the number of anticipated
transponders, and the degree of the node, adding complexity and loss to the WSXC
node. The direct and colorless add—drop access ability of the WSPXC is one of the
most significant features differentiating the 3-D MEMS based WSPXC from the other
WSXC architectures.

Figure 7 compares the number of switching [Figs. 7(a) and 7(b)] and filtering [Figs.
7(c) and 7(d)] elements in the WSXC node as the node degree and the add—drop ratio
are increased. The WSPXC node architecture uses two 3-D MEMS switch cores for
protection, while the WSS based architecture assumes a ROADM module based on a
single (1-D MEMS) WSS with passive couplers. While the WSPXC architecture ele-
ments show a linear relationship with the node degree as the number of add—drops is
increased, the number of WSS architecture elements increase quadratically, which
clearly shows that the WSPXC is a more scalable and cost-effective architecture for
increasing node degrees and add—drop ratios, while the WSS architecture is advanta-
geous for = three-degree nodes and a low number of add—drops. The optical insertion
loss for add—drop and express paths in an integrated WSPXC can vary between 6 to
8dB and 9 to 13 dB, respectively, depending on the desired spectral shape of the
D/MUXs as determined by the number of WSXC node transitions required in the net-
work. On the other hand, the WSS ROADM architecture add—drop loss is higher due
to the additional components, while the express loss is comparable to that of the
WSPXC.

The performance of a WSPXC was recently successfully evaluated in a 10 Gbit/s
recirculating loop testbed with 8 WSPXC transitions and 600 km single-mode fiber
(SMF) [8] and 10 WSPXC transitions and 400 km SMF [9]. Figure 8 shows the
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Fig. 8. @Q-factors after 8 WSPXC transitions and 600 km SMF fiber [8].
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received eye diagrams and the measured @-factors with all channels performing bet-
ter than 17 dB.

5. Conclusions

In this paper, we reviewed the performance and applications of compact and inte-
grated 3-D MEMS based optical switches. The excellent optical properties of the 320
X 320 switch with negligible 40 Gbit/s signal degradation and inherent attenuation
capability, together with its small size and remote control, makes it an ideal candidate
for a variety of fiber-rich applications in access and next-generation all-optical mesh
networks. As an integrated wavelength-selective switching node, a 3-D MEMS based
WSPXC architecture with 12.8 Thit/s capacity was shown to be the optimum choice
for high degree nodes and add-drop ratios.
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