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Abstract

A three-dimensional (3D) micro-electro-mechanical system (MEMS) optical switch, consisting of two-
axistilt mirror arrays and free-space optics, is a practical solution for constructing large-scale switching
fabrics dueto its high component density and low cost. The MEMS-mirror arrays developed by NTT are
single-crystal silicon mirrors integrated with high-aspect ratio torsion springs and actuated by electrosta-
tic forces. The free-space optics consist of low-cost high-precision polymer components assembled pas-
sively. A prototype module with 100-channel optical fiber input/output exhibited alow coupling loss of

4.0 dB and a switching time of 3 ms.

1. Introduction

The rapid growth of broadband network servicesis
adriving force behind the development of the next-
generation optical network based on dense wave-
length division multiplexing. From the viewpoint of
resource management in the network, wavelength-
path-level optical cross-connects (OXCs) are mission
critical technologies due to their multiple restoration
capabilities. These enable features like high robust-
ness against traffic fluctuations and an optimum net-
work configuration in the most cost-effective man-
ner; they are made possible by dynamically allocat-
ing network resources [1]. Recent progress in optical
switches systems based on micro-electro-mechanical
system (MEMS) devices should lead to the construc-
tion of a large-scale, all-optical switch for practical
OXCs[2]-[3].

NTT Microsystem Integration Laboratories has
been developing large-scale three-dimensiona (3D)
MEMS optical switches that are compact and inex-
pensive. The main components of the switch are
MEMS two-axis tilt mirror arrays and free-space
optics. The MEM S mirrors are made of single-crystal
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silicon with integrated gimbal structures and are tilt-
ed two dimensionally by electrostatic force. Thefree-
space optics for internal connections of the switch
consist of low-cost precision-made polymer compo-
nents and are passively assembled using convention-
al dowel pins. We also present the results of a proto-
type having 100 input and 100 output ports, showing
the optical characteristics for internal connection and
the switching operation.

2. Basic switch structure

3D MEMS optical switches are suitable for com-
pact, large-scale switching fabrics because they uti-
lize spatial parallelism, which enables high-density,
3D interconnections. The ability of this architecture
to achieve input- and output-port counts of over one
thousand is the primary driver of the large-scale
OXCs. In particular, these types of switches provide
high application flexibility in network design because
of low and uniform insertion loss with low wave-
length dependency under various operating condi-
tions. Furthermore, this switch exhibits minimal
degradation of the optical signal-to-noiseratio, which
ismainly caused by crosstalk, polarization dependent
loss (PDL), and chromatic and polarization mode dis-
persions.

Figure 1 shows the basic configuration of the 3D
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MEMS optical switch. The optical sig-
nals passing through the optical fibers
at the input port are switched indepen-
dently by the gimbal-mounted MEMS
mirrors with two-axis tilt control and
then focused onto the optical fibers at
the output ports. In the switch, any
connection between input and output
fibers can be accomplished by control-
ling the tilt angle of each mirror. As a
result, the switch can handle several
channels of optical signals directly
without costly optical-electrical or
electrical-optical conversion.

2.1 MEMStwo-axistilt mirror
array

The attributes of MEMS mirror
arrays depend on whether the mirror is
made of polysilicon or single-crystal
silicon. Polysilicon mirrors are fabri-
cated using mature-micromachining
technology, but it isdifficult to achieve
reliable connections in the switch due Mirror
to mirror deformation caused by inher-
ent stress in the materials [4]. Single-
crystal silicon mirrors provide reliable
connections due to their durable
mechanical structure [5].

Figure 2 showsaMEMS mirror con-
sisting of two single-crystal silicon
substrates. The substrates are
processed independently by silicon
bulk micromachining [6] and bonded
together. Each mirror is supported by
folded torsion springs in two orthogo-
nal axes and tilted two-dimensionally by electrostatic
force. The torsion spring has an aspect ratio of > 6,
and this high-aspect-ratio spring features a strong
bending capability relative to torsion and provides
strong support for themirror. Thetilt angle of themir-
ror can be changed by controlling the applied voltage
between the two substrates. In thismirror, thedriving
electrode has a three-dimensional terrace structure,
and this effectively reduces the control voltage com-
pared with a conventional MEMS mirror.

The appearance of a fabricated MEMS mirror is
shown in Fig. 3(a). The mirror has a diameter of 600
um and is integrated with the gimbal structures that
provide freedom of tilt about two axes.
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Fig. 1. Basic structure of 3D MEMS optical switch.
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Fig. 2. Cross-sectional schematic of MEMS two-axis tilt mirror.

2.2 Low-cogt, highly accurate optical components
for free-space optics

The two-dimensional optical fiber and microlens
arrays used to establish the internal connections of
the switch determine the density, hardware volume,
and cost of the switch. However, high-precision posi-
tioning is essential for assembling optical compo-
nentsthat use two-dimensional array devices consist-
ing of hundreds of small elements. Several assembly
techniques have been reported [7]-[8], but such con-
ventional assembly processes may be costly because
they require highly accurate, time-consuming fiber
handling.

To overcome these problems, a two-dimensional
optical fiber array using single-mode optical fibers
with metal micro—ferrules and a polymer substrate
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Fig. 3. (a) MEMS mirror, (b) the high-aspect torsion spring, and (c) 3D terrace electrode with a pivot.

having precisely aigned holes was developed [9].
Figure 4 shows the configuration of the fiber array.
Optical fibers with the metal micro—ferrules and two
dowel pinsareinserted into holesin the polymer sub-
strate. Each ferrule end is polished and given an anti-
reflection coating in advance. The polymer substrate
with guide holes, made of a thermosetting molding
compound, is molded using a transfer-molding
method based on acommon technique for fabricating
ferrules in MT (mechanical transfer) -type optical
connectors [10]. In this structure, the fiber arrays are
passively assembled in a series of simple steps. The
dowel pins are used for alignment between optical
fiber and microlens arrays.

The optical fiber arrays in the switch module have
a10 x 10 arrangement. The fibers in each array are
aligned with a 1.3-mm spacing with an average dis-
placement of less than +2 um, which demonstrates

Optical fibers

Metal ferrules

Polymer substrate
Dowel pins

Fig. 4. Structure of 2D optical fiber array.
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that our two-dimensional optical fiber arrays provide
high-precision fiber positioning. The microlens array
is based on polymer that is transparent to wavelengths
in the 1300-1600-nm range and is suitable for plastic-
injection molding.

2.3 Optomechanics

The optomechanics in the switch generally require
precise alignment with micrometer and sub-milliradi-
an tolerance. The most critical positioning stability
may be required between the fiber and the microlens
arrays because a small misalignment between them
will greatly increase the coupling loss. Therefore, the
placement of each optical component must be kept
stable over its lifetime with allowable errors mea-
sured in micrometers.

To overcome these problems, we used a passive
assembly approach for constructing the optomechan-
icsin the switch. Figure 5 shows a photograph of the
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Fig. 5. Photograph of prototype optical switch module
having 100 input and 100 output ports.
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fabricated switch module having 100 input and 100
output ports. The optical components in the module
were mounted on metal frames without any position-
ing mechanism and firmly fixed to each other using
conventional dowel pins, instead of epoxy resin. The
switch module has an overall hardware volume of
approximately 170 cc (80 x 60 x 35 mm).

2.4 Mirror-motion control

MEMS mirrors generally work as high-Q res-
onators with relatively ineffective damping mecha-
nisms. This severely limits the settling time of the
MEMS-mirror tilt motion, which is mainly deter-
mined by the resonant frequencies and the damping
factors of the mirrors. Therefore, another damping
scheme s needed for high-speed switching operation.
To solve this problem, a high-speed mirror motion
controller with an open-loop control was developed
[11].

Figure 6 shows a block diagram of the mirror-
motion controller. The controller uses open-loop con-
trol and has three functional blocks: a waveform-
shaping block, a digital-to-analog (D/A) converter
block, and ahigh-voltage amplifier (Amp) block. The
waveform-shaping block consists of a calculation
unit for polynomia expressions to process the dri-
ving-signal stream applied to the MEM S mirror. Each
coefficient in the expressions is obtained by an
inverse-function calculation using mirror dynamics.
This waveform-shaping operation eliminates vibra-
tion around the resonant frequency in mirror motion,
thereby reducing the settling time. Figures 7(a) and
(b) show the step responses of the mirror motion
without and with the mirror-motion control. They
confirm that the settling time for mirror motion is
effectively reduced from 20 to 3 ms by using this mir-
ror-motion control. We also developed a real-time
servo control system for the MEMS mirrors, which
maintains the stability of internal connections in the
switch.

3. Performance of a prototype switch module

First, we experimentally evaluated the optical char-
acteristics of the switch module. Thetypical insertion
loss of a port was 4.0 dB, the return losses were
greater than 30 dB, the PDLs were |ess than 0.5 dB,
and the crosstalk into adjacent portswas less than —60
dB, as shown in Table 1. These results experimental-
ly confirm that our switch module has good optical
characteristics for practical applications.

We also evaluated the switching operation of the
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Fig. 6. Block diagram of mirror-motion controller.
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Fig. 7. Step response of MEMS-mirror motion (a) without
and (b) with mirror-motion control.

Table 1. Summary of optical characteristics in the module.

Insertion loss 4.0 [dB]
Return loss >30 [dB]
PDL <05 [dB]
Crosstalk <60 [dB]

module. Figure 8 shows an example of the 1 x 2
switching operation when driving voltages for the
MEMS mirrors were under 50 V. The switching time
was about 3 mswith the newly developed high-speed
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Fig. 8. Example of 1 x 2 switching operation.
mirror-motion controller, which demonstrates the
feasibility of the compact low-cost 3D MEM S optical
switch module.

4. Conclusion

We have developed a compact, low-cost switch
module based on MEMS two-axis tilt mirror arrays
and free-space optics using polymer components.
The MEMS-mirror arrays consist of single-crystal
silicon mirrors supported by high-aspect-ratio torsion
springs that provide the highly durable mechanical
structure needed for reliable connections in the
switch module. The free-space optics, which com-
prise low-cost and highly accurate two-dimensional
optical fiber and microlens arrays based on polymer
components, are fabricated by passive assembly for
low cost. Experimental results showed that a proto-
type switch module with 100-channel optical fiber
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input/output has a low coupling loss of 4.0 dB and
switching time of 3 ms.
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