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J. |. Dadap, P. B. Chu, I. Brener, C. Pu, C. D. Lee, K. Bergman, N. Bonadeo, T. Chau, M. Chou, R. Doran, R. Gibson,
R. Harel, J. J. Johnson, S. S. Lee, S. Park, D. R. Peale, R. Rodriguez, D. Tong, M. Tsai, C. Wu, W. Zhong,
E. L. Goldstein, L. Y. Lin, and J. A. Walker

Abstract—We describe and demonstrate a modular micro- chance of a complete switch replacement during service, an
electromechanical systems (MEMS)-based optical cross-connectoverbuilt of the component arrays and associated electronics

(OXC) architecture. The OXC port count increases modularly by 5y he necessary, which may further drive up the cost-per-port
adding new optical modules, and a maximum cross-connectivity of - ’ . . ’
and may increase the insertion loss.

~ 350 x 350 can be achieved in the current design. Each optical .
module has 16 ports with closed-loop servo-controlled MEMS  TO solve these challenges, we developed a modular optical
mirrors. Using a prototype OXC system, mounted in a standard switch architecture. In a modula¥ x N switch architecture,
telecommunications equipment bay comprising optical modules, where2N is the total number of ports (input+output), the OXC
folding mirrors, and other optical elements, we demonstrate s composed of several identical switch modules. Each module
switching times of less than 10 ms, excellent optical power stability . ised of: N ts. Each t ists of a fib
of less than +0.15-dB variation, and immunity to stochastic IS comprlge of(< N) ports. Eac .por CconsIsts 0 ‘_”1 1oer, a
vibrations. An automatic power peak-up process is performed MEMS mirror, Ienses, and an associated ang|e-senSIng scheme.
when the power falls below 0.5 dB off the maximum coupled A modular architecture has a number of distinct benefits.
power for any connection. 1) There is no port-yield bottleneck since each port is built
Index Terms—Microelectromechanical systems (MEMS), mod- from tested components and can be optimized individually.

ular switching, optical cross-connect (OXC), optical fiber commu-  2) Since each module contains a small number of ports, it can

nications, optical switching. be built with relative ease. In addition, the assembly of the
whole switch comprising an array of modules in a card cage
|. INTRODUCTION and an optical chassis, is very similar to that of a standard

. . _communications equipment, and may be achieved with less
VER THE past few years, mlcroelectromechamcz%ifﬁculty compared to a switch fabric with huge monolithic

systems (MEMS) technology has emerged as a maj&gmponent arrays. 3) The system capacity can be increased by

cg;(g:ldate 'fokr‘ bu"dl.ngblhlg? p(()jrt-clount opt|_cal hcross-connegldding new modules instead of installing a whole switch fabric
( ) switches suitable for deployment in the core-tran s in @ monolithic approach, thus, reducing startup cost and en-

por: netwtorks [1]. The tSV\,:'tC.h fﬁbrlcs preshe nt dm (;hesfef_gl ling pay-as-you-grow cost structure. 4) The system can allow
Ioor -eoun grﬁéﬁgngﬁ S yp_llc_a y require 2”” ;e sorh Iefﬁ’-service installation and replacement of individual modules
enses, an silicon tilting mirrors [2], [3] precise Yinstead of the whole switch fabric. For the last point, however,

aligned in a three-dimensional cpnﬂggraﬂon, and in additio aintaining immunity to stochastic vibrations during in-service
hundreds or thousands of electrical signals may be needed t

Sdule installation or replacement is essential. We have
be routed to control the MEMS mirrors. The popular approag P '

. L erefore, employed closed-loop servo control of the MEMS
in 8 MEMS-based OXC makes use of large manolithic MIMQhirrors for long-term mechanical and electrical stability, and

chips, fiber bundles, and lens arrays, which requires stringqg; its ability to provide extended mirror switching angles and

alignment tolerancg; of a few micrometers eg., fpr the flbeIrgster switching times in contrast to open-loop control [4].
and lenses) and tilting accuracies of tens;@&d in order

to keep the excess optical loss to within 1 dB. Although the
monolithic approach may simplify the packaging complexity of Il. DESCRIPTION OF THEMODULAR SYSTEM

the OXC, its drawbacks are numerous. 1) Poor component yleIdThe basic switch fabric is composed of arrays of identical

will increase the cost-per—.port, limit the array size, and thuf(i-port module assemblies, shown schematically in Fig. 1. Each
the overall port count. 2) Since these massive components must

be factory installed and aligned, such a system requires h@?du'e resembles a large circuit board with the necessary me-

. . . - anical structure to enable insertion and securing into a given
installation and replacement cost even if only a limited numbé : X

- - Slot of a card cage. It also contains a fiber-management spool,
of ports are needed initially. 3) A rigidly and permanentl)é

L L tical and electrical connectors, and support electronics built
assembled system eliminates the possibility of componen[f N . o .
into the circuit board. Each optical port unit is comprised of

repair or replacement during service. Hence, to reduce trt\]“?ens fused to the tip of the fiber, a folding mirror, a MEMS
_ _ _ mirror, and a collimating lens. The fused lens serves to reduce
Manuscript received May 28, 2003; revised July 18, 2003. the NA of the fiber from 0.13 to 0.07 in order to provide suffi-
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dadap@cumsl.msl.columbia.edu; cpu@ieee.org). cient space between the optical components. The optimal rela-
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Fig. 1. Sch tic of modul tical system.
9 chematic of modular oplical system Fig. 2. Mechanical design of modular switch fabric.

limating lens(f = 18 mm), are determined such that the min-

imum beam waist position is closest to or located at a distan((::%aSSIS with four folding mirrors (denoted A% in Fig. 1), di-

ecting light from input modules on one side to the output mod-

of 1 m from the port, corresponding to one half of the total pa{ L . .
length of 2 m. This is accomplished through minor adjustmenl:ﬂses on the opposite side. The card cage and the optical chassis

o . . . .are mounted on a standard wide-bay rack via four dampers that
of the collimating lens position while monitoring the beam di- ~ . "~ ) . Y
Browde isolation from mechanical vibrations.

a_lm_eter atvarious locations along th_e l_)eam path. This proced r%iven that the vertical and horizontal pitch of the optical ports
limits any adverse effects of the variation of focal lengths of the

lenses as well as the MEMS mirror curvature (focusing) radiu%r,e 8.5 and 12.0 mm, respecnvely, a fully populated card cage

typically around~20 cm would support a 384 (16 times 24) by 384 strictly nonblocking
Outside of the opticai units, two dome lensgs = 2 m) switch. The maximum measurable mechanical tit:i&, lim-

each being large enough to cover the entire plane of the input'tc()ard by the angle-sensing optics. After allocating abdf to

output port arrays, are added to the optical path in close proc)gmpensate for component misalignment and packaging toler-

imity to the collimating lenses. This optical geometry provide%nces’ we may realize, conservatively, 348 by 348 valid con-

: . . . nections witht4° of MEMS tilting. The maximum port count
invariance of the connection angles between any arbitrary por . . . . . .

) . L . ay be increased by reducing the optical pitch, increasing the
on one side (input or receiving) of the OXC to a specific po'i\/l

on the opposite side of the OXC. As an example, for ideal oP-E.MS tiitangles, Improving mangfactunng tolerance, anq op-
. . : . . .. _{fImizing the lens design. The scaling of the port count to higher
tical components and alignment, if all input mirrors are tilted

in the same direction all input port beams will be redirecte%lumberS is limited chiefly by the port size and, to a lesser ex-

to one unique spot on the receiving dome lens. The startig. O e oy ovtod 10 be
que sp 9 ' %gry low because of the large optical beam waist (nm). For

. . . . P/
E’Oﬁ:fkitgblisfgrotfhtiigosnt?aetce“on angles is drastically S|mpl|f|et e demonstration described here, we populated our prototype
y 9 9y .OXC with six optical modules, which provided a total of four

An auxiliary MEMS tilt angle-sensing system (not shown) |§ . O
incorporated into each port, utilizing either optical or capacitivéansmIttIng and four receiving ports. These modules were then
! oved to different locations to simulate large-port count OXC

sensing. Here, we report data obtained using the former, whidjved s .
. . . . switching, to measure parameters such as switching time, and

employs a dichroic beam splitter between the MEMS mirror aqo test the peak-un alaorithm described below.

the collimating lens. It redirects an out-of-band laser into a posi- P P alg '

tion-sensitive detector while providing negligible loss at the co-

propagating data wavelength of 1310 nm. The theoretical optical

loss for the designed optical configuration is 228.5 dB for all The MEMS mirrors used in this work are double-gimbaled

possible connections, which takes into account all possible djting mirrors made of 1Q:m-thick single-crystal silicon

tical loss mechanisms including those due to the MEMS mirraiith radius from 400 to 45:m [5]. Suspended by torsional

etch holes, spring area, and variations in MEMS curvature rgprings, the mirrors are designed to have resonant frequency at

dius (20-60 cm). For the prototype mirrors, where only 85% akro deflection angle typically between 300 and 400 Hz (both

the available area is gold coated, we have measured losses obg)), with@ (in air) of ~3 to 5 for both axes. The mirrors

+ 1.0 dB, close to the predicted value©5.5 dB. are coated with a thin adhesion and 7R@hick gold layers.

The mechanical design of the OXC is illustrated in Fig. Zr’he MEMS mirrors are electrostatically actuated by quadrant
From the front view, the card cage is divided into two sides, twalectrodes underneath the mirrors with less than 85 V, using
rows of 12 vertical slots for 24 input modules on the left and closed-loop servo control system that provides immunity
a symmetric structure for 24 output modules on the right. The stochastic vibrations, long-term mechanical and electronic
two sides are separated by additional slots for switch-fabric cagrift, and enables a large mechanical tilt angled°) and fast
troller cards. Attached to the back of the card cage is an optisatitching time 10 ms). Hermetic sealing will be required

I1l. MEMS AND CONTROL SYSTEM
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Fig. 3. Typical OXC event. The switching time is measured from the triggdfig. 4. Typical automatic power-peaking event starting fret30 dB below
pulse. Inset: fiber-coupled power stability measurement over 100 s. peak power coupling.

for the MEMS mirrors in a real product, but for this prototypé'alctively checksll connections for slow power drifts and per-
demonstration we used unsealed mirrors. forms small angular corrections if the power falls by more than

The nonlinear controller is based on a new torque-to-voltade> dB from maximum coupling. 2) This algorithm is used to
conversion technique [4] and classic linear controller tec nd the initial angles for a connection during the installation of

niques with full-state feedback, state estimator, and referedi&@V switching modules. When a switching module is plugged
input with feed-forward [6]. The controller is implementednt® POsition and the MEMS mirrors are actuated a_ccordmg to
using a 100-MHz 600FLOPS (32-b floating point) digital signalhe initial look-up tabl'e, the coupled power could_be inthe range
processor (DSP) with interfaces to multiple analog-to-didf —30 t0—40 dB off its peak. Fig. 4 shows a typical automatic
ital-digital-to-analog converters. After code optimization, BOWer-peaking process that takes less than 70 steps to reach
single DSP could servo eight mirrors with a sampling rafé€ak power from around 30 dB below peak. Each step indicates
of 20 kHz (or 16 mirrors at 10 kHz). Long-termw(0 h) a concerted tilting of corresponding transmitting and receiving
mechanical tilt angular noise of less than 15@d is achieved, Miors. Power measurements for the peak-up algorithm were
The servo-control also provides the necessary noise immu pled at 1-kHz rate. The theoretical speed of this peak-up

for in-service module insertion into the system card Caggrocess is limited by the photodiode efficiency, the power reso-

Although vibration isolation for this system was not systemaftion (typically ~0.05 dB), and the mechanical response of the

ically characterized, manual perturbation to the chassis (e/glirors for small-angle switching.
applying an impulsive force, opening and closing card cage)

did not result in any measurable power drop. V. SUMMARY
We have demonstrated a modular architecture for an OXC
IV. RESULTS AND DISCUSSION using MEMS mirrors running under fully closed-loop servo

Fig. 3 shows a typical switching event from the moment thc:eohtrol. Switching times of less than 10 ms and mirror angular

command is received by the DSP controller until the peak pow%?'se of less than 150rad are achieved.

coupling is achieved. The switching time, defined as the pe- R
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