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Abstract—In this letter, we demonstratethe limitations for 1
fr ee spaceoptical switch with a moving macro-lens. We use

a deformable mirr or to overcometheselimitations. The adaptive
mirr or correctsfor theaberrations.Power couplingefficienciesbe-
tween6 and 3 dB (including lossesdue to the optical elements)are
feasiblefor an optical switch allowing up to 3019receiver fibers.

Index Terms—Adaptive optics, deformable mirr or, micro-opto-
electro-mechanicalsystems(MOEMS), optical switch.

I. INTRODUCTION

DURING THE PAST few years,the demandfor optical
telecommunicationshasboomed[1]. In order to satisfy

this demand,new optical switchesarerequiredto replacethe
electricalswitchesusedup until now. Optical switcheswith a
few interconnects(1 2, or 2 2) have beenpublishedfor a
coupleof years[2]. Nevertheless,optical telecommunication
networksneedopticalswitcheswith largenumberof intercon-
nects.Alignmenttolerances,diffractionof theGaussianbeams,
andaberrationsareparameterswhich aremorecritical for op-
tical switcheswith large numberof interconnectsthanfor op-
tical switcheswith a few interconnects.Most of the published
optical switcheswith large numberof interconnectsareusing
micromirrorswith sizesin the rangeof 100–500 m [3]–[5].
Theseswitcheshave relatively small collimatedbeams,which
in thecaseof two-dimensional(2-D) micro-electro-mechanical
system(MEMS) opticalcross-connect,limit theirexpandability
due to diffraction [6]. Another approach(without micromir-
rors) is to usea macro-lensandhave largercollimatedbeams.
With thisapproach,thediffractionof theGaussianbeamis less
critical, but aberrationsbecomesignificant. To overcomethis
drawback,therearetwo possibleways.Oneis to usea diffrac-
tion-limited designedlens[7]. The otherway, which we have
chosen,is to usea conventionallensandcorrectfor the aber-
rationsusing an adaptive mirror. In this work, 1 optical
switchesarestudied.Investigationsareconductedto describe
the physical propertiesof the switchesandto determinetheir
limitations.Themeritfunctionof opticalswitchesis theirpower
couplingefficiency. The limitations,mainly dueto aberrations
and misalignmentsof the optical components,are overcome
usinga micromachineddeformablemirror.
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Fig.1. Schematicsetupof thefreespaceopticalswitchingsystem.Thesource
fiber is imaged(4f system)ontooneof thereceiver fibersby moving thelens
laterally.

Fig. 2. Schematic and photograph of the micromachined deformable
membranemirror. The membranehasa diameterof 15 mm and a thickness
of d < 1 �m. The surfaceof the membraneis coatedwith a 0.2-�m-thick
reflective aluminumlayer. Its active areahasa diameterof 12 mm.

II. GENERAL CONCEPT

The optical systemhas two functions. First, it imagesa
single-modesourcefiber onto anothersingle-modereceiver
fiber (coupling function). Second,it deflects the beam to
addressoneof the receiver fibers(switching function).Fig. 1
shows the systemcomposedof a fiber bundle, a lens and a
mirror.

III. DESCRIPTIONOF THE DEFORMABLE MIRROR

We usea deformablemirror which is anadaptive membrane
mirror fabricatedby bulk silicon micromachiningat the T. U.
Delft [8] (seeFig.2).Electrostaticdeflectionis generatedby 37
electrodesdisposedunderthemembranein a hexagonalarray.
Themaximumappliedvoltageis around190V. Sincethemem-
branecanonly bedeflectedtowardtheelectrodes,abiasvoltage
of is appliedto themembraneto achieve bidirec-
tionalmovement.Theproduceddeflectioncorrespondstoacon-
cavemirror with afocal lengthof about2 m. Theinitial setupis
madeto compensatethis slight defocus.Themembranemirror
hasthecapabilityto efficiently correctthefirst 15Zernikepoly-
nomials.The optimizationof the shapeof the membranefor
maximumpower couplingefficiency of eachconnectionis ob-
tainedwith thehelpof anevolutionaryalgorithm[9]. It canbe
describedby thefollowing operations:reproduction,mutation,
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Fig. 3. Genetic algorithm based on the Zernike modes of the membrane. A
population is randomly chosen and tested. The best individuals are selected for
reproduction, their genetic codes are mixed to create a progeny. The progeny
undergoes a mutation, some Zernike polynomial weights are randomly changed.
The progeny is tested and compared to their parents. The best individuals are
kept for a new reproduction. Each reproduction is considered as an iteration.

Fig. 4. Experimental setup of the switching system.

competition, and selection. In our model, each possible shape of
the mirror is an individual. This individual is described by the
weights given to the first 15 Zernike polynomials to deflect the
membrane. The weights given to the polynomials are the genetic
code of the individual. Fig. 3 shows the block diagram with the
main steps of the algorithm. The maximum efficiency is usually
obtained after less than 20 iterations.

IV. EXPERIMENTAL SETUP

The experimental setup is schematically shown in Fig. 4.
Light emitted from a He–Ne laser ( nm) is coupled
into a single-mode fiber (SMF) using an aspheric lens. A
92%/8% coupler splits the signal into a reference fiber and
a source fiber. The source fiber is part of a linear array of
32 SMFs. The 32 fibers are held in a commercially available
silicon V-groove array. The distance between adjacent fiber
cores is 250 m 0.5 m. The SMFs have a cutoff wavelength
of 590 nm. The mode field diameter is m,
corresponding to a core diameter of 3.8m and a numerical
aperture of . The cladding diameter is 125m.
The linear array of fibers is placed in the front focal plane of

Fig. 5. Power coupling efficiency optimization curves for most of the 31
configurations.

the lens, whereas the mirror is placed in the back focal plane.
The lens is an achromat of focal length mm with an
antireflective coating (reflectance 0.3 ). The achromat is
a commercially available doublet (Linos # 322 209) made of
SF2 ( at 633 nm) and BK7 ( at 633 nm).
Switching from the source fiber to any of the 31 receiver fibers
is possible by moving the achromat laterally using a precision
x–y stage with a resolution of 0.14m and a speed of 80m/s.
The signals from the receiver fiber and the reference fiber are
detected with calibrated silicon photodiodes. The ratio of the
receiver and the reference signal gives the coupling efficiency.
The way we use the linear array of fibers, the source fiber at
one end demonstrates the feasibility of a system which is twice
as large with symmetric displacement of the achromat. The 32
fiber linear array can, therefore, demonstrate the feasibility of a
1 62 one-dimensional (1-D) system. Moreover, 2-D arrays of
fibers can be switched if the achromat is displaced in both x and
y directions. The 32 fiber linear array can, thus, demonstrate
the feasibility of a 1 3019 2-D system.

V. RESULTS

In general, after ten generations, the algorithm has con-
verged (see Fig. 5). The important parameters to get good con-
vergence are the amount of mutations, as well as the number
of modes used. Fifteen to twenty modes are enough for the
optimization. If less than fifteen modes are used, the optimiza-
tion is not optimal. With more than twenty modes, the algo-
rithm gets slower without a significant improvement of the
result. It is not astonishing that the number of useful modes
is in the 15–20 range as it corresponds to the aberrations up
to the sixth order (secondary aberrations). The optimization
time is several minutes. However, each connection has its own
optimized deformation which can be memorized, storing the
voltages applied on each electrode. With these preset values
and thanks to the good repeatability of the deformation of the
membrane [10], the optimized deformation can be recalled for
later connection to the same receiver fiber. Experimentally, no
significant decrease of the coupling efficiency was measured
in recalling specific deformations. Fig. 6 shows the coupling
efficiency of our system using the deformable mirror, com-
pared to the same system with a conventional flat mirror. The
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Fig. 6. Measured coupling efficiency using a deformable mirror compared
with a flat mirror.

flat mirror system has a rapidly decreasing power coupling
efficiency with the increasing number of receiver fibers. For
comparison, the optimized power coupling efficiency using the
deformable mirror is between 25% and 51% for all fibers and
shows no fading with increasing fiber number. The measured
crosstalk is less than 30 dB (detection limit). The total loss
due to the optical elements is estimated to be 22%, by consid-
ering two interfaces between the receiver fiber and air with 4%
Fresnel losses each, 1% transmission loss inside the achromat,
and 0.3% of reflectance at both interfaces and a reflectivity
of 87% for the mirror. The difference between the maximum
coupling efficiency (78%) and the measured ones (51%) has
several reasons. First, the mirror we used has a large astigma-
tism at rest, because of residual stress in the membrane. Sim-
ulations show that an astigmatism of leads to a decrease
of the coupling efficiency by 50%. The measured deviation of
the membrane from the perfect plane corresponds to
at rest. corresponds to a quarter of the correction range of
the mirror. Although the mirror has the potential to correct its
own imperfections, this limits the ability to further correct the
system aberrations. A second point limits the performance of
the mirror: the instability of the voltage supply. Fluctuations
have been measured which lead to deformation fluctuations of
0.1 m at the center of the membrane at maximum
voltage V.

VI. CONCLUSION

We have shown how a deformable membrane mirror can
correct the aberrations of an optical switching system. The
measured coupling efficiencies for connections up to the 31th
receiver fiber of a 1-D one-directional system are found to be
between 25% and 51% (including the 22% losses due to the
optical components). Compared to an optical system without
correction of the aberrations, the system with the deformable
mirror is better for connections beyond the eighth receiver

fiber (see Fig. 6). We have demonstrated the feasibility of a
1-D one-directional 1 31 optical switching system, which
corresponds to a 1 3019 2-D system. The limit is given by
the size of the achromat and its lateral displacement required
for the switching. A larger achromat (with a larger focal
length) and a larger deformable mirror should be able to
address more receiver fibers. The correction of aberrations
was limited in our experiments by the residual stress of the
membrane. Deformable membrane mirrors with almost no
stress have been reported [8] and would improve the coupling
efficiency by around 10%. Because of the hexagonal geometry
of the electrode structure, some types of aberrations can be
corrected more easily than others. For example, the secondary
astigmatism (or ashtray) is particularly well adapted to be
corrected by a hexagonal structure of electrodes. In contrary,
the spherical aberration is more difficult to correct, since the
center part of the membrane has to be pushed and a circular ring
has to be pulled. A circular structure of electrodes would be
more adapted for such a deformation. Deformable membrane
mirrors with different electrode structures are commercially
available [11] and show the feasibility of such improvements.
Finally, the use of IR light ( m) instead of red light
( m) would not generate different results. It would
only relax the alignment tolerances, as the diameter of the core
of SMFs is around 10 m for m and around 4 m
for m.
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