
50 Optics & Photonics News ■ November 2002

Dmitry V. Bakin and Janusz Bryzek

1047-6938/02/11/0050/6-$0015.00  © Optical Society of America

The authors describe an all-optical multiport 
cross-connect switch based on very-large-integrated 

micro-optical electromechanical systems (VLIMOEMS).
They explain the principle of operation of the switch,

as well as the design requirements necessary to operate 
it in conformity with Telecordia GR-1073-CORE. Basic 

methods for optical modeling and optimization are 
described, as is a method for obtaining cross-connect 

scalability at levels of up to 16,000 ports.

Figure 1.Vertically integrated 1200-mirror MOEMS array.The bottom CMOS wafer includes
4800 digital-to-analog converters with 15-bit resolution and 120-V output. Each mirror is
driven by four electrodes fabricated by means of multilayer metalization. Bulk micromachin-
ing yields an optically flat mirror surface characterized by a high level of optical performance.
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M ultiport cross-connect switch-
es (MPCCS) based on very-
large-integrated micro-optical

electromechanical systems (VLIMOEMS)
can transform the enormous transmission
capacity of fiber into intelligent, next-gen-
eration optical connectivity services.
Compared with today’s nonscalable opto-
electronic solutions, the all-photonic
VLIMOEMS-based switch, which is trans-
parent to underlying network protocols, is
characterized by radically reduced cost,
size and power consumption.

Advantages of MOEMS
The MOEMS approach offers unique ad-
vantages in comparison with other types
of switching based on optomechanical sys-
tems, electro-optic effects, bubble technol-
ogy, and wave-guide devices. Electrostati-
cally driven MEMS mirrors formed on
flexing crystal silicon structures can be
combined with underlying electronic con-
trol circuits produced by standard CMOS
processes. This procedure opens the door
to very-large, high-fill-factor circuit inte-
gration by means of standard masking
processes. The example in Fig.1 shows a
portion of a VLIMOEMS in which the
mechanical structure of the mirror is inte-
grated above a metalized very-large-scale-
integrated (VLSI) wafer. The short dis-
tance between the VLSI transistors and the
electrodes reduces not only the required
drive power, but also the size of the inte-
grated high-voltage transistors, thus en-
abling integration of the complex elec-
tronics directly under each mirror.

MOEMS-based 
optical architecture 
Typically, MOEMS-based MPCCSs are di-
vided into two configuration types. The
first is the N2 two-dimensional (2D) con-
figuration, in which light switching be-
tween N input and N output ports is per-
formed by N 2 bistable mirrors. A disad-
vantage of these switches is that they are
characterized by insertion loss that in-
creases rapidly with increases in the num-
ber of channels; for this reason, they are
usually not suitable for applications with
more then 64 ports.

The 2N 3D configuration, on the other
hand, allows light switching between N in-
put and N output ports using 2N control-
lable mirrors. The fiber ports and mirror
arrays form a 3D cross-connect path. The

major advantage of this configuration is
that it can be scaled to large port counts,
making it the most promising solution for
next-generation dense wavelength divi-
sion multiplexing (DWDM) systems with
high wavelength channel counts (>200)
per fiber. The principle of operation of the
3D MOEMS-based optical cross-connect
switch is demonstrated in Fig. 2. The
cross-connection is achieved by means of
a pair of mirrors that form a “zigzag” light
path between input and output fiber
channels. The combination of two
MOEMS mirror arrays allows for the con-
nection of any pair of fibers assembled in
the input and output fiber blocks. This
type of optical cross-connect path enables
nonblocking switching of signals between
a large numbers of ports.

System constraints
Optical design is an essential part of over-
all product development. The ideal solu-
tion provides a robust, reliable device that
meets required performance specifications
while allowing system scalability. The ini-
tial concept is based on a set of simple re-
quirements involving the optical train,
system components and modules:

• the microlens arrays should provide
diffraction-limited performance with
low focal distance variations between
lenses to minimize insertion loss;

• all apertures in the system should be
large enough to avoid diffraction-relat-
ed loss of beam intensity;

• the mirrors should maintain precise and
stable angular orientation to provide
high fiber-to-fiber coupling efficiency;

• the design should be able to accommo-
date the optional diagnostic and moni-
toring features that may be required for
increased system stability.

We performed an initial mathematical
analysis of the optical path dimensions
and footprints, followed by analysis of the
propagation of waves through the system.
The theoretical limitations on the size of
the MOEMS mirror a and microlens focus
F are derived from two conditions:

• to avoid channel interference and min-
imize losses, the beam cross-section 
at e-2 intensity should be at least √2
times smaller than the aperture in the
system (which introduces 0.08 dB in-
sertion loss);

• the distance between mirrors should be
sufficient to allow any output port to
be addressed from any input port.

Figure 3 shows how the maximum
mirror-tilt angle affects the optical path
length of the switch:

• at maximum tilt, the corner mirror of
the input array should “cover” the cor-
ner mirror of the output array;

• the input mirror must provide an in-
verse tilt across the diagonal; for this
reason, the mirrors must provide a tilt
of ±�;
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Figure 2. 3D-optical switching with MOEMS mirrors. Light diverging from fiber (1a) is colli-
mated by microlens (2a) into beam (4), which is reflected by mirror (3a) onto mirror (3b).
The beam is directed to the matching output fiber (1b) through the second microlens (2b).



Figure 6. Beam waist position vs. position of 
single-mode fiber behind microlens focus for
1.55-�m wavelength.

Figure 5.Minimal optical path length L and array
diagonal size D vs. port count N.

Figure 3. Mirror-tilt angle requirements. The
largest tilt angle in the mirror array is required
when the corner mirror directs light to extreme
corners of the opposite array.

Figure 4. Minimal mirror array pitch a, in mm,
vs. number of ports N for the system with mir-
ror tilt � of: (A) ±2°; (B) ±3°.

• larger mirror arrays require either larg-
er mirror tilt or a longer distance d be-
tween mirrors;

• since maximum mirror tilt is limited by
mirror technology, the only remaining
option is to increase distance d ;

• when the optical path length increases,
the infrared (IR) beam energy spills
over onto surrounding mirrors, in-
creasing insertion loss and cross talk.

Optical path parameters
The basic parameters of the model are the
mirror-tilt angle � and the mirror pitch
size a. The beam profile has a symmetrical
shape as it propagates through the system.
The beam waist is positioned in the mid-
dle of the optical path. This arrangement
allows for bidirectional switch operation
with minimal insertion loss. The fibers,
microlenses and mirrors are assembled in
a square grid pattern with the total num-
ber of ports N. The divergence properties
of the Gaussian beam Lm limit the maxi-
mum distance between microlenses. On
the other hand, to address each input
channel from each output channel, the
minimal allowable distance between
MOEMS mirrors can be estimated as:

DLm� ——— (1)
tan(2�)

where D=a√2N
—–

, the diagonal size of the
MOEMS switch.

The minimal allowable distance be-
tween microlenses Lrm should be some-
what larger then Lm, since the extra dis-
tance is required for clearing the light path
after reflection from the mirror. Based on
Eq. (1) we can express this condition as:

Lrm = ak√N
—

, (2)

where k is the factor accounting for the in-
creased distance.

The minimum sizes for the grid spac-
ing a for a mirror tilt of two degrees and
three degrees as a function of port count N
are shown in Fig. 4. The minimum recom-
mended optical path length L(N) and the
diagonal sizes of the fiber-block microlens
array and MOEMS array D(N) are shown
in Fig. 5.

Microlens parameters
The most important part of the design is
the choice of microlenses with the correct

focal distance. The choice should satisfy
two seemingly contradictory require-
ments: on one hand, if the focal distance F
is too short, the beam waist will be too
close to the lens and will not be in the
middle of the optical path, (the condition
required for symmetrical propagation of
the Gaussian beam between microlenses
and MOEMS mirror arrays); on the other
hand, if the focus is too long, throughput
losses increase because of Gaussian beam
truncation. To select the optimal focus dis-
tance, we analyzed both conditions in de-
tail. Taking into account the paraxial lens
approach to Gaussian beam focus, the
conjugated beam waists are related
through the equation written here in qua-
si-Newtonian form:

F 2
x1 • x2 = ———— (3)

1+z0
2/x1

2

where x1=d1–F, d 2=x 2–F, and z0 is the
Rayleigh parameter  

�w0
2

z0 = ——
�

for the Gaussian beam.
The examples of graphical dependence

between x1 and x 2 are shown in Fig. 6 for
the focal distances 4 mm and 6 mm.

The maximum distance from the lens
to the beam waist is achieved when the
fiber is positioned at x1=z0 before the focal
point. That condition puts a lower limit of
Fmin on the microlens focus. At the same
time, the designer has the freedom to se-
lect a larger mirror size a. A cross-connect
switch with a larger number of ports will
require microlenses with a relatively
longer focus. But the increased focal
length of the microlens can cause trunca-
tion of the Gaussian beam, which leads to
higher throughput losses. Taking all of
these factors into account, the beam foot-
print diameter on the lens is given by:

—————–| F +z0w1= 2w0 1+(———)
2

(4)√ z0 ,

when F >> z0, the diameter is proportion-
al to F multiplied by the numerical aper-
ture of the fiber. The loss on the lens is a
function of the ratio of the aperture to the
footprint diameter, and is described by the
formula

2a2
�a(w1, a)=1– exp(– —–) (5)

w1
2
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Figure 7. Microlens array focal distance limit vs.
array pitch size: (A) maximum focus Fmax calcu-
lated for 0.08 dB; (B) minimal  focus for mirror
tilt ±3°, and 1200 ports; (C) minimal focus for
mirror tilt ±3° and 4000 ports.

We can make the design so that the
Gaussian diameter of the beam on the
lens is:

aw1≤ —
√2

–
.

At this size, the aperture contributes 
0.08 dB to insertion loss. When the Gauss-
ian diameter of the beam equals the size of
the aperture, the throughput loss is 0.63
dB. When all of these conditions are met,
one can determine the upper limit for the
microlens focal length.

The graphs corresponding to mini-
mum and maximum microlens focus, ex-
pressed as the function of microlens pitch
a, are shown in Fig. 7. The microlens focus
length selected by the designer should be
bigger than Fmin and smaller than Fmax. As
can be seen, the solution exists only above
a certain microlens aperture size. The
graphical dependence of the focus F as a
function of the port count N is shown in
Fig. 8 as a dotted line.

The minimum required grid spacing of
the fiber block, microlens array and
MOEMS array was determined on the ba-
sis of the Gaussian beam propagation
through the MOEMS-based optical cross-
connect system with the given port count
number N. We also determined the focal
distance of the lens and the length of the
optical path.

In theory, there is no limit to the num-
ber of ports that can be incorporated into
the design, as long as the following condi-
tions are met:

• the size of the mirror and the microlens
pitch exceed the minimal size a(�,N);

• the microlens focus is somewhere be-
tween Fmin(a) and Fmax(a).

Potential limitations to the design come
from the problem of maintaining unifor-
mity over the array of microlenses and
producing lenses with sufficient sag. The
sag, S, can be estimated from the formula:

r2
S = ———– (6)

2(n–1)F

where r is the lens radius, n is the index of
refraction, and F is the focal length.

The typical sag limitation for the man-
ufacture of microlenses is 50–100 �m. Sil-
icon offers significant advantages because
of its flatter geometry, although the fact

that it is not transparent for light with
wavelengths below 1 µm complicates sys-
tem alignment.

Calculating the optical path 
The simple ABCD model of paraxial lens
approximation allows us to determine the
profile of the Gaussian beam propagating
through the system and to identify narrow
spots, where the beam is truncated by the
apertures of the elements. According to
our calculations, a system with 1024 ports
and the MOEMS-mirror half-tilt angle
�=3° should have the following minimum
parameters:

• minimum lens diameter and 
array spacing a(1024) = 2.0 mm;

• minimum diagonal size for fiber 
block, microlens and MOEMS array
D(1024) = 90.4 mm;

• optical path length from microlens 
to microlens L(1024) = 1012 mm;

• lens focal distance F(1024) = 7.4 mm;

• distance between MOEMS 
mirror arrays Lm = 860 mm.

An example of a telecommunication
beam footprint propagating through the
system is shown in Fig. 9.

Managing insertion loss
The next step in the design process is a
ray-tracing analysis. We created a ray-trac-
ing model of the switch using Zemax soft-
ware; the parameters derived from the
paraxial Gaussian beam propagation
model were used as the initial input. This
step allowed us to analyze the system’s per-
formance with real lenses and dimension-
ing tolerances.

The result was that the design can be
optimized in the following areas:

• selection of microlens material 
(glass type);

• microlens shape (length, radius 
and profile);

• focus compensation plate thickness;

• optical component tolerances.

Further optimization of the design was
performed through wave-propagation
analysis, which allowed us to determine
the contribution to insertion loss of wave-
front errors, component misalignments
and aperture diffraction.
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Figure 9. Beam footprint diameter as a func-
tion of the optical propagation distance for:
(A) l=1550 nm; (B) l=1310 nm; (C) maximum
beam diameter allowed for "diffraction-free"
performance.
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The liquid can provide BR suppression in
the limited temperature range (typically
±10°C) due to mismatch in the index of
refraction temperature gradient between
the cover glass and the fiber. The more ef-
ficient approach would be to use individ-
ual fiber collimators with angled fibers,
but this is more costly and requires assem-
bling and aligning individual collimators.

Conclusions
The use of very-large-integrated MOEMS
for all-optical cross-connect switches cre-
ates new opportunities in building multi-
port systems transparent to underlying
network protocols. There are no optical
design limitations for scalability up to
16,000 ports. Practical limitations come
from the difficulties of achieving focus
uniformity over the microlens array as
well as thermal and mechanical stability,
and also from the complexities of imple-
menting robust and precise mirror-posi-
tion control algorithms. The MOEMS-
based optical switch can support next-
generation DWDM systems with high
wavelength counts (>200) per fiber.
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Figure 10 shows variation parameters
together with the distribution of diffraction
losses accumulated after each aperture for
the optical beam at 1550 nm propagating
through the optical switch in the example.

System parameter tolerances 
The parameters affecting system insertion
loss include:

• fiber position accuracy �x ;
• fiber tilt angle ��;
• microlens focus variation �F ;
• microlens aperture diameter a;
• microlens surface error �	;
• mirror position tolerances �X;
• mirror curvature and flatness R;
• mirror tilt angle position accuracy ��;
• optical path length variation.

Insertion loss is most sensitive to varia-
tions in microlens focus. The worst-case
scenario is when the focus for the input
and output microlenses shifts in the oppo-
site directions. For example, if we want to
limit variation of the insertion loss be-
tween different channels to 0.25 dB, the
focus should not change by more then 
± 0.25%. The chromatic aberrations of the
microlens affect the wavelength-depend-
ent loss parameter of the system. The sys-
tem is somewhat less sensitive to focus
changes since the focus increases or de-
creases with the wavelength equally on
both sides. If the system is optimized for
1550 nm, the largest focus decrease at 1280
nm caused by lens material dispersion will
be 0.25%, which contributes about 0.1 dB
to insertion loss.

Suppressing cross talk
and back reflection
Channel-to-channel cross talk is an im-
portant parameter requiring careful analy-
sis and system optimization. Several dif-
ferent factors contribute to cross talk:
light diffraction on the microlenses and
MEMS mirrors, scattering of light on the
interfaces, inadvertent direction of the
diffracted beam into the wrong channel
during switching. Under Telecordia Stan-
dard GR-1073 CORE,1 cross talk should
not exceed –55 dB.

The intensity of diffracted light on the
circular aperture can be described by the
Bessel function:  2a  y 2

J1 �— – � L 
Id(F,y): =I1(F)  ————  

 a  y � – – � L 

Some of the diffracted light spreads be-
yond the aperture of the mirror to the next
channel.

To ensure low channel-to-channel
cross talk, we performed a simulation of
beam propagation for different system
configurations.

We found that it is difficult to complete-
ly avoid incidental cross talk during chan-
nel switching. Under certain circumstances,
the scanning mirrors can inadvertently be-
come aligned for about 10 µs with the mir-
ror from a different channel. In this case,
the cross talk may reach a level of –40 dB.

Back reflection (BR), or returned loss
of the optical switch, is also subject to
strict control under industry standards,
which require that it not exceed –55 dB.
The difficulty comes from the fact that the
antireflection coating alone cannot reduce
the back reflection of flat-ended polished
fiber over the full telecommunications
band to below –40 dB. Some additional
mechanism of BR suppression is required.
The two most popular are terminating the
fiber at an 8° angle or using index-match-
ing liquid. The first approach is the “clean-
est” solution since the fiber tip may remain
in the air without an insulated cavity and
the BR is not subjected to temperature
variation. The problem is manufacturing
a 2D array of fibers with an 8° angle and
aligning it with the microlens array, since
the lens should operate in the off-axis po-
sition. For normally terminated fibers, op-
tical liquid can cut BR to below –57 dB.
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Figure 10.Variation parameters of the optical model displayed with accumulated diffraction
losses as the beam propagates through the system .
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