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We demonstrate full closed-toop contral of elec-
trostatically actuated double-gimbaled MEMS
mirrors and use them in a free space optical cross-
comiect with switching times of less than 10ms,
and optical power stability of better than 0.2 dB.

1. Introduction

In high port count 3D-MEMS optical crosscon-
nects (OXC) [1] one is typically faced with the
challenge of achieving as large a mirror angular
swing as possible with a minimum separation
between the ports to achieve low optical loss.
MEMS based OXCs demonsirated to date use
open loop architecture. The physics of an electro-
statically actuated MEMS gimbal mirror dictates
that the mirror becomes unstable at a certain angle
commonly referred to as the “snap-down™ angle
[2], which lies between 1/3 and 1/2 of the mirror
“touchdown” angle (i.e., when the mirror plate
physically contacts the underlying electrodes).
Thus, under open loop control, the rule of thumb
is to limit the mirror tilt angles to less than a third
of the touchdown angle. Stated differently, the
physical air gap employed is more than three
times targer than necessary to achieve the physi-
cal swing angle desired resulting in unnecessarily
high drive voltage requirements.

Additional complexity in OXC systems arises
from the extremely high pointing accuracy
required, regardiess of the technology used. Typi-
cally, an angular misalignment of the order of 100
urad is all it takes to increase the optical loss by
fractions of a dB. Maintaining such a pointing
accuracy of MEMS mirrors over long periods of
time is & challenge, given the matunty of this
technology. Alse, stochastic perturbations such as
shock and vibration can introduce mechanical
misalignment into the mirror position leading to
severe penalties in optical performance.

All of these issues can be eliminated through the
use of active pesition control of the MEMS mir-
rors. Servo controlled mirrors can be actuated far
beyond the snap-down angle [3] thereby reducing
the air gap and thus drive voltage. Servo control
also provides corrective action to eliminate posi-
tion drift that occurs through either internal mech-
anisms such as charge build-up or external means
such as vibration or shock.

2, MEMS mirror description and servo con-
troller design

The MEMS mirrors used in this work are 2-axis
gimbaled tilting mirrors made of 10um thick sin-
gle-crystal silicon with radiuses from 400 to
450um. The mirrors are suspended by torsional
springs, and are designed to have resonant fre-
quencies at zero deflection angle between 300 and
400 Hz (both axes). The Q value in air for both
axes is ~3-5. The mirror is actuated through the
application of voltages to four electrodes located
80pm underneath the mirror with the geometry
shown in Fig. 1{(a), Every guadrant electrode can
be further divided in an optimal fashion between
driving and sensing electrode. The sensing
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Fig. 1. (a) Schematic diagram of the double-gimbaled mirror used in this work (b) a micrograph of the

actual MEMS mirror.
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Fig. 2. Block diagram of the MEMS servo control harware and software.

portion can be used for angular sensing through
differential capacitance measurements [4]}. In this
work, the MEMS mirror position is detected by
optical means, however, capacitive and optical
sensing methods are both compatible with our
control approach.

In dealing with the electrodynamics of these types of
structures, a number of sunpllfymg agsumptions
have to be made. If their effect is small, then they
can be bundled into the margin that a good SErvo
design has to account for (this is not the case for an
open loop system though). These assumptions are: i}
we neglect any electrostatic action on the mirror
springs; il) we weat only torsiomal motion and
neglect any other modes; i1i) torsional springs have
linear angle and torque relationship; iv) we neglect
all inter-axis mechanicai coupling (but not coupling
in the electrostatic torque); v) the mitror damping is
independent of angle.

Let’s call « the angle around the gimbal axis (Y)
and § the angle around the mirror axis (X). Then
the equations of motion around both axes are
given by:

Iy dza/dYZ + 7y de/dY + Kyo = Ty{a,p)
Iy P + yy dw/dX + Ky = Tx(a,p) (1)

Ty y(o,B) are the electrostatic torques, pxcyy the
damping parameters, Jyy) the moments of inertia,
and Kyyy, the torsional spring stiffness. Jyy, can
be estimated based on geometry, and Ky, and
¥ x(y) can be determined experimentally.
Equations (1) describe a classical two-dimen-
sional second order linear system, for which well-
known linear control techniques can be used to
design a controller using torque as the control
variable [51. The torques Ty pfa.f, V. V2. V3.V,
depend in a nonlinear fashion on the two angles
and four electrode voltages, which are the actual
control inputs to the electrostatic system. If one
can establish a good knowledge of this nonlinear-
ity, the necessary applied voltages can then be
determined using an inverse torque function.

We can approximate the electrostatic torques

based on mirrer symmetry with the following
formulas:

Tx(ap) = flo,B) Vo’ +
f(-,B) Vs* - f-0-) Vo© - fla-B) V|2

Ty(af) = gaf) VE « gGaf) Va2
flamve g Ve o)

where f{a,p) = 1/2 dC(a,f)/da and g(o,B) =
172 dC{a,B)du.

Cfa,f is the driving electrode capacitance with
respect te the mirror node (it is assumed to be the
same for all quadrants).

Under servo operation, the torques Ty y{o.f) are
calculated by the contreller. Then one needs to
find a combination of voltages that will provide
these torques. Eq. (2) represents two equations
with four variables to selve (V) 4), and thus the
system is overdetermined. One possnble solution
10 eq. (2) is to require that at any given time, at
most two voltages are non-zero, This solution
reduces the number of analog to digital converters
(ADCs) that are required to drive each mirror
from four to just two, but adds analog switches.
This approach shifts most of the complexity of the
servo design to the torque inversion problem,
There is no simple way of measuring the capaci-
tances Cfa,f), and thus some modeling simplifi-
cations have to be made. We can treat the
functions ffa.f) and g(a.f} as empirical tables,
and by measuring the equilibrium voltages and
angles for a given discrete grid, we can populate
their values. However, for this procedure to be
effective the mirror needs to be driven beyond
snapdown angles, which can only be done under
servo control. Therefore, a first estimate of the
capacitance C(a,f) is done using numerical meth-
ods. This initial torque guess is usually sufficient
1o servo the mirror to some angle past snapdown.
The main performance parameters required from
the servo-controlled mirror are i) switching
time<10 ms {mirror angle within 150 prad of tar-
get angle), i} maximum angular deviation due to
noise less than 75 prad per axis, iii) noise
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Fig. 3. Comparison of switching under open loop and closed loop operation. The closed loop angular tra-
jectary can exceed the snapdown angle and shows no overshoot.
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Fig. 4. A colormap representation of the peak to peak noise under servo operation and for both axis.

rejection and vibration immunity, iv) a finite
available control voltage of less than 85V.

We use state space techniques to design a digital
controller with full-state feedback. A current esti-
mator is used to estimate the angular position and
velocity of each mirror axis. In addition, we include
an integrator and a feedforward term to compensate
for the extra pole introduced by the integrator [5].
We choose the controller poles at 200Hz with esti-
mator and integrator poles 4 to 6 times faster, and
a damping ratio of 1, which provides no angular
overshoot. A schematic representation of the con-
troller design is shown in Fig. 2.

3. Performance and optical switching under
serve control

The servo control coding was implemented using
a 100MHz 600FLOPS (32-bit floating point) digi-
tal signal processor (ADSP-21161N) with inter-
faces to multiple ADC and DACs (16/12 bit
resolution). After code optimization, a single DSP
could servo 8 mirrors with a sampling rate of
20KHz (or 16 mirrors at 10KHz).

A comparison between open and closed loop switch-
ing is shown in Fig. 3 for single axis switching, It is
obvious from this figure that the servo controller
removes the angular limitation imposed by the insta-
bility past snapdown. The touchdown angle for this
axis is 10.3 degrees, and thus we were able to servo
successfully up to 75% of the angular range. The
maximum angle that can be achieved with such con-
troller is limited by the reduction of phase margin
caused by the finite sampling time combined with
the mirror moving in the unstable regime. Other fac-
tors, such as modeling imperfections, neglected res-
onances, efc. can contribute too. Despite the short
switching time, the maximum voltage under servo
operation never exceeds 85V.

The most stringent measure of success is the
steady state angular noise. In order to quantify
this, we record the peak angular noise around the
target angle over a period of several minutes, and
for a full mesh of angles spanning +-7 degrees for
both axes. This noise was recorded using the same
angular sense circuitry used for servo control, and
thus had an additional 25-50 prad noise coming
from this circuitry atone.

The peak-to-peak noise map is shown in Fig. 4.
The optical power stability requirement (<0.5dB)
mandates that the angle stability for a single mir-
ror has to be better than 150 prad around the tar-
get angle. This corresponds to a maximum of 300

prad peak-to-peak noise requirement, a number
gasily met by this controller and plant,

Finally, we use two of these closed-loop controlled
mirrors in a free-space modular optical switch. The
distance between the mirrors is ~2m and the beam
diameter is ~2mm, Fig. 5(a) shows a switching event
commanded to one mimor. The switching time, as
determined from the fiber-coupled optical power is
of the order of 5ms, and it was fairly independent of
the angular swing (this is expected in a closed-loop
design), When both mirrors are under closed loop
control and establishing 2 connection, the fluctua-
tions in the optical power are of the order of 0.1-0.2
dB, very close to the target values, This is shown in

Fig. 5(b}.
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Fig. 5. (a) a single-mirror switching event as
observed through the fiber-coupled optical power
when two parts establish a connection. (b) optical
power stability under a stzbie connection. The
angles used for these measurements were close to
5 degrees, which is beyond snapdown.
In conclusion, we demonstrate full closed-loop
control of electrostatically actuated MEMS mir-
rors and their performance in a free space optical
crossconnect. The mirrors can be driven well
beyond their snapdown angle with long term

angular noise of less than 150 prad. We use these
closed loop controlled mirrors in a free space
optical crossconnect, and achieve switching times
<10ms and optical stability of better than 0.2dB.
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We propose and demonstrate an effective model
of the insertion loss of single-stage optical cross-
connects, which has application to improve the
speed and quality of comnection training, to
reduce the size of the loss table, and to facilitate
maintenance.

1. Introduction

Only a very few optical switching technologies
are capable of achieving input/output port counts
in the range of 10001000 and beyond." Among
the options, switch fabrics based on free-space
optical beam-steering have proven practical and
have been brought to market. These switches not
only provide high port count, but also achieve low
insertion loss, high connection-to-connection iso-
lation, fast reconfiguration speed, and offer the
very high degree of bit-rate and format indf%en-
dence that is characteristic of passive optics,*

Beam-steering  switches permit connections
between very large numbers of ports within a sin-
gle stage because each of the individual inputs
and outputs may be set to a large number of states,
namely the angles to which the beam is steered,
The tradeoff for the relative ease of achieving
large port counts using beam-steering is the
increase in complexity of controlling the steering
mechanisms. To aid in training, targeting and ver-
ifying connections, it can be useful to measure the
insertion loss attained for a connection and com-
pare it to a reference (eg. minimum) insertion loss
for that connection. As the number of connections
grows quadratically with the number of I/Q ports,
n, training and verifying all connections of a large
port count switch c¢an be challenging and time-
consn_,}ming. Storing the insertion loss values for
all »* possible connections in the onboard mem-
ory of controllers may also be inconvenient and
costly when # is very large.

Here we introduce an effective model for the
insertion loss of single-stage, beam-steering opti-
cal switches and cross-connect network elements
that reduces the gumber of independent variables
describing the » insertion losses by a factor of
n/2. Consequently, the model may be applied to
reduce the size of the table representing the inser-
tion losses. Most important, it serves as a power-
ful tool to speed and increase the quality, or
accuracy, of the connection training.

2. Loss Model

We consider a single-stage optical switch that has
input ports and » output ports. As there is a unique
path from every input (I) to every output (O) for a
single-stage switch, there are a total of " 10 paths.
Each path has an associated optical insertion loss,
which we denote as /. Here, 1 identifies the input
port and ; identifies the output port. Consequently,
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