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Abstract We present a free-space optical interconnect sys-
tem capable of dynamic closed-loop optical alignment us-
ing a microlens scanner with a proportional integral and
derivative controller. Electrostatic microlens scanners based
on combdrive actuators are designed and characterized with
vertical cavity surface emitting lasers (VCSELs) for adap-
tive optical beam tracking in the midst of mechanical vibra-
tion noise. The microlens scanners are fabricated on silicon-
on-insulator wafers with a bulk micromachining process us-
ing deep reactive ion etching. We demonstrate dynamic op-
tical beam positioning with a 700 Hz bandwidth and a maxi-
mum noise reduction of approximately 40 dB. Eye diagrams
with a 1 Gb/s modulation rate are presented to demonstrate
the improved optical link in the presence of mechanical
noise.

PACS 42.15.-i · 42.55.Px

1 Introduction

Optical interconnect technologies can significantly increase
the chip-to-chip and board-to-board communication band-
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width, relieving the bottleneck of traditional electrical
backplane-based computer systems [1]. Specifically, free-
space optical interconnects using arrays of vertical cavity
surface-emitting lasers (VCSELs) and photo-receivers al-
low for cheaper, lower power, and higher bandwidth alter-
natives to traditional copper-based electrical interconnects
[1–3]. When compared to waveguide-based optical intercon-
nect technologies, free-space optical interconnects provide
a number of advantages in communication capacity, den-
sity, and scalability due to their parallelism [4]. However,
alignment between the optical source and detector is critical
for high-performance, reliable optical interconnect applica-
tions, and mechanical noises due to vibration and temper-
ature variation inside the computer systems have prevented
the wide deployment of such technology. Optical misalign-
ment introduces higher insertion loss and crosstalk between
optical links, which can severely impact the system perfor-
mance and reliability [5, 6].

Various strategies to adaptively compensate for the mis-
alignment in free-space board-to-board optical interconnects
have been demonstrated, including bulk optic Risley prisms
[7, 8], mechanical translational stages [9], liquid crystal
spatial light modulators [10, 11], and microelectromechan-
ical systems (MEMS) devices [12, 13]. Among these ap-
proaches, MEMS technology offers faster speed, low optical
loss, and small form factor that can be directly integrated on
top of VCSEL arrays [13]. However, a vibration-resistant
free-space optical interconnect system with an intensity-
modulated optical beam using real-time feedback control
has never been demonstrated with dynamic MEMS devices.
In this paper, we present an adaptive free-space optical in-
terconnect using electrostatic MEMS lens scanners with
closed-loop control to circumvent misalignment difficulties
in free-space optical interconnect systems.

mailto:scjjchou@eecs.berkeley.edu
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Fig. 1 Schematic diagram of MEMS-based free-space board-to-board
optical interconnect. Although the optical transmitter and receiver are
laterally misaligned by �x and �θ , the MEMS microlens scanner
steers the optical beam to the correct position

Figure 1 shows the schematic view of our proposed free-
space optical interconnect system correcting a lateral and
tilt board misalignment (�x and �θ ) by steering the opti-
cal beam path across the board-to-board gap with an MEMS
microlens scanner. The beam scanning range on the receiv-
ing board is amplified by the board-to-board distance, al-
lowing for small microscale lens scanning to compensate for
larger lateral misalignments. This paper assumes an optical
interconnect setup with one microlens scanner per VCSEL
to avoid the use of large optics on the MEMS translational
stages and thus allow for higher operating speeds. We also
assume that the misalignments are constrained in only one
dimension along the X-axis as shown in Fig. 1. However, it
is possible to extend our design for other optical configura-
tions where multiple VCSELs are relayed by a bigger lens
or multiple intermediate lenses [6]. It is also straightforward
to improve our devices to scan two orthogonal axes as dis-
cussed in Sect. 3.

2 Device design and fabrication

2.1 Optical design

The microlens scanner design is based on the chosen para-
meters for board-to-board interconnects summarized in Ta-
ble 1. In our optical design, the light source (VCSEL) is lo-
cated near the back focal plane of the polymer microlens
with a focal length of f . Assuming Gaussian beam prop-
agation, we calculate the minimum lens diameter given the
VCSEL wavelength and board-to-board spacing listed in Ta-
ble 1. To collimate the beam between the two lenses, we set
the confocal length equal to half the board-to-board spacing

to obtain the beam waist radius of ω0 =
√

λd
2π

. Therefore, the

Table 1 Design parameters

Parameter Value

Board-to-board spacing, d 25 mm

Maximum misalignment, �xmax 500 µm

Mechanical noise bandwidth 500 Hz

Microlens scanner footprint 1.8 mm × 1.8 mm

Microlens diameter 300 µm

Combdrive gap width 3 µm

Combdrive finger length 40 µm

beam diameter at the microlens must be 2
√

2ω0 = 2
√

λd
π

,
or approximately 165 µm when the VCSEL wavelength, λ,
and the board-to-board spacing, d , are 850 nm and 25 mm,
respectively. To minimize the clipping loss from the mi-
crolens, we set the lens diameter to be 300 µm.

The beam deflection angle due to the MEMS lens scan-
ner is given by θX = dX

f
from the paraxial approxima-

tion, where the lateral displacement of the microlens in
the X-direction is dX (f � dX). For example, to correct
a misalignment of �x with a board-to-board spacing of d

as schematically depicted in Fig. 1, the microlens should
be laterally translated by dX = f �x

d
toward the photo-

detector (PD). If the maximum tolerable board misalign-
ment �x is 500 µm across a 25 mm distance (|�xmax| <

500 µm and d = 25 mm), the required microlens scanning
range is ±1.2◦ or ±30 µm (|dX| < 30 µm) when the mi-
crolens focal length is f = 1.5 mm. For alternative designs
with different board spacing requirements, the beam scan-
ning range (dθX) will vary directly proportional to the board
to board distance. Also, due to the diverging beam profile as
described earlier, a larger lens diameter will be required for
increased board spacing.

Figure 1 shows the possible board-to-board misalignment
schemes caused by either board tilt or lateral displacement,
both of which can be corrected by beam steering. Using
simple geometrical optics theory [14], we calculate the first-
order beam spot location on the receiver board PD to verify
the optical correction. For lateral misalignment of �x, the
corresponding incident angle to the receiver board is �x

d
as-

suming that the beam intersects the receiving lens center. If
the focal length of the collecting lens in front of the pho-
todetector is fPD, the beam spot location on the PD is given
by fPD�x

d
or ( fPD

f
)dX . For example, if the steering microlens

is displaced by dX = 15 µm to correct for a lateral misalign-
ment of �x = 250 µm, the beam spot on the receiver PD
will be offset by 10 µm away from the center position when
the focal length of the beam steering lens and photodetector
lens are f = 1.5 mm and fPD = 1 mm, respectively. This
means that the optical spot will still be within the active area
of the high-speed PD, whose diameter is typically on the or-
der of 25 µm for 10 GHz bandwidth, thus maintaining the
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optical link. If the active misalignment correction were not
used and the radius of the collecting lens in front of the PD
were smaller than �x, most of the optical power would be
lost.

For tilt compensation as schematically described in
Fig. 1, the beams are ideally deflected so as to be perpendic-
ular to the tilted receiving board and refocused to the center
of the PD. Although there will be no lateral offset like the
lateral misalignment case, the focused optical beams will
have nonzero incident angle to the detector, which does not
affect the amount of optical power incident on the PD. In
rack-mounted computer server systems, the predicted maxi-
mum tilt for a single board is approximately 0.3◦, which im-
plies a 0.6◦ maximum worst-case tilt offset between two ad-
jacent boards. According to our design, the microlens scan-
ners allow for about 1.2◦ scanning angle in one direction
and thus are able to correct the worst-case offset. Our analy-
sis for lateral and tilt misalignment indicates that the beam
steering with MEMS microlens scanner is adequate for cor-
recting both misalignment scenarios.

2.2 MEMS design

To demonstrate the feasibility of adaptive free-space opti-
cal interconnects, a one-dimensional MEMS scanner is em-
ployed. We use differential driving method of double-sided
electrostatic combdrive actuators to laterally scan the mi-
crolens for both left and right directions as shown in Fig. 2
and to linearize the lens displacement with respect to the
control voltage [15].

As we will see in Sects. 3 and 4, linear response of the
MEMS actuator is important in accurately applying linear
control theory and system identification method, and re-
sults in more precise control of the actuator. Although not
demonstrated in this paper, the device is capable of two-
dimensional operation with a few extra fabrication process-
ing steps as discussed in next section. To allow for up to
30 µm of scanning in one direction, we set our comb drive
finger lengths to 40 µm. The comb and gap widths are set
to 3 µm, respectively, to ease lithography parameters and to
maximize functional yield with relatively low aspect ratio.
A total of 118 comb finger pairs are used per side to generate
a force up to 1.4 µN at 20 V. Each of the four double-folded
cantilever springs have a length of 700 µm and a width of
1.7 µm, which results in a spring constant of 0.233 N/m
per spring [16]. Figures 3(a)–3(c) show the finite-element
method (FEM) based simulated eigen frequencies of the de-
vice to be 413 Hz and 782 Hz in the X- and Y -direction, re-
spectively, without a lens. Using the resonant frequency and
spring constant, the estimated mass of the single-crystalline
silicon MEMS structure is about 35 µg. The lens polymer
has a density of 1,200 kg/m3, which results in an estimated
mass of about 4 µg. The added mass of the lens will theoret-
ically reduce the resonant frequency by 25 Hz.

Fig. 2 Schematic diagram of MEMS-based free-space board-to-board
optical interconnect. Although the optical transmitter and receiver are
laterally misaligned by �x and �θ , the MEMS microlens scanner
steers the optical beam to the correct position

Fig. 3 Simulated resonant frequencies of the MEMS structure with
values of (a) 413 Hz in the X-direction, (b) 782 Hz in the Y -direction,
and (c) 1799 Hz in the undesired rotational direction

The optical alignment tolerance is often measured by the
product of maximum tolerable lateral and tilt misalignment
(�x�θ ), and dynamic beam steering can significantly al-
leviate such tolerance requirements. To best track random
position errors in real time, we designed our devices for fast
random point-to-point motion at varying frequencies. This
differs from previous electrostatic MEMS lens scanners op-
erated in either static or resonant modes for applications
such as optical crossconnect switches [17, 18], confocal mi-
croscopy [19], and optical sensors [20].

2.3 Device fabrication

Our bidirectional MEMS lens scanner is fabricated by bulk-
micromachining of 6-inch silicon-on-insulator (SOI) wafer
with a 20 µm device layer. The details of our process flow
and the pictures of the fabricated devices are shown in
Figs. 4 and 5(a)–(c), respectively. A deep reactive ion etch-
ing (DRIE) process is used to define front and backside fea-
tures with high aspect ratios. A timed hydrofluoric acid va-
por etching releases the silicon device structures from the
1-µm-thick buried oxide layer. A backside through-wafer
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Fig. 4 Fabrication process flow of two-dimensional MEMS lens scan-
ner. (b) DRIE front side isolation trenches on 20 µm device layer.
(c, d) Deposit and pattern low-stress nitride and polysilicon for electri-
cal isolation. (e) DRIE for MEMS structures, such as combdrives and
springs. (f) DRIE backside through-wafer etching on 500-µm-thick sil-
icon substrate. (g) HF vapor for release etch on 1-µm-thick buried ox-
ide layer. (h) Directly apply ultraviolet-curable polymer on the lens
frame and cure for 5 minutes

etch (Fig. 4f) was performed for two reasons, to create an
optical path for the laser output and to eliminate undesired
out-of-plane electrostatic actuation.

For two-dimensional actuation of the polymer lens, low
stress silicon nitride (Si3N4) and polycrystalline silicon
can be used to create plugs to electrically isolate yet me-
chanically couple segments of the device as described
in Figs. 4(a), (b), and 6(a), (b). The electrical isolation
plug locations are indicated by short thick black lines in
Figs. 6(a), (b). Because of these electrical isolation trenches,
only one device layer is required for two-dimensional lateral
motion. Previous works using electrostatic actuators for two
degrees of freedom, such as [21, 22], use two device layers
for mechanical/electrical isolation.

An ultraviolet-curable polymer lens, with a refractive in-
dex of 1.55, is used to collimate and deflect the optical beam
from a directly-modulated VCSEL with the center wave-
length of λ = 850 nm (Figs. 4(h) and 5(c)) [13, 19]. To place
the microlens on the scanner, a liquid ultraviolet-curable
polymer droplet is formed and directly contacted onto the
circular lens frame of a 300-µm diameter. The clear aper-
ture size of the beam steering lens is designed to be larger
than the optical beam diameter to reduce any clipping loss.
Although not employed in our experiments, polymeric mi-

Fig. 5 Scanning electron micrograph (SEM) and microscope images
of the fabricated MEMS devices. (a) SEM of the entire device after
front side etching (Fig. 4(b)). (b) Zoom in on comb structures and lens
frame. The outer diameter of the lens frame is 300 µm. (c) An opti-
cal microscope image of complete MEMS structure with polymer mi-
crolens. (The electrical isolation steps (Figs. 4(c) and (b)) are skipped)



Robust free space board-to-board optical interconnect with closed loop MEMS tracking 977

Fig. 6 Scanning modes of
operation for two orthogonal
axes. Electrical isolation
trenches are indicated by thick
black lines. The white areas
indicate the applied voltage

crolenses can also be fabricated with other techniques such
as photoresist reflow [17] and polymer-jet printing [20] for
better uniformity and repeatability of the lens focal length.

3 Device characterization

We first measured the static and dynamic characteristics of
the MEMS lens scanner device. Figure 7 shows the mea-
sured and fitted quadratic relationship between the MEMS
deflection versus the input voltage. For this measurement,
the MEMS device is grounded, and the potential of only
one side of stationary comb fingers are increased. From a
quadratic curve-fit we verify that the spring is linear within
the operating range and can extract the mechanical spring
constant to be about 0.233 N/m. Our device has a maximum
unidirectional displacement of about 20 µm at an input volt-
age of 35 V. The focal length of the lens is estimated to be
f = 1.3 mm, allowing for up to a 0.88◦ single-sided scan an-
gle. The maximum lateral microlens displacement is small
compared to the microlens diameter of 300 µm, and there-
fore the steering angle-dependent clipping loss is negligible.

For bidirectional actuation, we employ a differential
driving method which allows for a single control volt-
age (Vshuttle) to the moving MEMS shuttle, as shown in
Fig. 2 [15]. To accurately model the electrostatic actuation
force as a function of the input voltage, we use an FEM

Fig. 7 Static characteristics of the MEMS lens scanner for its X-axis
motion (Fig. 2(a)). Measured and fitted MEMS displacement as a func-
tion of input voltage (Vright)

analysis to calculate the capacitance of a single-sided comb-
drive unit cell as a function of displacement, C(x), as shown
in Figs. 8(a), (b) [23, 24]. With 118 comb finger pairs for
each direction (N = 118), the electrostatic force from the
differentially driven bidirectional combdrive actuator be-
comes

N

2

[
∂C(x)

∂x
(Vshuttle − Vright)

2 − ∂C(x)

∂x
(Vshuttle − Vleft)

2
]

(1)



978 J. Chou et al.

Fig. 8 Simulated capacitance curves for comb drive fingers at differ-
ent displacement values. Negative displacement indicates disengaged
comb drive fingers. (a) The simulated capacitance versus displacement
curve. At 0 displacement, the curve becomes nonlinear. (b) The simu-
lated dC

dx
curves to model the force of the comb drive actuator

where the right and left side bias voltages are Vright and Vleft,
respectively. The equilibrium occurs when the electrosta-
tic force matches with the mechanical restoring force, kx .
The theoretical and experimental transfer curves (displace-
ment as a function of the input voltage, Vshuttle) for vari-
ous bias voltages (Vright and Vleft) are shown in Figs. 9(a)
and (b), respectively. We see that for bias values less than
10 V (|Vright| = |Vleft| <10 V), the curve becomes linear as
expected with the differential input setup. For bias values
greater than 10 V (|Vright| = |Vleft| > 10 V), a discontinu-
ity appears around Vshuttle = 0 V due to nonlinear equilib-
rium points. At these points, there exist three positions (neg-
ative, zero, and positive) of the center shuttle at which the
spring forces match the electrostatic forces. At negative in-
put voltages, the device finds the negative displacement so-
lution. Once the input voltage crosses zero, the device imme-
diately switches to the positive displacement solutions, thus
causing the discontinuities in Figs. 9(a), (b). At a 10 V bias
(|Vright| = |Vleft| = 10 V), the displacement curve is both lin-
ear and broad, which is an ideal operating point. A change in

Fig. 9 Static measurements of the double-sided device for varying
bias voltages. (a) Simulated curves from FEM analysis predict an un-
stable point at 0 V input for bias voltages greater than 10 V. (b) Mea-
sured results confirm the simulations. Our device is biased at 10 V to
ensure linear operation

bias voltage also causes an effective spring softening which
lowers the resonant frequency of the system with increasing
bias voltages.

The measured frequency response of the MEMS de-
vice with a lens in Figs. 10(a), (b) indicates the reso-
nant frequency of the lowest mode (translational motion
along the X-axis) is 413 Hz. To obtain transfer function
measurements, the small signal amplitude is kept small
(|Vshuttle| < 100 mV) to reduce nonlinear effects. Under this
regime, the MEMS scanner can be fitted as an under-damped
second-order linear system with the following transfer func-
tion model:

F(s) = ω2
0

s2 + 2ζω0s + ω2
0

(2)

where the angular natural frequency and damping ratio are
ω0 = 2πf0 = 2π 525 Hz and ζ = 0.060, respectively. The
measured resonant frequency is lower than our original de-
sign values due to the thinning of the spring widths from
DRIE over etching. According to the simulation results, the
resonant frequencies for other higher-order modes are much
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Fig. 10 (a) Measured and fitted magnitude vs. frequency plot of the
double-sided structure with a resonance of 413 Hz at a 10 V Bias volt-
age. (b) Measured and fitted phase vs. frequency data. The high fre-
quency roll off is due to the 20 kHz sampling rate of the real time
computer

greater than our target mechanical bandwidth of 500 Hz and
the resonant frequencies for the two lowest-order modes. For
example, the third mode is the in-plane torsion motion, and
its eigen frequency is 1799 Hz.

4 Experiments and results

As described in Fig. 11, our system-level experimental setup
is designed to use the MEMS microlens scanner to cor-
rect the simulated one-dimensional mechanical vibration be-
tween the transmitter and receiver boards and demonstrate
a robust high-speed communication link. A VCSEL with a
center wavelength of λ = 850 nm is directly modulated at
1 Gb/s with a 223 − 1 pseudo random bit sequence using a
pulse pattern generator. The MEMS lens scanner then colli-
mates and steers the optical beam toward the PD and posi-
tion sensitive detector (PSD) on the receiver side. Although
we used the beam splitter and PSD to sense the beam po-
sition, other position sensing detector, such as quadrant de-
tectors, can also be directly integrated on the PD [25]. The

Fig. 11 Schematic diagram of our experiment setup with a mechanical
shaker for real beam displacement. BS: Beam splitter. PPG: Pulse pat-
tern generator at 1 Gbits/s. PD: high-speed photodetector with 1 GHz
3-dB bandwidth

Fig. 12 Block diagram setup with electrically injected displacement,
used for collecting the closed loop frequency response data at high
frequencies

data rate of the optical communication system is currently
limited by the bandwidth of the PD and thus can be further
improved by employing high-speed VCSEL and PD. The
bandwidth of the PSD is approximately 10 kHz, and there-
fore, its output signal is almost insensitive to the high-speed
intensity modulation and proportional to the optical beam
position. A mechanical position disturbance is generated us-
ing a 45◦ turning mirror mounted on a vibration exciter to
displace the optical beam on both the PD and PSD.

To facilitate measurement of the open and closed-loop
frequency responses, a synthetic position disturbance sig-
nal was also introduced by injecting a voltage at the output
of the PSD using an analog summing amplifier as shown
in Fig. 12. The complete optical feedback loop, illustrated
in Fig. 12, consists of the microlens scanner, the PSD, and
a discrete-time proportional integral derivative (PID) con-
troller implemented with a 20 kHz sample rate on a personal
computer running the Labview real-time operating system.
The primary objective of the feedback loop is to keep the
optical beam at the center of the PD (and the PSD). This
objective can be quantified in terms of minimizing the po-
sition error, e(t) = d(t) − x(t), where d(t) is the position
disturbance applied to the PSD and x(t) is the beam posi-
tion. A perfect controller would achieve e(t) = 0, i.e. the
beam position exactly tracks the position of the PSD. The
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Fig. 13 Measured and simulated sensitivity magnitude plot with a
0 dB crossing at about 700 Hz, which reveals the noise suppression
bandwidth

sensitivity transfer function relates the input disturbance to
the output position error,

S(s) = E(s)

Vtest(s)
= 1

1 + F(s)H(s)
(3)

where H(s) denotes the controller transfer function. The
discrete-time PID controller was designed using the MAT-
LAB Control Systems Toolbox through a constrained opti-
mization procedure. Performance constraints were specified
to ensure that the closed-loop system achieved a minimum
phase margin of 30◦ and that |S(10 Hz)| = 0.01. The first
constraint ensured stability, while the second ensured low-
frequency vibration suppression. Controllers were designed
using a linear second-order model for the microlens scan-
ner. This model is an imperfect fit to the true dynamics of
the microlens scanner; as shown in Fig. 10(a), device non-
linearity causes some asymmetry in the resonance peak. In
addition, the experimental system exhibited some additional
phase lag, likely due to 10 kHz bandwidth of the PSD. Nev-
ertheless, the experimental closed-loop performance was in
close agreement with the simulated performance. The ex-
perimental and simulated frequency response of the closed-
loop sensitivity transfer function are shown in Fig. 13. The
experimental performance agrees closely with the simulated
design at low frequencies, and disturbances are attenuated
by 40 dB at 10 Hz noise frequency as desired, representing a
hundred-fold reduction in position error for vibration inputs
at this frequency. The measured frequency response shows
that vibration disturbances at frequencies up to 700 Hz are
attenuated. There is some discrepancy between the simu-
lated and experimental performance at frequencies above
200 Hz, and the experimental measurement shows that dis-
turbances are amplified in the band from 700 Hz to 2 kHz.
However, this amplification is not of great concern as it oc-
curs well above the frequency range for typical mechanical
vibration within an office or data center environment.

Fig. 14 Eye diagrams obtained to demonstrate optical communication
improvement with a 1 Gb/s modulation rate in the midst of a 10 Hz
mechanical noise signal. (a) The eye diagram is clear and open in the
perfectly aligned case. (b) The eye diagram is severely degraded with
noise from the mechanical shaker. (c) The eye is restored when the
feedback is turned on

To demonstrate optical communication improvement,
eye diagrams were obtained using the setup in Fig. 11. With-
out any mechanical noise disturbance, Fig. 14(a) shows the
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perfectly aligned case with an open, clear eye. Once a 10-Hz
noise signal is applied to the mechanical shaker, the signal
quality is severely degraded as shown with an almost closed
eye in Fig. 14(b). When the MEMS feedback controller is
turned on, the eye is restored as shown in Fig. 14(c), thus
demonstrating robust digital communication in the presence
of mechanical vibration. Due to the low bandwidth of the
mechanical shaker, we are limited to only a 10 Hz noise
signal. However, we expect similar noise compensation for
much higher bandwidth signals as evidenced by the sensi-
tivity transfer function in Fig. 13.

5 Conclusion

We have successfully demonstrated a one-dimensional ro-
bust optical interconnect with a closed-loop microlens scan-
ner capable of correcting mechanical misalignment up to
40 dB with a bandwidth of 700 Hz. We present eye diagrams
to show the dramatic improvement of the free-space optical
link quality in the midst of vibration noise with and with-
out the feedback control activated. The MEMS scanner was
designed, fabricated, and characterized with an intensity-
modulated VCSEL, and has a maximum beam deflection
of 0.88◦ with a resonant frequency of 413 Hz. A PID con-
troller was tuned to provide a stable feedback control for
reliable optical beam tracking. Aside from optical intercon-
nects, these types of devices can be applied to an array of
optical systems [26], such as imaging [27, 28] and optical
monitoring/tracking [29], that require fine position control
and real-time adaptability. We believe our device can pro-
vide a compact, low-cost, and low-power solution to adap-
tive optical steering systems.

Open Access This article is distributed under the terms of the Cre-
ative Commons Attribution Noncommercial License which permits
any noncommercial use, distribution, and reproduction in any medium,
provided the original author(s) and source are credited.
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