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Abstract: MEMS mirrors are currently used in many applications to steer beams of light. An
area of continued research is developing mirrors with varifocal capability that allows the beam
to be shaped and focused. In this work, we study the varifocal capability of a 380 µm diameter,
thermally actuated MEMS mirror with a ± 40° tip-tilt angle and a radius of curvature between
-0.48 mm to 20.5 mm. Light is coupled to the mirror via a single mode optical fiber, similar
to an indoor optical wireless communication architecture. The performance of the mirror is
characterized with respect to (1) the profile of the reflected beam as the mirror deforms and (2)
the mirror’s impact when integrated into an optical communication system. We found that the
mirror can focus light to a beam with a 0.18° half-angle divergence. Additionally, the ability to
change the shape of fiberized light from a wide to narrow beam provides an unmatched level
of dynamic control and significantly improves the bit error rate in an optical communication
system.
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1. Introduction

Microelectromechanical systems (MEMS) are used in a wide range of optical applications, such
as displays [1–3], biomedical imaging [4–6], and communications [7–10]. Most current research
and commercially available MEMS mirrors utilize a flat design and typically employ passive
optics to shape the beam. The mirror then directs the beam to a detector or camera. One limitation
of the existing systems is that they are confined to a fixed focal length and/or beam size. An area
of current research is developing mirrors which have the capability to change their focal length,
and consequently their beam size [11, 12]. We have developed a thermally actuated varifocal
mirror, shown in Fig. 1, that has a ± 40° tip-tilt range and also has a tunable radius of curvature
(ROC) range of -0.48 mm to 20.5 mm [13]. This allows a beam to be steered around a room at ±
40° optical while at the same time, the beam diameter can be less than 5 mm or greater than 50
mm at a distance of 0.5 m from the mirror. This paper focuses primarily on the varifocal feature
of the mirror and demonstrates that using the varifocal degree of freedom can improve indoor
optical wireless communication (OWC).

Using a narrow beam will improve the signal to noise ratio (SNR) and lead to faster data
transmissions. Because of the SNR considerations, OWC requires the ability to beam steer. The
device shown here is a practical, low cost way of doing this. There are, however, some situations
when having a larger beam could be beneficial, such as when the transmitter is first locating
the receiver, or when it is tracking a receiver as it moves [14, 15]. Varifocal capability provides
dynamic control of the beam size to continuously optimize the beam for the specific scenario. One
of the common architectures for OWC is with a fiber delivery (fiberized) system [10, 16]. This
consists of a centralized communications system that can then deliver light to the transmitters
via optical fibers compared to having each transmitter integrated with its own light source. This
mirror’s large tunable focal range allows it to be integrated into a fiberized system without
additional optics, leading to more compact designs.

2. Setup/method

The mirror, shown in Fig. 1, is fabricated using the MEMSCAPs multi-user PolyMUMPS process.
It consists of three layers of polysilicon followed by a layer of gold. The mirror consists of
eight wedge shape, polysilicon-gold sections. A residual tensile stress in the gold due to the
evaporation process provides an initial curvature to the mirror. Applying a current through the
polysilicon springs heats the springs and via thermal conduction heats the eight mirror sections.
This heats the eight mirror sections uniformly and causes their curvature to decrease, flattening
the mirror in unison due to the different thermal expansion coefficients of gold and polysilicon.
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Fig. 1. False color SEM image of thermally actuated varifocal mirror connected to four
thermal bimorphs via serpentine springs.

This changes the ROC and therefore the focal point of the mirror [13].

Fig. 2. (a) Illustration (not to scale) of test setup demonstrating that the detector is always
normal to the reflected beam and is always the same distance from the mirror. (b) System
schematic of the bit error rate tester (BERT) system used for collecting bit error rate
(BER) data. A PXIe-6555 generates a PRBS which is used to control the laser driver and
subsequently the fiber coupled laser. The light is focused using the MEMS mirror onto the
detector whose signal is compared to the original PRBS signal in the PXIe-6555.

This experimental setup emulates a fiberized system as shown in Fig. 2. It uses 1550 nm light
coupled into a single mode optical fiber with a core diameter of 8.2 µm and outputs a Gaussian
beam with a measured half angle divergence of 4.6°. The fiber is positioned with a relatively
small initial angle to the mirror (1°-3°). To maximize the power from the mirror for subsequent
experiments, the optimal distance between the fiber and the mirror is measured. This optimal fiber
position is dependent on the incident beam divergence angle and the specific mirror geometry (i.e.
mirror radius, slots and holes as shown in Fig. 1). This experiment used a germanium photodiode
power detector with a 9.5 mm diameter sensor placed 90 mm from the mirror. Light from the fiber
was focused by the mirror and directed toward the detector without any additional lens or filters.
The measured data is compared to a Zemax simulation based on ray optics and a mathematical
model of the mirror as shown in Fig. 3. The mathematical model approximates the mirror as a
circle with wedge shaped slots which takes into account both the area of the slot and release
holes of each mirror section. The power of a Gaussian beam is integrated over the approximated
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surface to provide the reflected optical power. In this plot, the efficiency is defined as: η = Pr

Pt
,

where η is is efficiency, Pr is the power received at the detector and Pt is the power transmitted
from the fiber. Although the measured optimal distance between the fiber and the mirror agrees
with the theory and simulations, the measured peak efficiency is only 83% of the theory and
simulations. As the fiber gets within 0.75 mm of the mirror, the efficiency does not improve as do
the simulations. These discrepancies may result from two limitations/differences in the simulated
models versus the experimental setup. First, simulations show that a misalignment of 30 µm
between the fiber and the mirror has a larger effect on efficiency at distances closer than 0.75
mm. This could explain why the simulated efficiency increases, whereas the measured efficiency
decreases at fiber distances closer than 0.75 mm. This result is shown in Fig. 3. Second, both the
Zemax and mathematical models, place the detector close enough to capture all the reflected
light. Due to physical limitations of the test equipment, the detector is placed at a further distance
and the beam is focused using the mirror. Another possible explanation for this efficiency loss is
by diffraction from the mirror. The Airy disk from a circular diffraction pattern contains 84% of
the total optical power, which would account for the discrepancy between the simulation and
data [17]. Although the measured efficiency is significantly lower than the simulated result, an
important finding from the simulation is that the absolute maximum efficiency of this mirror
geometry is 80%. This could in principle be improved by removing the mirror’s release holes
and reducing the size of the slots. By removing these features, the efficiency approaches the
reflectivity of the mirror material until the fiber is far enough away that the beam size is larger
than the mirror. This theoretical limit without release holes and slots is plotted in Fig. 3. This
is important for future designs and studies. Based on these results, all future experiments are
performed with a fiber-mirror separation of 1.275 mm.

Fig. 3. Plot of the optical efficiency versus the distance between the end of the fiber and the
mirror. Efficiency is defined as the ratio between the power reflected from the mirror and the
power measured from the fiber. Included is a theoretical math model, limit of the theoretical
math model as the holes and slots are removed, simulation results with no misalignment
between the fiber and mirror, a 30 µm misalignment, and measured data.

All testing of the mirror discussed here falls under two categories: characterizing the beam
profile and characterizing the bit error rate (BER) with respect to a) the power applied to the
mirror (i.e. radius of mirror curvature), b) the optical angle of the beam, and c) the distance from
the mirror to the detector. Unless otherwise stated, all testing used the setup illustrated in Fig.
2. While characterizing the mirrors performance compared to angle, this setup maintained a
fixed distance between the mirror and the detector. The setup also ensures that the light from the
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mirror arrives at an angle normal to the detector as shown in Fig. 2. This allows the beam to be
characterized with respect to the angle and shape of the reflected beam independently from the
detector’s position and orientation. A DataRay WinCamD-UHR camera with phosphor coating
and a 5.2 mm x 5.2 mm sensor was used to collect the beam profile data. BER data was measured
using an InGaAS variable-gain avalanche photodetector with a 400 MHz bandwidth and a 0.2
mm diameter sensor as part of the system illustrated in Fig. 2. The system consists of a bit error
rate tester (BERT) to generate and analyze a 20 bit pseudorandom binary sequence (PRBS) at
100 Mbps, a laser driver board, and the aforementioned detector. The peak optical output of
the optical fiber was approximately 1 mW. In most cases during communication testing, this
led to an error free connection (BER < 10−9). To better characterize the performance of the
mirror, a series of neutral density (ND) filters are used to attenuate the signal to achieve BER
values of 10−9 or greater. Table 1 summarizes the important equipment specifications and system
parameters for the BER testing. In addition to measuring beam profiles directly, the setup was
simulated using a combination of an optical surface profiler and Zemax OpticStudio to obtain a
better understanding of the mirror’s shape and its effect on the beam profile. The mirror was first
analyzed at different power levels using the profiler and then modeled in Zemax.

Table 1. Typical BER Testing Parameters
Detector
BandWidth DC - 400 MHz
Sensor Type InGaAs Avalanche Photodetector
Sensor Size � 0.2 mm
BERT
Modulation 100 Mbps
Word 20 bit PRBS
Peak Optical Power 1.1 mW
Setup
Fiber-Mirror Distance 1.275 mm
Mirror-Detector Distance 90 - 1,000 mm
Fiber-Detector Angle 7° - 20°
ND Filters 0.5%, 1.0%, 3.0%, and 5.0% transmission
Mirror Power 10 - 12 mW

3. Results

3.1. Measured beam profile

Using the DataRay camera, the beam profile is characterized with respect to mirror power, angle,
and distance. For all measurements, the diameter is defined to be where the beam intensity falls
to 13.5% of the peak value, also known as the 1/e2 width. As the mirror radius changes, the beam
transitions from defocused, to focused, and back to defocused as shown in Fig. 4. Prior to testing,
the profiler was used to establish the relationship between the mirror power and the mirror’s
ROC. The minimum beam diameter is achieved at a power of approximately 12.9 mW which
corresponds to an ROC of approximately 2.5 mm. A spherical mirror’s theoretical focal length
is f=(R/2), where f is the focal length and R is the radius of curvature. Therefore, if the fiber is
approximated as a point source and given that the fiber is positioned 1.275 mm from the mirror,
it is expected that the beam would be collimated at an ROC of 2.55 mm. This puts the measured
optimal ROC within 2% of the theoretical. As the optical angle increases, the power needed for
the minimum diameter along the x and y axes began to drift apart to approximately 13.1 mW
and 12.6 mW as shown in Fig. 4, which corresponds to 2.54 mm and 2.46 mm respectively. This
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separation of the ROC for each axis is a product of a spherical mirror geometry. The earlier
relationship between radius of curvature and focal length applies only to a spherical mirror
normal to the incident beam. If there’s an angle between the beam and the mirror, the focal
length becomes f tan = ( R

2 ) cos(θ) in the tangential direction and f sag = R
2 cos(θ ) in the sagittal

direction [18]. Applying these equations to the original measured data, the theoretical radius of
curvature should be 2.54 mm and 2.46 mm for the x and y axis respectively, which matches the
measured values.

Fig. 4. Beam size versus the power to heat the mirror which corresponds to the mirrors
radius of curvature. The vertical green line in both plots represent the position of the minima
in (a) for comparison. The camera is 90 mm from them mirror. (a) Characterization with
an optical angle of 5 degrees. (b) Characterization of the beam with an optical angle of 20
degrees.

One of the advantages of this MEMS mirror is its ability to access large tilt angles. For the
results in Fig. 4, the optical angle was changed by manually moving the optical fiber with respect
to the mirror. On the other hand, the data shown in Fig. 5 was measured by titling the mirror with
a bimorph. This requires that the bimorph be heated and this extra heat affects the mirror’s ROC,
resulting in a larger beam size. The inconsistent beam size is a problem for many applications
that demand precise control over the beam size. However, as Fig. 5 shows, this problem can
be overcome by optimizing the mirror power for a given beam size as the bimorph actuates. In
this experiment the mirror power was optimized for the smallest beam size. This effectively
compensates for the added heat and the mirror maintains the optimal curvature. When controlled
correctly, the angle between the incident beam and the mirror has little effect on the reflected
beams performance.

One of the potential applications for this mirror is OWC, in which case the relevant distance
range for the detector is up to 3 m [10, 16]. As the distance to the camera increases, the min-
imum beam size also increases in a linear fashion with a minimum half-angle divergence of
approximately 0.18°. We believe that the reason the angle isn’t smaller is because the system is
approaching the diffraction limit of the mirror. At 3 m the expected beam diameter is approxi-
mately 18 mm. Figure 6 includes a comparison of the achievable beam diameters at each distance
for the MEMS mirror, the optical fiber and a collimated beam as used by [10]. It also illustrates
the mirror’s capability to vary the beam size at a given distance, but it also demonstrates the
ability to maintain a beam size at different distances. Since the collimated beam and optical fiber
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Fig. 5. The beam diameter versus optical angle. If the mirror power is held constant while the
bimorph is actuating, the mirror’s radius of curvature changes and the beam size increases.
Optimizing the power at each tilt angle allows the beam size to stay relatively constant. The
camera is 90 mm from the mirror.

are static systems they each only have a single diameter at each distance, whereas the MEMS
mirror has a range. The plot includes a measured range and a theoretical range for the mirror.
The measured range includes diameters that were directly measured between 100 mm and 1 m
from the mirror and then extrapolated to 3 m. At these distances (i.e. 100 mm, 250 mm, 500 mm
and 1,000 mm), the mirror was actuated, which focuses and de-focuses the beam, to measure the
smallest beam diameter, as well as a range of other sizes. Past 1 m, the beam diameter is larger
than the detector and could not be measured. As shown in [13], the mirror can completely flatten
and can even invert its radius of curvature. Based on these measurements we show that the beam
size has a theoretical range that continues past the measured data and then up to and slightly
beyond the size of the optical fiber.

3.2. Simulated beam profile

To obtain a better understanding of the system, the setup was simulated using Zemax OpticStudio.
The mirror was modeled using a modified Zernike surface defined by:

z =
cr2

1 +
√

1 − (1 + k)c2r2
+

8∑
i=1

αir2i +

N∑
i=1

Ai Zi (ρ, φ)

where z is the surface height, c is the curvature of the surface, k is the conic constant, the
αi terms are aspheric coefficients, N is the number of Zernike coefficients in the series, Ai is
the coefficient for the ith Zernike polynomial, r is the radial coordinate in lens units, ρ is the
normalized radial coordinate, and φ is the angular coordinate. During the analysis, there was a
repeated error between the scanned and the modeled mirror surface due to curvature across the
width of each mirror section. In a bimorph with a small width/length ratio, the effect of curvature
in the width is small in comparison to the length. However, in larger width/length ratio structures,
such as the mirror sections, there will also be curvature at the edges and tips, as shown in [19].
To correct for this error, a B1 sin(8φ + B2) term was added to the above equation, where B1 is
a coefficient term and B2 is angle offset. This compensates for some of the error between the
mirror and model, and therefore improves the agreement between the simulated and measured
profiles. The resulting measured and simulated profiles are shown in Fig. 7 as a comparison.
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Fig. 6. Comparison between the MEMS mirror, a collimated beam (0.017° half angle [10])
and an optical fiber (4.6° half angle) with respect to beam diameter versus distance. The
optical fiber and collimated beam have a single beam size at each distance whereas the
varifocal mirror can achieve a range of sizes. The extrapolated range is based on the measured
data points. The theoretical range encompasses the extrapolated range, as well as beam sizes
that couldn’t be measured directly but in principle the mirror could achieve based on the
mirror’s shape, demonstrated in [13].

Figure 8 plots the results of a series of these profiles to demonstrate that the simulated beam
diameters follow a similar trend to the measured data. Although there is a large spread among
the data, the trend shows that the minimum diameter is roughly equivalent to the measured data.
This simulation shows that although the mirror may be approximated as spherical [13], there are
deviations from this model which may have an effect on the mirrors efficiency.
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Fig. 7. Comparison of the measured and simulated beam profiles. The profiles on the left are
measured profiles under three conditions: focused at a low angle, defocused at a low angle,
and focused at a larger angle. The profiles on the right are the simulated counterparts to the
measured profiles.
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Fig. 8. Comparison of the x-axis beam diameter measured data and Zemax simulation. The
measured data is repeated from Fig. 4 (a). The camera is 90 mm from the mirror.

3.3. Bit error rate testing

In the application of optical communications, the BER is directly related to the SNR. For an
on-off keying system with Gaussian noise, the relationship is BER = Q(SN R), where Q is
the complimentary error function and SN R = ( Sd

2σ ), where Sd is the difference between the
1 and 0 signal and σ2 is the variance of the noise [20]. Focusing the beam to a smaller spot
size concentrates more of the optical power onto the detector and will increase the SNR, thus
improving the BER of the system. Likewise, a larger beam diameter results in less optical power
reaching the detector, decreasing the SNR and increasing the BER. To demonstrate this principle
and verify that the mirror improves the BER, the BER is characterized with respect to the
mirrors ROC and the resulting beam size. Figure 9 compares the BER to the beam diameter
and demonstrates that they both are minimized at the same mirror curvature. As the mirror
curvature changes, the BER improves until it reaches the smallest spot size at which point the
BER increases again, validating the model and the predicated relationship between the signal
intensity and BER.
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Fig. 9. Comparison of the beam diameter and the BER relative to the mirror power. This
shows that as the beam diameter decreases the BER also decreases. Using the mirror to focus
the beam to a smaller spot size significantly improves the BER. The BER experiment used a
ND filter that allowed 0.5% of the light to be transmitted. Both the camera and detector are
90 mm from the mirror.

In a communication system where the detector’s location can move, such as a phone or a
laptop, it is important to have a device that can steer a beam. The scenario of a misaligned
detector is illustrated in Fig. 10. In contrast to the rest of the experiments, here the detector is
kept stationary as the mirror is actuated to steer the beam across the detector as shown in Fig. 10.
When the beam is on center, the BER is at its minimum. Similar to [16], we find that as the beam
moves off center in either direction, the BER increases. The ability to focus the beam on the
center of the detector has a significant impact on the signal strength and the BER. When aligned
and focused we obtain error free transmission.

Fig. 10. (a) Illustration (not to scale) of setup used to test the effect of sweeping a beam
across a stationary detector.(b) BER as the beam moves away from the center of the detector.
This plot includes data using two different filter setups. The black circles are data using a
filter that allowed 3% of the light to be transmitted and the red squares used a filter that
allowed 1% of the light to be transmitted. The detector is 250 mm from the mirror.
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4. Conclusion

This paper characterizes the beam shaping and communication performance of a large focal
range MEMS mirror. This focal range combined with the large tip-tilt angle provides this device
with a unique level of dynamic control with regard to both beam steering and shaping allowing
it to tune the light dynamically. This micromirror may be approximated as spherical and is
capable of focusing light to a beam with a 0.18° half-angle divergence. Thus, at a distance of 3
m the mirror can focus the fiberized beam to an 18 mm diameter spot, which is approaching the
diffraction limit of this mirror design. The ability to change the shape of fiberized light from a
wide to a narrow beam provides a level of dynamic control in an optical communication system
that cannot be achieved using current flat mirror systems.

Funding

National Science Foundation (NSF) (0812056)

Acknowledgments

This work was supported primarily by the Engineering Research Centers Program of the National
Science Foundation under NSF Cooperative Agreement No. EEC-0812056. Any opinions,
findings and conclusions or recommendations expressed in this material are those of the author(s)
and do not necessarily reflect those of the National Science Foundation.

Vol. 25, No. 17 | 21 Aug 2017 | OPTICS EXPRESS 20285 




