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ABSTRACT

We present the use of a micromirror to dynamically improve an optical wireless communiciations link. The
signal-to-noise ratio (SNR) is improved by directing the output of a 675 nm laser diode modulated at 10
MHz toward a receiver and by varying the divergence of the output beam using a varifocal, tip-tilt-piston
micromirror. The SNR has a dynamic range of 30 dB for a diffuse source, all by optimizing the overall shape
and direction of the mirror.

Keywords: Solid state lighting, microelectromechanical systems, MEMS, visible light communications,
optical wireless communications, lasers, LEDs

1. INTRODUCTION

Next generation communications systems are moving toward synergistic dual use regimes in which personal
access points are sourced from existing architectures. Optical Wireless Communications (OWC) has the
capacity to introduce small cell, user specific data links. The introduction of steerable OWC pushes the
envelope in transforming communications toward high data rates and low signal interference while accom-
modating user mobility.

We discuss the use of a single microelectromechanical system (MEMS) micromirror1 with both adaptive
focus and large range angular deflection in OWC. A laser diode, focused and directed toward the micromirror,
is modulated using On-Off-Keying (OOK) at 20 Mb/s using a 10 MHz square wave. However, data rates
on the order of Gb/s have been obtained by direct modulation of laser diodes.2–4 In this paper we compare
the signal quality based on beam shape and direction. Therefore, lower data rates are acceptable and can
be improved upon with a high speed source.

The modulated signal reflected from the micromirror is detected using an avalanche photodiode (APD)
at a distance of 3 m from the micromirror. Upon reflection from the micromirror, the divergence of the light
can be tuned anywhere from 20° to a collimated source and steered along two axes up to ±30°. Thus, the
range in signal strength is highly dependent on the focal length and direction of the mirror. At a minimum,
the signal is below the noise level but by directing the signal toward the detector and optimizing the focal
length of the mirror, the signal-to-noise ratio (SNR) can be improved in a diffuse lighting environment by
more than 30 dB.
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2. OPTICAL WIRELESS COMMUNICATIONS

OWC is a form of optical communication that uses the visible, infrared (IR) or ultraviolet (UV) spectrum
for wireless data transfer in free space. In most cases, intensity modulation with direct detection (IM/DD)
is utilized such that information is embedded within the modulated optical intensity and received via direct
conversion of the received optical power to an electrical current. Highly directional point to point OWC
links have been implemented over large distances via free-space optical communication (FSO) for many
years - including building to building and satellite communications. More recently, interest in indoor OWC
has grown due to the demand for ultra dense wireless communications stemming from an increasing number
of wireless devices and increasing requirements from applications that utilize wireless connectivity.

The idea of indoor OWC was presented in regards to IR as early as 19795 and witnessed a resurgence
in the late 1990’s6,7 as a potential wireless local area network (WLAN) technology. Improvements in light
emitting diode (LED) technology and adoption of LED-based lighting drew attention to dual-use lighting
and communication systems implementing visible light communication (VLC) in the 2000’s.8–10 This led to
research in high speed VLC systems achieving data rates well beyond 1 Gbps,2–4 standardization efforts for
VLC modulation and coding schemes,11 and interest in VLC as a component of the 5G ecosystem.12,13

While much of the work in the field of VLC has focused on transmission via broad emission luminaires,
indoor VLC-based FSO systems offer flexibility in the optical emission pattern while maintaining the possible
integration of FSO in existing fixtures. Previous work on adaptable indoor OWC includes transmitters with
adaptive lenses14 and a combination of adaptive transmitters and receivers.15 An FSO system has been
built and tested using a commercial MEMS mirror together with an adjustable lens unit.16 However, all of
the adaptive components require a mechanical adaptive focus separate from the steering component. The
integration of variable focus and steering can drastically improve alignment costs and viability for indoor
FSO systems on a large scale.

Given the ability to adapt the emission pattern and direction of an optical source, link performance can be
improved by increasing the optical signal power directed towards a receiver and maximizing the optical SNR.
Accordingly, the analysis presented in this work evaluates SNR for various divergence and steering angles. In
indoor FSO networks with many access points and user devices, aggregate performance is also improved by
minimizing interference between OWC links. The lighting mission in dual-use VLC systems requires near-
uniform illumination; therefore, broad emission VLC luminaires are often provisioned with overlapping cells.
In such systems, resources are divided to mitigate interference. Narrow emission optical sources in an indoor
FSO system allow for full reuse of resources in scenarios where user devices are densely located; however,
signal acquisition becomes more challenging. The evaluation of multi-cell / multi-user OWC systems is
beyond the scope of this paper; however the presented results indicate how variable divergence angle can
provide narrow emission for increased SNR and interference mitigation while also providing broader emission
capabilities for simplified acquisition.

2.1 Signal Constraints

When evaluating performance of a digital communications link, SNR is often used as a metric for channel
quality. Accordingly, SNR is defined in relation to the signal constraints such that a fair comparison can be
made between various implementations.

Conventionally, average electrical signal power is observed since the signal in wireline or RF communi-
cations is subject to a power constraint in the form E

[
X2
e (t)

]
≤ C1 where Xe is the electrical signal (i.e.,

voltage or current), C1 is proportional to the maximum electrical power, and E [·] is the expected value
operator.

In OWC, average optical power is often constrained due to eye safety regulations or lighting requirements.
This constraint is in the form E [Xo (t)] ≤ C2 where Xo is the optical signal and C2 relates to the average
transmitted optical power. Therefore, the average signal is commonly observed for fair comparison in OWC.

Optical power is constrained to positive values and transmitters have a maximum instantaneous optical
power; therefore the transmitted optical signal is also subject to the constraint 0 ≤ Xo (t) ≤ C3 where C3 is
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the maximum instantaneous transmitted optical power. Since optical power is directly related to electrical
current in IM/DD systems, the peak to peak signal range is observed. In this work, we observe the peak
to peak constraint in order to highlight relative performance of the device configurations irrespective of the
lighting mission.

2.2 Noise

There are various noise components in an OWC link, each conventionally assumed as zero-mean additive
white Gaussian noise (AWGN) for simplicity of analysis. Given this assumption, the aggregate noise can be
modeled as a zero-mean AWGN source with variance, σ2

n, equal to the sum of the variances from each of the
components. The dominant noise components in OWC are typically shot noise and thermal noise, therefore:

σ2
n = σ2

n,shot + σ2
n,therm (1)

Depending on the characteristics of the receiver, the noise may be shot-noise or thermal-noise dominant.
Noise power is independent of the signal in the later case; however, shot noise is dependent on the amount
of light that lands on the receiver - including ambient light and light from the signal source. Accordingly,
evaluation of systems that are affected by shot noise should account for differences in the noise power between
symbols. Since the optical power from ambient light is much larger than the received optical power from the
source in many VLC systems, shot noise power is often assumed to be constant. However, signal-dependent
noise characterization is important for scenarios such as indoor FSO where the received optical signal power
is on the same order of magnitude or larger than the ambient light power.

In the analysis within this paper, we evaluate noise power at each mirror configuration. The measurements
are taken by pulling a 25 ns window at the center of the expected high and low time windows. Then the
variance in high and low measurements, written as σ2

0 and σ2
1 respectively, and corresponding means are

calculated over 200 periods. Assuming the noise power does not depend on the symbol, the variance of the
high and low measurements are approximately equal and are calculated as such. In certain extreme cases,
we encounter unexpectedly high noise power fluctuations. This is discussed in more detail in Section 4.

2.3 Signal to Noise Ratio

When evaluating performance, the observed SNR definition depends on the signal constraints. Since per-
formance is evaluated at the receiver, transmit constraints are observed in relation to the received electrical
signal current, Is (t).

In the case of an average electrical power constraint, SNR is defined such that the ratio of electrical signal
power, Pe,sig to electrical noise power, Pe,n is the trait used to compare performance. The variance of the
assumed zero mean signal is equivalent to the mean of the squares and load resistance is assumed to be the
same for signal and noise; therefore

SNRPe
=
Pe,sig
Pe,n

=
E
[
Is (t)

2
]

E
[
In (t)

2
] =

σ2
Is

σ2
n

(2)

where In (t) is the received noise current with variance σ2
n.

When observing a peak to peak constraint, the trait to be held constant is the range of the received
optical signal power, Po,p−p, which is directly related to the range of the received electrical signal current,
Is,p−p. Accordingly, peak-to-peak SNR is defined as

SNRp−p =
RPo,p−p
In,rms

=
Is,p−p
σn

(3)

where R is the photosensor responsivity [A/W]. Note that the noise standard deviation is observed in the
denominator such that SNRp−p is unitless.
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In this paper, SNRp−p is presented for comparison of the mirror configurations. Since the received optical
power is dependent on the power density of the optical signal incident on the surface of the photosensor,
directing the emitted signal towards the receiver and focusing the emitted optical power maximizes Po,p−p
for a given transmitted optical power. The presentation of the SNR is given in dB calculated using the
electrical power convention where

SNRp−p [dB] = 20 log10

(
Is,p−p
σn

)
(4)

In the analysis of symbol error rate (SER) in optical communications, it is assumed that the symbol
constellation is translated to incorporate a bias such that the positive value constraint is met. When SER is
calculated as a function of SNRp−p, the distance between symbols is related to the peak to peak received
signal current, Is,p−p, which is independent of DC bias. For OOK, there are 2 equidistant symbols over the
range Is,p−p; therefore d = Is,p−p. An error occurs if the noise current, In, shifts the observed signal current
by at least d/2 towards another symbol. Positive or negative noise current with magnitude greater than d/2
occurs with equal probability given that In is normally distributed, Īn = 0; therefore assuming In is not
symbol dependent,

P

(
In ≥

d

2

)
= P

(
In ≤

d

2

)
= Q

(
d

2σn

)
= Q

(
Is,p−p
2σn

)
= Q (SNRp−p) (5)

where Q is the complimentary error function. Based on the noise assumptions outlined in Section 2.2, an
error occurs when Is = 0 and In ≥ d/2 or when Is = 1 and In ≤ −d/2. Given equiprobable symbols and
assuming noise is independent of the symbol,

BEROOK = P

(
In ≥

d

2

)
= Q (SNRp−p) (6)

3. PROTOTYPE TRANSMITTER

The transmitter is composed of two main systems. The first is a MEMS micromirror described in detail
in Section 3.1. The second is a bare laser diode connected to a printed circuit board (PCB) containing
a reference input and constant current controller. The laser system is outlined in Section 3.2 and can be
expanded to achieve Gb/s modulation rates.

3.1 Micromirror System

This section describes the mirror design and fabrication process as well as the electrothermal actuation
method used to control the mechanical deformation with four degrees of freedom.

The mirror is built using a multi-user MEMS process known as PolyMUMPS by MEMSCAP. The archi-
tecture is based on three poly-silicon layers and one gold layer. Two sacrificial oxide layers allow suspended
structures to be fabricated out of the top two poly-silicon layers. The gold is deposited on the top silicon
layer and can be used for electric access and to fabricate vertical actuators. A comprehensive description of
the layers, fabrication process and design tolerances is given in the PolyMUMPs handbook.17

The deformable MEMS mirror used in this work is illustrated in Figure 1. The device consists of four
thermal bimorph legs and a central mirror. The bimorph legs are composed of 0.5 µm gold on 1.5 µm of poly-
silicon. Compressive stress in the silicon and tensile stress in the gold from the fabrication process results in
a curved structure which is used to raise the mirror above the plane. Thermal annealing protocols are used
to maximize the curvature at ambient temperature. To actuate the device, a constant current can be injected
within each leg independently. The resulting Joule heating (P = I2mirR) will raise the temperature along
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Figure 1. SEM image of the MEMS Mirror. a) Mirror device consists of a segmented mirror with a tunable focal
length and four thermal bimorphs that can perform tilt, tip, and piston deformations. b) Closeup of segmented
mirror with eight petals. Dark circles are release holes.

the structure and straighten the bimorph leg. Following Chu et al.,18 a uniform temperature increase will
provide a bending moment due to the mismatch in coefficients of thermal expansion (CTE). The curvature,
κ, is the inverse of the radius of curvature and twice the focal length, r = 2 · f , and can be expressed
as the sum of the initial curvature and a temperature dependent term proportional to both the change in
temperature, ∆T :

κ =
1

r
=

1

r0
+

6t (αAu − αSi) ∆T

4(t2Au + t2Si) + 6tAutSi +
EAut3Au

ESitSi
+

ESit3Si

EAutAu

. (7)

Here, αi, ti and Ei is the CTE, thickness, and Young’s modulus of the gold and poly-silicon respectively.

The mirror assembly is tethered to the four bimorphs by folded springs. These poly-silicon springs have a
sufficiently low spring constant to allow the bimorph beams to deflect and thereby tip or tilt the mirror. The
mirror itself is segmented into eight sections, anchored at the center to a poly-silicon platform. The segments
are composed of the same thin films as the bimorph legs and will likewise have an initial curvature, resulting
in a spherical mirror that can focus (or defocus) light. The mirror temperature can be raised by applying a
voltage across the folded springs. These act as four heat sources, causing the platform to uniformly heat the
mirror segments. The temperature of the plate can be raised sufficiently to completely flatten the mirror,
corresponding to an infinite focal length.

The gold in the bimorph legs makes their electrical and thermal resistances low, where the long narrow
silicon springs have greater electrical and thermal resistances. This allows the central platform and legs to
be heated independently. Injecting a current into a single bimorph will deflect the structure in the direction
of actuated bimorph. Heat can be generated in the springs by providing a voltage between the bimorph legs
from 0 V to 15 V. At 0 V, the mirror is curved such that the focal length is near f = −0.5 mm. At 15 V,
the focal length is nearing infinity and can be approximated as a flat mirror. The bimorph legs and mirror
segments can be actuated independently with little impact on one another. The interested reader is referred
to a detailed description of a similar device, including range, power consumption, mirror shape, and dynamic
response, by Morrison et al.1

3.2 Laser Source and Driver

Figure 2(left) shows the schematic of the laser driver. The laser driver is composed of a high power gallium
arsenide (GaAs) field effect transistor (FET), a current control loop, a laser diode, and a high speed modula-
tor. The current sensing resistor R1 and the amplifier A1 form a negative feedback loop to stabilize the DC
current flowing through the laser diode. A GaAs pseudomorphic high-electron-mobility transistor (Avago
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Figure 2. Schematic of the laser driver (left) and eye diagrams (right) of PRBS generator output (blue) and received
data (green) from a commercial detector at 1 Gb/s. The laser diode and detector for this high speed test are separated
by 15 cm without optics.

ATF541M4) with 6 GHz bandwidth and 100 mA current capability is used as the main driver to support
high speed modulation and high level optical power. The laser diode (Thorlabs HL6750MG) emits at 675
nm with a 50 mW maximum output power is connected to an adapter for lens installation. The adapter
can also serve as a heat sink, when thermal equilibrium is reached the adapter and the feedback loop can
guarantee a constant average optical power output.

As shown in Figure 2(right) the laser driver can maintain a clear eye pattern up to 1 Gb/s. It should be
mentioned that the current setup is modulated at a much lower frequency than the maximum allowable by
the electronics. This is to allow the use of a standard arbitrary function generator which has a maximum
output frequency of 15 MHz.

4. RESULTS

4.1 Measurement Setup

A square wave input function modulated at 10 MHz is used to drive the laser described in Section 3.2. A DC
bias is added in order to provide symmetric bias current nearing the threshold current. Directly in line with
the laser diode is a collimating lens followed by an adjustable iris. The function of the iris is primarily to
reduce internal reflections from the diode cavity from being directed toward the MEMS system. A focusing
lens immediately follows the iris and focuses the light passing through the iris onto the mirror.

The MEMS device is mounted on a standard 16 pin dual-inline package which is oriented at a 45° angle
with respect to the incoming beam. The reference bias is held at 1.5 V corresponding to a 31 mA forward
current, just above the lasing threshold. The laser used is capable of providing up to 50 mW but the
maximum intensity is not desired for this use. The average total optical intensity is kept near the threshold
in order to remain eye safe. The modulation depth is also relatively low because large modulation depths
will saturate the photodetector used in this experiment. The preliminary measurements in the next section
4.2 describe the results when using a larger maximum optical power.

Signal power is shown to improve by a factor of four for a low intensity diffuse signal. When the signal
is not first passed through a diffuser, the power can be improved by a factor of 15. However, a factor of 15
improvement in signal comes with penalties in SNR.

The state of the micromirror is given in terms of the mirror voltage (in the legend and varies from 0
V to 15 V) which increases with increasing focal length.1 When the mirror is at 0 V, the focal length is
approximately f ≈ −1 mm leading to a divergent beam. When the voltage is at 15 V, the focal length is set
such that the outgoing beam is effectively collimated. Similarly, the beam direction is proportional to the
square of the current

(
θ ∝ Pmir ∝ I2mirRmir

)
and is written as such in all plots.
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Figure 3. Signal-to-noise ratio (a) for a mirror with a divergent reflected beam (Mirror: 0 V) and for the mirror when
the beam is approximately collimated (Mirror: 15 V) as a function of effective beam direction. The significant drop
in SNR for a collimated beam is due to a substantial increase in the noise (b).
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Figure 4. Total optical power received by the photodetector as the mirror is deflected measured for both a divergent
and a collimated beam.

4.2 Preliminary Measurements

Preliminary measurements demonstrate an improvement in SNR from 20 dB to 97 dB when the mirror
is effectively flattened so the reflected light is close to collimated. However, this improvement is at the
maximum optical power threshold for the photodetector. The penalty for operating at the power density
required to obtain 97 dB SNR is an increase in noise levels. Figure 3 shows the enhanced SNR as a function
of the beam direction.

Between I2mir = 1500 mA2 and I2mir = 1800 mA2 the detector saturated (Figure 4). As a result, the SNR
at these points are not a good measure of signal quality but the overall maximum amplitude improvement
from beamshaping (i.e. changing the focal length of the mirror) is clear.

Another issue with the direct line measurements are blackout spots. The release holes in the mirror
segments can be seen as dark circles in Figure 1. These are physical holes in the mirror in order to aid
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Figure 5. Eye diagrams for a poorly aligned system (left) and optimally aligned system (right) just before saturation
of the photodiode.

in processing times and reduce optical aberrations due the stress gradients from the overall shape of the
segments. Each of the holes and corresponding interference patterns can be seen in the reflected light. As
the reflection is swept across the detector, blackout spots can be seen where the signal power suddenly drops
(Figure 4).

Using a 10 Mb/s PRBS signal, eye diagrams for the same type of setup are shown in Figure 5. The
leftmost diagram is the signal for a divergent beam prior to redirecting the signal toward the detector.
The second is the best signal obtained by collimating the beam and redirecting just before saturating the
signal. The opening is drastically shifted upon optimizing the beam shape and direction. The exact culprit
responsible for the noise amplification is likely an artifact of the saturation limit in the photodetector and
an investigation into this is left for future work. Instead, a lower optical power is used in conjunction with
a diffusive element to reduce the total optical power detected by the sensor.

4.3 Diffuse Signals

The diffuser inserted to measure low optical power signals has two functions. The first is to reduce the level
of contrast in the mirror image to smooth the transitions across the release holes and interference patterns.
The second is to decrease the optical power density on average. In effect, the diffuser shifts the range in
divergence of the beam so the variable focus will still control the power density but with an initial offset to
prevent collimated light from reaching the detector.

Figure 6(a) depicts the optical power measured by the photodiode as a function of the effective direction.
The blackout areas are now smoothed over as is expected when using the diffuser to reduce the projected
image of the mirror. In addition, the photodetector is far from saturation and the noise 6(b) as a function
of direction is much less erratic. While the signal enhancement is not as notable as in the preliminary work,
the results seem to be more reliable and less dependent on the signal itself.

Eye diagrams in Figure 7 show the eye opening from a diffuse signal without direction (a) to a narrow
beam incident on the diffuser directed at the detector (b). These are data from a square wave that are pulled
from the oscilloscope rather than an image of the oscilloscope panel itself.

Since the noise level does not vary as significantly as shown in Figure 3(b), the SNR shown in Figure 8(a)
steadily rises as the signal is directed toward to the detector. The gradient in SNR is largest when the mirror
is flattened and peaks at approximately 65 dB. When the mirror is left divergent but still directed toward the
detector, the SNR drops to 40 dB. When the signal is pointed away from the detector,

(
I2mir = 3600 mA2

)
,

the SNR drops to 35 dB regardless of the curvature of the mirror. The baseline is an artifact of the final
direction of the mirror relative to the detector position and will continue to decrease if the mirror current is
increased further.

In order to obtain a worst case SNR, a second ratio is derived based on the noise at the peak amplitude.
As described in Section 2, for large optical powers the shot noise component may increase such that the

Proc. of SPIE Vol. 9954  99540C-8



a) b)

0 500 1000 1500 2000 2500 3000 3500
0

0.05

0.1

0.15

0.2

Imir
2  (mA2)

P pp
 (µ

W
)

0 500 1000 1500 2000 2500 3000 3500

4

5

6

7

8

9 x 10−3

Imir
2  (mA2)

Mirror: 0 V
Mirror: 10 V
Mirror: 13 V
Mirror: 15 V

(0
.5

 (
σ 02 +σ

12 ))1/
2   (µ

W
)

Figure 6. Optical power incident on the photodiode (a) is shown as a function of the effective direction of the signal
for a series of mirror focal lengths. In (b) the total noise is reduced in comparison to the values in the preliminary
data.

0 20 40 60 80 100 120
−0.2

−0.1

0

0.1

0.2

0.3

Time (AU)

Si
gn

al
 (V

)

0 20 40 60 80 100 120
−0.2

−0.1

0

0.1

0.2

0.3

Time (AU)

Si
gn

al
 (V

)

a) b)

Figure 7. Eye diagrams for an indirect signal with a divergent beam incident on the diffuser (a) and for a direct line
signal with a collimated beam incident on the diffuser (b).
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Figure 8. The SNR improves as the beam direction is shifted toward the detector. The improvement is accentuated
by increasing the focal length of the mirror. This is shown in the case of symbol independent noise (a) and assuming
the noise is always given by σ1 (b).

noise is symbol dependent. Thus, for a square wave the noise will always be greater during the half of
the period corresponding to a high measurement. By assuming the noise is always given by the shot noise
dominant component, the SNR is defined by SNRpp,wc =

Ppp

σ1
rather than by the average noise variance

SNRpp =
Ppp√

1
2 (σ2

1+σ
2
0)

. As a result, the SNR is unchanged for a wide beam angle (Mirror: 0 V) but drops by

4 dB for a collimated beam incident on a diffuser (Mirror: 15 V). The overall shift is plotted in Figure 8(b).

Based on the SNR calculations in Figure 8, the BER can be extrapolated using Equation (6). From this
the calculated BER is far below a measurable value, BER < 10−9. This demonstrates that the bit errors
would be systemic rather than an artifact of the noise level. Far greater is the impact of a pre-shaped beam
than one which is directed but highly divergent on the SNR.

5. CONCLUSIONS

Signal enhancement using a 675 nm laser diode incident on a multi-degree of freedom micromirror can be
as great as ∆SNR = 77 dB. However, useful ranges can be obtained by inserting a diffusive element which
will drop the enhancement dynamic range to within limits suitable for an indoor FSO system. The SNR for
such a system can be shifted from less than 35 dB to 60− 65 dB by redirecting the beam and reshaping it
before the diffuser. Both of these variations are performed with a single micromirror at voltages well below
standard wall plug limits.

While one can certainly begin with a collimated beam on a diffuser without losing dynamic range in
the signal, the added flexibility will allow reconfigurable OWC networks. Enhancing signal and providing a
basis for reshaping the optical system with a single mirror may also have implications on the reduction of
interference between nearby transmitters and on user mobility in indoor FSO.
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