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ABSTRACT Line-of-sight laser communication application scenarios are numerous including land, mobile,
maritime, airborne and space platforms for conventional and tactical utilization. However, beam pointing
and stabilization are complicated in dynamic systems such as orbiting satellite to ground receiver, drones,
aircrafts and metropolitan free-space optical links vulnerable to natural and artificial disturbances. Small
Satellite platforms such as CubeSats are even more challenging due to their limited size and on-board
resources. This paper presents an experimental study on a feedback photodiode array sensor assisted control
of a one-axis micro-electromechanical (MEMS) fine steering mirror stabilizing a laser communication link
on an optical bench in the laboratory. Disturbance profiles similar to vibrations on dynamic platforms are
induced into the setup using an electrodynamic vibration machine to test the efficacy of the MEMS fine
steering control mechanism. The Photodiode Array (PDA) sensor collocated with an Avalanche Photodiode
at the receiving section provides sustained information about the transmitter’s movements and beam
displacements while the received optical signal strength is continuously monitored. The feedback signals
are transmitted to the FSM controller via a radio link. We demonstrate the capacity to stabilize a laser beam
transmission in the presence of external disturbances and platform movements using a PDA sensor assisted
control.

INDEX TERMS Linear feedback control system, fine steering mirror (FSM), photodiode array sensor
(PDA), platform vibrations.

I. INTRODUCTION
Since the advent of radio frequency (RF) communications
in the early nineteenth century, it has been the mainstream
mode of short and long distance connectivity but its capac-
ity is now approaching the critical limits [1], [2]. The new
era of big-data, internet of things (IoT) and growing infor-
mation burst between multiple devices and platforms poses
new challenges. The radio frequency spectrum is consis-
tently congested while communication engineers and system
architects usually have to work around signal interference
problems especially in collocated and multi-node systems.
On the contrary, the optical bands are underexplored, less
regulated and without licensing complications. Optical com-
munications have become very attractive alternative to RF
for diverse applications because of its secured nature, larger
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channel bandwidth and extremely high data achievable rates.
Eye safe infra-red lasers at moderate intensities are promising
for next-generation ubiquitous metropolitan laser communi-
cation networks. Long range optical links are fast evolving
from the expensive and cumbersome long-haul optical-fiber
based systems to free-space optical transmissions (FSO).
Compactness of the optical transceivers makes them to be
easily hosted on diverse ground, maritime, airborne and space
platforms as depicted in Fig.1 below. However, the suit-
ing benefits of the narrow laser beamwidth simultaneously
give rise to alignment challenges, pointing errors between
the optical transmitter and receiver. Laser communications
(Lasercom) are also vulnerable to weather conditions and
atmospheric turbulence which attenuate, absorbs and scatter
the signal during propagation [3].

High precision laser pointing, acquisition and tracking
(PAT) mechanisms are indispensable in mitigating beammis-
alignment problems in optical links. PAT mechanisms are
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FIGURE 1. Dynamic and quasi-static laser communication scenarios.

generally implemented in two stages; coarse pointing and
fine pointing subsystems for keeping the communication
link [4]–[7]. Coarse pointing involves pre-aligning the optical
heads, utilizing directional (guiding beacons) or positional
sensors (GNSS) [8], attitude actuators and sometimes the
platform’s propulsion systems. Fine pointing systems (FPS)
performs more accurate beam alignment and precision con-
trol irrespective of the platform’s movement, attitude changes
and induced jitter.

On satellite platforms, high-frequency micro-vibrations
generated by the reaction wheel imbalances causes point-
ing instability [9], [10]. Rotary-wings based aircrafts and
multi-rotor propelled drones also experiences significant
vibrations that must be damped or isolated when hosting
optical imaging or direct laser transmission devices [11]. Fine
Steering Mirrors (FSM) are extensively used in laboratory
optical setups and in lasercom FPS to maneuver outgoing
laser beams to desired directions. Combination with iner-
tia sensors such as accelerometers and gyroscopes enables
continuous tracking of the platforms attitude and implemen-
tation of robust closed-loop control [12], [13]. Additional
optical tracking Focal Plane Array (FPA) sensors such as
Quadrant Detectors (QD), Position Sensitive Device (PSD)
and Charge-Coupled Device (CCD Cameras) monitoring the
transmitted beam enhances the performance of the FPS con-
trol system [14], [15]. CCD cameras are excellent choice
for conducting detailed laser beam profiling but generally
suffers low frame rate adding unwanted time delay to the
control feedback loop and limiting the disturbance rejection
bandwidth. They are also bulkier and consume more power
than the others. PSDs are highly sensitive and provide rapid
response [16]. QD and PSD are however limited in aperture

size, often requiring the use of additional optics for wider
field of view.

FPS for a low SWaP (size, weight and power), resource
limited platform such as Cubesats and drones must be com-
pact and efficient. A tradeoff consideration between key char-
acteristics such as resolution, speed or sampling rate, effective
aperture and power consumption of the most suitable optical
tracking sensor becomes essential. In this paper, we introduce
the use of an experimental auxiliary sensor; an 8 x 8 pixels
photodiode array (PDA) to monitor the angular displacement
of a transmitted laser beam and to support a fine laser pointing
controller in the test system we constructed.

The purpose of the present paper is to report the perfor-
mance of the photodiode array sensor as feedback device
in the closed-loop control of a MEMS fine steering mirror
reflecting a laser beam to a target position at the receiving
side. The findings in this paper can benefit development of
lightweight and robust fine pointing control systems for laser
communication platforms. This paper is made up of five
sections: the second and third parts describes the hardware
and analyses of the test system respectively. Conducted lab-
oratory experiments using the PDA assisted controller are
presented in section four. The final part gives the conclusion
and recommendations for future work.

II. DESCRIPTION OF BEAM STEERING TEST SYSTEM
A. TEST SYSTEM LAYOUT
The test apparatus illustrated in Fig. 2 consists of transmit-
ting and receiving sections mechanically isolated from each
other to emulate the case of distant laser communicating
platforms as much as possible. The FSM and accelerom-
eter sensors are collocated in order to track the attitude
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FIGURE 2. Layout of the beam steering test system.

changes of the transmitting platform and hence the beam
due to induced vibrations. Both the optics and associated
electronic circuitries are mounted on a rail for easy posi-
tional adjustments and coupling with the vibration generator.
A mini-optical bench placed on top of an adjustable-height
trolley host the receiving optics, thus enabling flexibility in
aligning the systems. The sections were optically aligned
such that in the absence of movements or disturbances,
the receiving APD (ThorLabs’ SM05PD3A) and the PDA
sensor (Hamamatsu S13620-02) registers the maximum sig-
nal strength and zero angular beam displacement respectively.
The APD was interchanged with a CCD Camera for profiling
the beam characteristics.

B. TRANSMITTER AND BEAM CONTROLLER
A 1mW laser source with an in-built collimator generated
Ø3 mm visible beam directed to the Hamamatsu S1227-03P
MEMS Fine Steering Mirror. The laser diode was driven
directly and also by an amplitude modulated circuit (not
shown in Fig. 4) when transmitting test signals over the laser
link. A low cost Commercial off-the-shelf (COTS) Arduino
ATMega2560 microcontroller at the heart of the control cir-
cuitry receives feedback signals from an XBee radio link
as well as continuous attitude data stream from MPU-6050
(3-axis Accelerometer and 3-axis Gyroscope) Inertia Mea-
surement unit while executing the FSM control algorithm.

The Controller’s digital voltage output (Dnr ) was con-
nected to MCP4725, a 12-bit resolution I2C digital-to-
analog converter (DAC) and feedthrough to the Mirror driver

FIGURE 3. Prototype of the laser transmitter and FSM controller.

(LM324 quad-opamp voltage to current converter and moni-
tor circuit). The Real time clock (RTC), LCD and datalogger
also on I2C bus enables real-time visualization and recording
of the system data during the vibration tests.

C. RECEIVING AND FEEDBACK SYSTEM
ACubic Beamsplitter divides the received laser beam equally
between the receiving APD/CCD Camera setup and the Pho-
todiode Array Sensor system positioned 45◦ to each other
on the optical bench. The beam’s centroid and angular dis-
placement across the aperture of the PDA is computed by
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FIGURE 4. Block diagram of the transmitting section.

FIGURE 5. Block diagram of the receiving section.

FIGURE 6. Prototype of the receiving section on an optical bench.

the microcontroller which then routes the information back
to the transmitter’s FSM controller via the XBee radio link.

Similar to the transmitting section, a datalogger records the
system information during the experiments.When a sufficient
disturbance is applied to the transmitter platform, the beam
position around the APD aperture fluctuates in proportion to
the disturbance resulting to intermittent communication link
outages. However, the PDA sensor continuously captures the
angular deviation information needed for the FSM Controller
to return the beam to the desired APD position.

D. PHOTODIODE ARRAY, BUFFER AND MULTIPLEXER
The PDA system comprises of the S13620-02 64-elements
two dimensional array, 16 LTC1053 quad precision zero drift
buffer amplifiers and 64-to-4 Multiplexer (CD74HC4067)
circuit feeding four ADC channels of themicrocontroller. The
MCU clock speed andADC sampling rate dictates the achiev-
able frame rate of the PDA sensor system.ATMega2560ADC
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FIGURE 7. Receiver optics with mounted PDA and buffer-amplifier board.

FIGURE 8. Operating principle of the MEMS FSM driver.

has 10 bit depth, with reliable sampled values when the ADC
input clock is between 50 KHz and 200 KHz [17].

The MCU prescaler was adjusted to achieve 8MHz clock
speed and with other program execution by the microcon-
troller, an actual frame rate of 50fps for the 64 pixels PDAwas
recorded. In comparison, the scA-1600 CCD Camera used in
the experiment is capable of 14fps but 6 order of magnitude
higher resolution than the PDA. Higher PDA frame rate is
easily achievable by utilizing faster microprocessors and ded-
icated ADC chips such as 24-bits ADAS1127 delivering up
to 20kSPS conversion rate. The PDA system frame rate must
be sufficiently greater than (at least twice) the beam position
fluctuation frequency in order to effectively track the beam
and support the control system.

III. SYSTEM ANALYSIS
A. FSM FREQUENCY RESPONSE
The S12237-03P is an electromagnetic-type MEMS Fine
Steering Mirror operated by applying a current source to its

coil which has a typical resistance of 165� at room temper-
ature. Because the coil resistance is susceptible to change
due to the ambient temperature variations, a grounded load
voltage to current converter ensures that actuation current
is unaffected by these environmental changes. An upper
limit of θfsm = 15◦ optical deflection angle and 100Hz
drive frequency was recommended by the device manufac-
turer [18]. Therefore, R1 to R4 = 333.3� was adopted
for Vdd =5V DAC reference. The maximum drive fre-
quency sets the bandwidth of the platform disturbance
rejection.

Vd (t) = vdd
Dnr

(2n − 1)
; n = 12bits (1)

ifsm (t) =
vd (t)
R1

(2)

The FSM optical deflection angle is always twice the
mechanical angle, θm with good linearity when driven
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FIGURE 9. FSM transfer function.

FIGURE 10. FSM open-loop frequency response.

between -15mA to 15mA as expressed in (3).

θfsm (t) = 2θm = ifsm (t)× 1000 (3)

Equation (4)-(7) is the Plant (FSM) transfer function with
its complex response; amplitude and phase lag expressed as a
function of the drive frequency, resonant frequency (530Hz)
and the device Quality factor, Q = 30.

Gfsm (s) =
Ifsm (s)
θfsm (s)

(4)

Gfsm (ω) =
∣∣Gfsm (ω)∣∣ earg{G(ω)} (5)∣∣Gfsm (ω)∣∣ = 1+

( ω

530

)2
(6)

arg {G (ω)} = tan−1
{

530ω

Q
(
280900− ω2

)} (7)

MATLAB System Identification Toolbox was utilized to
obtain the Plant’s poles-zero gain mathematical model:

Gfsm (s) =
1.037S + 103.8

S + 101
(8)

B. PDA BEAM CENTROID
The 8 x 8 elements resolution array was selected as the
primary sensor for optical feedback in the experiment because
higher frame rates can be achieved compared to CCD cam-
eras, effectively trading resolution for faster response speed.
However, elemental pixel gaps or dead zones in the array
impacts the overall precision of the PDA. The received laser
beam at the PDA surface has a Gaussian distribution with
∼3mm spot size comparable to the width of each pixel
lq = 3mm. Bisection of the beam’s intensity is concen-
trated within the Full Width at Half Maximum (FWHM),

FIGURE 11. Scaling of the PDA aperture and pixel size (Inset: Hamamatsu
S13620-02).

hence centroid calculation was simply implemented using the
Center-of-Gravity (CoG) algorithm expressed in (9), having
the benefit of lower computing power requirement [19].

(x, y) = 4lq

{∑
XijIij∑
Iij

,

∑
YijIij∑
Iij

}
(9)

Quadrant Detectors (2 × 2 array) and Position Sensitive
Devices (PSD) are commonly used for laser beam displace-
ment measurement but have limited aperture size making
them unfitting for sensing larger angular displacements with-
out the use of additional optics. Beam centroid using QDs
are done by continuous sampling of the currents from the
four photodiode’s quadrants as in (10). The PDA can also be
modeled as a stack of multiple QDs to enable wider aperture
sensing.

(1x,1y) = 4
(
lq

{
(IA + ID)− (IB + IC )
IA + IB + IC + ID

}
,

lq

{
(IA + IB)− (IC + ID)
IA + IB + IC + ID

})
(10)

C. FEEDBACK CONTROLLER
A Proportional-Integral (PI) Controller was designed in
Simulink to drive the FSM in single-loop (i.e. using only
PDA feedback). Optimal values of the control gains Kp,
Ki were designed in Simulink for a stable control system
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FIGURE 12. PDA single-loop feedback control model.

FIGURE 13. PDA and accelerometer double-loop feedback model.

with no overshoot and minimal rise time (5ms) to achieve
close-loop bandwidth of 100Hz. The MPU6050 device gyro-
scope and accelerometer maximum bandwidths are speci-
fied as 8 KHz and 1 KHz respectively [20]. In double-loop
control mode, featuring the PDA and accelerometer feed-
backs, the accelerometer is positioned in the inner loop
because of its high bandwidth. In the actual experiment,
the platform was subjected to vibrations at different linear
acceleration and displacement values for only the single
mode. Fig.14 shows the simulated response to a sinusoidal
external vibration with a sinusoidal profile of 4 degrees
amplitude and 5 Hz frequency with 0.5s step time of the
SetPoint.

The controller output oscillates by about the same fre-
quency but its amplitude constrained to the SetPoint value
(expected beam position) which is adequate to keep the laser
communication link within the APD’s field-of-view. Driving
the FSM at values closer to its mechanical resonant frequency
produces severe inaccuracies and instability because the opti-
cal deflection angular error and phase lag increases with
Controller’s output frequency. The Hamamatsu S12237-03P

FIGURE 14. Simulated controller response to unit-step setpoint and
sinusoidal disturbance profile.

FSM can be reliably operated at 100Hz in linear mode,
hence setting a limit for the system’s vibration disturbance
bandwidth. The choice of FSM is therefore based on the
prior knowledge of the expected platform jitter bandwidth
and sampling rates of the feedback sensors.
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FIGURE 15. Layout of vibration machine test setup.

FIGURE 16. Vibration testing machine integration.

FIGURE 17. APDs setup.

IV. EXPERIMENTAL VALIDATION AND RESULTS
A. METHODOLOGY
The objective of the beam steering experiment was to test the
performance of the FSM feedback Controller utilizing the
PDA in suppressing the induced platform disturbances at
varying vibration profiles. The transmitter setup consisting
of the laser source, FSM, inertia sensor and Controller were

FIGURE 18. Beam switching response.

firmly assembled on a mini-optical breadboard attached to
a rail. The rail was firmly attached to an adapter jig on top
of the vibration machine’s slip table. The vibration machine
is an industrial grade test system used for satellite qualifica-
tion tests at the Kyushu Institute of Technology’s Center for
Nanosatellite Testing. The machine is capable of generating
vibrations of up to 2 KHz frequency and 10cm linear dis-
placement covering most of satellite launch and on-orbit jitter
spectrum. The receiving and feedback system were assem-
bled on a small optical bench placed on a moveable trolley.
At first, the platforms were arranged such that the laser beam
was perfectly aligned with the axis of the PDA and APD
sensors. Therefore the position of the platforms were fixed
while only the vibration machine altered the attitude of the
stabilized transmitting setup in the x-axis direction as shown
above. The two sections were completely mechanically iso-
lated, the XBee radio feedback link also eliminated the
need for cabling between them. During the vibration exper-
iment, the transmitter platform was subjected to different
acceleration movements to check the PDA feedback align-
ment error and FSM Controller responses.
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FIGURE 19. Frequency spectrum of vibration machine profiles at FSM and Accelerometer position.

FIGURE 20. Open loop response to vibration machine disturbances.

B. FSM BEAM SWITCHING BETWEEN TWO APDs
Prior to coupling of the test system to the vibration machine,
an open-loop laser switching between two APDs separated
at a known beam angular displacement (5◦) to check the
accuracy of the fine steering mirror. The Controller was pro-
grammed to retain the beam at APD1 and APD2 positions for
2s and 3s respectively. Fig. 18 shows the raw sampled ADC
readings of the APDs in response to the beam movements.
The spikes in the curves represents the background noise at
the aperture of the detectors. The test established the accuracy
of the FSM.

TABLE 1. Experiment vibration test profiles.

C. VIBRATION MACHINE DISTURBANCES TEST PROFILES
In the closed-loop control operation, the transmitter system
was subjected to four vibration profiles with characteristics
provided in the table below. The vibration machine was pro-
grammed to move the slip table at 5Hz sinusoidal pattern at
different amplitudes. However, the actual nature of vibrations
at the sensor locations close to the FSM contains multiple
frequencies and harmonics due to the mechanical parts of the
laser transmitter. Therefore the PSD plot in Fig. 19 shows the
actual vibration pattern obtained at the FSM position.

D. OPEN LOOP PDA RESPONSE TO BEAM DISTURBANCES
The vibration machine was operated at different frequencies
and displacements without activating the FSMController and
the radio feedback signal. This enabled the assessment of the
PDA response to the beam disturbance profiles. As shown
in Fig. 20, the angular deviation oscillate in consonance with
the vibration machine profiles.
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FIGURE 21. Closed loop beam stabilization under vibration machine disturbances.

E. CLOSED LOOP BEAM STABILIZATION UNDER
VIBRATION MACHINE DISTURBANCES
In the closed-loop mode, the beam angular displacement val-
ues computed using the PDA sensor was relayed to the Con-
troller at the transmitter. Therefore the FSM was constantly
actuated automatically to suppress the vibration profiles by
deflecting the beam to the desired angular setpoint (2.5◦).
Fig. 21 shows the PDA response and the feedback controller
effort.

The Controller steered the beam adequately in the Profiles
A, B and C but was less effective in Profile D due to the larger
displacement of the slip table, microcontroller performance
and the XBee feedback channel. The overlapping flat lines
in the plots shows that the laser beam was stabilized for over
20 seconds despite the induced fluctuations by the vibration
machine. In these periods the PDA circuitry sends back con-
tinuous streams of beam angular error to the FSM controller.
This demonstrated that a lower resolution PDA sensor can
effectively substitute CCD cameras in feedback beam control
for low resource platforms.

V. CONCLUSION
MEMS Fine Steering Mirrors are critical actuators in laser-
comfine beam pointing and platform disturbance suppression
systems because they are miniature, easy to drive, agile and
demand less platform resources. They are often combined
with optical sensors such as quad cells (QD), position sensi-
tive devices (PSD) and CCD cameras in close-loop automatic
control of the beam position. CCD cameras has slow detec-
tion and processing speeds while the field-of-regard is very
limited in QDs and PSDs due to their smaller aperture size.
In QDs, the laser beam spot size after focusing usually are
comparable to the quadrant pixel size hence restricting the
beam deviation on the surface to limited amounts.

We have introduced the use of scalable photodiode array
as the optical feedback sensor for fine beam pointing
and control. We demonstrated by experiment using COTS

components that a photodiode array with a much lower res-
olution compared to CCD camera but having faster response
can assist a close-loop fine beam position control. The spatial
size of the PDA sensor can be increased if desired depending
on the specific application requirements. Much higher detec-
tion frame rates are also achievable with increased computing
capacity by using faster microprocessors. The PDA sensor
is attractive for use on resource-limited platforms such as
small satellites, CubeSats, unmanned aerial vehicles and high
altitude vehicles where size, weight, and power supply are
tightly managed and distributed.

Combination with tunable spectral filters makes the PDA a
very unique sensor capable of detecting multiple wavelength
lasers position in a single package. This comeswith enormous
advantages in applications such as densed wavelength divi-
sion multiplex systems (DWDM) and bi-directional optical
communication modules that utilizes many laser beams for
uplink and downlink, drastically reducing the number of
optics, weight and power consumption.

Future work will address minimizing effects of the narrow
elemental gaps and dead zones on the precision of dynamic
laser beam centroid computation. More efficient centroiding
algorithms such as the best-fit to Gaussian approach will
enhance the detection accuracy of the photodiode array sensor
and consequently the performance of the fine steering control
system.
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