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ABSTRACT
This paper discusses the design of a Fine Steering
Mirror (FSM) for inter-satellite laser communication.
This FSM design is targeted at high dynamical
performance of >1kHz disturbance rejection bandwidth,
and an optical angular range of more than ±2˚ in two
axes. The actuator design is based on the variable
reluctance principle, and is tailored for the specific
applications. The dynamical performance, and integrity
under thermal loading have been assessed via Finite
Element Analysis (FEA) modeling, showing conformity
with the performance and environmental requirements.
The resulting FSM design is highly compact and power
efficient, making it highly adequate for the evolving
field of inter-satellite laser communications.
INTRODUCTION
Laser communication is considered a key enabler for
future high data communications between satellites,
aerial vehicles, and ground stations. For successful
laser communication over several thousands of
kilometres distance, pointing of the optical beam
between the transmitter and the receiver needs to be
done with an accuracy down to a few µrads. Within the
laser communication terminal, the pointing is controlled
over a tracking sensor, which measures the incoming
angle of the light from the partnering terminal. Based on
the sensor reading of the tracking sensor misalignments
are corrected in closed loop via a Fine Steering Mirror
(FSM). Such misalignments originate from disturbances
on the satellite platform stemming from various active
elements, such as reaction wheels and motorizations of
the solar panels. Furthermore, within the laser
communications terminal a Point Ahead Assembly
(PAA) is utilized to generate an offset angle between
the transmitted and receiving signals to compensate for
the running time of the laser light towards the receiving
end. The requirements of the PAA and FSM typically
only differ in terms of range and bandwidths.
Several FSM’s are currently available on the market and
described in literature. Within the European market, two
FSM’s are available based on Lorentz type of actuator
designs, which are controlled over either Eddy-current
sensors [1], or capacitive sensors [2]. Furthermore,
several FSM designs are described in literature based on
variable reluctance actuators [3]. In principle, the

variable reluctance actuators have the advantage of
higher efficiency in terms of force to volume and force
per unit energy.
Future trends in inter-satellite laser communications, are
aiming toward large constellations of satellites with
multiple laser communication terminals per satellite.
For commercial and technical viability the design of the
communication terminals, including its components,
should be targeted for high compactness and low
recurring cost. To this end, TNO is developing an FSM
targeted to comply with those future needs, while
achieving a closed loop bandwidth of >1kHz, and
achieving high surface quality within the entire
operating regime. Within this development TNO is
closely cooperating with industrial partners who will
take the lead in future recurring phases of the project.
This paper describes the design of this FSM, and
discusses the dynamical and thermal analysis performed
during the design process.
REQUIREMENTS
Although the use case of the FSM and the PAA are
slightly different, TNO is targeting the design of a
single mechanism that can cover both functions. The
main overarching requirements are the following:










Angular Range = ±2° optical (tip/tilt)
Accuracy wrt optical bench = ± 100 µrads (optical)
Jitter = < 1 µrads (optical)
Set point tracking bandwidth (-3 dB) = 1000 Hz
Mirror Clear Aperture Dimensions = Ø20 mm
Wave front Error (@1550nm) = λ/60 (rms)
Optical power (@1550nm): >10 Watts
Operational temperature regime: -20 to +50oC
Lifetime = 15 years

Furthermore, the following key drivers are identified for
the FSM:


Low Size, Weight and Power (SWaP): One of the
key advantages of using optical communication
wavelengths over RF-wavelength is that it allows
for highly compact and low power communication
terminals. To fully realise this potential of optical
communication all the components in the laser
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communication terminal including the FSM should
be targeted for high compactness, and low power
dissipation.


coating is utilized. This coating has a reflection of
around 98% at 1550nm wavelength. The coating could
be tailored for each application without much impact on
the overall design.

Low Recurring cost: In the near future, large
constellations of satellites are foreseen that are
interconnected
via
laser
communications,
sometimes with multiple communication terminals
per satellites. Therefore, the recurring cost of the
terminals and its components such as the FSM need
to be low for commercial viability.

DESIGN OVERVIEW
Figure 1 show a CAD rendering of the end result of the
design process. The overall design envelope of the
system is Ø25x27mm, and the mirror diameter is
Ø20mm. In order to meet the stringent performance
requirements within a small as possible volume, a
concurrent design process was followed in which the
actuator concept, mechanical design, thermal and
dynamical performance were designed and analysed
concurrently in multiple iterations. In the subsequent
sections the various aspects of the FSM are explained in
more detail.

Figure 1: CAD rendering of the designed Fine steering
mirror.
Mirror
The mirror is a monolithic piece with integrated
mounting holes for the interface towards the actuator
structure. Figure 2 shows two versions of the mirrors
before diamond turning of the optical surfaces. At four
corners of the mirror dedicated target surfaces are
machined for the eddy current displacement sensors to
allow direct detection of the mirror’s tip and tilt angles.
To minimize the surface distortion of the mirror due to
CTE mismatches between the mirror and the actuator
structure a narrow waist is created between the optical
surface and the mounting interfaces.
Coating
For applications with the main signal wavelength at
λ=1550nm, an existing space qualified enhanced gold

Figure 2: Two versions of the mirror blanks before
diamond turning of the optical surfaces.
Actuator
The actuator is based on a variable reluctance actuator
principle, which allows high efficiency in terms of force
to volume as well as force to unit power. TNO gained
experience with these actuator concepts in the design of
deformable mirrors in which these actuators provide
high linearity, stroke, and power efficiency [4]. The
actuator configuration and dimensioning is fully tailored
to the dimensional and performance requirements of the
FSM. The coil windings are duplicated for redundancy
reasons, and potted in an epoxy resin for fixation and
increased thermal conductivity. The power consumption
of these actuators is less than a few tens of milliwatts at
the full angular displacement of ±1 degrees
(mechanical).
Flexural guidance
To allow the rotational motion of the mirror and
actuator structure over the tip and tilt axis, a flexural
guidance is utilized. This flexural guidance consists of a
membrane element constraining the lateral degrees of
freedom, and a central strut constraining the out of plane
motion of the mirror. The thickness of the central strut
is tuned to obtain a first resonance mode around the tip
and tilt axes of around 100Hz, taking into account the
negative stiffness of the magnetic circuit of the actuator.
The centre of gravity of the mirror and actuator
assembly is tuned to the location of the rotation center
of the flexural guidance to minimize excitation of mirror
rotation by translational vibrations during launch.
Angular displacement sensors
To measure and control the angular displacement of the
FSM mirror, four eddy-current sensors are utilized
which measure the tip-tilt angles in a differential mode.
The target surfaces for the sensors are machined at the
outer-ends of the mirror, keeping the metrology loop as
short as possible and thus allowing for maximum
stability.

DYNAMICAL ANALYSIS
The target bandwidth of 1kHz is a key requirement of
the FSM, and driving the design of the mirror, actuator
and flexural guidance. The dynamical response of the
system is aimed to provide sufficient stability margins
around the cross-over frequency of around 1kHz,
without requiring highly complex feedback control
design. In order to assess the dynamical performance of
the system during the design process, TNO followed an
integrated modelling approach, as schematically
depicted in Figure 3. In this approach a dynamical
transfer model of the mechanical structure is
constructed in Matlab/Simulink, by importing modal
analysis results from ANSYS. This model allows to
describe the transfer function from forces to
displacements at every node, or combination of nodes
(i.e. surfaces), of the Finite Element Analysis (FEA)
model. This model contains eigen vectors at the various
resonance frequencies of the mechanical system. Figure
4 shows the nodal displacement at the resonance
frequency at 3.6kHz, at which the mirror element shows
a lateral motion with respect to its housing. Based on
this FEA model the transfer functions are derived from
the nodes corresponding to the location at which the
actuator forces are interacting, towards the
displacements at the nodes corresponding to the sensor
pads.

Figure 3: Block diagram of the dynamical modelling
approach. The core of the model is the mechanical FEA
model describing the dynamical transfer function of
forces and displacement at every node.

sensitivity amplitude plot of the closed loop system. The
closed loop disturbance rejection bandwidth is around
800Hz and the set point tracking bandwidth is around
3kHz, which are both well above the requirement.

Figure 4: Nodal displacement of the finite element
model of the FSM due to the lateral resonance of the
mirror at 3.6kHz.

Figure 5: Open-loop dynamical response from the
current inputs to the measured mirror rotations in tip
and tilt. De latter is derived from the displacement of
the nodes corresponding to the sensor targets. The
various plots are stemming from different linearization
points at different operation positions of the system.

The FEA model is supplemented with a model
calculating the actuator forces as a function of the
actuator displacement and current inputs. This model is
linearized at various operation points to evaluate the
controller robustness via linear control design tools. The
corresponding transfer functions are shown in Figure 5,
in which the different line colours correspond to various
linearization points corresponding to different operation
positions of the system.
Based on this modelling process various iterations have
been made on the design of the mirror and actuator
assembly, flexural guidance, and actuator design to
optimize the dynamical behaviour of the system. Given
the dynamical behaviour of the system a feedback
controller is designed and the control performance and
robustness are evaluated. Figure 6 shows the Bode

Figure 6: Bode sensitivity amplitude plot of the
feedback controlled FSM, showing a disturbance
rejection bandwidth of around 800 Hz in both axes.

THERMAL ANALYSIS

CONCLUSIONS&OUTLOOK

An important driving requirement of the FSM to
maintain the mirror flatness over the entire thermal
operating regime. Various load cases need to be
considered such as the operating temperature regime of
-20 to +50 degrees Celsius, the heat generated by the
actuators and the ~2% absorption of the 10 Watts
optical power. Based on thermal modelling various
design iterations have been made on the mirror
mounting and the overall thermal design of the
mechanism to minimize the thermal distortion of the
mirror surface. Figure 7 shows the FEA results
corresponding to the load case with 2% absorption of
the 10 Watts laser, resulting in a maximum of 3nm rms
shape imperfection. This shape imperfection is well
below the overall target budget of λ/60 (rms) at
λ=1550nm. For applications with even higher wave
front error requirements further improvements are
deemed possible.

TNO has designed a compact Fine Steering Mirror,
targeted for applications in inter-satellite laser
communications. The resulting design is highly compact
with an overall envelope of Ø25x27mm, and the power
consumption is in the order of a few tens of milliwatts.
This makes this FSM highly adequate to enable highly
efficient data transportation via optical laser
communications.
A first prototype of the FSM is being manufactured at
the time of writing of this paper. This prototype will
undergo a test program in which the overall
functionality and performance will be tested. Once these
tests are successful, it is the aim to further qualify the
FSM to full flight status.
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