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ABSTRACT

Atmospheric turbulences limit the achievable performance of free-space optical (FSO) satellite communication
systems. Particularly in retro-reflective FSO satellite communication, tip-tilt disturbances are a dominant source
of performance degradation and thus prevent the exploitation of the full potential of this communication system.

This publication investigates the total tip-tilt error of a terrestrial optical communication platform for re-
flective optical communication using a 14-inch telescope with tip-tilt compensation. The compensation system
consists of a fast steering mirror (FSM), a quad photo diode (QPD) and a controller. Dynamic error budgeting
is used to systematically analyze the system components’ interplay and their contribution to the total error.
Based on the results of the system analysis, a feedback controller for the compensation system is designed and
tuned for disturbance rejection. The system’s performance is evaluated with a reflective FSO communication
link over a distance of 600 m in urban environment. The atmospheric aberration statistic is put into relation
with comparable measurements using satellite to earth communication links. Measurement results successfully
demonstrate the system’s performance, effectively reducing the tip-tilt error up to a factor of 10.
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1. INTRODUCTION

Free-space optical (FSO) satellite communication has become an important alternative to conventional radio
frequency (RF) based communication systems. Over the last two decades a large number of projects demonstrated
its potential for inter-satellite,1–3 as well as satellite-earth communication.4–7 All of the named systems require
an active laser communication terminal (LCT) at the satellite, which provides a precision pointing mechanism,
an optical antenna, as well as a laser source and a detector if applicable.8,9 Although significant efforts to
optimize this terminal in terms of space, weight and power (SWaP) have been made and the first commercial
communication terminals for nano-satellites are available,10 their applicability for pico- and nano-satellites may
be limited. Limited actuation range of the LCT, as well as the power requirements for the laser source and the
pointing system may exceed the restricted power budgets of pico- and nano-satellites and moving components
introduce additional complexity, thus decreased operational time, of the satellite system.

To overcome these limitations but still be able to benefit form the potential of FSO communication and its
growing network of OGS, reflective free-space optical (R-FSO) communication is a promising approach.11 As
shown in Figure 1 this principle replaces the active LCT with a modulating retro-reflector (MRR). The OGS
tracks and illuminates the satellite’s MRR with a laser beam. The retro-reflector ensures that the reflection is
directed back to the transmitter without the need of an active pointing and tracking (PAT) system at the satellite.
The reflected beam is modulated in terms of amplitude, polarization or phase to transmit information from the
satellite to the OGS, of which intensity modulation with a transparent modulator type seems to be the most
commonly used approach.12–15 However, other approaches which modulate directly the retro-reflective property
of the MRRv are currently investigated.16,17 As all mechanical, complex and energy-consuming components are
located at the OGS, operability, serviceability and life-time of the system are increased. The satellite provides
energy for the modulator only. Due to its inherently compact and SWaP optimized principle its target application
platform are mainly pico- and nano-satellites.
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Figure 1. Principle of reflective free-space optical (R-FSO) communication. The optical ground station tracks and illumi-
nates a modulating retro-reflector.

In the last few years several projects investigated the feasibility of R-FSO communication for pico- and nano-
satellites. Several publications present promising link-budgets for satellites in low-earth-orbit (LEO),18–21 as well
as UAVs.12,22 Verification measurements over various distances such as over a distance of 2 km at 2 Mbps,23 45
Mbps over a distance of 7 km24 and 300 Mbps over a distance of 18.5 km25 prove the potential of this technology.

As the laser beam propagates two times to the atmosphere, the influence of turbulence is increased signifi-
cantly, resulting in the necessity of active wavefront correction strategies. To reduce the impact of atmospheric
turbulence on this type of communication system and to maximize the amount of received photons at the OGS a
precise, high-performance tip-tilt compensation system is required. This system enables the real-time compensa-
tion of atmospheric influences, as well as suppression of wind/vibration induced aberrations.26 As tip-tilt aber-
rations contribute up to 80% of the RMS wavefront error in optical communication systems, high-performance
compensation is essential.27,28

This publications presents the systematic analysis, implementation and verification of a high-performance tip-
tilt compensation system for R-FSO communication. The used components are analyzed for their contributions
to the total tip-tilt errors and measurements using an outdoor communication link in urban environment are
presented.

2. SYSTEM DESCRIPTION

The investigated system is based on a bi-static telescope assembly consisting of a 356 mm Schmidt-Cassegrain
telescope for reception (RX) and a 50 mm finder scope for transmission (TX). This assembly (Figure 5b) is
mounted to an optical table for suppressing ground vibrations and is aligned in a way, that it faces a sec-
ond building through free air distance of 300 m. A retro-reflector mounted on the second building is used as
measurement target. This allows measurements over 600 m (two way distance) in urban environment.

An eye-safe semiconductor laser with a wavelength of 635 nm attached to the finder scope is used to illuminate
the target retro-reflector (approx. 5 cm beam diameter). The bi-static approach separates the outgoing and
incoming beam paths completely, effectively preventing internal reflections of the TX beam entering the RX
path. As shown schematically in Figure 2, received light is collimated by lens L1 and directed via folding mirror
M1 onto the FSM (OIM101, Optics in Motion LLC, Long Beach, California, USA). A relay lens assembly (L2 and
L3) reduces the beam diameter to 10 mm to suite folding mirror M2. Another relay assembly (L4 and L5) further
reduces the beam diameter to 1.1 mm for the wavefront sensor (WFS) (HASO 3 Fast, Imagine Optics, Orsay,
France). A 50:50 beam splitter provides a second path where L4 and L6 form a third relay assembly. Lens L7
focuses the light of this path onto a custom made four quadrant photodetector (QPD) with integrating summing
and subtraction amplifiers. QPD and FSM, as well as M2 and the WFS are located in conjugated planes. F1
is an optical bandpass filter which blocks ambient light. Names and descriptions of all optical components are
summarized in Table 1. Signal acquisition and feedback control is implemented on a dSpace rapid prototyping
system (DS1202, dSpace GmbH, Germany) in combination with Matlab. A sampling frequency of 25 kHz is
used. The WFS is running with a frame-rate of 500 Hz and controlled by the Alpao Core Engine via Matlab.
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Figure 2. Sketch of the optical setup used for this publication (not to scale). A bi-static approach using a 356 mm telescope
and a 5 cm finder scope is implemented.

3. SYSTEM ANALYSIS

The performance of the system is analyzed by means of dynamic error budgeting (DEB).29 DEB is a tool to
analyze the individual contributions of components in a system to the total output error. These components are
modeled by LTI systems while stochastic disturbances are quantified by their power spectral densities (PSD).

3.1 Theoretical Background

A signal’s noise power per unit of bandwidth can be quantified by its single-sided PSD.30 Under the assumption
of an unbiased time signal w(t) its PSD corresponds to its variance by

σ2
w =

∫ ∞

0

PSDw(f)df, (1)

where σ2
w is the variance of w(t) and PSDw the single-side PSD of w(t). A specific disturbance w(t) causes a

corresponding PSDy,w(f) at the output y(t) of the system. This PSD is given by the propagation of PSDw(f)
through the transfer function Ty,w(f) from the disturbance to the output:

PSDy,w(f) = |Ty,w(f)|2 PSDw(f). (2)

The overall PSD at the output y, assuming uncorrelated disturbances wi, is superimposed by

PSDy(f) =
∑

i

|Ty,wi(f)|2 PSDwi(f). (3)

In order to clearly indicate the contribution of each disturbance source to the total output error the Cumulative
Power Spectrum (CPS) is introduced by

CPS(f) =

∫ f

0

PSD(ν)dν, (4)

where PSD(ν) is a one-sided PSD.
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Table 1. List of optical components and their properties used in the setup as presented in Figure 2.

Component Name Description

L1 Thorlabs LA1433-A f = 150 mm

L2 Thorlabs LA1509-A f = 100 mm

L3 Thorlabs LA1608-A f = 75 mm

L4 Thorlabs AC254-300-A-ML f = 300 mm

L5 Thorlabs LB1471A f = 50 mm

L6 Thorlabs AC254-40-A-ML f = 40 mm

L7 Thorlabs LB1761-A f = 25.4 mm

M1 Thorlabs BB2-E02 D = 51 mm

M2 ALPAO DM69 D = 10 mm

BS Thorlabs CM1-BS013 50:50 beam splitter

F1 Thorlabs FL05632.8-10 Line filter CWL = 632.8 nm, FWHM = 10 nm

FSM Optics in Motion OIM101 D = 25 mm

3.2 Component Models

In this subsection the component’s transfer functions, as well as the PSDs of the individual disturbance sources
are derived. A schematic representation of the system with all modeled components and disturbances is shown
in Figure 3a. Due to symmetric design and similar behavior of both axes (tip and tilt) identical models are used.
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Figure 3. System analysis overview. (a) Schematic representation of the compensation system including considered
disturbance sources wi, which are represented by their correspondent power spectral densities (PSDi). (b) Result of the
dynamic error budgeting analysis displayed as cumulative power spectrum of the tilt error. The values to the top right
are the RMS values which are contributed by the individual components.

3.2.1 Analog/digital and digital/analog converters

The analog inputs of the used rapid prototyping platform provide 16 bit resolution at an input voltage range of
±10 V and a sampling rate of 25 kHz. All input channels are equipped with anti-aliasing filters using first order
low-pass filters with a cutoff frequency of 10 kHz. The quantization noise σADCq, modeled as unbiased white
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noise which is distributed equally up to the Nyqist frequency fN (as shown in Ref. 30), is given by

σ2
ADCq =

LSB02ADC

12
(5)

where LSBADC specifies the voltage of the least significant bit. Measurements quantify the electric noise to
be σADCe = 0.7 mV RMS. Since these noise sources are uncorrelated the total ADC noise is the sum of the
variances

σ2
ADC = σ2

ADCq + σ2
ADCe. (6)

The PSD of the ADC is calculated by following equation

PSDADC(s) = |GADC(s)|2 σ
2
ADC

fN
, (7)

with GADC being the transfer function of the first order low-pass filter and fN the Nyquist frequency.

Similar to the ADC the analog output channels have a resolution of 16 bit at an output voltage range of
±10 V. The output sample frequency is 25 kSps and first order low-pass filters with a cutoff frequency of 10 kHz
are used as reconstruction filters. The quantization noise σDACq, with LSBDAC as the voltage of the least
significant bit, is given by

σ2
DACq =

LSB2
DAC

12
. (8)

The electrical noise of the DAC is measured to σDACe = 0.12 mV RMS. The PSD of the DAC is calculated by

PSDDAC(s) = |GDAC(s)|2
σ2
DACq + σ2

DACe

fN
, (9)

where GDAC is the transfer function of the low-pass filter.

3.2.2 Fast steering mirror

The FSM is an assembly of an OIM101 tip-tilt mirror in combination with custom made, analog PI current
controllers (based on OPA549TG, Texas Instruments Inc, Dallas, USA), providing a mechanical actuation range
of ±26.2 mrad for both axes. Its transfer functions are shown in Figure 4. Typical behavior of a mass-spring-
damper system with the suspension mode at 27 Hz can be observed.31 Both axes show identical frequency
response, therefor only one model is used for both axes. A second order model as derived in Ref. 31 is used to
characterize the frequency response. Its measured PSD is given by

PSDFSM (s) = |GFSM (s)|2
∣∣∣∣
s+ 2π · fFSMe

s+ 2π · fFSMs

∣∣∣∣
2
σ2
FSM

FN
, (10)

where GFSM is the fitted transfer function of the FSM, σ2
FSM = 0.748 mV its RMS noise and fFSMs

= 0.1 Hz
and fFSMe

= 1 Hz the frequencies specifying 1/f noise.

3.2.3 Tip-tilt sensor

Tip-tilt aberrations are measured with a custom made QPD circuit. This circuit includes transimpedance
amplifiers, as well as summing and subtraction amplifiers and delivers tip, tilt and sum outputs. Its frequency
response is modeled by a combination of a first order low-pass filter for the photo-detector and TIA and a second
order low-pass filter for the summing/subtracting amplifiers. The frequency behavior of the TIA is mainly defined
by the feedback resistance Rf and the junction capacitance Cj of the photo-detector. Its -3-dB cutoff frequency
is calculated with

f3dB,TIA =

√
GBW

4πRfCj
. (11)

Pre-print version (generated on 15.12.2021)
This and other publications are available at:
http://www.acin.tuwien.ac.at/publikationen/ams/

Pre-print version of the article: A. Sinn, T. Riel, P. Kremsner, and G. Schitter, “Analysis of tip-tilt compensation for
reflective free-space optical satellite communication,”Free-Space Laser Communications XXXI, 109101G, 2019. DOI:
10.1117/12.2506472
c© 2019 Society of Photo-Optical Instrumentation Engineers (SPIE). One print or electronic copy may be made for

personal use only. Systematic reproduction and distribution, duplication of any material in this publication for a fee or for
commercial purposes, and modification of the contents of the publication are prohibited.

http://www.acin.tuwien.ac.at/en/publikationen/ams/
https://doi.org/10.1117/12.2506472


10
1

10
2

10
3

Frequency in Hz

-100

-50

0

M
a
g
n
it
u
d
e
 i
n
 d

B

10
1

10
2

10
3

Frequency in Hz

-200

-100

0

P
h
a
s
e
 i
n
 d

e
g
re

e
s

Tip axis

Tilt axis

2nd order model

Figure 4. System analysis results. (a) Bode diagram of both axes of the FSM, which show similar behavior over the
displayed frequency range. The yellow line indicates a fitted second order model with a resonance frequency of 27 Hz.

The summing and subtracting amplifiers have integrated second order low-pass filters with a -3-dB cutoff fre-
quency of 8 kHz. The dynamics of the QPD are given by

GQPD(s) = kQPD ·GTIA(s) ·GSUM/SUB(s), (12)

where GTIA and GSUM/SUB are the transfer functions of the TIA and the summing/subtracting amplifiers and
kQPD includes all gains from the amplifiers as well as the position sensitivity of the QPD. This factor is measured
to kQPD = 788. To include low frequency noise a combination of 1/f-noise with a corner frequency f1/f,QPD

and white noise is used. The corner frequency is identified by measurement to f1/f,QPD = 1 Hz. The resulting
PSD is given by

PSDQPD(s) = |GQPD(s)|2 ·
∣∣∣∣
s+ 2π · f1/f,QPD

s

∣∣∣∣
2 σ2

QPD

FN
. (13)

3.2.4 Optical setup

The optical system reduces the incoming beam diameter from 356 mm to 15 mm on the FSM. This amplifies the
angle of arrival fluctuations by a factor of kOPT = 24. Therefor, the temporal transfer function of the optical
system is given by a constant gain

GOPT (s) = kOPT . (14)

The same accounts for the second reduction of the beam diameter from 15 mm to 1.6 mm to suite the WFS,
which results in a constant gain of kOPT1 = 9.4

GOPT1(s) = kOPT1. (15)

3.2.5 Atmosphere

To get an estimation of the tip-tilt PSD of due to atmospheric turbulence the a parametric Hufnagel-Valley
model HV5/7 is used.32 It is representative for a vertical optical communication channel under quite harsh
seeing conditions. Following equation (16) is used to determine the PSD33

PSDtilt(f) = 0.155 ·D− 1
3 · sec(α) · f− 8

3

∫
C2

n(h) · (V (h))5/3 · Fg

(
f

V (h)

)
dh, (16)
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(a) (b)
Figure 5. Experimental system overview. (a) Aerial view of the optical communication path between two buildings of TU
Wien (data source: City of Vienna - data.wien.gv.at). The single way distance is 300 m. (b) Image of the optical system.
The silver telescope on the right top is not used in this publication.

where f is the temporal frequency, D is the diameter of the telescope, α the zenith angle, C2
n(h) the refractive

index structure function, V(h) is the wind profile as a function of the height and Fg the G-tilt Greenwood
frequency as defined in.33 The calculated PSD is shown in Figure 7.

3.2.6 Controller

A tamed PID controller is designed for closed-loop operation of the tip-tilt compensation system.29 Its frequency
response is given by

C(s) = Kp +
Ki

s
+

Kds

τts+ 1
, (17)

with Kp as proportional, Ki as integral and Kd as derivative controller gains. A filter with the time constant τt
limits the differentiating action at higher frequencies. Its gains are calculated based on the open-loop frequency
response of the full system. A closed loop bandwidth of 512 Hz is achieved.

3.3 Simulation Results

Using the LTI system models, as well as the PSDs derived in the previous subsection, the expected performance of
the tip-tilt compensation system is estimated by means of dynamic error budgeting. Using the transfer functions
from each disturbance source to the output α′ in Equation 3 leads to the total PSD of α′. In order to allow
reasonable comparison of the achieved performance with other systems, the output α′ is scaled by the gain of
the optical system (GOPT ), which is equivalent to the angle of arrival α in front of the telescope. This output
is shown in form of a CPS in Figure 3b. A total error of 201 nrad is estimated. Compared to the results of
a similar system analyzed in Ref. 26, the individual disturbance source’s contributions are located in a similar
region (especially QPD, ADC, and FSM). This indicates that the system is close to its optimal performance and
further improvement would necessitate the optimization of at least three components.

4. EXPERIMENTAL RESULTS

To verify the results of the system analysis, measurements between two buildings of TU Wien over a distance of
600 m are performed. An aerial view of the communication path is given in Figure 5a. This link is exposed to
the (in terms of optical turbulence) harsh urban environment of Vienna, resulting in a representative scenario
for system evaluation.
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4.1 Channel Characterization
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Figure 6. Aberration statistic of the used R-FSO channel over 600 m in urban environment. 10000 frames are recorded
by the WFS and used for calculation. The RMS coefficients are normalized for comparison and static aberrations have
been removed. Tip-tilt contributes by far the most to the total error.

To qualify the optical channel its aberration statistic is recorded with a wavefront sensor and compared to
values from literature. The WFS is running with a frame-rate of 500 Hz for a measurement duration of 20 s.
The reference light source for the WFS is the laser of the R-FSO communication setup. The measurements
represent the conditions of a typical summer night (no clouds, no fog, no rain) with an ambient temperature
of 23 ◦C, a relative humidity of 52% and an average wind speed of 5.6 m

s . The result of this measurement is
shown in Figure 4.1. Noll’s notation is used to decompose the received wavefronts into aberration types.34 Static
aberrations (due to imperfections of the optical system) have been removed for this plot. A significant dominance
of tip-tilt aberrations is visible, which is typical for free-space optical communication systems.35 An angle of
arrival error of approximately 2.1 µrad for the tip and 2.0 µrad for the tilt axis is observed in this measurement.
According to Ref. 36 an angle of arrival variation under average seeing conditions (r0 = 12 cm) of 1.9 µrad RMS
is estimated.

For evaluation of the temporal characteristics of the channel its power spectral density is put into relation by
a vertical channel using again the HV5/7 model. Figure 7 shows the measured tip-tilt power spectral densities
without and with compensation and the calculated HV5/7 tip-tilt PSD. Both the uncompensated channel and
the HV5/7 model show similar behavior, confirming the used R-FSO link to be a representative scenario for
system verification.

4.2 System verification

With known channel properties and a simulated estimation of the systems performance verification measurements
using the full tip-tilt compensation system are executed. The retro-reflector is illuminated by the laser via the
finder scope and the reflected beam is collected with the Schmidt-Cassegrain telescope and directed into the
optical system. Two consecutive measurements are performed within one minute to ensure constant atmospheric
properties acting on the R-FSO communication link. The measurement results again are transformed to the
input of the telescope (using the magnification of the optical system). The first measurement with a duration
of 30 s is taken as reference with disabled tip-tilt compensation. The PSD of this measurement is shown in
Figure 7 for both tip and tilt axes. It is, as stated previously, in good agreement to the used HV5/7 model based
comparison link.

After 30 s the tip-tilt compensation is enabled, resulting in an immediate decrease of the tip and tilt errors
by up to a factor of 10 to 290 nrad RMS for the tip (Fig. 7a) and 210 nrad RMS for the tilt axis (Fig. 7b). This
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Figure 7. Temporal tip (a) and tilt (b) power spectra of the system’s output measured with the QPD. A clear reduction
of the measured error below 100 Hz is shown. The yellow lines indicate the calculated PSD for a vertical link using a
HV5/7 model.

behavior is also clearly visible in the time signals shown in Figure 8. The performance of the system is in good
agreement with the results from the system analysis, not only proving DEB as powerful tool for analysis and
optimization, but also clearly demonstrating the improvement due to a high performance tip-tilt compensation
system.
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Figure 8. Time signal of tip and tilt error measured by the QPD. After 30 s tip-tilt compensation is enabled, drastically
reducing the error by up to a factor of ten.
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5. CONCLUSION

This publication presents the systematic analysis of an exemplary communication system in terms of tip-tilt
compensation. Dynamic error budgeting is used to estimate the performance of the system. Models of the com-
ponents are derived and used to study the contributions of the individual disturbance sources to the total system
performance. The analysis predicts an achievable tip-tilt error of 201 nrad RMS. Verification measurements over
a link distance of 600 m using a reflective communication setup in urban environment, successfully demonstrate
the reduction of the tip-tilt error by a factor of 10 to 290 nrad RMS in the tilt and 210 nrad RMS in the tip
axis. The measured aberration statistic of this channel shows similar distribution of aberrations when compared
to literature and is therefore considered as valid channel for verification measurements.
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