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Optical Turbulence Generator for Lab-based
Experimental Studies of Atmospheric Turbulence in

Vertical Optical Communication Links
Vincent van Vliet

Abstract— A hot-air-based optical turbulence generator is
built to study atmospheric optical turbulence perturbations in
(vertical) free-space optical communication links and facilitate
the development of (digital-signal-processing-based) mitigation
techniques. The goal is to enable effortless experimentation and
testing by relating optical turbulence generator states to turbulent
characteristics. A control system with extensive automation
possibilities is developed to ensure efficient operation. The device
is characterised for an uplink scenario using a setup which allows
complete optical field measurements by means of off-axis digital
holography. The measured fields are digitally demultiplexed into a
multi-mode fibre to evaluate the potential of multi-mode diversity
reception.

I. INTRODUCTION

SATELLITE communication systems based on free-space
optics (FSO) are becoming vital in enabling global high

throughput internet access [1]. Compared to radio frequency
(RF) links, which is the main communication technology
used in space today, laser communications provide potentially
higher throughput, no regulatory restrictions or licensing issues,
increased security against eavesdropping, and smaller, lighter
and lower-power-consumption onboard equipment. Currently,
the data rate of state-of-the-art optical satellite links is 10 Gb/s
[2]. However, data rates of up to 13.16 Tb/s have been
demonstrated in emulated field tests [3]. In addition to high
throughput systems [4], potential uses of optical communications
in space include data relay systems [5], quantum key distribution
[6], and deep-space communications [7].

Various obstacles in the deployment of vertical optical
communication links, such as obstruction by clouds, molecular
absorption, and scattering by aerosols can be handled at
system level. Nevertheless, a number of challenges remain,
e.g. precise pointing and tracking, and amplification to achieve
high-power optical transmission. Another major challenge is
the development of digital signal processing (DSP) techniques
for high data rate optical transmission. Due to significant
differences in the nature of the satellite optical channel
compared to terrestrial fibre channels (i.e. quasistatic, strong
power variations) direct reuse of terrestrial DSP is impossible
[8]. Therefore, adaptation of existing algorithms to the FSO
channel is critical for the advancement of vertical optical
communication links. In addition to improving robustness
against signal fading, DSP-based solutions can potentially
mitigate atmospheric turbulence perturbations [9], [10].

Key to the development and validation process of this DSP is
the understanding of the propagation channel. In this work, an
optical turbulence generator (OTG) [11]–[18], is developed

for reproducing part of the atmospheric channel in a lab
environment. This enables atmospheric turbulent effects on
beam propagation to be studied in detail as well as providing
testing and evaluation possibilities for DSP and other mitigation
techniques. To ensure efficient operation, special attention is
paid to automation aspects of a control system for the OTG.

In this master thesis, I aim to answer several research
questions. The general research question is: ’how to effectively
emulate (a section of) a vertical FSO communication link with
atmospheric optical turbulence perturbations in a lab setting?’.
Additional research questions include: ’what is the impact
of atmospheric optical turbulence on a FSO communication
link ’, and ’how effective is multimode diversity reception for
mitigation of the detrimental effects of atmospheric optical
turbulence on the signal?’.

The remainder of this master thesis is structured as follows.
Section II discusses the main parameters of atmospheric
turbulence, after which the effects of atmospheric turbulence
on an optical propagation channel are described in Section III.
Subsequently, replication of optical turbulence perturbations
in a lab setting is explored in Section IV, followed by a
description of the system developed in this work (Section V).
The characterisation of the OTG is detailed in Section VI
and Section VII, after which coupling into an optical fibre
is explored in Section VIII. Finally, Section IX presents a
discussion and conclusions are drawn in Section X.

II. ATMOSPHERIC OPTICAL TURBULENCE

The main consideration for propagating optical waves, when
considering the atmospheric condition of clear air, i.e. no
clouds, rain, or fog, is the randomly changing refractive
index along the propagation path. This phenomenon, called
optical turbulence, is mainly produced from nonuniformities
in temperature causing the turbulent air in the atmosphere to
act as random optical lenses.

Kolmogorov theory describes the spatio-temporal properties
of optical turbulence and allows theoretical treatment. The
range to which Kolmogorov theory can be applied is bounded
by the turbulence outer scale L0 and the turbulence inner scale
l0, respectively the upper and lower limit of the energy cascade
in the Kolmogorov model (Fig. 1). Turbulence in this range is
assumed statistically homogeneous and isotropic [19], meaning
that the statistical properties are independent of the axis of
reference.
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Figure 1. Energy from wind shear or convection creates unstable air masses
(eddies) which break up into smaller ones under the influence of inertial forces.
A cascade of decreasing eddy sizes transfers the energy from L0 (outer scale
of turbulence) to l0 (inner scale), after which it dissipates to heat.
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Figure 2. HV and HAP turbulence models for indicative parameters
(
C2

n(h0)
= 1.7×10−14 m−2/3, W = 21 m/s, hs = 0m, hs = 1m, th = 9, M = 1

)

A. Optical Turbulence Strength

A measure of optical turbulence strength is C2
n, the refractive

index structure parameter [20]

C2
n =

[
79× 10−6 P

T 2

]2
⟨∆T 2⟩ R−1/3 (1)

where P is the pressure (in mbar), T is the atmospheric
temperature (in Kelvin), and ∆T = T1 − T2, with T1 and
T2 the temperatures of two points separated by a distance R.

The vertical profile of atmospheric optical turbulence is
composed of numerous horizontal layers on top of each
other. Within each layer, the turbulence can be assumed to
have a Kolmogorov-type flow [21]. Consequently, for vertical
propagation paths in the atmosphere, C2

n(h) is used as a
measure of the turbulence strength as a function of height.
Although the C2

n(h) profile is location-dependent and time-
varying, various empirical models have been developed. Popular
models include the Hufnagel-Valley (HV) and its improved
version, the Hufnagel-Andrew-Phillips (HAP) [22]. Compared
to the HV model, the HAP model has a modified term for the
ground layer. This layer, especially the section extending up to
100 to 300 m from the Earth’s surface, comprises 50 to 70 %

of the total integrated C2
n profile and is the predominant layer.

This is clearly seen when plotting the vertical profiles of the
HV and HAP models to a log-log scale, as depicted in Fig. 2.
L0 is known to increase and decrease directly with turbulence
strength, i.e. stronger turbulence has larger outer scales [20].
Contrary, weaker turbulence has larger inner scales.

A related parameter is the Fried parameter r0 which
characterizes the total turbulence strength in an optical path.
It is also known as Fried’s coherence length because it can
be seen as a measure of the coherence length of the aberrated
optical wavefront. It is related to C2

n(h) by [23]

r0 =

[
0.4234k2 sec (θ)

∫ H

h0

C2
n(h)dh

]−3/5

(2)

where k = 2π/λ is the optical wave number with λ the
operating wavelength, θ is the zenith angle, and H and h0 are
the altitude of the receiver and transmitter, respectively. For a
single layer of uniform turbulence strength Eq. (2) simplifies
to

r0 =

[
0.4234k2 sec (θ)C2

n∆h

]−3/5

(3)

with ∆h the tickness of the layer.
The Rytov variance, originally a measure of the irradiance

variance of an unbounded plane wave in weak fluctuations,
is commonly used to classify optical turbulence as weak,
moderate, or strong, when extended to strong fluctuation
regimes [24]. Defined as

σ2
1 = 1.23C2

nk
7/6L11/6, (4)

with L the propagation path length, weak optical turbulence
is characterized by the condition σ2

1 < 1, moderate optical
turbulence by σ2

1 ∼ 1, and strong optical turbulence by σ2
1 ≫ 1

[25].

B. Optical Turbulence Timescales

Additional to the turbulence strength, its temporal evolution
is an important parameter. Taylor’s frozen turbulence hypothesis
is commonly used to convert spatial statistics to temporal
statistics, based on the transverse wind speed [20]. Under this
hypothesis, transverse wind velocity is the dominant factor
in turbulence timescales. Assuming a single frozen layer, the
timescale is the time required for the layer to cross the beam
diameter. However, for more than one layer, one has to take into
account the added contribution of each layer. Typical values
are in the range of 1 to 10 ms [21]. As the eddy turnover time
is typically on the order of 10 s [20] it is generally reasonable
to work with the Taylor frozen turbulence hypothesis.

III. ATMOSPHERIC OPTICAL TURBULENCE IN FREE SPACE
OPTICAL COMMUNICATIONS

Perturbations of an optical wave caused by propagation
through atmospheric optical turbulence may lead to a variety
of deleterious effects at the receiver. The impact of each effect
is highly dependent on the link scenario. Also, it is important
to notice that optical turbulence has more impact on systems
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Figure 3. From left to right: beam spreading, scintillation, and beam wander.

using shorter operating wavelengths, as from Eq. (2) it is clear
that r0 ∝ λ6/5.

Beam wander is an angular deviation of the beam from its
boresight. Large turbulent cells near the transmitter cause the
complete beam to deflect from the line-of-sight path. At the
receiver, beam wander is perceived as a random displacement of
the beam’s centroid which can lead to misalignment, intensity
fluctuations, and eventually link failure.

Another effect is beam scintillation, commonly caused by
eddies, with a diameter of the order of the optical beam size,
focusing and de-focusing the beam. The resulting temporal
and spatial irradiance fluctuations cause the loss of spatial
coherence and produce intensity fluctuations at the receiver.

Furthermore, an optical beam propagating through turbulent
eddies with a size smaller than the beam diameter partially
diffracts and scatters in random directions, causing the beam to
broaden. This effect of beyond-diffraction divergence is called
beam spreading and causes wavefront distortion as well as
reduced irradiance at the receiver.

Other detrimental effects include scattering of the beam into
higher-order modes [9] and temporal stretching of the pulse due
to multiple path lengths [26].

In an uplink scenario, the primary contributors to the
degradation of signal quality are beam wander and scintillation,
due to the strong turbulence in the vicinity of the transmitter.
Contrary, the main deleterious effects in a downlink scenario
are scintillation, beam spreading, and loss of spatial coherence
[26]. Because of the asymmetrical nature of the C2

n(h) profile,
uplink propagation is generally more severely affected than
downlink propagation.

An important consequence of particularly beam wander
and scintillation is irradiance fluctuation at the receiver,
deteriorating the signal-to-noise ratio (SNR) and bit error rate
(BER). To gain insight into these channel fading properties
of the optical propagation channels, several statistical channel
models have been developed which describe the scintillation
statistics based on the turbulence characteristics, e.g. based on
the Gamma-Gamma [27] and the log-normal [28] distribution.

IV. ARTIFICIALLY REPRODUCING OPTICAL TURBULENCE
PERTURBATIONS IN A LABORATORY ENVIRONMENT

In the absence of a field link for characterization and testing
purposes, the ability to perform analogous experiments in

Table I
INDICATIVE PARAMETER RANGES FOR A DEPLOYED

GROUND-TO-SATELLITE OPTICAL COMMUNICATION LINK

Parameter From To Unit Notes Source

D 0.1 0.6 m

[29]r0 0.05 0.2 m (λ = 1550 nm)

L0 10 100 m

l0 0.002 0.012 m [21]

V 5 20 m/s [16]

the lab environment is key. Consequently, it is important to
investigate what is the most effective way of re-creating (part of)
a FSO communication link with atmospheric optical turbulence
perturbations in a lab setting.

A. Specifications

Crucial to emulating a deployed optical communications
link on a small scale is the preservation of several
characteristic ratios. Intuitively, one can imagine identical
optical perturbations being induced in an optical beam with
a smaller width, as long as the turbulence parameters scale
accordingly. In fact, the spatio-temporal properties of the
turbulent aberrations are defined solely by these ratios [14].
Hence, in the OTG the following ratios have to be preserved:

1) Spatial properties: D/r0, D/L0, D/l0
2) Temporal properties: D/V

Typical parameter ranges for the transmitter diameter D,
coherence length r0, outer scale L0, inner scale l0, and wind
velocity V are displayed in Table I. Corresponding ratios of
these ranges are D/r0: 0.5 to 12, D/L0: 0.001 to 0.06, D/l0:
8.3 to 300, D/V : 0.005 to 0.12. Ideally, an OTG is capable
of reproducing these complete ratio ranges.

B. Replication Methods

A variety of methods has been developed for the emulation
of atmospheric optical turbulence perturbations in a FSO link.
To emulate a complete link, the C2

n(h) profile is discretized in
N layers of constant turbulence strength, which are mimicked.

A popular replication method is the phase-screen-based
OTG. Phase screens are transparent or reflecting plates with
an aberrated surface which adds an optical path difference to
the incident wavefront, used to emulate crossing one turbulent
layer. Where static phase screens are repetitive and allow the
re-creation of only a limited number of scenarios per test,
dynamic phase screens provide more freedom [21]. However,
these devices, typically spatial light modulators (SLMs) or
deformable mirrors, are costly, especially when a high frame
rate is desired.

An alternative method is the turbulent-fluid-based OTG.
These are devices in which real, physical turbulence is
created in a confined space [21]. In these devices, the
forced mixing of (at least) two laminar flows of fluid at
different temperatures naturally creates optical turbulence in
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Figure 4. Render of the OTG developed in this work, with (A) the mixing
chamber, (B) the industrial hot-air blowers, (C) the flow laminarizers, and
(D1) and (D2) the laser window panels.

the Kolmogorov regime. The turbulence strength is dependent
on the temperature difference between the two flows (∆T ).
Turbulent-fluid chambers are intuitive, low-cost, and practical
to implement, although less compact than OTGs based on phase
screens. Taking into account absorption at the laser wavelength
and implementation complexity, the fluid of choice is commonly
air [11]–[18]. Depending on the usage, a possible disadvantage
is the non-deterministic nature as well as the damping of the
high-frequency phase fluctuations caused by the inability to
control l0. Furthermore, a time-consuming full characterization
and calibration of the OTG is necessary. Similar to the phase
screen approach, a N -layer C2

n profile can be created with N
subsequent turbulent-fluid-based OTGs. Alternatively, one can
design a multi-pass approach.

V. HOT-AIR BASED OPTICAL TURBULENCE GENERATOR

In this work, an OTG based on the forced mixing of
two air flows in a compact chamber is developed [11]–[18].
From Eq. (1) it is clear that C2

n is temperature-dependent.
Consequently, also r0 has a temperature dependence through
relation (2). Hence, the strength of the turbulence produced in
the OTG can be controlled through the temperature difference
between the two flows. The velocities of the streams are
identical and can be varied to emulate the temporal behaviour.

Concerning preservation of the ratios described in
Section IV-A in a hot-air-based OTG, the beam diameter D
can be chosen as desired, mainly limited by the laser window’s
clear aperture. The Fried parameter r0 and wind velocity V are
a result of the temperature difference between the two flows
and their velocities, respectively. Further, the outer scale of
the turbulence L0 is well correlated with the mixing chamber
dimensions [21]. Finally, in an air-based OTG it is not possible
to control l0 because of the usage of regular atmosphere.

A. Design Choices

The OTG is a rectangular box containing two air inflow
channels, the mixing chamber, and the air outflow channel(s).
The dimensions of the OTG are based on two main
criteria: preservation of the characteristic ratios and practical

considerations, e.g. the limited space on an optical table.
The mixing chamber, denoted by (A) in Fig. 4, has the
dimensions 20× 20× 20 cm. This is primarily the result of a
trade-off between the maximum achievable flow velocity, given
a maximum flow rate, and sufficient preservation of the ratio
D/L0. From literature, it is known that L0 is well correlated
with the mixing chamber dimensions, on average being roughly
75% of the mixing chamber length [21]. The dimensions of the
air inflow channels were chosen to be the minimum required to
host the air flow conditioning components (temperature filter,
flow laminarizer ((C) in Fig. 4)). The air outflow channels
have dimensions identical to the inflow channels and mixing
chamber to avoid undesired velocity or pressure disturbances.

The strength of the structure is provided by an aluminium
frame. In the interior of this frame, refractory ceramic fibre
boards are placed to construct the walls and chambers. This low-
cost material has high temperature stability and low thermal
conductivity, minimizing thermal leakage and consequently
avoiding parasitic uncontrolled turbulence on the optical table.
Furthermore, it provides excellent thermal isolation of the hot-
and cold-air channels. The insulation boards are fixed using
high-temperature resistant sealant. Aluminium deflectors are
attached to the air outflows to guide the air upwards, away
from the setup. The top section is connected to the rest of the
frame with two hinges, allowing the OTG to be opened. The
central section of the top is transparent and acts as a viewing
window when the lid is closed.

In this OTG, the air flows are produced by two industrial
hot-air blowers (Leister Hotwind System) placed on either
side of the device, denoted (B) in Fig. 4. Air flow volume
and heating level of each blower are set via analogue control
signals through the devices’ signal interfaces, conform process
control industry standards (4–20 mA). The air volume can be
varied from 200 to 900 L/min, theoretically corresponding to
a maximum flow velocity of 0.375 m/s in each air channel.
The maximum output temperature ranges from 220 to 650 °C,
depending on the air volume setting. However, the maximum
temperature of the OTG is currently 300 °C, limited by the
thermocouples and the sealant. Hence, the maximum ∆T is
around 275 °C,

Essential to the working principle of this type of OTG is
the ideally laminar state of the air flows upon colliding. For
this, two stainless steel flow laminarizers (honeycomb-type)
reduce the lateral turbulence intensity of the flows right before
the mixing chamber. The cell size (6.4 mm) is chosen to be
of the same order as l0 (see Table I) for maximal turbulence
absorption. Similarly, the depth (50 mm) of these laminarizers
is chosen such that the optimal length-to-diameter ratio is
obtained, achieving the best relation between pressure losses
and turbulence reduction [30]. Additionally, at this ratio the
turbulence suppression efficiency is almost independent of
the flow velocity [31], maximizing effectiveness for the full
range of flow velocities. Moreover, the wall thickness of the
honeycombs is minimal (0.13 to 0.15 mm) to minimize pressure
losses.

If desired, high porosity aluminium foam can be placed
between the blowers and the honeycombs to act as a
temperature filter. The goal of such a filter is to increase
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Figure 5. A simplified schematic of the OTG control system.

the uniformity of the temperature within the flow [12].
Two panels with integrated lens tube holders (denoted (D1)

and (D2) in Fig. 4) are placed on opposite sides of the OTG
to allow laser beam propagation through the turbulence while
preventing undesired air outflow. The lens tubes are designed
to hold lenses or windows with a 2-inch diameter and are
placed such that their centres are at a height of 125 mm, the
optical height used in our laboratory. In this work, broadband
precision windows with anti-reflection coating for 1050 to
1700 nm and a clear aperture of 45.72 mm are used, with the
clear aperture defining the upper limit for beam diameter D. If
desired, alternative windows or lenses can be used, e.g. when
using a different operating wavelength.

Additional to this standard configuration, the OTG can be
converted to an alternative configuration which is potentially
more suitable for reproducing frozen turbulence (Taylor
behaviour). This configuration is based on the second design
proposed in [17]. To convert to this configuration, the panels
containing the laser windows are removed from their current
position and placed in line with the laminarizers. An additional
panel is placed at position (D1) in Fig. 4 to close that side.
Additionally, both deflectors are removed from their current
positions and one is placed at position (D2). In this design, the
air movement is transversal to the laser beam direction. This is
an important condition for Taylor’s hypothesis. Theoretically,
the maximum flow velocity in this configuration is 0.75 m/s.

B. Control System

A control system was developed to set and control the
state of the OTG. Key in the development of this system
was automation, to enable efficient and versatile operation. A
schematic of the system is shown in Fig. 5.

The basis of the control system is a custom propor-
tional–integral–derivative (PID) controller in the form of a

PID control loop running on a Raspberry Pi. Naturally, the
desired ∆T is the setpoint (SP) of the controller. Its process
value (PV) is the difference between the temperatures measured
by two T-type thermocouples on both sides of the mixing
chamber. This sensor type was selected because of its small
dimensions (0.5 mm diameter), causing minimal disturbance to
the airflow, and adequate reaction time (30 ms). Furthermore,
T-type (Class-1) was chosen because of its superior accuracy in
this temperature range. The sensors are positioned downstream
of the laminarizers at 100 mm height so that they measure the
temperatures of the flows upon entering the mixing chamber, in
the vicinity of the laser beam. If desired, it is possible to move
the sensors closer to or further away from the mixing chamber
centre by bending them. The thermocouples are connected to
the Raspberry Pi through thermocouple amplifiers.

The PID control loop used in this work [32] is based on the
PID equation

u(t) = Kp

(
SP (t)− PV (t)

)
+Ki

∫ t

0

SP (τ)− PV (τ)dτ −Kd
dPV (t)

dt
, (5)

where u(t) is the output, Kp is the proportional gain, Ki is
the integral gain, Kd is the derivative gain, t is the time since
startup, and τ is the variable of integration. The integral term
is limited to avoid integral windup. Based on the SP-PV error
and the PID gain factors, the PID control loop continuously
calculates the optimal heating level to keep ∆T constant at
the SP. A corresponding control signal is sent to the Leister on
the hot-air side through a digital-to-analog converter (DAC).
Fig. 6 shows the control system’s response to an increased SP .
Although not governed by the PID loop, control signals for
the air volume settings are sent to the blower via the second
DAC output port.

Initial values for the gain factors of the PID loop were
determined by feeding measured step-responses of the system
to MATLAB’s System Identification app coupled with the PID
Tuner app. From there, the loop parameters were manually fine-
tuned until satisfactory performance was obtained. Kp = 0.3,
Ki = 0.05, and Kd = 0 were found to give adequate rise times,
overshoot, settling times, steady-state error, and stability. With
these settings, the PID controller is effectively a PI controller.

During the tuning process it was found that, irrespective of
the PID loop gain factors, the Leister blowers exhibit unstable
behaviour for lower DAC counts, which corresponds to lower
heating levels. As a consequence, stable PID control for SP ≤
50 °C was prevented. To circumvent this, for SP ≤ 50 °C the
control signal for the heating level of the cold-air side blower
is given an offset. This adaption ensures that both blowers
consistently operate in the regime where their performance
was found to be stable, enabling stable PID control over the
complete operating range.

Commands given to the control system are handled by a
control server developed for this project, running parallel to the
PID control loop on the Raspberry Pi. Through this server the
loop parameters (SP, PID gain factors) are set, as well as the
fan speed (air volume). Additionally, commands can be given
to retrieve data, to start or stop saving (measurement) data, and
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Figure 6. A screenshot of the OTG GUI. In the real-time graph on the right,
SP is displayed in green, PV in black, the temperature on the hot-air side of
the mixing chamber in red, and the temperature from the other thermocouple
in blue.

to turn PID control on or off. Connecting to the control server
is done by making use of the socket client, also developed for
this project. Connecting can theoretically be done from any
device connected to the internet but will in practice be limited
to the student’s laptop and lab PCs. Devices can connect and
disconnect when desired and multiple devices can be connected
simultaneously.

For convenient monitoring and control, a graphical user
interface (GUI) has been developed which is displayed on the
OTG’s touchscreen. This status screen is permanently connected
to the socket server and displays relevant information about the
OTG state in real-time, e.g. current temperatures, PID control
status, current air volume setting. Additionally, through the
screen’s touch capabilities, the GUI can be used to control the
OTG. Fig. 6 shows the current version of the GUI. Despite
being developed for the OTG’s touchscreen, the GUI can also
run on other devices.

To allow for quick development and smooth integration with
existing (lab automation) software, all software for the control
system is written in Python.

VI. CHARACTERISATION

To characterise an OTG, one typically uses a charge-
coupled device (CCD) to capture the light after propagation
through the OTG. The CCD of the High-Capacity Optical
Transmission Lab is part of an off-axis digital holography (DH)
measurement setup, of which characterisation of space-division
multiplexing (SDM) fibres and devices is the main purpose
[33]. Consequently, the optical setup for the characterisation
of the OTG is for a large part shared with the DH setup.
Although this significantly limits the possible configurations of
the OTG characterisation setup, the combination of the OTG
and DH allows simultaneous characterisation of the OTG and
measurement of both the amplitude and phase of the perturbed
optical field [34]. Nevertheless, adaptation of common OTG
characterisation techniques is required. Here, a technique based
on beam wander variance ([15], [23]) is adapted to the DH
setup.

A. Off-Axis Digital Holography and the Optical Setup

Off-axis DH is a technique which enables one to measure
the complete optical field of a FSO signal. As shown in Fig. 7,
a CCD captures the interference pattern produced by a signal S
and a reference R. The captured frames are digitally extracted
using fast Fourier transforms (FFTs), allowing the signal-
reference beating SR∗ to be distinguished from the signal-
signal |S|2 and reference-reference beatings |R|2 because of the
angular difference between S and R (hence off-axis). Extraction
of SR∗ in the angular domain and subsequent application of an
inverse fast Fourier transform (IFFT) produces both amplitude
and phase information of the signal.

Ideally, R is a plane wave with a flat phase-front and uniform
intensity so that SR∗ is an amplitude-scaled version of S. In
our setup this is approximated with a Thorlabs C80APC-C
collimator with a 1/e2 beam diameter of 14.5 mm, larger than
the camera sensor. The collimated signal is passed through
a PBS to generate reference beams in both the x- and y-
polarisation which are directed to the camera by mirrors,
providing polarisation-diversity. In our setup the reference
beams are placed at an angle of approximately 5° in the
horizontal plane with respect to the signal. In the vertical
plane there is no angular difference between the reference
beams. However, in this direction the signal is slightly angled
with respect to the reference beams to allow it to pass over
the PBS.

Signal and reference are both provided by the same
<100 kHz external cavity laser (ECL) with matched path
lengths to ensure coherence. A polarisation switch (PSW)
alternates the signal between x- and y-polarisation for each
subsequent frame, allowing semi-simultaneous sampling of
both polarisations. Next, the signal is collimated by lens L1

with focal length f1 = 4.51mm before it passes through the
OTG. At the other end, lens L2 with focal length f2 = 750mm
focuses the signal on the CCD. The fibre, lenses, and camera
are placed such as to form a 4f system, which is integral to
the workings of the DH setup. The CCD is an Allied Vision
G-008 TEC1 short-wave infrared camera with 320× 256 pixels
resolution, 30× 30 µm pixel size, and 9.60× 7.68mm sensor
size.

The complete setup is placed on a floating optical table
to decouple it from the building. Nevertheless, the blowers
from the OTG introduce vibrations to the table and the setup
which might disturb the measurements. It was found that the
variance of the beam centroid displacement on the camera
sensor caused by the vibrations of the OTG is over two orders
of magnitude smaller than the displacement caused by the
optical turbulence produced in the OTG. Fig. 8 shows the
beam centroid displacement for the situations with the Leisters
turned off, set to maximum air volume with no heating, and
set to air volume = 50% and ∆T = 10 °C..

B. Characterisation Method

The strength of the turbulence generated in the OTG is
related to the corresponding OTG settings through a multistep
characterisation process. The characterisation method used here
is primarily based on the beam wander effect, a major disturber
in uplinks.
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As described in Section II, beam wander is the random
displacement of the beam’s centroid on the receiver plane.
Averaged over a longer period of time, the wandering beam
centroid forms a larger irradiance circle on the receiver plane
called the long-term spot size. This can be described as
the summation of free-space diffraction spreading effects,
additional beam spreading, and the beam wander displacement
variance caused by turbulent eddies with sizes larger than the
beam width. For a collimated beam in an uplink scenario, beam
wander displacement variance can be approximated by [35]

⟨r2c ⟩ ≈ 0.54(H − h0)
2 sec2(θ)

(
λ

2W0

)2(
2W0

r0

)5/3

, (6)

where H is the altitude of the receiver, h0 the altitude of the
transmitter (typically assumed 0), θ the zenith angle of the
uplink path, and W0 the 1/e2 radius of the transmitted beam.
Using H = h0 + L cos(θ) = L, Eq. (6) can be used to relate
the turbulence produced in the OTG to r0 when ⟨r2c ⟩, L, θ, λ,
and W0 are known [15]. Furthermore, the C2

n of the turbulent
layer can then be determined through Eq. (3). L = 430mm,
λ = 1550 nm, and θ = 0◦ are system parameters. Additionally,
by applying the Gaussian approximation, W0 is determined
from

W0 =
f1λ

πWfibre
(7)

where Wfibre is half the mode field diameter (MFD) of the
fibre. In our setup W0 = 0.44mm. Finally, ⟨r2c ⟩ is to be
measured.

As a consequence of the combination of the characterisation
setup with the DH, it is not possible to directly determine
⟨r2c ⟩ from the centroid displacement on the frames captured
by the camera. Inherent to the 4f-configuration of the setup, a
position on the camera sensor corresponds to an incident angle
on L2. Consequently, computing the variance of the centroid
displacement on the captured frames would not correspond to
⟨r2c ⟩ but to the variance of the incident angles on L2. Therefore,
⟨r2c ⟩ is calculated from the positional centroid displacement in
the plane of L2, which is determined with the centroid position
and incident angle on the CCD.

Inherent to the working principle of off-axis DH, the beating
of the signal and the reference produces a fringe pattern on the
camera sensor. This pattern is a function of the phase difference
between the two beams, with fringe maxima occuring when
the difference is 2π. See Fig. 9 for a schematic of S and one of
the reference beams between L2 and the camera. The angular
difference between the two beams is a function of the fringe
spacing, with the relation

α = arcsin

(
λ

Λ

)
(8)

The fringe spacing can be derived from the position kx,y of
SR∗ in the angular domain, which is related to the transverse
spatial frequency on the camera sensor νx,y through

νx,y =
kx,y
2π

. (9)

Accordingly, the fringe spacing Λx,y on the camera sensor is
found as

Λx,y =
dpixel
νx,y

, (10)

with dpixel the pixel size.
However, it is crucial to consider aliasing. As it is known

that the angular difference between S and R is approximately
5° in the horizontal plane, sub-pixel fringes are expected
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in the x-direction which causes aliasing. Additionally, one
reference beam is placed at a negative angle with respect to the
signal. Consequently, kx ≈ 10.6 and kx ≈ −10.6 are expected.
However, in the measured angular domain, which is restricted to
[0, π] in the x-direction and [0, 2π] in the y-direction, both are
expected to appear at kx(aliased) ≈ 1.97, with ky(aliased) > π
for the positive angle and ky(aliased) < π for the negative
angle. As a result, kx appears to be smaller than its actual
value, misleading one to think that the angular difference α
is smaller than it is. Therefore, it is paramount to correct for
aliasing. It was found that in our setup the hologram is aliased
twice in the x-direction. Therefore, correction is achieved via

kx =

{
2π + kx(aliased), if ky(aliased) < π

−2π − kx(aliased), if ky(aliased) > π
(11)

With this correction α can be derived correctly.
When calibrated with S incident perpendicular on the camera

in the horizontal plane, the angles of the reference beams
were calculated to be β = 3.94° and −3.65° with respect
to the normal. With this knowledge, one can determine the
instantaneous incident angle as the difference between the
instantaneous measured angle α and the calibrated angle β.

Then, the position of the signal’s centroid in the plane of L2

can be determined from the centroid’s position on the camera
xCCD and the incident angle, as

xL2
= xCCD + f2 tan(α− β). (12)

Similarly, the centroid’s position in the y-direction can
be determined. Although the angle in that plane is below
the aliasing threshold, a correction has to be applied to
the hologram with the negative angle in the x-direction.
Consequently, for our setup, ky is determined via

ky =

{
ky, if ky < π

2π − ky, if ky > π
(13)

This way, the angular difference between the signal and the
reference beams in the vertical plane was determined to be
1.21° and 1.17°.

With this method, one virtually places a camera at the
location of L2 to record ⟨r2c ⟩, while simultaneously maintaining
the ability to exploit the DH measurement capabilities.

C. Characterisation Measurement

During an automated measurement, captures consisting of
10000 frames are taken at various ∆T and air volume settings.
At a frame rate of 333 fps this corresponds to recordings of
30 seconds per capture. Due to the PSW both polarisations
are sampled at an effective frame rate of 166.5 fps. To limit
undesired external influences the measurement was performed
overnight, completely autonomous.

Fig. 10a shows a graphical representation of the
characterisation measurement procedure. The first capture is
taken with air volume and ∆T set to 0. Then, air volume is set
to 25 % and ∆T is increased with steps of 10 °C to 270 °C, after
which this procedure is traversed. A capture is taken for each
∆T . Next, the same steps are repeated for air volume = 50, 75,
and 100%. This procedure allows evaluation of repeatability
as well as investigation of possible differences between warm
up and cool down.

To ensure that ∆T has stabilized before sampling the beam,
a capture is taken only if ∆T has been within margin M of
the SP for 5 seconds, with M being

M = 1.5 +
3.5× SP

260
. (14)

This margin has been established based on the temperature
dependent accuracy of the temperature sensors and empirical
determination of the control system capabilities.

For this characterisation measurement, the OTG is in
configuration 1 and the temperature filters are not used. During
preparation, the signal and reference beams are aligned in the
centre of the camera sensor. The quadratic phase is minimised
to ensure that the signal fibre is positioned in the focal point
of the collimator lens. In total, 225 captures are taken. On
average, a capture is taken every 2.5 minutes.

The mean values of the x- and y-position of the beam
centroid for each capture are displayed in Fig. 10b. Also, the
mean angle in the horizontal and vertical direction of the
signal with respect to a reference beam are plotted (Fig. 10c).
It can be seen that the position and angle in the x-direction are
relatively stable for the complete duration of the measurement
procedure. However, the position in the y-direction shows
significant drifting while the accompanying angle fluctuates.

D. Data Processing

To compute the turbulence strength parameters r0 and C2
n as

described in Section VI-B, the position of the beam centroid
on the CCD (cx,cy) has to be determined for each frame.
Additionally, the coordinates of SR∗ in the angular domain
(kx, ky) must be identified. A modified version of the DH DSP
[33] has been created for this purpose.

First, an initialisation is performed on the first 250 frames
of a capture. For each frame, a coarse search is performed to
determine (kx, ky). For this, a Gaussian smoothing filter is
applied to the real-valued FFT of the camera frame to reduce
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Figure 10. (a) A graphical representation of the characterisation measurement procedure. (b) Mean values of the x- and y-position of the beam centroid for
each capture. (c) Mean angle in x- and y-direction of the signal with respect to a reference beam.

noise. Also, the border region is set to 0 to remove |S|2 and
|R|2. Then, local maxima are found with a multidimensional
maximum filter, after which the global maximum is taken as
(kx, ky). Because the signal was positioned in the centre of the
camera sensor, (cx,cy) is in this step estimated by (160,128).
Following, fine alignment is performed by subsequently
sweeping cx, cy, kx, and ky in the vicinity of their values
estimated during the coarse search. For each value in the
sweep, the signal optical field is digitally extracted from the
camera frame. The right part of Fig. 7 shows a camera frame
and a simplified depiction of the extraction procedure. During
this procedure, the interference pattern is cropped from the
frame with a box of 200× 200 pixels with its centre at (cx,cy).
Then, a real-valued FFT is applied to transform this square to
the angular domain, with correction for the residuals. There,
SR∗ is cropped with a box of 40× 40 pixels with its centre
at (kx,ky). An IFFT is applied to this square to convert the
filtered interference pattern back to the spatial domain, again
with correction for the residuals. The result is the extracted
optical field containing both amplitude and phase information.
Then, the sum of the overlap between the extracted fields and
a generated Hermite-Gaussian (HG) TEM00 is determined.
Once the sweep is completed, a fourth order polynomial fit
is applied to determine the value corresponding to maximum
overlap. This value is selected to be used in the same process
for the next parameter. The process of sweeping all parameters
is repeated 5 times, first 3 times with a broad sweeping range
before using a decreasing range for the last 2 iterations.

Then, all 10000 frames of the capture are individually
processed in a similar way. However, instead of applying
a coarse search, the parameter values obtained from the
initialisation are used as initial estimates for the processing
of each individual frame. Similar to described before, in an
iterative process the parameter values are swept and the value
corresponding to maximum overlap with a generated HG
TEM00 mode is selected. The complete process is performed

for both polarisations. With this procedure, (cx,cy) and (kx,
ky) can be determined with sub-pixel accuracy. Compared
to performing a coarse search, using the values from the
initialisation reduces the number of iterations required before
convergence. Considering the computational intensity of the
task and the large data set, this provides significant speed
improvement.

As can be seen in Fig. 7, not one but two holograms can
be distinguished in the angular domain. This is because the
alternating polarisations of the signal are not perfectly aligned
with the polarisations of the reference beams. As a consequence,
one can detect the beating of the signal with each reference
beam separately for each frame. This is done by not only
selecting the global maximum after filtering but performing
the same procedure on the second maximum as well.

Once (cx,cy) and (kx, ky) are known, the position of the
beam centroid on L2 is determined for each frame of each
capture as described in Section VI-B. To compensate for
drifting, β is determined individually for each capture as the
mean angle between signal and reference of all frames in that
capture. Then, the variance of the beam centroid position in
the plane of L2 in the x- and y-direction is determined per
capture. ⟨r2c ⟩ is then the mean of the variances on both axes.

VII. CHARACTERISATION RESULTS

The results from the characterisation of the OTG for r0
and C2

n are plotted in Fig. 11. The graphs show the derived
values for both parameters over the complete ∆T range for
the different air volumes, polarisations, and warm up/cool
down, as described in Section VI-C. It can be concluded that
the trends of the graphs are consistent with the expectations,
derived from Eq. (1) and Eq. (3). With increasing ∆T
the Fried parameter, and thus the spatial coherence of the
aberrated optical wavefront, decreases. For C2

n an opposite
trend is observed, with stronger turbulence for increased ∆T .
From Eq. (1), one expects C2

n to be proportional to ∆T 2.
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From a second degree polynomial fit, the relationship in our
measurement data is found to be

C2
n = 2.73× 10−15∆T 2 + 4.40× 10−13∆T + 1.17× 10−12

(15)
An explanation for the predominant proportionality to ∆T can
be that the temperature difference of the two air stream upon
collision is smaller than measured at the laminarizers.

It must be noted that both parameters are determined from the
same measurement data, i.e. r0 is derived from the measurement
data, after which C2

n is determined based on r0 through Eq. (3).
Regarding the air volume settings, no clear difference in

relation to the measured turbulence strength can be determined.
Similarly, no difference in dependency on the polarisation or
warm up/cool down can be observed. What is clear, especially
when examining the variance of the measured values of r0
per ∆T as shown in Fig. 12 (left), is that the data points are
significantly more spread out for ∆T ≤ 50 °C. For ∆T >
50 °C, the repeatability of the r0 measurements is considerably
better.

The smallest value for r0 measured during this measurement
campaign is 13.5 mm. With a maximum beam diameter of
45 mm, the maximum achievable D/r0 ratio is 3.33. It is not

possible to determine l0, L0, and V with the used measurement
technique.

Furthermore, taking into account the models presented in
Fig. 2, the measured values of C2

n correspond to over one
kilometre of integrated C2

n profile, including the predominant
ground layer. Nevertheless, the Rytov variance of the
measurements, determined with Eq. (4), is limited to 2.5×10−3.
This means that in this measurement setup all OTG states
produce optical turbulence in the weak regime.

Fig. 12 (right) shows ⟨r2c ⟩ in the x- and y-direction for
all captures. It can be seen that ⟨r2c ⟩ is close to isotropic
(⟨r2c,x⟩/⟨r2c,y⟩ = 1.26), irrespective of ∆T , air volume, and
polarisation. Although from this it can not be concluded that
the spatial properties of the turbulence inside the box are
isotropic, it confirms that the optical properties of the beam
passing through the OTG are close to isotropic.

VIII. MULTI-MODE DIVERSITY RECEPTION SIMULATION

At the receiving end of a FSO communication link the
collected light can be coupled into an optical fibre. This allows
detection and processing by fiber-based coherent receivers,
enabling improved spectral efficiency and receiving sensitivity
[9]. However, for a turbulent channel beam wander impairs
the coupling to a standard single-mode fibre (SSMF), causing
power fading and scintillation [10].

Several methods have been investigated to combat this effect,
e.g. adaptive optics (AO) [36] and spatial diversity reception
[37]. Multi-mode diversity reception is an alternative technique.
Although current research is primarily focused on horizontal
links, applications in vertical links are also being investigated
[38]. In multi-mode diversity receivers, the SSMF is replaced
by a few-mode fibre (FMF) or multi-mode fibre (MMF) in
which the displacement of the focused light causes excitation of
higher order modes, which can be demultiplexed, detected by
coherent receivers and digitally combined to alleviate turbulent
impairments.

To simulate the coupling of received light in a fibre, the
optical fields captured with DH are digitally demultiplexed into
results from a numerical mode solver (45 linearly polarised (LP)
modes) [33]. The results of the simulation of the coupling of the
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signal into a 50 µm-diameter graded-index core MMF [39] after
propagation through the OTG with settings air volume = 50%
and ∆T = 270 °C (r0 = 13.5mm, C2

n = 4.26×10−10 m−2/3)
are shown in Fig. 13. The measured optical field was scaled
for optimal coupling with the fibre.

It is clear that because of the weak turbulent conditions in our
measurement setup and the limited beam wander compared to
the sensor dimensions the integrated loss is small. Nevertheless,
a clear difference can be noticed between reception of only the
fundamental mode and inclusion of higher mode groups. Using
only the fundamental mode, in the histogram one observes a
fat-tailed distribution. For a given loss budget this corresponds
to a higher outage probability. Contrarily, incorporating higher
mode groups results in a considerably narrower distribution,
corresponding to improved reliability.

IX. DISCUSSION

The results of the characterisation show that in the current
setup all OTG states produce optical turbulence in the weak
regime, despite large values of C2

n. Related, the maximum
achieved Fried parameter is not sufficiently small to reproduce
the desired ratio range. The main cause of this is the short
propagation path length. It is expected that stronger turbulence
can be observed with a longer propagation length through the

OTG. This can for example be implemented with a multi-pass
approach.

Nevertheless, the findings are in line with other authors’
results who employ a similar characterisation method [15],
[23]. Yet, several authors report stronger perceived turbulence
strength with comparable OTGs at smaller ∆T [16]–[18]. In
these works, a scaled version of a receiver is built and the
turbulence strength is characterised by means of angle-of-
arrival measurements and long/short-exposure point spread
function analysis. Vital to these characterisation methods is the
receiver aperture. The ratio of the aperture and the (effective)
focal length of the lens(es) focusing the light on the CCD
must be approximately equal to the corresponding ratio in the
receiver being emulated. Unfortunately, it was not possible to
combine these characterisation techniques with the DH setup,
which was simultaneously being used for other measurements.
Nonetheless, it can be expected that also with the OTG
developed in this work, which is able to produce larger ∆T
than the devices in the referenced works, stronger turbulence
will be perceived by the receiver when such a characterisation
setup can be employed. By using a larger beam diameter than
in this work combined with an appropriately sized aperture, it
is probable that one can achieve a more accurate emulation
of an uplink because of the additional reproduction of beam
spreading and scintillation.

Furthermore, as noted in Section VII, a significantly larger
variance for the measured r0 is observed for ∆T < 50. A
probable explanation for this is the fact that the relative accuracy
of thermocouples is significantly limited for lower temperatures,
prohibiting the control system of accurate control. As a
consequence, also the margin M has to be disproportionately
large for smaller SP compared to larger SP. However, one
must keep in mind that for SP ≤ 50 °C an offset is applied to
the cold-air channel, which should theoretically improve the
accuracy of the temperature sensors. Regardless, if experiments
at these temperature settings are desired it is crucial to further
investigate the cause of this behaviour so that reliable turbulence
data is ensured.

Moreover, although not determined in this characterisation,
one must consider the damping effects of l0 and L0. Especially
the inner scale damping, which causes high-order aberrations
to be overly damped, can be problematic when investigating
high-order perturbations such as scintillation. Generally, this
can be neglected when ensuring D ≫ l0. However, with l0
typically being a few mm to a cm and a maximum beam
diameter in the OTG of 45 mm this can not be ensured.

Although it seems that the apparent wind velocity V is of
limited importance as the expected channel coherence times
are well within the capabilities of DSP, it must be noted
that it is currently unknown what V is in the OTG. For this
reason, throughout this work air volume has been mentioned
instead of flow or wind velocity. With the aforementioned
different characterisation technique V can be determined from
the temporal power spectrum. Related, due to limited time the
second configuration of the OTG has not been characterised.

Also, it is important to remember that the OTG emulates a
single turbulent layer only. A multi-pass approach has to be
designed for the emulation of multiple layers. However, due
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to the limited number of layers, even in a multi-pass approach,
emulation of, for example, a complete ground-to-satellite link
will inevitably result in a simplified emulation. Nevertheless,
valuable information can be determined from such emulations.

Therefore, the developed test bed is anticipated to enable
atmospheric turbulent effects in FSO links to be studied in
detail. Furthermore, it is expected to be a valuable tool in the
development of DSP and modulation formats to mitigate the
effects of optical turbulence. As optical communication links
are of increasing importance, the ability to perform lab-based
experiments is paramount. Therefore, the development of the
OTG is believed to be an important first step into FSO for
the High-Capacity Optical Transmission Lab and the OTG is
expected to be an asset to both the lab and the ECO group.

X. CONCLUSIONS

A hot-air-based OTG is developed to serve as a (simplified)
alternative to field link tests, e.g. for investigating modal
development in optical turbulence or testing DSP-based
mitigation techniques. Additionally, a control system with
extensive automation possibilities is developed, which allows
effortless recreation of optical turbulence of desired strength. A
technique was designed to allow simultaneous characterisation
of the OTG and measurement of the complete perturbed optical
field with use of off-axis DH. Furthermore, the measured optical
fields were digitally demultiplexed to simulate coupling into a
MMF in order to evaluate the potential of multi-mode diversity
reception. All in all, it is anticipated that the OTG will be
a valuable tool for the investigation of atmospheric turbulent
effects in FSO links and the development of dedicated DSP.

XI. FUTURE WORK

Given the discrepancy between measured Fried parameters in
seemingly comparable OTGs mentioned in Section IX, further
investigation of the cause and, if possible, application of the
same characterisation techniques to the OTG developed in
this work by building a scaled receiver can be an interesting
continuation. Moreover, thorough investigation and modeling
of irradiance fluctuations at the receiver caused by optical
turbulence will be valuable for the development of mitigation
techniques. Lastly, the application of the OTG for emulation
of shorter range horizontal FSO communication links deserves
exploration.
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