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Abstract: Free Space Optics (FSO) technology enabling next-generation near-Earth communication is
prone to severe propagation losses due to atmospheric-turbulence-induced fading and Mie scattering
(clouds). As an alternative to the real-time evaluation of the weather effects over optical signal, a
state-of-the-art laboratory testbed for verification of slant APD-based (Avalanche Photodiode) FSO
links in laboratory conditions is proposed. In particular, a hardware channel emulator representing an
FSO channel by means of fiber-coupled Variable Optical Attenuator (VOA) controlled by driver board
and software is utilized. While atmospheric scintillation data are generated based on Radiosonde
Observation (RAOB) databases combined with a statistical design approach, cloud attenuation is
introduced using Mie theory together with empirical Log-Normal modeling. The estimation of
atmospheric-turbulence-induced losses within the emulated optical downlink is done with an FSO
IM/DD prototype (Intensity Modulation/Direct Detection) relying on two different data throughputs
using a transmitter with external and internal modulation. Moreover, the receiver under-test is a
high-speed 10 Gbps APD photodetector with integrated Transimpedance Amplifier (TIA) typically
installed in OGSs (Optical Ground Stations) for LEO/GEO satellite communication. The overall
testbed performance is addressed by a BER tester and a digital oscilloscope, providing BER graphs
and eye diagrams that prove the applied approach for testing APD-TIA in the presence of weather-
based disruptions. Furthermore, the testbed benefits from the used beam camera that measures the
quality of the generated FSO beam.

Keywords: free-space optics (FSO); satellite communication; FSO channel emulator; atmospheric
turbulence; scintillations; radiosonde observation (RAOB); clouds; Mie scattering; cirrus

1. Introduction

FSO systems act as a game-changing technology within the near- and deep-space
communication domain, offering unprecedented reliability and vast intrinsic information
capacity for feeder and inter-satellite links. In particular, that is a revolutionary solution
to data-throughput bottlenecks in satellite communication (SatCom), where RF systems
are overwhelmingly used [1]. Having operated chiefly in C-band, the optical carrier fre-
quency at 1550 nm is 190 THz providing at least a few THz bandwidth. ESA already
initiated the race in space by launching a constellation of two GEO satellites (European
Data Relay System (EDRS)) equipped with space-borne laser communication terminals
manufactured by TESAT that offer 1.8 Gbps data rates [2]. Similarly, the planned NASA’s
Laser Communication Relay Demonstration (LCRD) paves the way to next-generation
GEO Tracking and Data Relay Satellites (TDRS) that guarantee 10 Gbps user data links and
100 Gbps feeder- and cross-links [3]. While GEO constellations play the role of relay net-
works, the implemented FSO-based LEO/MEO satellites open the room for a considerable
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number of broadband services that require low-latency performance [1]. As stated in [3],
the planned FSO data throughput for LEO satellites is expected to reach 200 Gbps in the
foreseen future.

Nevertheless, FSO technology enabling secure and extremely high data rate com-
munication triggers a need for excessive testing and characterization of the atmospheric
propagation channel. Both commercially produced scintillometers and systems based on
delayed tilt anisoplanatism technology are applied for measuring atmospheric-turbulence-
induced fading, used for FSO operation range between 1 km and 13.5 km [4]. Moreover,
sonic anemometer–thermometer data are used in [4] to observe the wind speed and tem-
perature changes and their influence over near-surface atmospheric turbulence within
the boundary layer. Although those technologies offer decent results, they are mainly
used for horizontal links. A piece of novel key equipment presented in [5] that is under
extensive testing implements technology utilizing laser guide star systems installed in
most observatories. While it is still in an early development phase, it is claimed that
backscatter-effect-based technology applying Rayleigh beaconing and collecting telescope
offers a reliable evaluation of slant atmospheric turbulence profiles. In contrast to this
intricate but highly productive method, a state-of-the-art concept for a compact device
implementing an interferometric refractive index sensor is given in [6]. This interferometric
approach widely used in the field of meteorology science offers a solution for figuring out
the fringe frequency (i.e., atmospheric refractive index) that is easy for use in an outdoor
environment, and once installed in an unmanned aircraft system, a vertical atmospheric
turbulence profile can be built. In parallel with those initiatives involving tremendous
resources, a vertical profile of refractive index structure parameter used for investigation
of clear-air scintillations in terms of space-to-ground downlinks is well approximated
based on Radiosonde Observation (RAOB) data [7,8]. Apart from the listed measurement
methods, the most promising technology for the mitigation of atmospheric turbulence is
adaptive optics systems. In order to compensate for the phase distortion, the reconstruc-
tion process is based on a deformable mirror controlled by a wave-front sensor. While
the use of Shack–Hartmann wave sensor prevails within the last decade, its bandwidth
limitations and saturation losses lead to the development of other early-stage technologies
such as modal holographic wave-front sensors based on the Karhunen–Loève modes [9].
In addition, digital adaptive optics for turbulence mitigation is also considered [10].

Apart from atmospheric scintillations, the minimum amount of FSO power penalties in
the presence of most cloud types (Mie scattering) is higher than 30 dB, which is unbearable
in terms of optical SatCom links [11]. In comparison to turbulence fading, the key solution
for cloud mitigation is building an OGS network with sites that are featured with maximum
Cloud-Free Line-Of-Sight (CFLOS) probability. Considering Earth’s weather system, the
selected sites should be situated at least several hundred kilometers from each other,
ensuring enough low correlation levels between them. Based on satellite images, various
studies were performed by ESA and NASA [12]. Since each selected site is subject to limited
CFLOS availability, a European network, including 12 different OGSs and reaching outage
probability of 10−3 is assessed in [13]. Nevertheless, the accomplished JPL (NASA) work
in [14] offers 96% availability based only on four selected OGS sites, namely Oldstone, CA;
Kitt Peak, AZ; McDonald Observatory, TX and Mama Kea, Hawaii.

In order to not only measure the atmospheric influences by themselves but also to
prove the operation of FSO SatCom systems, few ground-space bidirectional links (e.g.,
Teide Observatory—ARTEMIS GEO satellite FSO link) offer an actual evaluation of at-
mospheric turbulence and cloud effects over transmitted optical beam have been estab-
lished [15]. While those initiatives provide the whole picture by means of testing real FSO
systems, this is a costly procedure, and actual measured data are only available for a very
limited number of locations. Moreover, those measurement campaigns do not offer any
room for improvements in regard to the already installed space-borne equipment. Along
with available FSO commercial off-the-shelf (COTS) components, several state-of-the-art
space-qualified solutions are developed with a high focus on photodetectors, including APD



Electronics 2022, 11, 1102 3 of 16

with integrated TIA offering superior data throughputs and sensitivity [16]. Furthermore,
various modulation techniques, including mostly OOK or DPSK, are implemented [17].
Consequently, a few laboratory prototypes evaluating space-borne FSO transceivers con-
sisting of communication subsystems with photodetectors, optical laser sources, etc., as
well as fine and coarse pointing assemblies, have been considered within the last years [18].
Nevertheless, most laboratory tests do not cover the influence of atmospheric impairments
consisting of turbulence-induced fading and Mie scattering attenuation (i.e., clouds), which
is essential for systems/components evaluation in real-life conditions [8].

Since the above technology concepts are still in an early development stage and still a
facilitated unexpansive test method is required, a high-end breadboard for verification of
SatCom FSO links is suggested in this work. One of the very first prototypes for verification
of high-demanding SNSPD-based (Superconducting Nanowire Single-Photon Detector)
deep-space FSO channels, described in [19,20], allows verification of other scenarios, in-
cluding terrestrial and near-space links. Its operation is hereby translated to a platform for
evaluating near-Earth SatCom links implementing 10 Gbps APD-TIA photodetectors (PD)
installed in future OGSs for LEO/GEO data transmission [21]. Having offered capabilities
for testing COTS components as well as technologies, the testbed implements a state-of-
the-art fiber-based hardware FSO channel emulator representing atmospheric turbulences
using RAOBs [7,8].

The remainder of the paper is organized as follows: Section 2 introduces the design
and the operation of the developed FSO channel emulator that represents atmospheric-
based disruptions of the transmitted optical beam. In Section 3, a methodology for the
generation and evaluation of atmospheric turbulence and cloud attenuation data is pro-
vided. The simulations of the RAOB-based scintillations are hereby explained in detail.
The performance of the proposed high-end APD-TIA photodetector under test is evaluated
in Section 4 at maximum data throughput using a facilitated prototype with Mach-Zehnder
modulator (MZM). In Section 5, the full-scale evaluation of the built SatCom prototype in
the presence of atmospheric turbulence is presented based on the number of high-quality
measurement results. Finally, Section 6 provides conclusions.

2. FSO Channel Emulator Representing the Impact of Atmospheric Impairments

In order to emulate the wave-front distortions of an optical beam due to atmospheric
fading, an experimental setup that consists of a hardware channel emulator and atmo-
spheric turbulence and/or cloud data acquired based on simulations is utilized. In par-
ticular, turbulence fluctuations and/or cloud attenuation causing phase and irradiance
random changes can be evaluated based on their influence over the collected instantaneous
FSO power valid for IM/DD scheme [11,22]. Consequently, the channel emulator is limited
to a near-space FSO system having a direct detection technique combined with OOK or
DPSK modulation, while the rarely used coherent detection scheme is not considered [17].
In some cases, the coherent detection systems are vulnerable to synchronization issues
between the Local Oscillator and incoming signal caused by turbulence-induced phase
fluctuations. Even though those disruptions due to synchronization are often internally
compensated, they should be addressed by applying an additional MZM in the design.

The developed hardware FSO fading emulator built with COTS components is given
in Figure 1 (i.e., Figure 1a) while its controlled software is provided in Figure 2. Its
performance aims to represent the broad spectrum of Mie scattering and atmospherics
turbulence scenarios that are featured with 0.1 Hz–1 kHz fading bandwidth and optical
attenuation less than 10 dB. In particular, the real dynamic changes of the received FSO
optical power are translated here into a laboratory environment leveraging MEMs-based
VOA at 1550 nm wavelength with SMF–28 (Single Mode Fiber) having MFD = 10.4 µm.
On the one hand, the transmitted fundamental transverse mode TEM00 (Gaussian optical
beam) in a typical FSO communication scenario is launched into an SMF with 80% efficiency
supported as a linearly polarized LP01 mode. On the other hand, the FSO architectures
for near- and deep-space communication are especially based on SMF optical components
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that provide exceptional performance. Furthermore, the obtained VOA operates within
0–60 [dB] dynamic attenuation range and has 0–1 kHz fading bandwidth (response time
up 1 ms), covering a broad scope of atmospherically induced fading.
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Moreover, the implemented attenuator driver is utilized together with an STM32
Nucleo-F446RE evaluation board, providing a broad spectrum of capabilities. It incorpo-
rates an STM32F4 microcontroller ARM Cortex M4 series, powered by 3.3 V. Furthermore,
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the attenuator driver board implements external DAC, namely Texas Instruments DAC8571
characterized by 16-bit resolution, 10 µs settling time, and ±4 mV accuracy. Since the VOA
has a low input impedance of 100 Ohm, a higher amount of output DAC8571 DAC power
is achieved using an AD8532ARM operation amplifier that plays the role of an impedance
transformer. In order to evaluate the performance of the built hardware, set attenuation
versus induced optical attenuation into an optical fiber is measured and compared with
a reference line that represents the ideal case. The results in Figure 1b offer <0.16 dB
attenuation accuracy within the most used 0–5 dB optical attenuation range in terms of
turbulence fading.

Furthermore, the control is performed with the developed GUI shown in Figure 2.
While the software offers a number of settings, the most important are fading frequency
(response time) and an option for loading a lookup table with attenuation values. In
addition, manually setting an attenuation value is also possible.

The used special SPIRICON PYROCAM III beam camera provides self-measured
proof of the propagated LP01 mode in vertical (Figure 3a) and horizontal (Figure 3b) planes,
representing real FSO links.
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3. Simulations of Atmospheric-Based Disruption Including Turbulence and Clouds

Together with the hardware representation of the atmospheric FSO channel, both
atmospheric turbulence- and cloud-induced attenuation are simulated to be evaluated and
provided the required test data for optical losses. Having their combined influence based
on a joint probability density function (PDF), the full characterization of the FSO channel
is considered.

3.1. Atmospheric Turbulence Attenuation Based on RAOB Database

A key challenge is the generation of accurate atmospheric turbulence data considering
the required resources for a real measurement campaign. Therefore, a precise solution
is used to obtain the vertical profile of refractive index structure parameter C2

n based on
RAOB databases containing meteorological information for various geographical loca-
tions [7,23]. The radio sounding data include atmospheric vertical profile up to 30 km of
various atmospheric parameters such as height z, pressure P, geopotential height, absolute
temperature T, dew point temperature, relative humidity, mixing ratio, wind orientation
and velocity, potential temperature θ, equivalent potential temperature, and virtual poten-
tial temperature. The proposed model is based on the Tatarski energy spectrum [24]. In
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particular, the C2
n model that applies the structure–function formulation of Tatarski is given

in Equation (1) [25].

C2
n = a2(KH/KM)M2L

4
3
0 (1)

where a2 = 2.8 is an empirical constant, KH/KM = 1.35 is an exchange coefficient for heat
and momentum, M provides information for the changes of the index of refraction in terms
of height z, and L0 is the turbulence outer scale parameter. M is calculated based on (2)
given in [22], and L0 is expressed with an experimentally validated Equation (3) [7].

M =
−79× 10−6P

T2
dT
dz

(2)

L0 =
5(

1 +
( z−7500

2500
)2
) (3)

Consequently, C2
n is expressed with Equation (4), which allows the use of ROAB data

for precise investigation of atmospheric-turbulence-induced fading.

C2
n = 3.78

(
−79× 10−6P

T2

)2(
5/

(
1 +

(
z− 7500

2500

)2
))4/3(

dT
dz

)2
(4)

The applied absolute temperature T in [K] is dependent on the atmospheric pressure
P (hPa) that changes with altitude. Consequently, this causes inaccuracies in calculating C2

n,
and potential temperature parameter θ is instead introduced [26]. The potential tempera-
ture is invariant in terms of atmospheric pressure changes that provide higher precision.
Furthermore, θ is calculated with Equation (5) [26] in terms of reference pressure that is
equal to 1000 hPa.

θ = T
(

P0

P

)0.286
(5)

Having in mind Equations (4) and (5), the final equation for C2
n is provided in (6).

C2
n = 3.78

(
−79× 10−6P

Tθ

)2(
5/

(
1 +

(
z− 7500

2500

)2
))4/3(

dθ

dz

)2
(6)

Having obtained the RAOB data set for Vienna, Austria, including height z, pressure P,
potential temperature θ, and absolute temperature T for a period of 12 months between Jan-
uary and December, the slant profile of C2

n is modeled and shown in Figure 4. The irradiance
fluctuation due to the atmospheric C2

n parameter is modeled with a number of statistical
distributions. While new generalized statistical models such as Malaga distribution exist,
straightforward modeling based on Log-Normal and Gamma–gamma distributions is
applied. Rytov variances of Log-Normal intensity distribution for horizontal terrestrial
(L is the link distance) and slant FSO downlinks are provided in (7) and (8) [27].

σ2
r = 1.23C2

nk7/6L11/6 (7)

σ2
r = 2.25k

7
6

1
cos11/6(γ)

H∫
h0

C2
n(z)(H − z)5/6dz (8)

In particular, σ2
r is used as a scintillation index in case of weak atmospheric turbulence.

For the purpose of the current FSO downlink model, only Equation (8) is important where
γ is the elevation angle, h0 is the height of the ground station, and H is the maximum height
of the troposphere corresponding to approximately 12 km.
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Figure 4. Atmospheric turbulence simulations providing average C2
n atmospheric profile based on

12 months of RAOB data for Vienna, Austria.

Nonetheless, Log-Normal intensity is valid for weak turbulence conditions, while
stronger FSO intensity fluctuations are probabilistically modeled with Gamma–Gamma
distribution covering all regimes (i.e., weak, moderate, and strong). Furthermore, when
it is considered that receiver apertures are parameterized with a finite length and power
averaging needs to be considered, the power scintillation index σ2

p is introduced. Its final
equation is given in (9), where parameter d is calculated based in (10) [27].

σ2
p = exp

 0.49 σ2
r(

1 + 0.65d2 + 1.11σ12/5
r

)7/6 +
0.51σ2

r

(
1 + 0.69σ12/5

r

)−5/6

1 + 0.9d2 + 0.62d2σ12/5
r

− 1 (9)

d =
√
(kD2)/4L (10)

Moreover, the typical elevation angle γ of an FSO feeder link is between 20◦ (in LEO
case from 5◦), and 90◦, as well as a typical accumulated OGS aperture diameter D, is in the
range of 1–8 m. Consequently, scintillations described with power scintillation index σ2

p are
simulated for γ = 20◦ and D = 1 m (e.g., ESA’s OGS at La Teide). When Gamma–Gamma
and Log-Normal modeling are applied, the turbulence attenuation Atur for maximum
availability of 10−7 is calculated using Equation (11) [8].

Atur = 4.343
(

3.67
(

2 ln
(

σ2
p + 1

))− 1
2
+ 0.5 ln(σ2

p + 1)
)

[dB] (11)

The aperture averaging mitigation technique (1 m ≤ D ≤ 8 m) significantly decreases
the strength of atmospheric turbulence, which leads to a reduction of the induced scin-
tillations (σ2

p << 1). Consequently, the atmospheric-turbulence-induced fading is again
well described with Log-Normal distribution, and the used power scintillation index σ2

p
in Equation (11) corresponds to Rytov parameter value range. The normalized histogram
of Atur is shown in Figure 5, characterized with a mean value of 3.43 dB and a standard
deviation of 0.57 dB.
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In order to measure the strength of the turbulence apart from optical attenuation, the
coherence length parameter (Fried parameter) is also introduced. Similar to the definition
of Rytov variance parametrizing received intensity distribution of an FSO slant link that
operates in clear-air atmospheric turbulence, the coherence length is defined based on the
refractive index structure parameter, link distance L, and wavelength. Keeping in mind
that the downlink has a plane wave-front, the equation for the coherence length is given in
(12) [28].

r0 =

[
0.423k2

∫ h0+L

h0

C2
n(z)dz

]−3/5

(12)

Moreover, the coherence length of a vertical slant link is also dependent on elevation
angle γ, namely r0 ∝ (sec(90◦ − γ)−3/5. Consequently, the coherence length of a slant
space-to-ground FSO link is equal to [29]:

r0 =

[
0.423 sec

(
90
◦ − γ

)
k2
∫ h0+L

h0

C2
n(z)dz

]−3/5

(13)

The normalized histogram of the simulated coherence length for the simulated C2
n

parameter in Figure 4 is given in Figure 6.
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(14). On the contrary, when the coherence length is substantially larger than the aperture
diameter, the telescope resolution is mainly diffraction-limited operating in no turbulence
conditions [29].

R =
π

4

 1
λF

D[
1 + (D/r0)

5/3
]3/5


2

(14)

Having assumed that a telescope operates in the presence of atmospheric turbulence,
the angular resolution Satm (i.e., astronomical seeing) in (rad) is given in Equation (15).
Based on Equations (13) and (15), Satm is provided in Figure 7. If the scintillations are
negligibly small, the astronomical seeing is only diffraction-limited, and the coherence
length in Equation (15) is substituted with the telescope’s diameter.

Satm =
λ

r0
[rad] (15)
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3.2. Cloud-Induced Optical Attenuation

Atmospheric cloud attenuation of an FSO optical signal is due to Mie scattering caused
by suspended water particles and is well described by means of Mie theory and micro-
physics of cloud phenomena [11,30]. The particle size distribution (PSD) is defined in regard
to the three-parameters modified gamma distribution model given in Equation (16) [31,32].

n(r) = arα exp(−b) (16)

The positive constants a, α, and b for the primary six types of clouds are listed in
Table 1, and the resulting PSD graphs are given in Figure 8a [31].

Table 1. Modified gamma PSD parameters for the primary six types of clouds.

Cloud Type a α b

Cumulus 2.6 3 0.5
Stratus 2 27 2 0.6

Stratocumulus 52.7 2 0.75
Altostratus 6.26 5 1.11

Nimbostratus 7.67 2 0.42
Cirrus 2.21 × 10−12 6 0.09
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Furthermore, Mie scattering efficiency factor Qsca calculated using Mie theory for
the full-size spectrum of cloud water droplets is provided in Figure 8b. Finally, having
implemented both PSD and efficiency factor Qsca, the equation for the Mie scattering
coefficient used to calculate cloud attenuation is given in Equation (17) [8].

βsca(nm, r, λ0) =
∫ rmax

rmin

Qsca(nm, r, λ0)n(r)πr2dr (17)

The average optical attenuation is determined for a single scattering case when the
multipath propagation effect is neglected, and mainly ballistic photons reach the optical de-
tector. Having used exponential Beer–Lambert law, the simulated minimum and maximum
optical losses Ac due to main six types of clouds including Stratus, Stratocumulus, Alto-
stratus, Nimbostratus, Cirrus, and Cumulus are 283.87–2.83 × 103 (dB), 48.55–194.21 (dB),
32.2–128.82 (dB), 85.2–852.08 (dB), 692.7–1039 (dB), and 3.99–11.98 (dB), respectively. Cirrus
and Stratus clouds are the only cloud types that can be overcome. Moreover, due to the
high altitude of Cirrus, they are mainly composed of ice particles that random orientation
additionally influences the polarization properties of the propagated FSO beam [33]. In
order to statistically model the simulated cloud attenuation Ac, an empirical approach
is applied based on Log-Normal distribution (i.e., Equation (18)) that offers the most ac-
curate fitting in terms of the measured and simulated optical attenuation data. Typical
Log-Normal distribution for a region where Cirrus and Stratus clouds are predominately
observed is characterized by µ = 1.44 dB and σ2 = 2.31 [34].

fAc(Ac) =
1√

2πσAc
exp

[
− (lnAc − µ)2

2σ2

]
(18)

Referring to the fact that only Cirrus and Stratus can be managed by ground-space
FSO systems, the other types of clouds cause interruption of optical LoS communication
links. Consequently, for the considered location of Vienna, Austria, for which the cloud
cover is significant, a unique diversity technique combining 12 European OGS sites should
be used in order to reach an availability of 99.9%. If such a network is built together with
Germany, the outage probability is significantly higher even if the OGS number is increased
to 12. Moreover, an international network considering 9 OGSs possesses outage probability
reaching 10−7 that can be considered as availability of 100% [13].

3.3. Joint Characterization of a Space-Ground FSO System Based on Scintillations and Clouds

Once the simulated normalized histogram of the atmospheric-turbulence-induced
attenuation (Figure 5) together with the considered probability density function of cloud
attenuation (Equation (18)) modeled as a Log-Normal distribution is provided, Multivariate
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Statistical Analysis is considered. Having both attenuation variables (i.e., atmospheric
turbulence and clouds losses) defined in the same probability space, the simulated joint
probability density function on all possible optical attenuation pairs of output is provided
in Figure 9.
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Figure 9. Joint PDF characterizing a space-ground FSO system that operates into Mie scattering
(clouds) and atmospheric-turbulence-induced fading based on 12 months data.

While the simulated joint probability density function offers a good assessment of
atmospheric effects influencing FSO systems, only atmospheric turbulence is emulated
based on the delivered hardware. Cloud attenuation is static compared to fast turbulence
fading and is out of interest for the prototyped near-space FSO link.

4. Performance of the Evaluated Photodetector

The FBR2178GB photodetector under test is an SMF-coupled APD-TIA produced by
FiBest and operating at 1550 nm wavelength. It is soldered on a customized printed circuit
board (PCB). Since this is a typical PD deployed in next-generation OGSs for near-Earth
FSO communication, the supported 3 dB bandwidth is 8.4 GHz offering up to 10 Gbps. The
maximum breakdown PD supply voltage (Vpd) is 31.5 V, and TIA supply voltage is 3.3 V
with 1.021 A/W maximum responsivity offering high sensitivity. In order to achieve an
APD M-factor = 9, the setup Vpd is 30 V providing maximum sensitivity (<−27 dBm) for a
given data rate with a damage threshold Pth of −5.5 dBm.

In order to validate the maximum performance of the used FBR2178GB APD-TIA
photodetector, ideal atmospheric conditions without any atmospheric-induced fading or
attenuation and a maximum data rate of 10 Gbps are selected. The experimental setup is
shown in Figure 10, and it is based on 10 Gbps MZM fed by a 1550 nm tunable laser source.
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For maximum MZM efficiency, the in-house prepared MZM driver operates at a bias point
of 4.2 V, while the driving voltage is 2 V.
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10 Gbps that is based on transmitter with external MZM.

In addition, its extinction ratio at DC is 20 dB, which is a low value compared to the
minimum 25 dB value given in the recommendations for space-qualified modulators [20].
Moreover, the channel emulator is used as a tunable VOA, allowing step measurements
of the BER curve at 10 Gbps. The performance measurements of APD-TIA operating at
10 Gbps are provided in Section 5, where they are compared with the operation of APD-TIA
at 1 Gbps in the presence of atmospheric-turbulence-induced fading.

5. Results and Discussions

The described channel emulator provides the benefit of introducing atmospheric
turbulence effect into an FSO system used hereby for an assessment of a high-end PD
whose performance is crucial for next-generation FSO feeder links. In particular, the
architecture of the built prototype used for emulation of satellite-to-ground FSO downlinks
in controlled laboratory conditions consists of an optical transmitter, SMF-based optical
channel emulator, a few fixed optical attenuators, receiver implementing high-end APD-
TIA, oscilloscope, and BERT. Its block scheme is provided in Figure 11a, while the real
experiment is depicted in Figure 11b.
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The transmitter is a compact-size 1.25 Gbps SFP module with built-in Distributed
Feedback (DFB) laser that emits a high-quality optical beam at 1550 nm and 3.5 dBm
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average optical power. Furthermore, the extinction ratio of DFB is at a minimum of 9 dB,
but lowering the data rates to 1 Gbps and decreasing the driving current lead to 50% better
performance, and ~14 dB is achieved, which is still comparable with the real MOPA-based
architecture providing 20–25 dB. In order to maintain the Pth = −5.5 dBm of the used
APD-TIA, three fixed 3 dB Optical Attenuators (OA) are deployed, which, together with
the 1 dB internal loss of VOA, leads to a maximum of −6.5 dBm at the receiver. The
SFP is plugged into the SFP2SMA2 evaluation board that both together play the role of a
transparent interface translating the incoming binary data into the optical domain based
on Non-Return to Zero (NRZ) OOK intensity modulation. In the next stage, atmospheric-
turbulence-induced fading is introduced by using the FSO channel emulator as well as the
RAOB-based simulated attenuation data for Vienna, Austria (Figure 5). The simulations are
accomplished at 100 Hz fading frequency (response time) that is set up in the developed
attenuator GUI (Figure 2). Finally, the received signal is processed using a maximum
likelihood receiver with hard decision decoding. The performed BER measurements are
carried out with Agilent N4906B BER testers (BERT). In addition, the used pulse pattern of
BERT for generating the Pseudo-Random Binary Sequence (PRBS) at 1 Gbps that internally
modulates the SFP DFB laser is 231−1. In order to have a comparison when APD-TIA also
operates at the maximum possible data rate, its BER at 10 Gbps is measured considering
the introduced design discussed in Section 4 that uses 10 Gbps MZM. Finally, the output
of the tested APD-TIA at 1 Gbps is analyzed with 33 GHz digital oscilloscope DSAV334A
Agilent Keysight having 80 GS/s maximum sample rate.

The measured and the approximated BER performance based on the introduced
experimental setup applying Agilent N4906B BERT (Figure 11) is provided in Figure 12.
Both 1 Gbps and 10 Gbps of a slant FSO propagation channel are evaluated with and
without atmospheric turbulence. In addition to the accomplished measurements with the
introduced MZM-based prototype board in Section 4, an ideal BER curve at 10 Gbps, which
is provided in the FBR2178GB datasheet, is given in Figure 12a. When both curves are
compared, there is up to 1.7 dB offset between them, which is explained by the higher
quality MZM in the datasheet that is characterized with a minimum 25 dB extinction
ratio [20]. Considering the observed power penalties at BER = 10−8, when the data rate is
decreased from 10 Gbps to 1 Gbps, the appeared offset of 2.2–3 [dB] is due to improved
sensitivity of the APD-TIA, once the information bandwidth is reduced. Furthermore, the
approximated measured BER curve subject to the introduced tropospheric scintillations
(Figure 5) at 1 Gpbs throughput is given in Figure 12b.

Electronics 2022, 10, x FOR PEER REVIEW 14 of 17 

sensitivity of the APD-TIA, once the information bandwidth is reduced. Furthermore, the
approximated measured BER curve subject to the introduced tropospheric scintillations
(Figure 5) at 1 Gpbs throughput is given in Figure 12b.

(a) (b) 

Figure 12. Testbed measurement results including (a) BER in terms of 1 Gbps and 10 Gbps data 
rates at no turbulence and (b) BER in terms of 1 Gbps in clear-air atmospheric scintillations. 

The obtained graph is simulated for the generated turbulence attenuation with the
mean value of 3.43 dB, and it is compared with the measured BER curves at 1 Gbps and 
10 Gbps by assuming ideal atmospheric conditions (no scintillations). It is evident from 
Figure 12b that the implemented atmospheric turbulence at 1 Gbps data rate leads to a 
lowered gradient of BER curve for BER < 10−3 in comparison to no turbulence conditions, 
which results in steadily increased power loss reaching a value of 4.23 dB at BER = 10−8. 
Consequently, the considered satellite-to-ground FSO link that operates in continental 
turbulence scintillations and 1 Gbps data throughput is outperformed by the evaluated 10 
Gbps scenario when no turbulence conditions are considered. The maximum difference, 
which depends on the performance of the selected 10 Gbps MZM, is up to 2.03 dB. Alt-
hough room for further comparison with real measurements is left, such atmospheric data
are still not available for Vienna, Austria, scenario to the best of the authors’ knowledge.

Finally, the six measured eye diagrams with DSAV334A (−17 dBm, −27 dBm, −29 
dBm, −31 dBm, −33 dBm, and −37 dBm received optical power) that are shown in Figure 
13 support the results completely. While the eye is gradually closing, there is still eye-
opening even at −33 dBm that confirms the improved performance when data throughput 
drops. The eye is already wholly closed at −37 dBm. 

Figure 12. Testbed measurement results including (a) BER in terms of 1 Gbps and 10 Gbps data rates
at no turbulence and (b) BER in terms of 1 Gbps in clear-air atmospheric scintillations.

The obtained graph is simulated for the generated turbulence attenuation with the
mean value of 3.43 dB, and it is compared with the measured BER curves at 1 Gbps and
10 Gbps by assuming ideal atmospheric conditions (no scintillations). It is evident from
Figure 12b that the implemented atmospheric turbulence at 1 Gbps data rate leads to a
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lowered gradient of BER curve for BER < 10−3 in comparison to no turbulence conditions,
which results in steadily increased power loss reaching a value of 4.23 dB at BER = 10−8.
Consequently, the considered satellite-to-ground FSO link that operates in continental
turbulence scintillations and 1 Gbps data throughput is outperformed by the evaluated
10 Gbps scenario when no turbulence conditions are considered. The maximum difference,
which depends on the performance of the selected 10 Gbps MZM, is up to 2.03 dB. Although
room for further comparison with real measurements is left, such atmospheric data are still
not available for Vienna, Austria, scenario to the best of the authors’ knowledge.

Finally, the six measured eye diagrams with DSAV334A (−17 dBm, −27 dBm,
−29 dBm, −31 dBm, −33 dBm, and −37 dBm received optical power) that are shown
in Figure 13 support the results completely. While the eye is gradually closing, there is
still eye-opening even at −33 dBm that confirms the improved performance when data
throughput drops. The eye is already wholly closed at −37 dBm.
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6. Conclusions

The provided atmospheric FSO link emulator based on VOA significantly profits from
the simulated atmospheric-turbulence-induced fading using well-known RAOB databases.
Merging together the simulated scintillation data and the developed hardware enables
facilitated high-end testing of ground-space FSO links. This breadboard offers not only
complete control over the system parameterization but also substantial advantages in view
of the extreme costs of a real test mission. Consequently, the equipment is highly beneficial
for performance tests of photodetectors that have been under significant scrutiny in the last
years. In other words, the device under test is a high-end APD-TIA detector that is studied
in typical continental atmospheric-turbulence-induced fading with a mean attenuation
value of 3.43 dB and a standard deviation of 0.57 dB. The approach is demonstrated
based on BERT and a high-resolution oscilloscope comparing the system performance
for 1 Gbps and 10 Gbps. While the 1 Gbps scenario outperforms the 10 Gbps one in case
of no turbulence, the BER curve at 10 Gbps without turbulence is featured with up to
2.03 dB better performance when turbulence at 1 Gbps is introduced. While this testbed
configuration is utilized for satellite-to-ground downlinks, the modeling of uplinks that
also involves the beam wandering effect due to turbulence will be evaluated in further
work. Moreover, in order to perform a complete FSO channel modeling, pointing errors
and background noise will also be taken into account.
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