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1 | INTRODUCTION

A key challenge towards future generation very high throughput satellites (VHTS) is the limited spectrum of about 2 GHz available in the Ka band
(20/30 GHz). A potential solution for resolving this issue could be to move the feeder links from the Ka band to the Q/V band (40/50 GHz)** or
even to the W band (70/80 GHz)® where bandwidths of up to 5 GHz are available. While this allows for the use of radio frequency (RF) domain
expertise, the bandwidth available is limited compared with requirement estimates and the spectrum is also solicited in the emerging 5G para-
digm.® Another revolutionary solution is to move the feeder link from RF frequencies to optical frequencies.”? Both these approaches are chal-
lenging due to the attenuation by atmospheric phenomena (e.g., rain and clouds) whose severity increases with the frequency. In both cases, a
network of multiple gateways with smart switching capabilities is thus envisaged.®** While RF at high frequencies is less impaired than the opti-

cal counterpart, larger number of gateways is nonetheless required to achieve very high throughputs due to the limited available bandwidth per

Int J Satell Commun Network. 2020;1-22. wileyonlinelibrary.com/journal/sat © 2020 John Wiley & Sons, Ltd. | 1


https://orcid.org/0000-0001-6413-7151
https://orcid.org/0000-0002-3638-1349
https://orcid.org/0000-0002-1733-5435
https://orcid.org/0000-0003-4716-3328
https://orcid.org/0000-0003-2337-8148
mailto:Bhavani.Shankar@uni.lu
https://doi.org/10.1002/sat.1372
http://wileyonlinelibrary.com/journal/sat

2—I—WI LEY. MENGALI £ AL.

gateway (100-1000 times lower) compared with optical frequencies.'® This translates into a significant escalation in the cost of the ground-segment,
favoring the deployment of feeder links in optical frequencies. Use of free space optics (FSO) communications also has additional advantages
with respect to the use of RF as (a) absence of frequency regulation constraints due to the highly directive antennas, (b) smaller systems with
potentially lower power consumption, (c) enhanced security due to directivity of the beams, and (d) ability to completely reallocate RF frequency
bands to the user link.

While optical links offer a variety of advantages, they are impaired by several atmospheric phenomena like clouds, aerosols, turbulence, etc.
Among these impairments, cloud coverage constitutes the predominant fading mechanism, resulting to the blockage of the link.}? Critical to the
evaluation of optical satellite communication systems is the probability that the link is not blocked by clouds, also termed as cloud-free line Of
sight (CFLOS) probability. In the literature, several methodologies have been proposed for the computation of CFLOS probability *3-1¢ taking into
account the spatial and temporal variability of clouds. Nevertheless, even under CFLOS conditions, the optical systems are severely affected due
to propagation of optical waves through atmosphere. The phenomenon of atmospheric turbulence has significant impact on the signal under
CFLOS conditions necessitating its accurate estimation in the link budget analysis'” taking also into account the beam wander, beam spread, and
amplitude scintillation. In the literature, several studies have been conducted for the evaluation of this phenomenon.*®2* Moreover, in addition
turbulence, the molecules which are present in the atmosphere, the cirrus clouds which are shaped from ice crystals, and the aerosols with size
comparable with the wavelength of the signal, cause the reduction of signal amplitude. 22

Several techniques have been proposed to mitigate the propagation impairments towards envisaging a feasible FSO system. For cloud cover-
age, macrodiversity technique is employed where multiple optical ground stations (OGSs) constituting an optical ground station network (OGSN)
are employed.*>?3?*These stations are placed at cloud free areas with separation distance of order of hundreds of kilometers, so as the desired
CFLOS probability of the whole network is achieved.}*?> One of the main drawbacks of this approach is the cost of having several ground sta-
tions. On the other hand, mitigation techniques for turbulence depend on the uplink or downlink scenario. The use of various diversity techniques
as mitigation to turbulence effects will be termed as microscopic diversity techniques. Focusing on the optical feeder uplink, transmitter
diversity,?® wherein multiple apertures are placed at a distance longer than the coherence length of turbulence, is used to combat turbulence. Fur-
ther, many works have been focused on exploiting the diversity gain achievable from multiple input multiple output (MIMO) optical setups, mostly
for terrestrial FSO networks. Among the spatial diversity methods that have received particular interest, we can mention: optical spatial modula-
tion (OSM),2728 repetition coding (RC),”?42732 and optical space time codes (OSTC). 3337

However, all of these works assume a constructive combination of the transmitted beams at the receiver. Different optical paths, separated
by at least the coherence length of turbulence (which is usually smaller than a few tenths of metre), propagate through media having different
characteristics; hence, different optical waves are received with a different amplitude and phase at the receiver. While constructive combination
is a reasonable assumption when dealing with incoherent sources of light (e.g., LEDs) common in terrestrial networks, this is not always valid when
dealing with coherent light sources (i.e., lasers). Laser beams at the same frequency may combine destructively, leading to insufficient light
reaching the receiving photodetector. The impact of random phase combination of the optical beams over lognormal channels has been analyzed
in Mengali et al.3® where the noncoherent combination completely negates the benefits of RC. For this reason, most of the works analyzing spatial
diversity in satellite optical feeder links assume frequency/polarization separation in addition to the spatial one in order to always achieve nonde-
structive combination. 23132

This paper focuses on the investigation of optical feeder link techniques for future generation GEO VHTS systems considering their impact
both on the ground segment and space segment. We restrict ourselves to transparent payloads'® to avoid significant payload complexity while all-
owing it to be future-proof; the user link is assumed to be in Ka band. This hybrid architecture seems to be the feasible way forward for broad-
band satellite systems serving mass market in the RF regime. Because a transparent payload is used, quality of the downlink transmission is
inherently impacted by the uplink transmission. Hence, the elements characterizing the uplink transmissions like optical to electrical conversion
(and vice-versa), optical channel, RF, and optical modulation/ demodulation impact signal-to-noise-ratio (SNR) on the downlink. As a result, the
two links are coupled and cannot be separated; this motivates an end-to-end analysis. Within this framework, the contributions of this paper are
as follows:

e Providing a methodology for the dimensioning of OGSN based on a CFLOS time series generator, considering also the impact of the OGS
altitude

e Employing a consolidated channel model for the generation of received power time series using stochastic differential equations (SDEs) for the
uplink scenario

e Exploitation of microdiversity to achieve flexibility and efficiency in the deployment of a hybrid optical/RF communication system; in particu-
lar, a systematic study of microdiversity including the assessment of impact of channel phase is undertaken

e Evaluation of the OGSN performance taking into account not only the outage due to blockage but also due to the microscopic fading, an exer-
cise not considered earlier, leading to an improved system dimensioning exercise

e Evaluation of the end-to-end frame error rate (FER) performance of a hybrid architecture with optical feeder uplink and RF user down-

link. To the best of the authors knowledge, it is the first time a study is done taking into account the various impairments including
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the inefficiencies of FSO modulation, various noise components in the FSO demodulation,®® satellite transponder impairments, and user
link artifacts.

The outcomes from the paper provide for a first assessment of the optical feeder link with transparent payloads that enables its performance
comparison vis-a-vis RF systems, thereby impacting future VHTS architectures.

The rest of this paper is organized as follows. In Section 2, scenario and system model describing the GEO network and the different system
architectures are described. In Section 3, the channel model considered in this study is detailed including a selection of the OGSN sites. Subse-
quently, in Section 4, the microscopic and macroscopic diversity techniques are highlighted. In Section 5, the simulation environment, the parame-

ters, and end-to-end performance are presented. Finally, the outcomes are summarized in Section 6.

2 | SCENARIO AND SYSTEM MODEL

In this section, we describe the application scenario of optical feeder links and model the various system components including the transmission

schemes, payload, and user terminal (UT) processing.
2.1 | Scenario

The GEO optical feeder link scenario, illustrated in Figure 1, proposes a hybrid system employing optical feeder links to the GEO satellite for a typ-
ical broadband application involving DVB-S2x framing. At the OGS, a baseband DVB-S2x signal is suitably converted to the optical domain and
transmitted using a laser to the transparent GEO satellite. On-board the satellite, the received optical signal is down-converted to the electrical
domain, amplified and forwarded to the UTs in RF band (specifically, Ka band). The key components in the scenario are detailed below. Note that
the system scenario was defined within the ONSET project by SES being in line with its business interests. 40

21.1 | Space segment
A multibeam VHTS generating several tens of beams to achieve high transmission and reception gains towards the UTs distributed across its ser-

vice area is considered. A pan-European coverage is assumed and multibeam architecture allows for the implementation of frequency reuse; typi-

cally, a four-color scheme resulting in a frequency reuse factor of 20 is adopted in such multibeam satellite network.
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A transparent payload is considered where the uplink optical signal is converted into RF domain for downlink without demodulating the
underlying DVB-S2x signal. Further details on the optical-electrical conversion are detailed in Section 2.2. The on-board processing involves
channelization and amplification using a standard transponder comprising input multiplexing (IMUX) filter, a high power amplifier (HPA), and
an output multiplexing (OMUX) filter. The transparent architecture benefits from lower complexity and will be agnostic to evolving RF
air-interface formats.

21.2 | Usersegment

The user segment is composed of a set of fixed (stationary) UTs operating in Ka band which are assumed to be DVB-52x compliant. The size of
the terminal dish is typically 75 cm, whereas its power ranges from 2 to 4 W. As a baseline, we assume that with the feeder link being moved to
the optical band, the spectrum released from the RF feeder link can be allocated to the user links. The scenario envisages no change to the exis-
ting user links which will continue to operate in the RF band (Ka band) where low cost UTs are already available. Thus, the cost of the optical
feeder link in the long term can be potentially negligible compared to the revenue generating RF user links.

2.1.3 | Ground segment

In a simplistic set-up, each OGS consists of three main elements: a dome to protect the optical devices from rain, ice, and heavy wind; a telescope
with a mirror for determining the gain of the optical signal; and an instrument box. The latter has two functions: modulating the signal received
from the backbone network into an optical signal and controlling the fine pointing and tracking procedure of the telescope. To avoid excessively
long paths through the atmosphere, we assume that the elevation angle will always be at least 30°. Despite the fact that the envisaged through-
put of an OGS is sufficient to transmit the entire feeder link signal, multiple OGSs are considered to overcome the detrimental effects of clouds
coverage. Frequent switching between gateways in a macrodiversity scheme is envisaged due to dynamic cloud formations, thereby necessitating
an OGSN where the multiple CFLOS are interconnected through the Backbone Network.

To ensure the efficient management of the OGSN, the following elements are considered: (a) network control center (NCC) controls and syn-
chronizes the OGSN and can potentially add some delay to the signal in order to take into account the different signal run times both within the
ground network and from the OGS satellite; (b) network management center (NMC) monitors and schedules the link both within the OGSN and
between the active transmitting OGS and the satellite. It controls the status of every single OGS and observes the weather data to estimate the
availability of each station. A weather forecast algorithm is constantly recalculating, based on the on-site measurements and on public available
data, the weather forecast of the different sites. In case of an expected link interruption (e.g., clouds and storm) or worse atmospheric conditions,
the NMC starts to establish and synchronize a new link via the OGS with the best weather forecast; (c) satellite control center (SCC) is responsible
for monitoring and controlling the functionality and orbit of the space segment; (d) telemetry tracking and control (TT&C) is mandated to transmit
and receive telecommand/telemetry (TC/TM) data to/from the space segment through an RF link. In addition, it will communicate to both the sat-
ellite to establish the optical link to the suitable OGS.

2.2 | System model

The system model for the aforementioned scenario depicting the forward link from the OGS through the GEO transparent satellite to the

UT is described in Figure 2. The baseband data processing at OGS involves standard DVB-52x modules including coding, modulation,
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interleaving, framing, and baseband filtering; the interested reader can refer to previous study®! for additional details. Multitude of these
DVB-S2x streams are then modulated into the optical domain; a VHTS will require a number of optical modulators (each operating at a
different wavelength) to support traffic in the order of terabit/s. This is due to the bandwidth limitation of the components rather than
spectrum availability in optical frequency. Photoreceptors are commercially available at up to 100 GHz bandwidth at the moment,*?> whereas
front-end electronic have even lower speeds*® limiting the effective bandwidth per optical chain. In this work, like in Roy et al.,*2 we have
considered an RF signal bandwidth of 1.5 GHz before optical conversion, corresponding to roughly three DVB-S2x streams of 450 MHz plus
guard bands. Towards ensuring transparent solutions, two schemes are usually considered in the literature: Digital and Analog® which are

now briefly described.

221 | Analog transparent scheme

In this scheme, the users' signals from the DVB-52x chain®* are aggregated and the resulting signal is used to modulate the intensity of a laser
source. To reduce the distortion on the resulting light signal, direct modulation of the laser amplitude is not desired and external modulation, like
the Dual Drive Mach-Zehnder Modulator (DD-MZM) for complex signals, is preferred.* In this work, for simplicity, we assume a linear laser
amplitude modulation, that is, the amplitude of the light at the output is an undistorted replica of the amplitude of the RF signal at its input. Sub-
carrier intensity modulation (SIM) is typically used in such systems and the same has been studied extensively in previous studies.***? In SIM, an
electrical bias needs to be added to the aggregate signal to ensure its nonnegativity. This bias will be removed after opto-electrical conversion on
board the satellite to restore the original RF signal, thus reducing the power efficiency of the system. Further, on-board the satellite, the received
signal is first optically preamplified by means of a low noise optical amplifier and is then converted by a square law opto-electrical detector to
recover the original DVB-S2x signals. After this process, the signals are processed using typical RF transponders before being downlinked to the
users as in existing RF systems.

As will be discussed in Section 5.3, the power bias will cause an increase in the noise generated during the opto-electrical conversion process.
The main advantage of this scheme is its rather simple implementation and low cost, both on the ground and space segment. The disadvantages
are the lower useful signal power after the opto-electrical conversion and the inability to include digital fade-mitigation techniques at the trans-
mitter. The first makes the scheme very sensitive to turbulence-fading, and the second limits fade mitigation techniques to transmitter diversity at

the OGS and automatic gain control (AGC) functionalities on-board the satellite.

2.2.2 | Digital transparent scheme

In this scheme, the DVB-52x aggregate signal is digitized by an analog-to-digital converter (ADC) at the OGS and the digitized samples are trans-
mitted over the optical feeder link using an appropriate multilevel optical modulation format. While several modulation schemes are proposed in
the literature to transmit the digitized signal,*> we focus on the on-off keying (OOK) modulation scheme given its simplicity. Similar to the analog
case, the received signal is first optically preamplified by means of a low noise optical amplifier, converted by a square law opto-electrical detector
and demodulated to obtain the digitized RF waveform. Subsequently, a digital-to-analog converter (DAC) is used to generate the analog waveform
on-board of the satellite. The digital nature of the transmission allows incorporation of forward error correction (FEC) on the digitized bits as an
additional way to mitigate the turbulence induced fading. Further, the scheme has the flexibility to incorporate new optical modulation and coding
techniques. However, the system is more complex than analog transparent scheme (ATS) due to the requirement of high speed DAC and ADC.
Furthermore, it offers relatively low spectrum efficiency in the optical channel, due to the required quantization, unless high order optical modula-

tion are used.

2.2.3 | Satellite: optical to electrical conversion

The process of converting the optical received signal to electrical domain for transmission over the RF user link follows the steps illustrated in
Figure 3A. We consider only one receiving antenna on-board the satellite to limit the payload mass and complexity. The signal light, coming from
multiple colocated transmitters if microdiversity is employed and corrupted by the relative intensity noise (RIN) generated at the laser sources, is
combined on the single-receiving aperture together with the light coming from background radiation sources (e.g., celestial bodies). Due to free
space loss (FSL), the received optical signal power is very low and needs to be amplified, in our case using an erbium-doped fiber amplifier (EDFA).
An interfering optical wave is generated by the spontaneous emission of photons inside the optical amplifier when the temperature is above
0°K.3? This unwanted signal is also amplified while passing through the EDFA and translates into a significant noise term called amplified stimu-

lated emission (ASE) noise.
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After preamplification, the different beams arising from the transmitter microdiversity undergo separate processing before being recombined
in the electrical domain. First, a bank of optical filters, whose bandwidth should match that of the signal being processed, is used to reduce the
effect of the ASE noise. Because it is technologically challenging to create narrow-band optical filters, we assumed the minimum allowed band-
width of the optical filters to be equal to the minimum spacing of the ITU dense wavelength division multiplexing (DWDM) frequency grid
report** (i.e., 12.5 GHz). After the optical filtering, the light beam reaches the area of the PIN photodiode that act as a mixer, down-converting the
signal back the electrical domain. As a consequence of concurrent presence of ASE noise and useful signal, some beat noise terms are produced
during the frequency down-conversion. In addition to the beat noise, other noise sources such as dark current, shot noise and thermal noise also

|39

affect the electrical signal.>” After conversion, the signals arising from microdiversity are recombined and filtered (electr. filter block in Figure 3A)

to minimize the noise power before the electrical preamplification.

224 | Satellite: RF chain

The satellite RF processing is undertaken on the DVB-52x analog waveform and follows either the optical-electrical conversion in case of ATS or
the DAC in digital transparent scheme (DTS). It first involves a frequency up-conversion to bring the analog signal to the desired working fre-
quency of the IMUX filters. These filters synthesize the aggregate signal into separate subchannels that are then amplified using an HPA and fed
to the OMUX filter to be separated into the desired downlink beams. Before the amplification, an ideal AGC is assumed to bring the signal to the
desired power level. We further assume that the HPA is driven in its linear region of operation to focus the study on the impact of optical

transmissions.

225 | User terminal

The UT processing chain is composed of a receive square-root raised cosine (SRRC) filter, a least mean squares (LMS) linear equalizer to counter-

act the memory effects induced by the satellite filters, and demodulation and decoding processes of the DVB-S2x standard.

3 | OPTICAL CHANNEL

The optical uplink channel model for GEO scenario comprises (a) received power time series generator useful for detailed error performance

assessment of physical layer transmission techniques and (b) CFLOS time series generator useful for OGSN sites selection and dimensioning.

3.1 | Received power time series

In this subsection, the methodology for the computation of received power time series for the uplink using collimated Gaussian beam waves2° will
be presented. In the reported methodology, we consider only weak turbulence, whereas the spatial spectrum of refractive index is modeled
according to Kolmogorov spectrum.?® The structure constant is modeled according to the modified H-V model*® so as the altitude of the ground

stations, day/night conditions and the root mean squared (RMS) wind speed are taken into account,
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C7(h) = Agexp(~Has/700)exp(~ (h—Hgs)/100)
+5.94.107%. (£)*h'%exp(—h/1000) (1)
+2.7-10" ¥exp(—h/1500),

where Hgs (m) is the altitude of ground station, u is the RMS wind speed, and Ag (m*2/3) is the refractive index structure parameter at ground

|20

level depending on the day and night conditions. The RMS wind speed is computed according to Bufton model.“~ The value of Aq is defined in

Table 1. A second important metric for the characterization of turbulence strength is the Fried parameter, ro, which is defined through:

-3/5

ro={0‘42sec(g’)k2r cﬁ(h)dh} , 2)

Hes

where ¢ is the zenith angle, k = 27/ with 1 being the wavelength used and H is the satellite altitude. Furthermore, on-board the satellite, we con-
sider a point detector armed with Gaussian lens placed some meters (2 m) in front of the detector for counteracting the effects of beam spreading
in a nonturbulent medium.°

In this step, the main expression for received power time series is presented below so as all the main components are sufficiently described.

Pr=Pr-Gr-Grny 1g - Latm - FSL - ltot, (3)

where Pg and Py are the received and transmitted powers respectively, both in Watts. Gr, G are the antenna gains and 1 and 5y are their efficien-
cies at the transmitter and receiver, respectively. Ly is the atmospheric loss excluding the turbulence effects, FSL is the free space losses and I;¢
is the instantaneous irradiance considering both the turbulence effects (scintillation and beam wander) and the beam spreading due to diffraction.
Atmospheric losses consist of the atmospheric transmittance computed using the SpectralCalc® software tool, the cirrus transmittance using the
expression (3.5.1) from Degnan?? and the losses occurred due to Mie and Rayleigh scattering computed according to ITU-R P. 1622.°* These
parameters depend on the altitude of the station and the elevation angle of the link, resulting in higher losses for low altitudes and low elevation
angles. In this contribution, we separate the turbulence effects into scintillation effects and beam wander and spreading effects.?! The instanta-
neous irradiance due to scintillation is generated through the time series of log-amplitude using SDEs driven by fractional Brownian motion.>2
The variance of log-amplitude is calculated for fully tracked beams.'® Beam wander is considered Rayleigh distributed. The beam spreading effects
are calculated using the Strehl ratio.'? Finally, as presented in Andrews,*? the maximum Strehl ratio (less turbulence) is achieved until Wq = 0.1r,.

Thus, in our analysis, we compute the effective radius Wo (m) of Gaussian beam in accordance with the calculated Fried parameter.

3.2 | Optimum selection of OGSN sites

In this section, the methodology for the selection of OGSN sites in order to achieve specific CFLOS probabilities for GEO scenario is reported.
The objective of this analysis is to present some methods to select the minimum number of OGS that are required in order to guarantee a specific
availability percentage. In our analysis, we consider a 99.9% availability percentage. This procedure is based on the analytical methodology pres-

ented in Lyras et al,t®

where a stochastic dynamic model for the generation of integrated liquid water content (ILWC) time series is reported. In
this methodology, SDEs are employed, whereas the temporal and spatial variability of clouds and their microphysical properties are taken into
account. This methodology takes into consideration both the elevation angle and the altitude of OGS for the computation of CFLOS probabilities
among others. This approach is based on the assumption that ILWC can be sufficiently described by log-normal distribution, whereas the statisti-
cal parameters which are used for the synthesis of ILWC time series are derived from ITU-R P.840.%% In this work, an ON/OFF channel with the
presence of clouds is considered as in Perlot and Perdigues-Armengol*®> and Sanchez et al.2® A snapshot of the cloud coverage time series at
Nemea Greece, assuming a GEO satellite and 46° elevation angle, is presented in Figure 4. The main steps of this procedure are briefly reported

here, and they have been analytically presented in Lyras et al. *3:

1. Time series of ILWC fields correlated both on temporal and on spatial domain are synthesized using SDEs.

TABLE 1 Value of the refractive index structure parameter
Condition Ao (m=273)
Day 17-1071
Night 1.7 107
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' ' FIGURE 4 Cloud coverage time series for ON/OFF channel [Colour
figure can be viewed at wileyonlinelibrary.com]
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2. Time series of clouds vertical extent is computed.
3. Cloud coverage time series are computed taking into account the whole slant path, the elevation angle, and the altitude of the ground stations.

4. CFLOS probability is computed from cloud coverage time series.

An ILWC field for a specific time instance of Step 1 of the proposed algorithm is shown in Figure 5.

3.21 | OGSN sites selection considering CFLOS optimization

This methodology is based on the joint CFLOS of the provided stations with an objective of targeting a given availability percentage (e.g., 99.9%)

using the minimum number of stations and considering only CFLOS. The following steps are taken in this methodology:

1. Time series of cloud coverage for each station are computed; these time series are spatially and temporally correlated between the different
locations of the stations.

2. The stations are sorted in descending order of CFLOS probability.

3. Starting from the station with the highest CFLOS probability and going down on the ordered list of Step 2, new stations are added to the pool
of selected stations until a target percentage (e.g., 99.9%) of availability is achieved. The system availability is computed as the probability of

having at least one station in the pool not affected by clouds.

3.2.2 | OGSN sites selection considering CFLOS and received power (turbulence effects) optimization

This methodology tries to optimally select the ground stations so as mainly the effects of turbulence are minimized, and the received power is
increased. When the link is not affected by clouds, turbulence represents the dominant fading mechanism which deteriorates the performance of

the system. To this end, for the selection of the stations not only the CFLOS but also the Fried parameter will be considered. The latter provides
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information about the strength of turbulence and as a result about the received power. The strength of turbulence depends on the night/day, the
wind speed, the altitude of the ground station, and the elevation angle among others. Low values of the altitude above the earth's surface and
low elevation angles result in higher turbulence effects. This is because the atmosphere is denser near the earth's surface and lower elevation
angles translate to longer path lengths. These parameters, together with the refractive index structure constant, are incorporated in the expres-
sion for the calculation of the Fried parameter (2). For this methodology, the ensuing steps will be followed:

. Time series of cloud coverage for each station are computed; these are spatially and temporally correlated.
. Fried parameter for each station is estimated taking into account the elevation angle and the altitude of the station.
. The stations with CFLOS lower than a threshold are not considered in the optimization; a value of 65% is chosen in this paper.

. Order the remaining stations with CFLOS more than 65% in descending order of Fried parameter.

aua A WON R

. Starting from the station with the highest value of Fried parameter and going down on the ordered list of Step 4, new stations are added to
the pool of selected stations until a target percentage (e.g., 99.9%) of availability is achieved. The system availability is computed as the proba-
bility of having at least one station in the pool not affected by clouds.

4 | DIVERSITY TECHNIQUES FOR FSO COMMUNICATIONS

In this section, we detail the microdiversity and macrodiversity techniques used to mitigate the variations in received power due to turbulence in
CFLOS conditions and those due to clouds, fog, and rain respectively.

4.1 | Microdiversity

Microdiversity aims to mitigate the turbulence related impairments by exploiting multiple transmit lasers and/or optical receptors. Several diver-
sity techniques have been reported in literature on digital communications®* including maximal ratio combining (MRC), equal gain combining
(EGC), maximal ratio transmission (MRT),>® space time block codes (STBC),>® eigen-beamforming,®” selection combining, and RC.2? However, an

application of these techniques to the current scenario is not straight forward because of the following:

e Asingle receiver is considered towards reducing the payload complexity in view of technology evolution pace.
e Acquiring phase of the optical channel on-board is not feasible for the given set-up leading to noncoherent processing at the on-board

receiver.

In view of these, many of the aforementioned combining techniques are not applicable, leading to the use of modified RC described below.

411 | Modified RC

In the traditional RC where the streams combine over the air, a power gain can be achieved when under streams add up coherently. However, as
shown in Mengali et al.,®® the traditional RC scheme for optical feeder links performs poorly due to the possibility of destructive interference
among the spatially separated streams. Hence, a viable diversity technique for the considered scenario, involves RC, but using additional
resources. The same waveform could be transmitted from different transmitter on separate wavelength or polarization.? The streams received
on different polarizations/frequencies from the spatially separated CFLOS are processed by different receiver chains. A noncoherent detection is
performed and the resulting signals are then combined after the photodiode. While the spatial separation provides for independent channel gains,

the use of wavelength/ polarization ensures that the streams can be processed separately at the receiver rather than of their superposition.

4.2 | Macrodiversity

Macrodiversity allows the possibility of exploiting spatial diversity by transmissions through multiple CFLOS. In the case of N + P macrodiversity,
N active CFLOS are used with the possibility to switch to P idle OGS, based on the channel conditions. Thus, the N CFLOS provide multiplexing,
whereas the P CFLOS provide diversity. The treatment in this section builds on the OGSN selection of Section 3.2. In particular, given a selected
list of CFLOS, the current investigation tries to find out the system performance assuming the selection of the the best n (< N) OGS for each cloud

realization. The possibility of having n < N arises from the fact that clouds may block more than P stations. In our work, we assumed that the total
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system capacity is equally distributed among the N active gateways. This leads to the practical situation that a portion of the system capacity is
lost when the number of available CFLOS is less than N. On the other hand, this also implies a lower cost per OGS and the possibility of fully
exploiting the two types of progressive deployment. The first one, progressive w.r.t system capacity, is the one in which full capacity is achieved
over time by successive introduction of smaller active CFLOS. This enables the network to become operational before its full deployment and
allows the operator to easily adjust to higher throughput demands by increasing the number of active gateways. The second kind, progressive
w.r.t. system availability, is the one in which a gradual deployment of the redundant CFLOS is performed to reduce the network outage probability
and improve quality of service (QoS).

A special case involves N = 1 whence only one active OGS is used to uplink all the feeder link traffic. This minimizes the number of OGS and
reduces the portion of traffic lost due to cloud blockage. Doing so, on the other hand, imposes additional complexity requirements at OGS and
satellite side due to bandwidth used and inhibit progressive deployment of capacity without switching to a N > 1 paradigm.

It should be noted that macrodiversity can be combined with microdiversity with each OGS employing the modified RC discussed in
Section 4.1. Assuming a perfect handover between affected OGS and an idle OGS and absence of correlation between the CFLOS with
regards to blockage, we now proceed to evaluate the performance of a N+ P system analytically. While the first assumption can be realized
with prediction of blockage and synchronization, larger geographic separation between the CFLOS corroborates the independent blockage

assumption. In particular, employing the performance of individual OGS, we obtain the throughput and outage for the system.

421 | Throughput and outage assessment

Let F(y) denote the FER of OGS s €{1,2,..., N + P} for a downlink SNR y; the normalized throughput of this OGS is then, T(y) = 1 — F(y). Further,

we assume any OGS s can be in either of the two states:

1. State 1: CFLOS state, with probability p; obtained from the channel model (kindly refer to Section 3).
2. State O: Blockage, with probability 1 — ps.

It is clear that in a OGSN, a number of 2N*") distinct cloud formations con arise over its N+P CFLOS. Let [i,ie {1,2,...,2N+P} be the
1 x (N +P) binary row vector depicting the CFLOS states for the ith possible cloud formation; in particular, the Ith element of f;, denoted by f,(I),
depicts the state of OGS | when the ith cloud formation occurs. Let now @ represent the 2N+P) s (N + P) state probability matrix, describing the
probabilities for all the possible system states. The element in row r and column t, ©,;, will be equal to p; if OGS s experiences CFLOS in cloud for-
mation identified by r and 1 — ps otherwise, that is, ©,; = Prob{fr(t)} where Prob{-} denotes probability operation.

Example: Consider a system with a total of three stations (N + P =3) and consider the cloud formation event where OGS 1 experiences
CFLOS while OGS 2 and 3 are covered by clouds. Denoting this OGSN state as i, we have ff =[1,0,0]. Further, the ith row of © takes the form
[p1,1 — p2,1 — p3]. Assuming independent cloud realizations at the separate CFLOS, the probability of the event f; happening is simply found by
multiplying the elements of the ith row of 0, that is, Prob{fi} =py-(1-psy)-(1-p3).

The system performance, when macrodiversity is employed, is then found according to the following steps:

[N

. Setn=N.

2. Find the set C, of all the possible combinations of groups of n out of N+ P OGS. The cardinality of C, is %.

3. For each combination c € C,, define S, as the set of CFLOS selected in ¢ and T¢(y) as the normalized throughput of ¢ for a SNR y:

()= 3 Ts(r). @

sES.

4. Order each OGS combination in descending order of throughput, that is, we let C, = {c1,¢2,....Cic, |} With T (y) 2 T(y)...T%! where |C,| refers

to the cardinality of Cp,.

5. Setk=1
(@) Choose ¢, and find S, to be the set of stations active in ¢;
(b) Find the set r. of all the rows in matrix @ for which all the stations in S. experience CFLOS;
(c) Compute the probability p,, of combination of stations c to be selected as the sum of the probabilities of all events identified by rows r,

and delete those rows from ©;
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(d) Setk=k+1and repeat Step (a) until k= |Cy|.
6. Setn=n-1 and repeat steps 2-5 until n =0 whence O will be reduced to a single row representing the event of clouds covering all the N + P
CFLOS.

The normalized system throughput is calculated as

N
Tovs(r)=_» T°(0) pes (5)
n=1ceC,
and system average FER as
FERsys(r) =1-Tsvs(y)- (6)

5 | PERFORMANCE ANALYSIS OF THE OGSN

In this section, we consider both the system level and link level performance assessments. The key elements for such assessments including the
OGS selection based on channel models, SNR calculations incorporating various noise contributions, and the choice of the parameters are pres-
ented first, followed by detailed simulation results. Note that the system performance results were evaluated within the ONSET project by SES

from the commercial telecom satellite operator's perspective. 4°

51 | OGSN dimensioning

In this subsection, the results of OGSN dimensioning analysis using the two approaches of Section 3.2 are presented. The main targets of this sce-
nario as defined before are (a) pan European coverage which is ensured using the ASTRA satellite at 19.2° East, (b) 99.9% availability using macro-
diversity technique with the minimum number of OGS, and (c) reduction of the potential total cost by using already existing infrastructure and
gateway locations (incl. those that SES has access to) and some additional astronomical sites in high altitudes to ensure the high availability.
Figure 6 illustrates the input pool of OGSN sites, all having an elevation angle in excess of 30°, considered in the optimization analysis.

FIGURE 6 Map of input pool of optical
ground station network (OGSN) sites considered
in the optimization analysis [Colour figure can be
viewed at wileyonlinelibrary.com]
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Firstly, the minimum number of the stations so as 99.9% availability is achieved will be defined according to the methodology presented in
Section 3.2.1. Table 2 provides the selected OGSN sites considering the CFLOS optimization methodology. In the last column, the system avail-
ability is shown, that is, in the first row is the probability of the availability of the first station, in the second row, the probability at least one of
the two selected is available etc. These four stations ensure more than 99.9% availability.

Table 3, instead, provides the selected OGSN sites considering the CFLOS and received power methodology illustrated in Section 3.2.2. The
selected stations in this case are the ones with the lowest turbulence effects and as a result with the highest Fried parameter. With this methodol-
ogy, Karachi is not selected. Karachi is favorable as far as the CFLOS is concerned but because of the low elevation angle and the low altitude of

the station, the effects of turbulence are severe.

5.2 | Received power time series

We now present the results of the received power time series generation exercise based on the methodology presented in Section 3.1. For these
numerical results, the transmitted power per laser is assumed to be 50 W, the transmitter and receiver both have an aperture of 25 cm and an effi-
ciency of 0.7, the cirrus cloud thickness for the estimation of cirrus transmittance is assumed to be 2 km, and the wavelength is 1550 nm. Numeri-
cal results considering day conditions for the optical links in Madrid and in La Palma are shown in Figures 7 and 8, respectively.

5.3 | OSNR ratio calculations

Several noise contributions from the optical processing impact the SNR at the input of the RF transponder and are summarized in this section.
The formulations for computing the various noise components presented here are adapted from lizuka.®? Given a useful incident signal optical

TABLE 2 Selected optical ground station network (OGSN) sites considering the cloud-free line of sight (CFLOS) optimization methodology

Location Lat. (°) Long. (°) Alt. (m) Elev. angle (°) Sys. availability (%)
La Palma 28.76 -17.9 2396 37.46 89.96
Karachi 24.88 66.83 18 30.1732 98.52
Jerusalem 31.81 35.09 690 49.1422 99.73
South Africa -29.04 26.40 1380 55.199 99.94

TABLE 3 Selected optical ground station network (OGSN) sites considering the cloud-free line of sight (CFLOS) and received power
optimization methodology

Location Lat. (°) Long. (°) Alt. (m) Elev. angle (°) ro (m) Sys. availability (%)
La Palma 28.76 -17.9 2396 37.46 0.2926 89.96

Namibia —25.88 17.78 1510 59.707 0.183 97.5

South Africa -29.04 26.40 1380 55.199 0.158 99.45

Madrid 40.43 -4.25 864 37.39 0.086 99.83

Jerusalem 31.81 35.09 690 49.1422 0.085 99.96

Madrid Day Conditions
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0 260 460 560 360 1000 FIGURE 7 Received power time series for Madrid—day conditions [Colour
Time (sec) figure can be viewed at wileyonlinelibrary.com]
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FIGURE 8 Received power time series for La Palma—day conditions La Palma Day Conditions
[Colour figure can be viewed at wileyonlinelibrary.com]
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power of Ps, an EDFA optical preamplifier with optical gain G, the electrical current corresponding to the signal at the output of the PIN photodi-
ode can be expressed as

Is=R-G-Ps, (7)

with R < 1 being the responsivity of the PIN diode.

Background noise: Similar to (7), the current at the output of the photodiode due to background noise can be found as
lvack =R - G - Ppacks (8)
Poack =Mt - ppack - Bo, (9)

where Py, is the total background noise power arriving at the PIN receptor. The computation of Py, in (9) follows, > with m, representing the
number of optical modes in the system, B, is the bandwidth of the optical filter, and pp.ck is the power spectral density per-mode of the back-
ground radiation. In our study, considering the nature of our link wherein the narrowfield on-board antenna is pointing at earth surface, we con-
sider the combined effect of earth reflection and black-body radiation to compute ppack. °&

ASE noise: The equivalent ASE noise power of the EDFA before amplification, denoted by Pasg, can be computed as

Pase =Mt - pase - Bo, (10)
where pase is the power spectral density per-mode of the spontaneous emission. We would like to point out that in our simulations, we used
m; =1, deriving from the use of a single-mode fiber and the assumption of utilizing a polarization filter prior to the optical preamplification. Then,

the ASE noise DC component can be formulated as

’ASE=R'G‘PASE- (11)

Shot noise: This is present in all currents generated by the photo-detection process, including the dark current and background noise. Consid-
ering a generic current | and denoting with g the electron charge, the shot noise power relative to this current can be expressed as

i2, =2qIBe, (12)

where B, is the bandwidth of the electrical filter after the PIN.
Beat noise: On the other hand, the beat noise power can be expressed as follows:

. B
’zig-sp = 4’5 . IASE ~B—e, (13)

o

R Be\ B
’gp-sp = ’/2\5E <2 - B—e> B—Zv (14)
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where (13) represents the term relative to the product between the useful signal and the ASE noise and (14) represents the term relative to the
product of the ASE noise with itself.

RIN: This is signal-dependent noise generated directly at the transmitting laser. This noise is caused by the intensity fluctuations which always
happen in the output of a laser source even when a constant injection current is used to power it. This distortion must be taken into account in

the total noise computation and takes the following form,>®
’%IN =PRIN ~l§ “Be, (15)

where pg)\ represents the power spectral density (normalized w.r.t. to the signal power) of the RIN process.

Thermal noise: In optical systems is usually defined by means of the electrical noise current spectral density i, as
P2, =i -Be. (16)

We define optical signal-to-noise ratio (OSNR) as the ratio between the useful signal power and the total noise power introduced by the

opto-electrical chain. Using previous equations, the OSNR in the DTS can be expressed as

2
OSNRg = -, Is (17)

2 2 27
Theat T IRIN F Ishot *lth

where 2., = ifig_sp +1§p_sp represents the total noise due to beats of the ASE and i2, =2q(ls + Iase + l4 + Inack)Be represents the total shot noise in
the chain.

In the analog case, the noise power will remain the same, but the useful signal power is lower due to the power bias introduced at the
transmitter.

Let P, denotes the power of the useful transmitted signal, I,,;»s denotes the amplitude of the bias and Pt the total transmitted power including

both the useful signal and the bias. One can easily compute the useful power ratio $ as

PP (18)

=X
PT PX +l§ias

p

In our simulations, we choose ;s as the maximum value of the signal at the output of the transmitter baseband filter. For QPSK modulation,
this leads to a value of #=0.222. The OSNR in the ATS is then

OSNR, =

2
5 ﬂ’S (19)

K 2 2 2
Theat FIRIN Flshot ¥ lth

which is slightly different from the same relation found in Mengali et al.>8 This is due to the fact that>® assumed the input/output characteristic of
the transmitter laser to relate input electrical amplitude to output light amplitude. In this work, instead, we have adopted the exact relationship

where to an input electrical amplitude corresponds an output power (density). %%

5.4 | Simulation parameters

FER is considered as the figure of merit with FER less than 10~ generally accepted by the community as quasi-error free condition on the user-
link. This criteria applies to the current study as the RF link is not changed. These FER results help in determining the system configuration for
meeting the requirements.

In all simulations, we assumed a transmit power of 50 W per laser source and the MODCOD described by QPSK constellation with the Low
Density Parity Check (LDPC) code of rate 3/4. Regarding the satellite received power, we assumed the power to remain constant within a single
DVB-S2x frame and to change from frame to frame according to the time series generated through the methodology explained in Section 3.1.
This simplifying assumption has been made because the coherence time of the uplink channel, depending on the cut-off frequency of
scintillation,®° is usually in the order of milliseconds which is much longer than a typical DVB-52x frame rate in broadband applications. The ADC
and DAC have Q = 6 quantization bits per sample per dimension leading to a total of 12 bits per RF sample. We use the IMUX filter, OMUX filter
and the nonlinear HPA specified in the DVB-S2 standard.®* We further assume the combined effect of the electrical pre-amplifier and the AGC to
result in a power level at the output of the IMUX which is 2 dB lower than the amplifier saturation power (IBO = 2 dB). The other parameters used
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in the simulations are given in Table 4. We assume the satellite to operate in a GEO orbit (ASTRA Satellite at 19.2°E is in fact considered). Regard-
ing separation in frequency for the modified RC, the guidelines for the DWDM grid specified in previous study®? were assumed in this work which
indicate a frequency separation between channels of multiples of 12.5 GHz (roughly 0.1 nm). This being said, in the DTS case, the separation is
dependent on the required bandwidth expansion. For the case of 12bits per symbol analyzed here and OOK modulation (meaning an
optical/electrical bandwidth of 18 GHz), the actual spacing needs to be at least 25 GHz. At this point, note that similar assumption with respect to
the DWDM grid specifications of? was also followed in the EU FP7 project BATS according to the results published in Roy et al.3? In that case,
the assumed frequency spacing was actually: 50 GHz for digital coded transmission, 100 GHz for digital uncoded transmission, and 25 GHz for
analog transmission.

5.5 | Performance evaluation: ATS and DTS systems

We assume a quantization of Q = 6 bits per dimension per sample in the DTS leading to a bandwidth expansion of 12 for the transmission with
OOK. Given that the complexity of an optical feeder link system strongly depends on the number of needed optical chains, we decided to com-
pare analog and digital assuming the same useful signal bandwidth (RF waveform) per chain. This implies that without considering the additional

chains due to microdiversity, the two systems would have the same number of chains for given target system throughput.

5.6 | Performance evaluation: Impact of altitude

Figure 9 shows the performance of the DTS for the CFLOS sites identified in Table 2 assuming CFLOS conditions both at their original altitude
Figure 9A and assuming same coordinates but at higher hypothetical altitudes Figure 9B. New hypothetical altitude was set to 1500 m for stations
located below that value (i.e., Jerusalem, Karachi, and South Africa) and kept unchanged for the station already above that value (Palma). This
exercise was undertaken towards enhancing the FER performance of the single stations. Results clearly indicate that the low altitude stations are
severely impacted by the worse irradiance turbulence. An improvement of around two orders of magnitude is achievable by increasing the altitude
of South Africa and Jerusalem. Another interesting conclusion can be drawn regarding the impact of the elevation angle of the stations. In fact, it
can be seen that despite the increase in altitude stations at low elevation angle, like Karachi, experience worse performance with respect to sta-

tions at same altitude but higher elevation angle, like Bloemfontain in South Africa.

5.7 | Performance evaluation: microdiversity

We considered up to four separated transmitters in our microdiversity scheme. Because the spatial coherence length of the satellite optical chan-
nel is in the order of centimeters,*® the different transmitted beams are assumed to experience an independent realization of the turbulence chan-
nel. As mentioned in Section 5.4, we assumed a fixed power per laser of 50 W, leading to an increase in the total transmitted power linearly
dependent on the microdiversity order employed.

5.7.1 | Digital transparent

To analyze the impact of microdiversity in a DTS, for reasons of space, we focused on the results for a single station (Jerusalem) and changed
the order of the transmitter microdiversity. Results are illustrated in Figure 10 together with a lower bound on the achievable FER (RF uplink
in the figure). This lower bound was obtained using the similar parameters to simulate a purely RF system characterized by an ideal noiseless

uplink channel.

TABLE 4 Parameters used for the simulations

Parameter Value Parameter Value

2 1550 nm PASE 27 W/Hz

B 1.5 GHz (ATS), 18 GHz (DTS) Pback 7.672° W/Hz

B, 12.5GHz / 18 GHz (DTS) PRIN —160 dBc/Hz
G 50dB lis 107 A

R 0.5 in 1071 A/VHz

Abbreviations: ATS, analog transparent scheme; DTS, digital transparent scheme.
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10° [ Oefchrird = A = A FIGURE 9 Frame error rate (FER) performance in cloud-free line of
R sight (CFLOS) conditions for different optical ground station (OGS)
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5.7.2 | Analog transparent

To analyze the impact of microdiversity in a ATS, we also focused on the same stations (Jerusalem) and changed the order of the transmitter
microdiversity. Results are illustrated in Figure 11. It is important to remind that, as explained in Section 5.5, we are assuming same useful RF
bandwidth per chain to compare analog and digital performances. It can be seen that despite the wasted power in the bias, the ATS is out-
performing the DTS with the selected choice of parameters. This is due to the bandwidth expansion in DTS which mandates the use of larger fil-
ters resulting in more noise. It is important to recall that for the analog case we assumed an ideal laser characteristic and no stream aggregation.
Including a more realistic characteristic and taking into account the stream aggregation would reduce the value of $ thus lowering the perfor-
mance of the ATS.
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FIGURE 11 Microdiversity analog transparent scheme (ATS): 10°
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FIGURE 13 Average frame error rate (FER) system performance for
digital transparent scheme (DTS) employing microdiversity and

different levels of macrodiversity [Colour figure can be viewed at
wileyonlinelibrary.com]

Macro-Diversity = 1+3
====Macro-Diversity = 2+2

Macro-Diversity = 3+1
= = Qutage Probability

o

5 55 6 6.5 7 75 8 8.5 9
Downlink SNR (dB)

5.8 | Performance evaluation: OOK decoding threshold

The optical modulation scheme used in the DTS is OOK. It is known that OOK is particularly sensitive to the choice of the detection threshold,
with the optimal choice depending on the instantaneous irradiance. The sensitivity to the threshold is exacerbated by the severity of irradiance
scintillation present in a Earth-to-Satellite link. Adaptive threshold selection based on average received irradiance is considered to enhance the
detection performance of OOK. A simple algorithm involves using the electrical amplitude averaged over a fixed time window prior to detection
as threshold. While this averaging will include the contribution of the noise generated in the opto-electrical conversion process, it yields an esti-
mator of the optimal threshold if the transmitted bits are equiprobable, and the noise process is zero mean. A comparison of the performance
using an optimal threshold and an estimate based on the first 1000 bits of the frame is shown in Figure 12 for various levels of microdiversity and
assuming the location of Jerusalem with the new hypothetical altitude. The result obtained by employing a microdiversity of order 4 and a sub-
optimal adaptive threshold scheme in which the threshold is set to the optimal value once every two frames, and kept constant for the following

one is shown in dotted black line for reference. This result clearly shows that the performance of OOK is highly sensitive to the correct selection
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of the threshold and a slow update leads to unacceptable results. The other lines, on the other hand, show that despite the noise and the limited
averaging window (1000 bits correspond to less than 1/100th of the frame duration in our simulation setup), performance with the estimated

threshold closely matches that of the optimal threshold.
5.9 | Performance evaluation: macrodiversity

We computed the system-level performance of the macrodiversity scheme as explained in Section 4.2. For the results, we focused on the pool of
stations identified in Table 2 resulting in N + P =4, and we limited ourselves to the DTS. Figure 13 shows the performance for varying N with the
use of microdiversity at each single station. In the figure, the lower bound on FER, identifying the probability of having clouds over all the stations,
is depicted with a black dashed line. As discussed in Section 4.2, the performance with N > 1 is worse due to the higher probability of having a
number n < N of CFLOS experiencing CFLOS.

6 | CONCLUSIONS

The paper represents the outcome of a study activity on satellite systems with optical feeder link and RF user links. For a pan-European coverage
scenario, the paper explored various system aspects including channel models and transmission techniques towards devising a feasible system. As
system constraints, the functionality was confined to transparent payloads where two architectures (analog transparent and digital transparent)
were considered. For these settings, microdiversity and macrodiversity techniques for fade-mitigation were considered. An end-to-end physical
layer system simulator capable of detailed forward link performance assessment for various GEO system scenarios has been developed providing
interesting trade-offs and insights on the system functionalities as well as opening novel challenges for enhancing the performance. Results
obtained using both digital and analog transmission options coupled with transparent payloads clearly highlight the significant impact of the opti-
cal uplink on the end-to-end performance. The presented FER results clearly show an error floor often above 10~% even when considering micro-
diversity and a simulated altitude of 1500 m. Such values would not allow a satellite system to keep the desired reliability using only optical
feeder links without additional countermeasures such as adaptive optics (AO) precompensation.®® The novelties of channel model, rigorousness in
incorporation of impairments in the simulator and an extensive simulation campaign indicates the potential of the work to serve as a framework

for evaluating performance of evolving techniques.
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