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Kurzfassung

Es besteht ein stindig wachsender Bedarf an einer Erh6hung des Datenverkehrs im Bereich
von Tb/s geostationdren (GEO) Satelliten. Dies wird dazu beitragen, zahlreiche Benutzer am
Boden zu vernetzen, die keinen Zugang zum Internet haben. Dieser hohe Datendurchsatz kann
durch die Verwendung von mehreren Laserstrahlen im Uplink und deren Kombination mit der
dichten Wellenldngenmultiplex-Technik erreicht werden. Allerdings leiden optische Signale,
die sich durch die turbulente Atmosphire zu GEO-Satelliten ausbreiten, unter Intensitéts- und
Phasenschwankungen. Zusitzlich fiihrt die durch die Atmosphére bedingte Strahlwanderung
zu Ausrichtungsfehlern am Satelliten, was zu starken Schwichungen und damit zu Verlusten
von Signalstirke fithrt, welche wiederum unter den Empfingerschwellenwert fallen kann und
die Kommunikation unmdoglich macht. Das Problem des Photonenmangels kann durch den
Einsatz fortschrittlicher energieeffizienter, kohdrenter Modulationsformate angegangen wer-
den, die sehr empfindlich sind, aber mit einer erhdhten Systemkomplexitét einhergehen. Daher
wird in dieser Arbeit nur ein Intensitdtsmodulations- und das direkte Detektions-Schema na-
mens ,,Non-Return-to-Zero On-Off-Keying* berticksichtigt, das im optischen Richtfunk ein-
facher zu implementieren ist. Um die atmosphérischen Einbriiche abzumildern, wird eine
Senderdiversitédtstechnik namens multiple-input single-output (MISO) fiir GEO-Feeder-Links
zur zuverldssigen Signaliibertragung am Satelliten in Betracht gezogen. Es erfordert mehrere
Laserstrahlen, die sich iiber unkorrelierte Kanile ausbreiten, was durch eine physische Tren-
nung zwischen den Ubertragungsteleskopen, die groBer als die atmosphirische Kohirenzlinge
ist, erreicht werden kann. Die Arbeit gliedert sich in zwei Hauptteile: Der erste Teil um-
fasst die quantitative Analyse des MISO-Schemas ohne spektrale Uberlappung zwischen den
benachbarten Signalen. Hier besteht das Fading aus log-normal Szintillation und Reststrahl-
Jitter. Die Bitfehlerrate (BER) fiir die Single-Input-Single-Output- und MISO-Systeme wird
mithilfe der Fading-Statistiken der Atmosphére und unter Beriicksichtigung des Empfinger-
modells eines handelsiiblichen 10Gb/s-Fotoempfingers mit einer Avalanche-Photodiode er-
mittelt. Fiir die gegebenen atmosphirischen Bedingungen und Reststrahlrichtungsjitter wird
die Sendeleistung jedes Strahls optimiert, um den Gesamtszintillationseffekt zu minimieren
und den BER-Gewinn zu maximieren. Der zweite Teil der Arbeit zielt darauf ab, die spektrale
Effizienz des Ubertragungssystems zu erhohen, wobei Einseitenbandsignalen mithilfe optis-
cher Filter erzeugt werden, um die gewiinschte BER-Leistung zu erreichen. Ein Laborversuch
mit einem 32-Gbit/s-System wird in einem Back-to-Back Setup durchgefiihrt, um die single-
sideband (SSB)-Signale mithilfe einer passiven Filtertechnik zu optimieren. Hier werden die
Filterbandbreite und die Mittenfrequenz vom Triger optimiert, um eine fehlerfreie Ubertra-
gung zu erzielen. Abschliefend werden Simulationen durchgefiihrt, wobei das optimierte
obere Seitenband und das untere Seitenband aus den jeweiligen Zweiseitenband-Signalen
erhalten und dann iiber den atmosphérischen Kanal ausgebreitet werden, welches aus Log-
Normal-Szintillationseffekten und Phasenkolben besteht. Der Trigerabstand zwischen den
beiden Signalen wird so ausgewihlt, dass eine konstruktive und destruktive Interferenz auf-
grund des langsam verédnderlichen Phasenkolbens simuliert wird. Es wird eine Diversitits-
Gewinn von 2,3 dB erreicht, was die Wirksamkeit der Nutzung der Senderdiversitit in einem
GEO-Uplink-Kanal zeigt.
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Abstract

There is an ever-growing demand for increasing the data traffic in the order of Tb/s to the
geostationary (GEO) satellites. It will help connect numerous users on the ground who do
not have access to internet service. This high throughput can be achieved using multiple laser
beams in the uplink and combining them with the dense wavelength division multiplexing
technique. However, optical signals propagating through the turbulent atmosphere to GEO
satellites suffer from the intensity and phase fluctuations. Additionally, atmospherically in-
duced beam wander leads to pointing errors at the satellite resulting in deep fades, hence loss
of signal power which can fall below the receiver sensitivity making the communication im-
possible. The problem of photon scarcity can be tackled by using advanced power-efficient
coherent modulation formats which are highly sensitive, but they come at the expense of in-
creased system complexity. Therefore, in this thesis, only an intensity modulation and direct
detection scheme called non-return-to-zero on-off keying is considered, which is relatively
easier to implement in free-space optical communications. To mitigate the atmospheric fades,
a transmitter diversity technique called MISO is considered for GEO feeder links for reli-
able signal reception at the satellite. It requires multiple laser beams to propagate through
uncorrelated channels, which can be achieved by having a physical separation between the
transmitting telescopes greater than the atmospheric coherence length. This thesis is divided
into two main parts: The first part includes the quantitative analysis of the MISO scheme
with no spectral overlapping between the neighboring signals. Here, the fading consists of
log-normal scintillation and residual beam pointing jitter. The bit error rate (BER) for the
single-input single-output and MISO systems is obtained using the fading statistics of the
atmosphere and considering the receiver model of a commercially available 10Gb/s photore-
ceiver with an avalanche photodiode. For the given atmospheric conditions and residual beam
pointing jitter, the transmit power of each beam is optimized to minimize the overall power
scintillation index and maximize the BER gain. The second part of the thesis aims at in-
creasing the spectral efficiency of the transmission system where SSB signals are generated
using optical filters to achieve the desired BER performance. A laboratory experiment with
a 32Gb/s system is performed in a back-to-backup setup to optimize the SSB signals using a
passive filtering technique. Here, the filter bandwidth and the center frequency from the car-
rier are optimized to get the error-free performance. Finally, simulations are performed where
the optimized upper sideband and lower sideband from the respective double-sideband signals
are obtained, and then they are propagated through the atmospheric channel, which consists
of log-normal scintillation effects and phase piston. The carrier separation between the two
signals is selected such to emulate constructive and destructive interference due to the slowly
varying phase piston. A diversity gain of 2.3dB is achieved, which shows the efficacy of using
transmitter diversity in a GEO uplink channel.
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1. Introduction

1.1. Overview

Free-space optical (FSO) communications is an attractive alternative to microwave technology
in GEO satellite communications feeder link applications due to the possibility of transmit-
ting information with high data rate due to shorter optical wavelengths, lower requirements
on terminal size, weight, and power (SWaP), secure communication, and no need of spec-
trum licensing as compared to its classical radio frequency (RF) communications counterpart
[9, 3, 10, 11, 12, 13]. In addition, there is an increasing demand for data and multimedia
services and accessing remote areas on Earth where terrestrial cable networks cannot be es-
tablished due to rugged terrain or lack of available infrastructure. Satellite communications
from GEO satellites can effectively cover such gaps in the internet connectivity since it is
not obstructed by any topological issues on the ground [14, 15, 16]. However, the existing
communication satellite transmission technology cannot provide the required high throughput
(which will quickly go beyond 1Tb/s per satellite) to serve a large number of users which will
communicate with the satellite with RF spot beams as shown in Fig. 1.1.

Optical feeder links to the GEO satellite can provide very high throughput by the combination
of high modulation bandwidth and dense wavelength division multiplexing (DWDM) technol-
ogy [17, 1, 18, 19, 20, 21]. Currently deployed RF satellites operate in the Ka-band, which
according to Eq. (1.1) require over 70 ground stations to reach Tb/s throughput as shown in
Fig. 1.2. The required bandwidth Br for a single feeder link is determined by the number
of parallel RF-gateways Ngw and bandwidth efficiency ng which is taken as 2.32 b/s/Hz as
given in [1, 22]

CS at

—_ o 1.1
2NGw - N (4.1

Bp

where Cgy is the user link capacity in b/s. The number of required ground stations can
be reduced to just over 40 if the unused spectrum in the Q/V band is used. However, if
optical technologies are used in combination with the DWDM scheme, then Tb/s speeds can
be reached by just one ground station. This is possible because around a bandwidth of 11THz
of the optical spectrum is available in the C- and L-band, which is also supported by the
standard erbium-doped fiber amplifier (EDFA) technology that is widely used in optical fiber
communications. It is to be noted that FSO communications depend heavily on local weather
conditions, e.g., clouds and fog can cause complete link blockage because of high attenuation.
As an example, a 1550nm wavelength can experience around 7dB/km of attenuation due to
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Terrestrial fiber netweork

Figure 1.1.: Concept of optical GEO feeder link network [1]

fog at a visibility of 0.5km [23]. Therefore, it is vital to strategically place optical ground
stations where the weather is mostly cloud-free. In this way, it is made sure that at least
one of the ground stations is available for communications due to clear-sky conditions. This
distribution of ground stations is also called site diversity, due to which the German, European
and international network can provide an availability of 84.7%, 99.9%, and 100%, respectively
[24, 25]. The required number of optical ground station (OGS) to achieve this high availability
is only around 10 [26, 27, 28].

1.2. Topic of this thesis

This thesis deals with a spectrally efficient transmitter diversity scheme in combination with
DWDM system to achieve Tb/s throughput in a GEO feeder link. The DWDM system is
essential in achieving high throughput that is achieved by multiplexing several individual op-
tical carriers into one beam. To meet the link budget requirements, the transmitted optical
power is increased by using an EDFA booster. Currently, the technology of optical ampli-
fiers has reached a maturity level to give a stable output power in the order of tens of Watts.
A drawback is the low wall-plug efficiency of around 10%, which is the ratio of the optical
output power to the input electrical power consumption [29]. Using only C-band (1529nm -
1565nm), 40 channels with 100 GHz grid spacing can be utilized. By modulating each chan-
nel with 40Gb/s unique signals, a total throughput of 1.6Tb/s can be achieved. A 40Gb/s
signal can be produced by using an electro-optic modulator which is a phase modulator in a
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Figure 1.2.: A comparison of the number of required ground stations for the RF and optical
feeder links. However, for the optical links, site diversity is required to mitigate
cloud blockage [1]

MZI configuration. The phase modulator works on the principle of Pockels effect, which is
the change of the refractive index of a non-linear medium, usually LiNbO3, w.r.t the applied
voltage. The intensity modulation is achieved by constructive and destructive interference at
the output of the MZI.

The individual data-carrying optical carriers are multiplexed using a high power multiplexer
(MUX) which combines all the carriers separated by 100 GHz (0.8 nm) channel spacing. The
amplified signal after the booster is sent to the transmitter optical sub-assembly (OSA) which
consists of lenses, mirrors, guiding optical elements, and a transmitting telescope to trans-
mit the light from the single-mode fiber (SMF) of the booster towards the GEO satellite. To
mitigate the atmospherically induced fades as seen by the satellite receiver, copies of the indi-
vidual data are sent from another OSA which can be at the same site or even integrated into
the same OGS since the required physical separation between the two transmitting telescopes
can be less than just 1m. This concept of a diversity order of two is shown in Fig. 1.3a.
The diversity order can be increased to mitigate the strength of the fades even further at the
cost of requiring much greater spectrum hence decreasing the overall user data rate. Not to
mention it requires more hardware on the ground, which increases the system complexity,
maintenance, and cost. At the satellite receiver as shown in Fig. 1.3b, the beams sent from the
two ground telescopes are received by the receiving OSA which couples the light in the SMF
of the EDFA preamplifier which provides sufficient gain to increase the power of the weak
received signal to the level which the following photodiodes can detect. Before that, the sig-
nal is de-multiplexed into individual optical carriers, which are fed to the respective receiver
front-end (RFE)s which consists of a PIN photodiode and a transimpedance amplifier (TIA)
to convert the current into voltage for further processing of the data during the demodulation
process.
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Even in cloud-free locations, optical links through the atmosphere suffer from scintillation and
atmospherically induced wandering of the propagating beam giving rise to intensity fluctua-
tions of the received signal at the satellite [30, 31, 3, 32, 33]. To overcome pointing errors
that occur due to beam wander, the beam divergence can be increased, so the receiver at the
satellite is always illuminated. It relaxes the requirement on the pointing and tracking sys-
tem accuracy but at the expense of lower mean received power at the satellite, which requires
highly sensitive preamplified receiver to close the link. An EDFA based receiver requires SMF
coupling, but it is possible in uplink due to the point receiver. To deliver more power to the
receiver, a narrow beam can be used, but this puts tighter requirements on the pointing and
tracking system. In the uplink, beam wander is a severe issue that increases the misalignment
between the transmitter and the receiver giving rise to deep and long fades. For high-speed
data transmission in the order of Gb/s per channel, a fade duration of a few milliseconds can
lead to the loss of millions of bits. Transmitter diversity technique can be employed benefi-
cially in the optical geostationary feeder links (OGEOFL) as it provides atmospheric fading
mitigation, which is required for the reliable signal reception.

This thesis investigates the feasibility of passive optical filtering in generating SSB signals to
increase spectral efficiency (SE) of the communication system. The atmospheric effects con-
sidered in this thesis include fading due to index of refraction turbulence (IRT) of atmosphere
and pointing errors that cause deep and long fades. The turbulent cells in the order of beam
size contribute to the scintillation of the beam intensity and have diffractive effects. The eddies
larger than the beam size have refractive effects on the beam propagation, which eventually
causes the pointing errors meaning the beam occasionally misses the receiver at the satellite.
The quantitative analysis includes studying the combined irradiation statistics of the sum of
four beams with log-normal and residual pointing jitter effects. The BER curves and diversity
gain under such turbulence conditions are numerically obtained using the irradiation statistics
and a receiver model [34]. In this analysis, it is assumed that there is no spectral overlapping
between the neighboring signals.

Due to the requirement of simplicity and cost-effectiveness, intensity modulation at the ground
station transmitters and direct detection at the satellite receiver are deployed for the data com-
munication part. To increase the spectral efficiency of the communications system, a SSB
scheme is used where commercially available steep and narrow passband optical filters are
used to suppress the redundant sideband of the non-return-to-zero (NRZ) signal [35]. More-
over, the effect of slow phase variations of the atmosphere [36, 37] are also considered, which
is critical for the interference between neighboring data signals when the carrier separation is
such that the cross-talk cannot be neglected. A MATLAB-based passband simulation tool is
developed to perform simulations for the communication system, including the GEO uplink
atmospheric channel. The SSB scheme is shown as an effective spectral efficient method that
is achievable with commercially available optical filters. This scheme is optimized to find the
maximum SE for a given data rate and filter parameters in a two-fold MISO setup. A lab
experiment is performed to verify the generation of the SSB signals to increase the spectral ef-
ficiency by removing the redundant part of the spectrum. Finally, the diversity gain is obtained
for a 32 Gb/s system by simulating an uplink atmospheric channel with weak turbulence and
phase piston.
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1.3. Key points of this thesis

1. Investigation of a transmitter diversity scheme for a non-reciprocal channel in an OGEOFL
scenario with wavelength division scheme for multiplexing and OSSB scheme to in-
crease spectral efficiency.

2. Analysis of the transmitter diversity scheme with residual pointing errors only.

3. Optimization of the transmit optical power of the individual beams for an M-fold trans-
mitter diversity scheme considering beam wander and scintillation effects.

4. Establishment of an optical communications system simulation platform including the
OSSB scheme and turbulent atmospheric channel including scintillation and phase pis-
ton effects.

5. Demonstration of the feasibility of the optimization of the OSSB scheme with a lab
experiment.

A list of research work published during this thesis is given in Appendix A.

1.4. Structure of this thesis

Chapter 2 describes fundamentals of free-space optical communications, including charac-
teristics of optical turbulence and its influence on the propagating beam towards the GEO
satellite. Moreover, it explains the fading mitigation scheme used in this thesis and describes
the optical communications system in detail.

Chapter 3 details the lab experiment performed to verify the benefits of the optical transmitter
diversity scheme using 10Gb/s signal per channel.

Chapter 4 presents the analysis of the transmitter diversity scheme considering pointing errors
only. It also includes a method to optimize an M-fold transmitter diversity scheme with beam
wander and scintillation. Here, weak turbulence conditions are assumed, and the analysis is
done using numerical simulations. It is assumed that there is no spectral overlap between the
transmitted signals.

Chapter 5 describes the lab experiment to optimize the optical single-sideband scheme using
commercially off-the-shelf narrow and steep optical filters. The quantitative assessment in
increasing the spectral efficiency utilizing this scheme is also given.

Chapter 6 presents the simulation procedure to find the diversity gain in the presence of log-
normal scintillation and phase piston. Here, the optical single-sideband scheme is also used to
increase the spectral efficiency of the two-fold diversity system.

Finally, Chapter 7 summarizes of the thesis and presents the findings of the investigations
done to show transmitter diversity as an effective fading mitigation technique in the GEO
uplink scenario.



2. Fundamentals of free-space
optical communications

2.1. Atmospheric extinction

As the optical beam propagates through the turbulent atmosphere, it is affected by the extinc-
tion and power loss due to scattering and absorption by the molecules and aerosols present in
the air. The transmittance 7 is quantified by Beer’s law [38] as given in Eq. (2.1)

I
T ==L =exp[—aL] 2.1)

)
where [y is the intensity received at a distance L and [y is the intensity at the transmitter. The
total extinction coefficient per unit length ¢, given in dB/km, is a sum of molecular o4, and
aerosol scattering Oter , and molecular P, and aerosol absorption B, as shown in Eq. (2.2)

O = Olger + Olpol + Baer + ﬁmol- (2-2)

The atmosphere consists of water, oxygen, and nitrogen molecules, which contribute to the
absorption and scattering of photons even in clear-sky conditions [39]. The attenuation is
wavelength-dependent due to which few atmospheric transmission windows exist, as shown
in Fig. 2.1.
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Figure 2.1.: Atmospheric spectral transmittance based on absorption analysis using MOD-
TRAN showing transmission windows located in the regions of maximum trans-
mittance. The atmospheric model is taken as Mid-Latitude Summer and aerosol
model is Urban with a visibility of 23km [2]

The usable region for optical communications is around 830nm, 1064 nm, and 1550 nm where
the spectral transmittance is maximum. These wavelengths are also favorable for communi-
cations due to the availability of technologies that are sensitive to these wavelengths, e.g., Sil-
icon (Si) detectors for 830nm, Nd-YAG lasers for 1064 nm, and InGaAs detectors, and EDFA
for 1550nm are widely available as commercial off-the-shelf components. Moreover, within
these transmission windows, the molecular and aerosol absorption and molecular scattering
are minimal in the near-infrared region due to the dependence on A ~#. Therefore, the main
contribution in the extinction ¢, is due to the aerosol scattering [40] which reduces Eq. (2.2)
to

391 A P
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where V is the visibility in kilometers, A is the wavelength of light in nanometers, and the
exponent p is the coefficient dependent on the size distribution of the scattering particles.
According to Kruse model [41], the typical values of p for high, moderate, and low visibility
conditions are given in Table 2.1.

| Visibility [ p |
V>50km 1.6

6km<V <50km 1.3
V<6km 0.585-V'/3

Table 2.1.: Values of the coefficient dependent on the size distribution of the scattering parti-
cles p for different visibility conditions.

Further loss occurs due to attenuation and scattering of the photons propagating through rain-
drops and snow. According to the recommendation ITU-R P.1817, the specific attenuations
Olain and Ogpow (both in dB/km) due to rain and snow are expressed as

Otrain = 1.076 - RYY

where Ry is the rainfall rate in mm/h

b
Osnow = a - S

where S is the snowfall rate in mm/h, a and b are the parameters which are functions of the
wavelength in nm, and are given in Table 2.2.

| Conditions | a | b |
Wet snow | 0.0001023%- +3.785546 | 0.72
Dry snow | 0.0000542-A- +5.498776 | 1.38

1nm

Table 2.2.: Parameters a and b for wet and dry snow

In the past, demonstration missions have used wavelengths in the range of 830nm, e.g., in
2001, eurpopean space agency (ESA) performed the world-first Semiconductor-laser Inter-
satellite Link EXperiment (SILEX) between its data-relay GEO satellite called advanced relay
technology mission satellite (ARTEMIS) and the French Earth observation satellite SPOT-4
in low earth orbit (LEO) [10]. In 2006, Ground-to-satellite laser communication experiments
between the OGS located in Tokyo and a LEO satellite, the Optical Inter-orbit Communica-
tions Engineering Test Satellite (OICETS) called "Kirari", were successfully performed by
the Japan Aerospace Exploration Agency (JAXA) and the National Institute of Information
and Communications Technology (NICT) [42]. Since 2017, the European Data Relay System
(EDRS) has been using 1064 nm as the communication wavelength to communicate between
the Sentinel satellites orbiting in LEO and the GEO satellites, at least in the first two nodes,
i.e., EDRS-A and EDRS-C [43][44]. The third node, EDRS-D will have dual-wavelength
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options (1064nm and 1550nm) to serve more commercial customers simultaneously [45].
Most of the currently deployed and upcoming satellite communications systems, including
the mega-constellations, favor using 1550nm because of eye safety reasons and, most impor-
tantly, the possibility of using commercially available technology from terrestrial fiber optical
communications to cut the cost and reduce delivery times.

2.2. Atmospheric layers

The atmosphere consists of gaseous layers surrounding the earth extending around a hundred
kilometers above the ground. As the altitude increases, both the pressure and temperature
decrease, as shown in Fig. 2.2. The atmosphere is more dense and turbulent close to the
surface, which is more relevant for FSO communications since it distorts the transmitted laser
beam as it propagates through it. Generally, the strength of the turbulence is significant till
the stratopause layer, which extends to around 20km from the ground. The laser beam gets
distorted within this region, and beyond that, it spreads due to diffraction until it reaches the

satellite.
GEO satellite Q\\

Pressure (hPa) Temp (°C)
Mesopause 0.01 -80

36000

N O
o O

Stratopause 10 -20

Altitude (km)

10 Tropopause 100 -60

0 ﬁ 0GS

Figure 2.2.: A depiction of various atmospheric layers with corresponding air pressure and
temperature [3]

1000 25

2.3. Characteristics of optical turbulence

Turbulence is caused due to the mixing of hot and cold layers of air. The atmosphere can be
understood as a viscous fluid where turbulent eddies of various sizes are generated due to the
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dynamic mixing of the velocity flow. The reynold number R,, is used to differentiate between a
laminar and turbulent flow. It is defined as R, = Ve'ly/v;, where V, is the characteristic velocity
of the flow, [ is the characteristic size of the fluid, and vy is the kinematic viscosity. When the
fluid flow is greater than the critical R,, value, the flow turns into a random, haphazard state
called turbulence. This turbulent flow causes temperature-dependent random fluctuations of
refractive index, which is called optical turbulence. Kolmogorov developed the theory of
turbulence [46], which is described in the following section.

2.3.1. Kolmogorov theory of turbulence

According to the Kolmogorov theory, the structure of atmospheric turbulence and the energy
flow between different layers can be visualized as shown in Fig. 2.3. Energy from the solar
heat is added to the large turbulence eddies on the outer scale L , and it is dissipated through
the small eddies on the inner scale /[y . The eddy sizes between these two ends are called
inertial subrange. The eddies smaller than /y belong to the viscous dissipation range. In this
region, the turbulent eddies vanish, and the remaining energy in the fluid motion is dissipated
as heat.

Energy

f Q Injection
Lo
.

Inertial
Subrange
lo¢ O%A "
—F .. Energy
Dissipation

Figure 2.3.: Depiction of optical turbulence based on the Kolmogorov model described in [3]

2.3.2. Wind velocity fluctuations and satellite motion

The mean wind speed affects the strength and temporal frequency of the wavefront fluctua-
tions. The strength of the turbulence depends on the energy of the process, which means strong
winds inject energy in the turbulent fluid, which increases the turbulence with the square of the
wind velocity as shown in Eq. (2.8). The coherence time of the phase perturbations decreases
linearly with wind speed which is related to the Taylor frozen-turbulence hypothesis. It states
that temporal changes of statistical quantities at a given point occur due to the advection of
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these quantities caused by the mean wind speed flow and not due to the changes in the quanti-
ties themselves. These quantities can be considered constant during this time. The rms mean
wind speed v in m/s is calculated from

1 2010° 2
v= | /5.103 V2(h)dh 23)

where V (h) is described by the Bufton model for wind velocity, which follows the Gaussian
shape given by [47]

2
V(h) = @g+vg+vT-eXp [(h HT) ]
Ly

where @, is the slew rate for a satellite pass going through the zenith as seen from the ground
station, v, is the wind velocity at low altitudes, vr , Hr , and Lt are wind velocity, height, and
thickness of tropopause, respectively. As an example, the wind profile for the Bufton wind
model is shown in Fig. 2.4, which is obtained using Greenwood parameters given in Table
2.3. It can be seen that the wind blows with maximum speed at around 9km which is the
altitude of the tropopause layer.

| Parameters | vg[m/s] | vr[m/s] | Hr[m] | Lr[m] |
| Values | 8 [ 30 [94-10°|48-10° |

Table 2.3.: Greenwood parameters for the Bufton wind model
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Figure 2.4.: Wind speed profile for the Bufton wind model using Greenwood parameters

The slew rate @, in deg/s is given by
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Ve L? + HZ + 2R Hgy
Sr —

'L 2L(Hg+Re)

(2.4)

where Vi 1s the satellite velocity in m/s, Hgy 1s the altitude of the satellite from the ground
in meters, R. is the radius of the earth in meters, and L is the distance from the ground to the
satellite in meters and is given by

L= \/(Hsat 4—Re)2 — R2c0s? (€) — Resin (€)

where € is the elevation angle between the ground station and the satellite. The slew rate
contributes to the wind velocity for LEO satellite links as cross wind due to the relative motion
between the fast-moving satellite and ground station. The slew rate for the LEO satellites
orbiting at 510km at a speed of 28000km/h is calculated using Eq. (2.4) and is shown in Fig.
2.5 where it can be seen that the largest slew rate occurs at zenith. In comparison, the slew
rate of GEO satellites is around two orders of magnitude less compared to LEO satellites, i.e.,
around 0.0042 deg/s [48] since the former satellites remain virtually fixed w.r.t their ground
stations. Due to 