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ABSTRACT In free-space optical satellite networks (FSOSNs), satellites can have different laser
inter-satellite link (LISL) ranges for connectivity. As the LISL range increases, the number of satellites from
among all the satellites in the constellation that will be needed on the shortest path between a source and
a destination ground station decrease, and thereby the number of the LISLs on the shortest path decreases.
Greater LISL ranges can reduce network latency of the path but can also result in an increase in transmission
power for satellites on the path. Consequently, this tradeoff between satellite transmission power and network
latency should be investigated, and in this work we examine it in FSOSNs drawing on the Starlink Phase 1
Version 3 (i.e., the latest version of Starlink’s Phase 1) and Kuiper Shell 2 (i.e., Kuiper’s biggest shell) con-
stellations for different LISL ranges and different inter-continental connections. We use appropriate system
models for calculating the average satellite transmission power (i.e., the average of the transmission power of
all satellites on the shortest path) and network latency (i.e., the end-to-end latency of the shortest path). The
results show that the mean network latency (i.e., the mean of network latency over all time slots) decreases
and mean average satellite transmission power (i.e., the mean of average satellite transmission power over all
time slots) increases with an increase in LISL range. For the Toronto—Sydney inter-continental connection in
an FSOSN with Starlink’s Phase 1 Version 3 constellation, when the LISL range is approximately 2,900 km,
the mean network latency and mean average satellite transmission power intersect are approximately 135
ms and 380 mW, respectively. For an FSOSN with the Kuiper Shell 2 constellation in this inter-continental
connection, this LISL range is around 3,800 km, and the two parameters are approximately 120 ms and
700 mW, respectively. For the Toronto—Istanbul and Toronto—London inter-continental connections, the
LISL ranges at the intersection are different and vary from 2,600 km to 3,400 km. Furthermore, we analyze
outage probability performance of optical uplink/downlink due to atmosphere attenuation and turbulence.

INDEX TERMS Free-space optical satellite networks, network latency, optical inter-satellite link, optical
uplink/downlink, satellite transmission power, tradeoff, outage probability.

I. INTRODUCTION free-space optical satellite networks (FSOSNs) [1] will be
Free-space optical wireless communications are being de- realized through laser inter-satellite links (LISLs) [2], also
veloped rapidly and have a promising future. In particular, known as optical inter-satellite links, in upcoming low Earth
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orbit (LEO) satellite constellations, such as SpaceX’s Starlink
[3], [4], Amazon’s Kuiper [5], and Telesat’s Lightspeed [6].
These new FSOSNs will have various advantages compared to
satellite networks using radio frequency based inter-satellite
links (ISLs), including larger link bandwidth, license-free
spectrum, higher link data rate, and lower terminal power
required to establish ISLs. On the other hand, FSOSNs have
some downsides, such as attenuation of the optical signal
during transmission through Earth’s atmosphere [7] and a
limitation on the amount of energy their satellite solar panels
can obtain [8]. As the mission lifetime of a satellite is mainly
determined by its battery life, maximizing a satellite’s battery
life is critical for minimizing the replacement cost of the
satellites. Since battery life is determined by the number of
charging and recharging cycles, if the satellite consumes less
power, the battery recharge time will decrease, and its lifetime
can increase. The analysis of the power consumption by the
communication system of the satellite with respect to the total
power budget of the satellite is out of the scope of this paper.
However, satellite transmission power can be an important
factor that can affect battery life and, by extension, the lifetime
of the satellite [9]. Therefore, in this work, we focus on the
analysis of satellite transmission power for optical links.

For LISLs in FSOSNSs, the optical beam from a transmit-
ting satellite can be received without attenuation. For uplink
(i.e., the link between a source ground station and an ingress
satellite in the FSOSN) and downlink (i.e., the link between
an egress satellite in the FSOSN and a destination ground
station), we consider optical links instead of radio frequency
links, since optical links provide larger link bandwidth, higher
link data rate, better security, smaller aperture size, and lower
terminal power consumption compared to radio frequency
links [1], [10]. For optical uplink and downlink, the op-
tical beams must propagate through Earth’s atmosphere to
reach the receiver, and multiple attenuation affect the beams
and thereby attenuate the transmitted optical signal. Thus,
satellite transmission power for optical uplink/downlink must
consider the losses caused by the atmosphere, such as those
due to Mie scattering and geometrical scattering [11]. In addi-
tion, it’s essential to consider atmospheric turbulence, as it has
the potential to induce signal fading and consequently lead to
a deterioration in the quality of the communication, including
outage probability.

Latency is an important parameter to gauge the perfor-
mance of data communications over satellite networks in
various applications, such as the high-frequency trading of
stocks between financial stock exchanges around the world
[12], information exchanges for military purposes [13], etc.
In such communications networks, there are four components
of network latency, namely propagation delay, transmission
delay, queuing delay, and processing delay. Propagation delay
only depends on the propagation distance between the source
and destination over the satellite network, while the rest are
affected by the link data rate, the switching and routing speed,
and the traffic status [14]. The processing delay, transmission
delay, and queuing delay constitute the node delay.
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In FSOSN:Ss, satellites have an LISL range for connectivity,
which is the range within which a satellite can successfully
establish an LISL with another satellite. For longer LISL
ranges, optical links between satellites on the shortest path
over an FSOSN have longer propagation distances, and higher
satellite transmission power is required to maintain reliable
links between satellites. On the other hand, fewer satellites are
needed to establish the shortest path for an inter-continental
connection between two ground stations over an FSOSN, re-
sulting in less node delay and thereby less network latency of
the shortest path. In this way, different LISL ranges lead to
a tradeoff between satellite transmission power and network
latency, which is the focus of this paper.

To study this tradeoff, we employ the Starlink Phase 1
Version 3 [4] and Kuiper Shell 2 [5] constellations, and we
consider three different inter-continental connections, specif-
ically Toronto to Sydney, Toronto to Istanbul, and Toronto to
London, and different LISL ranges for satellites. The results
show that as the LISL ranges increases, the mean of network
latency (i.e., the mean of network latency of the shortest paths
at all time slots for an inter-continental connection) decreases.
At the same time, the mean of average satellite transmission
power (i.e., the mean of average satellite transmission power
of the shortest paths at all time slots for an inter-continental
connection) increases, where the average satellite transmis-
sion power is the mean of the transmission power of all
satellites on a shortest path at a time slot.

In addition to the observation through figures, the results
further show that for the Toronto—Sydney inter-continental
connection over the Starlink Phase 1 Version 3 constella-
tion, the mean of network latency and mean average satellite
transmission power intersect when the LISL range is ap-
proximately 2,900 km and are approximately 135 ms and
380 mW, respectively. For the Kuiper Shell 2 constella-
tion in this inter-continental connection, this LISL range is
around 3,800 km, and these two parameters are approximately
120 ms and 700 mW, respectively. For the Toronto—Istanbul
inter-continental connection, the two parameters intersect
when LISL ranges are about 2,600 km for Starlink Phase
1 Version 3 constellation and 2,900 km for Kuiper Shell
2 constellation. For the Toronto to London inter-continental
connection, these parameters intersect when LISL ranges are
3,400 km and 3,000 km for the Starlink Phase 1 Version 3
and Kuiper Shell 2, respectively. Based on the results, we
find that for LISL and laser uplink/downlink, the network
latency for the shortest path for an inter-continental connec-
tion between two ground stations and the average satellite
transmission power for the shortest path have an inverse re-
lationship. For different LISL ranges for the two FSOSNs
over different inter-continental connections, we find that there
is no clear relationship between the LISL range when net-
work latency and satellite transmission power reach balance
and the length of the inter-continental connection within the
same FSOSN. Furthermore, we find that the performance
of the outage probability is inevitably influenced by cloud
conditions.
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The rest of the paper is organized as follows. Related work
and motivation are discussed in Section II. Section III presents
the system model, including models for laser link transmis-
sion power, models for turbulence induced fading channel,
and models for link and node latency. Section IV introduces
the two constellations and provides methodology to calculate
LISL and ground station ranges, orbital period, outage prob-
ability, network latency, and average satellite transmission
power. Section V discusses the results for the tradeoff between
average satellite transmission power and network latency, the
effect of atmosphere turbulence on outage probability, and
mentions some insights based on these results. Conclusions
and directions for future work are provided in Section VI.

Il. RELATED WORK AND MOTIVATION

Several studies have discussed the relationship between satel-
lite power consumption and battery life and have analyzed
latency for satellite networks, such as [8], [9], [15], [16],
[171, [18], [19], [20], [21], [22], [23], [24] and the references
therein.

In [8], the authors discussed satellite battery lifetime and
indicated that typical satellite missions in a LEO system are
projected to last for 3 to 5 years, which can be roughly re-
garded as a range of 16,500 to 27,500 partial cycles. In order
to maintain such a large number of cycles, battery lifetime and
approaches to reduce the satellite power consumption should
be considered.

In [9], the authors conducted a study on power man-
agement in Low Earth Orbit (LEO) satellite constellations,
emphasizing the critical role of the electrical power system
in ensuring the Quality of Service (QoS) for LEO satellite
communications. They developed a model for satellite battery
characteristics based on various communication traffic sce-
narios and proposed several approaches to extend the battery
lifetime.

In [15], the authors highlighted the constraints of limited
satellite power and stressed the need for resource alloca-
tion mechanisms to take satellite power consumption during
transmission into account, particularly for downlink com-
munication. Due to the increasing importance of on-board
transmission power optimization, they introduced an innova-
tive carrier and power allocation method for satellite systems
to reduce satellite power consumption.

In [16], the authors introduced a communication method-
ology designed to efficiently manage the communication
resources of LEO satellites in order to extend the battery
lifetime. They proposed a system design aimed at extending
the battery lifetime on board the satellites. This system can
enable the deployment of large-scale LEO satellite constel-
lations while satisfying the communication requirements of
current satellite communications.

In [17], the authors focused on the power consumption
required for satellite terminal communications as well as the
battery Depth of Discharge (DOD) during the communication
period. They also discussed power control systems, and the
results of their study showed that with the reduction of the
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transmission power, less DOD is required per cycle and there-
fore longer battery life can be achieved and, by extension,
longer satellite lifetimes.

In [18], the authors simulated Starlink Phase 1 Version 1
constellation and established their study based on the fun-
damental characteristics of the Starlink deployment. They
conducted simulations of routing designs within this satellite
network. They analyzed the constellation parameters and of-
fered several preliminary insights into the dynamics of the
constellation’s evolving topology. They also discussed the
possible routing strategies and the resultant end-to-end latency
properties of this constellation.

In [19], the authors framed the problem of inter-satellite
topology design for large LEO constellation, including Star-
link and Kuiper. They proposed a new approach for designing
satellite networks using regular repetitive patterns and inves-
tigated the topology and impact of ISL range and setup time
of satellite network based on this approach. Furthermore, they
evaluated and compared the network performance of the two
satellite constellations.

In [20], the authors studied the link reliability of the soft-
ware defined satellite network (SDSN). They designed a
failure probability model for ISLs that considered queuing
and processing delays and the corresponding SDSN reliabil-
ity analysis was added. The authors simulated the satellite
network with certain constellation and latency parameters,
including queuing delay and processing delay, and analyzed
the network performance.

In [21], the author investigated the latency performance
of large LEO constellations. The author studied the use of
ground-based relays for the LEO constellations to provide
low-latency wide area networking. For upcoming mega-
constellations like Starlink, the author mentioned two inter-
continental connections and the results indicated that imple-
menting ISLs could reduce latency and supplement capacity
in heavy traffic in network.

In [22], the authors investigated the time delay and out-
age performance for inter-satellite transmissions, satellite-
terrestrial transmissions, terrestrial relay assisted transmis-
sions, and satellite relay assisted transmissions for LEO
mage-constellations. They proposed analytical models to in-
vestigate the end-to-end time delay and outage performance
while considering different transmission scenarios. They pre-
sented numerical results to validate the proposed analytical
models and compare the performances in terms of time delay
and outage probability. They further concluded that the size
of coverage area of LEO satellites exhibited a weak negative
influence on time delay.

In [23], the authors focused on the reliability performance
of downlink transmission in LEO satellite communication.
They derived a novel expression for the outage probability
of LEO satellite transmission. They simulated the LEO satel-
lite communication scenarios with severe Doppler effects and
analyzed the performance of the system based on orthogonal
time frequency space (OTES) scheme and traditional orthog-
onal frequency division multiplexing (OFDM) scheme.
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FIGURE 2. lllustration of a shortest path for a shorter LISL range for an inter-continental connection from Toronto to Istanbul.

The tradeoff between average satellite transmission power
and network latency in FSOSNs arises from different LISL
ranges. Figs. 1 and 2 show different shortest paths for different
LISL ranges for the same inter-continental connection from
Toronto to Istanbul. In these figures, uplinks and downlinks
are highlighted in green, while LISLs are shown in yellow. In
Fig. 1, satellites have a longer LISL range and there are only
three satellites on the shortest path. In this way, each LISL is
longer, and each satellite needs higher transmission power to
an LISL. However, only three node delays are added to the
network latency in addition to propagation delays of the four
links. In Fig. 2, satellites have a shorter LISL range, and so
there are more satellites on the shortest path, which leads to
higher network latency but shorter LISLs and therefore lower
satellite transmission power.

In an earlier work in [7], we studied system models for
transmission power and link margin for the LISL and laser
uplink/downlink to examine the impact of link distance and
link margin on LISL transmission power, and the impact of
slant distance, elevation angle, and link margin on laser up-
link/downlink transmission power. In another earlier work in
[24], we proposed a binary integer linear program formula-
tion of the total network latency over multiple LISL ranges
and multi-pairs of inter-continental connection and simulated
the Starlink Phase 1 Version 3 constellation. Furthermore,
we considered several satellite transmission power constraints
to investigate the tradeoff. In this work, we use these mod-
els from [7] and [24] in calculating the average satellite
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transmission power for satellites on the shortest path be-
tween a source and destination ground station over an FSOSN
for studying the tradeoff between average satellite transmis-
sion power and network latency in FSOSNSs. Investigations
on satellite transmission power and latency have been con-
ducted separately in the literature, but a tradeoff between
satellite transmission power and network latency and analysis
of the outage probability has never been investigated before.
We consider both transmission delay and node delay while
analyzing the tradeoff, and we obtain the results based on
simulation of the on-going Starlink Phase 1 Version 3 and
Kuiper Shell 2 constellation. To the best of our knowledge,
this is the first study, which focuses on the tradeoff between
average satellite transmission power and network latency for
FSOSNSs with the Starlink Phase 1 Version 3 and Kuiper Shell
2 constellations, and investigate the outage probability due to
atmosphere turbulence. This is the first work of its kind, and
no similar previous works exist.

11l. SYSTEM MODEL

Here, we introduce the system model for FSOSNs, which
includes models for LISL transmission power, laser up-
link/downlink transmission power, link margin, turbulence
induced fading channel, link latency, and node latency.

A. TRANSMISSION POWER IN FSOSNS
In the following, we introduce the laser link transmission
power model and the link margin model.
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1) LASER INTER-SATELLITE LINK TRANSMISSION POWER
MODEL

For the inter-satellite link, the transmission power Pr is given
by [25]

Pr = Pr/(GrGRrLrLRLpsnTNR), (D

where Pr is the transmitted power for LISL in Watts, Pg is
the received power for the link in Watts, G is the transmitter
gain, Gp is the receiver gain, Ly is the transmitter pointing
loss, Lg is the receiver pointing loss, Lpg is the free-space path
loss for LISL, n7 is the transmitter optics efficiency, and ng is
the receiver optics efficiency. The transmitter gain Gr in (1)
is given by [26]

Gr = 16/(07)?, (2)

where Or is the full transmitting divergence angle in radians.
The receiver gain Gg in (1) is given by [25]

Gr = (TDg/A)%, 3)

where Dy, is the receiver’s telescope diameter in mm, and A is
the operating wavelength in nm. The transmitter pointing loss
L7 in (1) is given by [25]

Lt = exp (—=Gr(61r)%), 4)

where 67 is the transmitter pointing error in radians. The
receiver pointing loss Lg in (1) is given by [25]

Lg = exp (—Gr(6r)?), Q)

where 6g is the receiver pointing error in radians. The free-
space path loss for LISL Lpg is given by [25]

Lps = (/4mdss)?, (6)

where X is the operating wavelength in nm, and dgg is the
propagation distance between satellites in km.

2) LASER UPLINK/DOWNLINK TRANSMISSION POWER
MODEL
Uplink and downlink are the links between a ground station
and satellite. In this work, we consider Mie scattering and
geometrical scattering in terms of atmospheric attenuation for
optical uplink/downlink. Mie scattering can be caused by the
particles in the medium and it can redirect the signal from its
intended direction, while geometrical scattering causes reflec-
tion, refraction, and scattering of the optical signal.
Atmospheric attenuation must be considered to model laser
uplink and downlink, and the transmission power for laser
uplink/downlink Pr is given by [27]

Pr = Pr/(GrGRLTLRLALpGNTNR), (N

where L, is the atmospheric attenuation loss, Lpg is the free-
space path loss for laser links between ground stations and
satellites, and the rest of the parameters are same as the LISL
transmission power model in (1). The slant distance (i.e., the
distance between a ground station and a satellite) for laser
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uplink/downlink dgg is given by [32]

dgs = R (V(R+H)/RY = (os(0s)) = sin(0p)) , (®)

where R = r + hg, H = hs — hg, r is the radius of the Earth,
hg is the height of the ground station, &g is the altitude of the
satellite, and 6 is the elevation angle of the ground station in
degrees. The free-space path loss Lpg can be expressed on the
basis of slant distance accordingly:

Lpg = (A f4mdgs)*. )

a) Atmospheric attenuation due to Mie scattering: When the
diameter of atmosphere particles equals or exceeds the wave-
length of the optical beam, it results in Mie scattering. This
occurs because the phase of the optical beam is non-uniform
across the particle and leads to the deviation of the transmitted
signal from its intended direction. It is mainly caused by mi-
croscopic particles of water, and it happens in the lower part of
the atmosphere where these particles are more abundant. Mie
scattering can be modeled by the following expression [33]:

p = a(hg)® + bhg)* + chg +d, (10)

where p is the extinction ratio, ig is the height of the ground
station in km, and a, b, ¢ and d are empirical coefficients
dependent on wavelength, which can be expressed as follows
[33]:

a = —0.00054512 + 0.0022 — 0.0038, (11)
b = 0.006281> — 0.0232 + 0.00439, (12)
¢ =—0.0282% +0.1011 — 0.18, (13)
d=—0228)2+0.92222 — 1.26A +0.719.  (14)

The atmospheric attenuation due to Mie scattering can be
calculated as

Iy = exp (—p/sin(0)), 5)

where 6 is the elevation angle of the ground station in de-
grees.

b) Atmospheric attenuation due to geometrical scattering:
Geometrical scattering is used to model the attenuation that
takes place near the surface of the Earth and is produced by
fog, dense clouds, water molecules, rain or other atmospheric
phenomena. Geometrical scattering can be modeled by the

following expression [11]:
V = 1.002/(NLy )" %73, (16)

where V is the visibility in km, N is the cloud number concen-
tration in cm™3, and Ly is the liquid water content in g/m~>.

The attenuation coefficient 84 can be expressed as [11]
0a = (3.91/V)(1/550)7 ¢, 17)

where ¢ is the particle size related coefficient based on Kim’s
model. The Beer-Lambert law is given by [34]
1(z) = exp (—uz), (18)
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where u is the wavelength dependent attenuation coefficient,
and z is the distance of the transmission path. The atmospheric
attenuation caused by geometrical scattering can be expressed
using the Beer-Lambert law as

I, = exp (—6ada), (19)

where dy is the distance of the laser beam through the tropo-
sphere and can be calculated as [7]

dy = (hg — hg)csc(Ok), (20)

where hg is the height of the ground station in km, %4 is the
height of the troposphere in km, and 6 is the elevation angle
of the ground station in degrees.

In this work, we consider geometrical scattering for uplink,
and Mie scattering and geometrical scattering for downlink.
The atmospheric attenuation loss for uplink considering only
geometrical scattering can be expressed as

Laup = Iy = exp (—0ada), 21

and the atmospheric attenuation loss for downlink considering
both Mie scattering and geometrical scattering can then be
expressed as

Ladoun = Inlg = exp (—p/ sin(0g)) exp (—6adp).  (22)
3) LINK MARGIN MODEL

The link margin is defined as the ratio of the received signal
power Pg to the required signal power P, to achieve a spe-
cific bit error rate (BER) at a given data rate, and it can be
represented as [27]

LM = Pg/P,. (23)

Since we are interested in computing the link transmission
power in this work, we need to know the received power
based on link margin. The required signal power is generally
referred to as receiver sensitivity, and the received power can
be calculated as

Pr = LMP,,,. (24)
B. ATMOSPHERE TURBULENCE IN FSOSNS
In the following, we introduce the an atmosphere channel
model which is under the influence of atmosphere turbulence
resulting in intensity fluctuations.

In this work, we consider that the turbulence induced chan-
nel experiences an exponentiated Weibull fading channel. The
probability density function (PDF) is given by [28]

FU) = @B/m)I/n)P~ exp (—U/n)F)
(1 —exp(=I/n)P)*~ ",

and the cumulative distribution function (CDF) is given by
(28]

(25)

F(I)= (1 —exp—U/n)P),

where «, B are the shape parameters and 7 is the scale parame-
ter of a ground station. The three parameters can be expressed

(26)
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as [29]
a = 7.220a%3 /T (2.4875,° - 0.104), 27)
B = 1012 (ac?) "7 +0.142, (28)
n=1/(al'(1+1/p)g(a, B)), (29)

where g(«, B) is the & and B dependent constant variable, and
oy is the scintillation index of the ground station, which is
expressed as [30]

o1 = exp (0.497/ (1 + 1.11074) "

+0.51og/ (1+ 0.690,%-4)5/6) —1, (30

where the Rytov variance oy, is given by [30]
hs
or = 2.25k7/6 sec!!/6 (g)/ C2(h)(h — hg)>/®dh, (31)
hg

where k is the optical wave number, ¢ is the zenith angle of
the ground station, Ag is the altitude of the satellite, and C,f
is the altitude dependent refractive index constant, which is
expressed as [31]

C2(h) = 8.148 x 1056210 /1000
+ 2.7 % 10_16€_h/1500 + Coe—h/loom—2/3’ (32)

where v, is the r.m.s. ground wind speed, and Cy is the nomi-
nal value of the refractive index constant at ground.

C. LATENCY IN FSOSNS

In the following, we introduce the modeling of latency in
FSOSNSs. In optical communication networks, four types of
delay can be considered as part of the end-to-end latency.
These delays consist of propagation delay, transmission delay,
queueing delay, and processing delay. Propagation delay of
an optical link depends on its propagation distance, which we
also refer to as link latency. Node delay, also referred to as
node latency in this work, comprises transmission, queueing,
and processing delays at a satellite.

1) LINK LATENCY MODEL

The propagation delay of a link (or link latency) is the delay
the transmitted signal takes to be received by the receiver
through the channel. It depends on the propagation medium
and distance. In FSOSNSs, the propagation delay of a laser link
L, or link latency 7j;,; can be calculated as

Think = Lp = d[ink/CS’ (33)

where dj;,; is the length of the laser link (or propagation
distance between transmitter and receiver satellites), and cg
is the speed of light, which is 299,792,458 m/s [35].

2) NODE LATENCY MODEL

According to [1], satellite required a precise acquisition,
tracking, and pointing (ATP) system for effective and cor-
rect connection with other satellites due to the narrow beam
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divergence of the laser beam and the different satellite mo-
tion velocities. Based on the parameters of the using optical
terminals and routers, current setup delays for satellites to
complete ATP process to establish temporary LISLs for nodes
switching are usually as huge as a few seconds and prohibitive
for LISLs. Therefore, in this work we consider the node delay
without setup delay.

Transmission delay refers to the delay it takes to transmit
a packet on the channel on the transmitter side. It depends on
the size of the data packet and the data rate of the link. In
FSOSNSs, transmission delay L; can be calculated as

L = l/Rdalas (34)

where [ is the length of a packet, and R, is the data rate of
the laser link. Transmission delay can be minimal if the link
data rate is very high. For example, if the link data rate is 10
Gbps and the packet size is 1,500 bytes, L, is 1.2 us, which is
negligible.

Queuing delay L, refers to the delay that a packet incurs
while waiting in the buffer of a router. If a new packet arrives
while an old one is still waiting or being transmitted, it will
stay in the buffer and wait. For an M/M/1 queuing system
[36], where the first M denotes the packet arrival rate, the
second M denotes the packet service rate, and 1 denotes the
number of servers in the queuing system, the queuing delay
Ly is discussed in [37]. The authors assumed a service rate
of 740 kpps (where kpps stands for kilo packets per second),
an arrival rate of 726 kpps, a link data rate of 9 Gbps, and a
packet size of 1,500 bytes with an extra 25 bytes of header and
footer and calculated L, to be 4 ms. Based on this calculation,
we assume the queuing delay as 4 ms for 10 Gbps data rate
communication.

The processing delay L, is the time taken by a router to
process a packet to make an appropriate routing and switching
decision before sending the packet to the next appropriate
hop. According to [20], when a router has enough processing
capability, it can be assumed that the router has approximately
equal queuing and processing delays for simplification, and
the authors assumed queuing delays and processing of 4 ms
and 6 ms, respectively, in their simulations. For LISLs, it’s
reasonable to assume that the processing as 6 ms under the
assumptions of a congestion-free FSOSN having LISLs with
very high data rates as 10 Gbps.

In this work, we consider the node delay or node latency
T,ode as the sum of queuing and processing delays, since the
transmission delay is negligible for a 10 Gbps link data rate,
and we assume a node delay of 10 ms for each satellite in the
FSOSN, i.e.,

Thode = Ly + Lproc = 10 ms. (35)

The LEO satellites in upcoming satellite constellations, such
as Starlink, Kuiper, and Telesat, will have the packet switch-
ing and routing capability [3], [4], [5], [6], and the queuing
and processing delays will indeed be investigated in the node
latency model.
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FIGURE 3. Starlink phase 1 version 3 constellation.

IV. METHODOLOGY

In this section, we describe the Starlink Phase 1 Version 3 and
Kuiper Shell 2 constellations and present the methodology for
the calculation of the LISL range, ground station range, short-
est path for an inter-continental connection over the FSOSN,
network latency, and average satellite transmission power.

A. OVERVIEW OF STARLINK AND KUIPER
CONSTELLATIONS

We introduce the two satellite constellations, i.e., Starlink
Phase 1 Version 3 [4] and Kuiper Shell 2 [5] constellations,
as described in their FCC filings as of 2020 and 2019, re-
spectively. For a satellite constellation, its constellation orbit
parameters including number of orbital planes, number of
satellites on each plane, and inclination angle can also af-
fect network latency. Greater number of orbital planes and
satellites on each plane lead to denser distribution of satellites
within the constellation, thus more satellites can be connected
for the same LISL range, thereby more optimal links estab-
lished to achieve the shortest path over an inter-continental
connection and results less propagation delay added to the
network latency. Similarly, less inclination angle leads to
denser satellite distribution in the space above the areas away
from the pole, and less propagation delay for inter-continental
connections across the low latitude areas.

1) STARLINK PHASE 1 VERSION 3 CONSTELLATION

The latest version of the Starlink Phase 1 constellation con-
tains 1,584 satellites and has 22 orbital planes with 72
satellites in each plane. Its altitude is 550 km, and its inclina-
tion is 53°. We assume the phasing parameter as 17 to prevent
intra-constellation satellite collisions as per [38]. The Walker
notation for this constellation is 53°:1,584/22/17, and Fig. 3
shows the constellation pattern. Table 1 provides parameters
for different versions of the Starlink Phase 1 constellation
since its original proposal in 2016.

2) KUIPER SHELL 2 CONSTELLATION
The second shell of the Kuiper constellation—Kuiper Shell
2—is the biggest of its three shells. This constellation contains
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TABLE 1. Summary of Parameters for Different Versions of the Starlink
Phase 1 Constellation

Version 1 | Version 2 | Version 3
Parameter

[37] [3] [4]
Number of Orbital Planes | 32 24 22

f i

Number of Satellites 50 66 7
per Plane
Total Satellites 1600 1584 1584
Altitude (km) 1150 550 550
Inclination (°) 53 53 53

FIGURE 4. Kuiper shell 2 constellation.

TABLE 2. Summary of Parameters for Different Shells of Kuiper
Constellation

Parameter Shell 1 | Shell 2 | Shell 3
Number of Orbital Planes 28 36 34
Number of Satellites per Plane | 28 36 34
Total Satellites per Shell 784 1296 1156
Altitude (km) 590 610 630
Inclination (°) 33 42 51.9

1,296 satellites in total with 36 satellites distributed uniformly
on each of the 36 orbital planes. The altitude of this con-
stellation is 610 km, and the inclination is 42°. Based on
the analysis in [38], the most suitable value of the phasing
parameter for intra-constellation satellite collision avoidance
is 11 for Kuiper Shell 2 constellation. Its Walker constellation
is 42°:1,296/36/11, and Fig. 4 shows the constellation pattern.
Table 2 presents the main parameters of the different shells of
the Kuiper constellation [5].

B. LISL RANGE CALCULATION

To study the tradeoff between the average satellite transmis-
sion power and network latency in FSOSNSs, the LISL range
is a critical factor to consider. The LISL range affects the
connectivity of satellites, since a satellite can only establish
LISLs with other satellites that are within this range. The
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maximum LISL range for satellites in a constellation can be
regarded as the range which is constrained only by visibility,
and it can be calculated as [2]

Ds = 2/(r + hs)? — (r + ha)?, (36)

where r is the radius of the Earth, which is generally assumed
to be 6,378 km, hg is the altitude of the satellite, A, is the
height of the Earth’s atmosphere, which is generally consid-
ered to be 80 km, and Dy is the maximum LISL range. For
the Starlink Phase 1 Version 3 constellation, Ag is 550 km,
and the maximum LISL range can be calculated as 5,016 km.
Similarly, for the Kuiper Shell 2 constellation with an altitude
of 610 km, the maximum LISL range is 5,339 km.

To study the tradeoff between network latency and average
satellite transmission power, we consider several LISL ranges
for satellites in FSOSNs for the two constellations. For the
Starlink Phase 1 Version 3 constellation, we assume different
LISL range values, specifically 1,575 km, 1,731 km, 2,000
km, 3,000 km, 4,000 km, and 5,016 km. The 1,575 km LISL
range is a reasonable minimum feasible LISL range for a
satellite in this constellation, as a satellite can establish six
permanent LISLs with other satellites at this range, including
four with neighbors in the same orbital plane and two with
its nearest left and right neighbors in adjacent orbital planes.
Shorter LISL ranges are not sufficient for a satellite to es-
tablish the two permanent LISLs with neighbors in adjacent
orbital planes. At the 1,731 km LISL range, a satellite can
establish ten permanent LISLs with other satellites, including
four with neighbors in the same orbital plane and six with its
nearest neighbors in adjacent orbital planes.

For the Kuiper Shell 2 constellation, we also consider dif-
ferent LISL ranges, in this case 1,515 km, 2,000 km, 3,000
km, 4,000 km, and 5,339 km. Due to its different design,
the Kuiper Shell 2 constellation has a different orbital plane
distribution and a different satellite distribution per orbital
plane than the Starlink Phase 1 Version 3 constellation; a
satellite in the former constellation needs a longer LISL range
to establish permanent LISLs with neighbors in same orbital
plane as compared to the LISLs with nearest neighbors in
the adjacent orbital planes. At the 1,515 km LISL range, a
satellite in the Kuiper Shell 2 constellation can set up eight
permanent LISLs, including two with satellites in the same
orbital plane and six with satellites in adjacent orbital planes.
For the Kuiper Shell 2 constellation, 1,515 km is a reasonable
minimum LISL range for satellites to establish a reasonable
minimum connectivity, since shorter LISL ranges are not
long enough for a satellite to establish permanent LISLs with
neighbors in same orbital plane.

C. GROUND STATION RANGE CALCULATION

The connectivity for the uplink and downlink is affected by
the range of the ground station, as the greater the ground sta-
tion range, the longer the propagation distance for uplink and
downlink. The distance of the link between a ground station
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and satellite can be calculated using (8). The uplink/downlink
is longest when the elevation angle between the ground sta-
tion and an ingress/egress satellite is at its minimum, and
the maximum range of the ground station can be calculated
for the minimum elevation angle for each constellation. For
the Starlink Phase 1 Version 3 constellation, the minimum
elevation angle is 25°, and the corresponding maximum range
of a ground station is 1,123 km. For the Kuiper Shell 2 constel-
lation, the minimum elevation angle is 35°, and the maximum
ground station range is 1,412 km.

D. SATELLITE ORBITAL PERIOD CALCULATION

Network latency and average satellite transmission power
should be studied based on the entire orbital period of satel-
lites in an FSOSN, which is the time a satellite takes to
complete one full orbit around the Earth. The orbital period
of a satellite in an FSOSN can be calculated using [40]

T =27/ (r + hs)*/(GME),

where r is the radius of the Earth, which is 6,378 km, hg is the
altitude of the satellite in the FSOSN, G is the gravitational
constant, which is 6.673 x 10711 Nmz/kgz, and Mg is the
mass of the Earth, which is 5.98 x 10** kg. Based on the
altitude of the Starlink Phase 1 Version 3 and Kuiper Shell
2 constellations, which are 550 km and 610 km, respectively,
the orbital period for a satellite in these constellations is 5,736
seconds and 5,810 seconds, respectively.

(37)

E. OUTAGE PROBABILITY CALCULATION

The outage probability (OP) is defined as the probability that
the signal-to-noise (SNR) y;;, can fall below a certain thresh-
old with acceptable communication quality. The OP in this
case can be defined as

Pour = Pr{V = Vth}7 (38)

Substituting (26) into (38), the OP can be expressed as [49]

P = (1 — exp (—=(yun/(nLa)*)7 )P/, (39)

where y is the average SNR, and L, is the atmosphere atten-
uation loss for uplink/downlink. In this work, we investigate
the impact of cloud condition on the atmosphere attenuation
and turbulence, and therefore the outage probability of opti-
cal uplink/downlink communication. We assume three cloud
condition scenarios, the first one is clear weather condition
with a thin cirrus cloud concentration of 0.5 cm™2 and liquid
water content as 3.128 x 10™4 g/m’3, while the second one
is clear weather condition with a cirrus cloud concentration
of 0.025 cm™3 and liquid water content as 0.06405 g/m~3,
and the third one is cloudy weather condition with a Cumulus
cloud concentration of 250 cm™> and liquid water content as
1.0 g/m~3, according to [10]. Based on these three different
weather conditions, we calculated the OP using practical pa-
rameters and we hope these deployment scenarios can be used
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to provide practical insights about the system architecture, so
that the reader can get a quick idea about the overall system
performance.

F. SHORTEST PATH CALCULATION

To study the tradeoff between the average satellite transmis-
sion power and network latency in an FSOSN at different
LISL ranges, we need to calculate the shortest path between
the source ground station and the destination ground station
over the FSOSN at an LISL range at each time slot to calculate
the network latency and average satellite transmission power
for that shortest path. The shortest path can be determined
based on adjacency matrix containing propagation distances
of laser links between satellites and between satellites and
ground stations using Dijkstra’s algorithm [41]. This algo-
rithm uses weights of the links to determine the shortest path,
and these weights are the propagation distances of the optical
links in our case. The following steps are used in Dijkstra’s
algorithm to find the shortest path for an inter-continental con-
nection from a source ground station to a destination ground
station over an FSOSN.

1) Create a shortest path set S that keeps track of satellites
that are on the shortest path, another set X for satellites
that are not on the shortest path, and a vector D to track
the shortest path distance for each satellite to the source
ground station gj.

2) Assign an initial weight to all the links as their propa-
gation distance, add g, to S, and update the distance for
gs in D as 0, while the distances for other satellites to g
are infinite in D.

3) While S does not include the destination ground station
g4, go through the following loop.

a) Pick the satellite ¢ with the minimum distance to g,
which is the closest satellite to g; based on its distance
to gs.

b) Mark g as visited and include g to S. Update the distance
for g in D.

c) For every adjacent satellite p; of ¢, check its distance
to g. Since Dijkstra’s algorithm keeps tracking the cur-
rently known shortest path for each satellite from the
source ground station and updates the distance if it finds
a shorter one, check the new path to g; through g from
pi. For each p;, if the currently known distance of p; to
gs 1s greater than the sum of the distance of ¢ to g; and
the distance between ¢ and p;, then update the distance
for p; to g;. After iterating through all the adjacent satel-
lites p; of g, go back to step a to find the next satellite to
add to S.

G. NETWORK LATENCY CALCULATION

We calculate the network latency T7,,.; of a shortest path at
a time slot as the end-to-end latency of the shortest path
between the source ground station and the destination ground
station by adding the link latency (or propagation delay) of
each laser link, including the uplink, downlink, and ISLs,
and the node delay (or node latency) for each satellite on the
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TABLE 3. Propagation Delay for Each Link on the Shortest Paths at the First Five Time Slots for the FSOSN With the Starlink Phase 1 Version 3
Constellation at 3000 km LISL Range for the Toronto-Sydney Inter-Continental Connection

Time | T, | T1 Ty T3 T, Ts Ts T; Tiown | Tnet
Slot (ms) | (ms) | (ms) | (ms) | (ms) | (ms) | (ms) | (ms) | (ms) (ms)
1 3.23 8.04 394 | 940 | 9.35 5.27 5.13 9.28 3.53 137.22
2 3.22 8.05 3.95 9.38 | 9.38 5.27 5.13 9.28 3.53 137.22
3 3.21 8.06 3.95 9.36 | 941 5.27 5.13 9.27 3.53 137.22
4 3.20 8.06 3.95 934 | 944 | 5.27 5.13 9.27 3.53 137.23
5 3.19 8.07 396 | 9.33 9.47 5.27 5.13 9.26 3.52 137.23
shortest path, which can be expressed as be calculated as
n—1 PTS,ingress/egresx = Pr/(nrnrGr GRLTLRLALPG,up/down)
Ther = (Tup + Z T+ Tdmﬂ”) + 1T nodes (40) + Pr/(rnrGT GRLT LRLPS 011 /in)s (42)
k=1

where T, and T, are the link latencies of the laser uplink
and downlink, respectively, and 7 is the link latency (or prop-
agation delay) for kth ISL. Since there are n satellites on the
shortest path for the inter-continental connection, n — 1 ISLs
exist in total on the shortest path. As mentioned in Section III,
Thode 1s the node delay for each satellite and is assumed to be
10 ms.

The propagation delay for each link on the shortest paths
for first five time slots for the FSOSN with the Starlink Phase
1 Version 3 constellation at the 3,000 km LISL range for
the Toronto—Sydney inter-continental connection is shown in
Table 3. 7,, and Ty, represent the propagation delay for
the uplink and downlink, and 7} is the propagation delay for
the kth ISL. For example, the network latency of the shortest
path at the first time slot is equal to the sum of Typ, Tyown,
the propagation delays of all seven LISLs, and 7},,4. for each
satellite on the shortest path (i.e., 20 ms x 8), and is equal to
137.22 ms.

The mean network latency T ner is the mean of the network
latency of the shortest paths at all time slots, and it can be
expressed as

J
Toor = Y _ Tner.i/ - (41)
i=1

where j is the total number of time slots, and 7, ; is the
network latency of the shortest path at the ith time slot. For
example, T per for the first five time slots in Table 3 is equal to
137.22 ms.

H. AVERAGE SATELLITE TRANSMISSION POWER
CALCULATION

The transmission power of each satellite is calculated by
adding the transmission power required to establish the in-
coming link and outgoing link for that satellite. For the ingress
(or first) and egress (or last) satellites on a shortest path, the
incoming link and outgoing link are the uplink and downlink,
respectively, and the transmission power for such satellites can
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where Lpg. ,p and Lpg,gown 1 the free-space path loss for the
uplink and downlink, respectively, and Lps , and Lps oy 1S
the free-space path loss for the incoming and outgoing ISLs,
respectively. The optical links between satellites, i.e., LISLs,
and optical links between ground stations and satellites (up-
link and downlink) are bidirectional [42], [43]. That is why,
we are considering the power from the satellite to the ground
station for uplink and downlink for modelling transmission
power of ingress and egress satellites. For other (or intermedi-
ate) satellites on the shortest path, the incoming and outgoing
links are ISLs, and the transmission power for such satellites
can be calculated as

PTS,intermediate = PR/('?T nrGT GRLTLRLPS,in)
+ Pr/(rnrG1 GRLT LRLPS, 011 )-

The transmission power for each laser link on the shortest
paths for the first five time slots for the FSOSN with the
Starlink Phase 1 Version 3 constellation at an LISL range of
3,000 km for the Toronto—Sydney inter-continental connec-
tion is shown in Table 4. The satellite transmission power and
average satellite transmission power for these shortest paths
are given in Table 5. In Table 4, P, and Py, represent the
transmission power for the uplink and downlink, respectively,
and P, is the transmission power for the ith ISL. For example,
Py is the transmission power for the first ISL on the shortest
path at a time slot. In Table 5, the transmission power for the
first satellite (or ingress satellite) Prs,ingress at the first time
slot can be calculated by adding P,, and P; (i.e., 89.34 mW
and 198.26 mW, respectively) and is equal to 287.60 mW.

The average satellite transmission power for satellites on a
shortest path at a time slot Prg, 4, is the average value of the
transmission power of all satellites on the shortest path at that
time slot, and it can be expressed as

(43)

n—=2
PTS,aUg == (PTS,ingresy + Z PTS,m + PTS,egress) /n, (44)

m=1

where Prs , is the transmission power for the mth interme-
diate satellite on the shortest path and there are n satellites
on the shortest path, and thereby n — 2 intermediate satellites
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TABLE 4. Transmission Power for Uplink/Downlink and Inter-Satellite Links on the Shortest Paths at the First Five Time Slots for the FSOSN With the
Starlink Phase 1 Version 3 Constellation at 3000 km LISL Range for the Toronto-Sydney Inter-Continental Connection

Time Pup Py Py P3 Py P5 P(,‘ P7 Pdown
Slot (mW) | (mW) (mW) | (mW) (mW) mW) | (mW) | (mW) (mW)

1 70.42 198.26 | 47.67 270.82 | 268.28 | 85.14 80.80 264.18 | 111.49
2 69.93 198.61 | 47.76 269.78 | 269.90 | 85.14 80.75 263.88 | 111.31
3 69.45 198.96 | 47.86 268.74 | 271.53 | 85.13 80.71 263.59 | 111.13
4 68.99 199.31 | 47.95 267.71 | 273.17 | 85.12 80.67 263.29 | 110.97
5 68.53 199.66 | 48.04 266.69 | 274.81 | 85.12 80.63 262.99 | 110.82

TABLE 5. Transmission Power for Each Satellite and Average Satellite Transmission Power on the Shortest Paths at the First Five Time Slots for the FSOSN
With the Starlink Phase 1 Version 3 Constellation at 3000 km LISL Range for the Toronto-Sydney Inter-Continental Connection

Time | Prs ingress | Prs,1 | Prs2 | Prs,3 | Prsa | Prss | Prse | Prs.egress | PTs,avg
Slot (mW) (mW) (mW) (mW) (mW) (mW) (mW) (mW) (mW)
1 268.67 24593 | 318.49 | 539.10 | 353.42 165.94 | 34498 | 375.67 326.53
2 268.54 246.37 | 317.54 | 539.68 | 355.04 165.89 | 344.64 | 375.19 326.61
3 268.41 246.81 316.60 | 540.27 | 356.66 165.84 | 344.30 | 374.72 326.70
4 268.29 247.26 | 315.66 | 540.88 | 358.29 165.79 | 343.96 | 374.26 326.80
5 268.18 247.70 314.73 541.50 359.93 165.74 343.62 373.81 326.90

exist in total on the shortest path. The mean of the average
satellite transmission power I_JTS,a,,g, i.e., the mean of the
average satellite transmission power of the shortest paths at
all time slots, can be expressed as

J
PTS,aug = ZPTS,aug,i/j’
i=1

(45)

where j is the total number of time slots, and Prg gy, 1S
average satellite transmission power at the ith time slot. For
instance, Prg 1 is the satellite transmission power for the first
intermediate satellite on the shortest path at a time slot in
Table 5. The average satellite transmission power Prg 4y, Of
the shortest path at the first time slot can be calculated by
taking the average value of the transmission powers for the
eight satellites on this shortest path, which is equal to 328.89
mW in Table 5. Finally, I_’Ts,avg for the first five time slots in
Table 5 is equal to 329.02 mW.

V. POWER VERSUS LATENCY TRADEOFF

In this work, we assume there is one source ground station
in Toronto, and a destination ground station in each of the
other cities: Sydney, Istanbul, and London. We then determine
the shortest paths for the three inter-continental connections
from the source ground station to the destination ground sta-
tion for the FSOSNs with the two constellations at an LISL
range at each time slot. Subsequently, we calculate the net-
work latency and average satellite transmission power for the
shortest path at each time slot. In doing so, we are inter-
ested in studying the tradeoff between network latency and
average satellite transmission power, and we consider several
LISL ranges for satellites in each FSOSN as described in
Section IV. Finally, we investigate the effect of atmosphere
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attenuation and turbulence on outage probability of optical
uplink/downlink.

A. SIMULATION METHODOLOGY

For the computation of the average satellite transmission
power and network latency of the shortest path for an inter-
continental connection, we first simulate the Starlink Phase
I Version 3 and Kuiper Shell 2 constellations using the
well-known satellite constellation simulator Systems Tool Kit
(STK) version 12.1 [44]. We generate a satellite constellation,
ground stations, and all possible ISLs and links between satel-
lites and ground stations based on an LISL range within STK,
and then we extract the data containing the links between
satellites as well as the links between satellites and ground sta-
tions and the positions of satellites and ground stations from
STK. We process this data in Python to compute the distance
for each link at a time slot to find the shortest path between
ground stations for an inter-continental connection over the
FSOSN at each time slot. To this end, we first discretize the
extracted data, as the data obtained from STK is continuous,
and for a certain link, it contains the duration of the link for the
entire orbital period. We discretize this data by dividing it into
time slots and reorganize it so that it shows all links that exist
at a particular time slot. The position data for each satellite is
also discretized into time slots to match the discretized link
data. Next, using the positions of satellites and links between
them at each time slot, we compute the distance for a link at
each time slot. Finally, we find the shortest path between the
source and destination ground stations for an inter-continental
connection over the FSOSN using the NetworkX library in
Python [45].
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TABLE 6. Simulation Parameters

Parameter Symbol Units  Value
Laser wavelength [46] A nm 1550
Transmitter optical efficiency [47] nr 0.8
Receiver optical efficiency [47] R 0.8
Data rate [46] Riata Gbps 10
Receiver telescope diameter [46] Dgr mm 80
Transmitter pointing error [47] O0r prad 1
Receiver pointing error [47] Or prad 1
Full transmitting divergence or urad L5
angle [48]
Receiver sensitivity [48] Preq dBm  -35.5
Bit error rate [48] 10712
Ground station attitude hp km 0.1
Thin cirrus cloud concentration [10] Ly cm™ 0.5
Thin cirrus liquid water content [10] N g/m'3 3.128x10*
Cirrus cloud concentration [10] Ly cm™ 0.0255
Cirrus liquid water content [10] N g/m3  0.06405
Cumulus cloud concentration [10] Ly cm™ 250
Cumulus liquid water content [10] N g/m'3 1.0
SNR threshold [49] Yih dB 7
Elevation angle 35 degree 30
Partial size coefficient [49] P 1.6
Troposphere layer height [50] ha km 20
Atmosphere layer height [2] ha km 80
Location of source
Toronto
ground station
Location of destination (Sydney.
. Istanbul,
ground station
London}
Node delay Trode ms 10
{1515, 2000,
LISL range for Kuiper Shell 2 km 3000, 4000,
5339}
. {1575, 1731,
LISL range for Starlink Phase 1
Version 3 km 2000, 3000,
4000, 5016}
Speed of light Cs m/s 299792458
Duration of a time slot S 1
Total number of time slots Jj 6000

B. SIMULATION SETUP

To study the tradeoff between network latency and satellite
transmission power in FSOSNs with the Starlink Phase 1
Version 3 and Kuiper Shell 2 constellations, the period of the
simulation is taken as 6,000 time slots for both constellations.
This encompasses the entire orbital period of a satellite in
these FSOSNSs, and the duration of a time slot is set to one
second.

To calculate satellite transmission power in the two
FSOSNSs, we consider the laser link model parameters sum-
marized in Table 6. These parameters are used in existing or
practical laser satellite communication systems. We consider
On-Off Keying (OOK) as the laser link’s modulation scheme.
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We assume the wavelength as 1,550 nm for both LISL and
laser uplink/downlink, since it is widely used for optical satel-
lite communication due to its better performance. We take
both transmitter and receiver optical efficiency as 0.8, as this is
the common value of these parameters for laser communica-
tion terminals (LCTs) and is used in many simulation studies
as well. We assume the data rate as 10 Gbps since this is a
practical link data rate for optical satellite communications
and the maximum data rate that is offered by Mynaric’s LCT
[46]. The transmitting divergence angle is set to 15 urad and
the receiver telescope diameter is 80 mm according to My-
naric’s LCT. We assume both transmitter and receiver pointing
errors as 1 urad, since these values are widely used in LCTs.
We use a curve-fitting technique to find the receiver sensitivity
of —35.5 dBm for the OOK modulation with a 10 Gbps data
rate and 10712 BER from [48]. We assume the ground station
altitude as 0.1 km, since this is the general height of tall build-
ings and towers. We assume clear weather conditions with
a thin cirrus cloud concentration of 0.5 cm™> and set liquid
water content as 3.128 x 10~ g/m~3 according to [10]. We
take 20 km as the height of the troposphere layer [50], since
this value is practical in laser uplink/downlink. We consider
no special weather condition for all the five inter-continental
connection pairs. We consider the LM for inter-satellite links
as 3 dB and the LM for uplink/downlink as 6 dB, since there
is more turbulence and attenuation in uplink/downlink. This
yields a received power Pg of —32.5 dBm for ISLs and —29.5
dBm for uplink/downlink according to (23). To calculate the
OP for uplink/downlink, we assume the given SNR threshold
as 7 dB, and elevation angle as 30 degrees. As mentioned
earlier, we consider three cloud scenarios, each characterized
by different parameters: thin cirrus clouds, cirrus clouds, and
cumulus cloud concentrations.

C. Tpnet VERSUS P1s,q,9 FOR DIFFERENT LISL RANGES

To show the relationship and tradeoff between network la-
tency and satellite transmission power, we superimpose the
two curves representing T per and Frs,avg for different LISL
ranges on a unified plot. For different inter-continental con-
nections, the maximum value of T, (with the minimum
corresponding to the FTs,m,g case) is realized when the LISL
range is at its minimum feasible value for each FSOSN.
Conversely, the minimum value of T, (with the maximum
corresponding to the I_’Tg,avg case) is observed at the maxi-
mum feasible LISL range. Within the plot, the curve of T,
gradually descends over LISL ranges, whereas the curve of
FTS,avg rises with the increasing LISL range. The point of the
intersection between these two curves signifies the juncture
of relatively optimal performance between network latency
and satellite transmission power can be reached at that LISL
range for a given inter-continental connection. Any deviation
from this identified LISL range could lead to higher energy
consumption or worse latency performance, underscoring the
critical importance of maintaining this delicate balance in a
FSOSN.
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FIGURE 5. Tpet VS. Prs,avg at different LISL ranges for the FSOSN with the
starlink phase 1 version 3 constellation for the Toronto-Sydney
inter-continental connection.
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FIGURE 6. Tpet VS. Prs,ayg at different LISL ranges for the FSOSN with the
Kuiper shell 2 constellation for the Toronto-Sydney inter-continental
connection.

Figs. 5 and 6 show the relationship between T, and
I_JTS,aug for different LISL ranges for the two FSOSNSs for the
Toronto—Sydney inter-continental connection. For the FSOSN
with the Starlink Phase 1 Version 3 constellation, the curves
of T e and Prg, ayg intersect when the LISL range is approx-
imately 2,900 km, which indicates that 7., and Prs, e are
balanced when the LISL range is 2,900 km for satellites in
this FSOSN for this inter-continental connection, and T
and I_JTs,avg are around 135 ms and 380 mW, respectively,
at this intersection. For the FSOSN with the Kuiper Shell 2
constellation, T, and Prs 4y, intersect when the LISL range
is around 3,800 km for this inter-continental connection, and
these two parameters are approximately 120 ms and 700 mW,
respectively.

In Figs. 7 and 8, we can see the tradeoff between T net
and FTS,aUg at different LISL ranges in the two FSOSNs
for the Toronto—Istanbul inter-continental connection, and
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FIGURE 7. Tpet Vs. Prs,avg at different LISL ranges for the FSOSN with the
starlink phase 1 version 3 constellation for the Toronto-Istanbul
inter-continental connection.
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FIGURE 8. Tpe Vs. Prs,ayg at different LISL ranges for the FSOSN with the
Kuiper shell 2 constellation for Toronto-Istanbul inter-continental
connection.

Figs. 9 and 10 show this tradeoff in the two FSOSNs
for the Toronto-London inter-continental connection. For
the Toronto—Istanbul inter-continental connection, 7 ,,; and
FTS,avg intersect when the LISL range is about 2,600 km
for the FSOSN with the Starlink Phase 1 Version 3 constel-
lation and 2,900 km for the FSOSN with the Kuiper Shell
2 constellation. For the Toronto to London inter-continental
connection, these two parameters intersect when the LISL
ranges are 3,400 km and 3,000 km for the FSOSNs with the
Starlink Phase 1 Version 3 and Kuiper Shell 2 constellations,
respectively. For both FSOSNs in all inter-continental connec-
tions, as the LISL range increases, higher transmission power
is needed for a satellite but lower network latency is obtained.
For T, curve in Fig. 9, it changes sightly between 3000 km
to 4000 km LISL range, which is different from T per at the
same LISL range for Kuiper Shell 2 constellation as shown in
Fig. 10. This is because that the distribution of the satellites
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FIGURE 9. Tpe Vs. Prs,avg at different LISL ranges for the FSOSN with the
starlink phase 1 version 3 constellation for the Toronto-London
inter-continental connection.
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FIGURE 10. Tpet vs. Prs,avg at different LISL ranges for the FSOSN with the
Kuiper shell 2 constellation for the Toronto-London inter-continental
connection.

for Starlink Phase 1 Version 3 constellation is denser at high
latitude comparing to Kuiper Shell 2 constellation, in this way
for short inter-continental connections like Toronto to London

T ,er can change unobtrusively at certain LISL ranges.

D. OUTAGE PROBABILITY ANALYSIS

Figs. 11 and 12 show the relationship between OP and
SNR for optical uplink and downlink, respectively. Based on
Table 6, we consider three different weather conditions as
thin cirrus, cirrus and cumulus clouds. We assume the average
SNR as 30 dB, the SNR threshold as 7 dB, the elevation angle
of the ground station as 30 degrees and employing Starlink
Phase 1 Version 3 constellation, we plot the two figures. As
depicted in Figs. 11 and 12, the OP decreases as the SNR in-
creases under cirrus and thin cirrus cloud conditions. Notably,
the thin cirrus cloud condition exhibits better performance

compared to the cirrus cloud condition in terms of OP. The OP
VOLUME 5, 2024
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FIGURE 11. Outage probability vs. P/No under different weather
conditions for optical uplink communications.
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FIGURE 12. Outage probability vs. P/N, under different weather
conditions for optical downlink communications.

under cumulus cloud condition is 1.0, which indicates an un-
approachable optical communication. Comparing the curves
of the two figures under same cloud condition, we find that
the OP performance for uplink is better than downlink since
less atmosphere attenuation ocurrs through uplink. For upink
communication, SNR should reach 45 dB to obtain 1078
OP performance under thin cirrus cloud condition; while for
downlink communication, the requirement of SNR to achieve
the same OP performance is 57 dB for thin cirrus cloud con-
dition.

E. INSIGHTS

Here we provide important practical insights for FSOSNs
based on the analysis in this work.
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e For LISL and laser uplink/downlink, the network latency
for the shortest path for an inter-continental connection
between two ground stations and the average satellite
transmission power for the shortest path have an inverse
relationship. As the LISL range increases, the links on
the shortest path become longer, the propagation dis-
tance of the laser links increases, and the transmission
power for the laser links increases along with the average
satellite transmission power. At the same time, there are
fewer direct links and nodes on the shortest path, and
accordingly, the total propagation delay of the path de-
creases, the total node delay of the path decreases, and
the network latency of the path decreases. Therefore, ac-
cording to this reverse relationship, in order to reach less
network latency to achieve better network performance,
satellites needed to be designed for high energy payload
to sustain higher transmission power consumption. This
can be accomplished by implementing larger capacity
battery, applying dynamic ISLs instead of establishing
the links throughout the entire working period.

e Based on the results of the tradeoff analysis between
T et and Prg, 4, for different LISL ranges for the two
FSOSNSs for different inter-continental connections, we
find that there is no clear relationship between the LISL
range when T, and Prg qye intersect and the length
of the inter-continental connection (i.e., the end-to-end
distance between the source and destination ground sta-
tions for an inter-continental connection over an FSOSN)
within the same FSOSN. A shorter inter-continental
connection may have a longer LISL range when T .,
and FTS,avg intersect. As we can observe that there are
different LISL ranges where T, and Prg g, reach a
balance for different inter-continental connections over
an FSOSN, all inter-continental connections over an
FSOSN must be considered simultaneously while de-
termining an appropriate LISL range for the FSOSN
to balance the average satellite transmission power and
network latency.

e In laser uplink/downlink communications, the perfor-
mance of the outage probability is inevitably influenced
by cloud conditions. In the case of adverse cloud con-
ditions, such as cumulus clouds, the connectivity of
the laser link becomes unavailable, irrespective of the
SNR. Under these circumstances, it becomes necessary
to transmit through alternative laser links between the
ground station and satellites, circumventing the area af-
fected by poor cloud conditions, even though this may
cost more network latency and higher satellite transmis-
sion power. For laser downlink communication, higher
SNR is required to sustain an acceptable OP comparing
to uplink communication, and more satellite transmis-
sion power will be consumed.

VI. CONCLUSION
In this work, we investigated the tradeoff between satellite
transmission power and network latency in FSOSNSs resulting
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from the Starlink Phase 1 Version 3 and Kuiper Shell 2 con-
stellations. We used appropriate system models for laser link
transmission power and latency and studied T pet and FTS,avg
in the two FSOSNs for different inter-continental connections
and different LISL ranges. We further studied the effect of
atmosphere attenuation and turbulence on outage probability
of laser uplink/downlink.

We found that as the LISL range increases, I_JTS,avg in-
creases while T, decreases for both FSOSNs in all inter-
continental connections. The results show that for the inter-
continental connection from Toronto to Sydney in the FSOSN
based on the Starlink Phase 1 Version 3 constellation, T ,.; and
Pr s,avg intersect when the LISL range is approximately 2,900
km, with these parameters being approximately 135 ms and
380 mW, respectively. For the FSOSN based on the Kuiper
Shell 2 constellation in this inter-continental connection, this
LISL range is around 3,800 km, and the two parameters are
approximately 120 ms and 700 mW, respectively. For the
Toronto—Istanbul inter-continental connection, these parame-
ters intersect when LISL ranges are about 2,600 km for the
FSOSN based on the Starlink Phase 1 Version 3 constellation
and 2,900 km for the FSOSN based on the Kuiper Shell
2 constellation. For the Toronto to London inter-continental
connection, T e and FTS,aug intersect when LISL ranges are
3,400 km and 3,000 km for the FSOSNSs for the Starlink Phase
1 Version 3 and Kuiper Shell 2 constellation, respectively.
The OP decreases as the SNR increases under cirrus and thin
cirrus cloud conditions, while the thin cirrus cloud condition
performs better compared to the cirrus cloud condition. For
cumulus cloud condition the connectivity of the laser link is
unreachable. Furthermore, the OP performance for uplink is
better than downlink since less atmosphere attenuation ocurrs
through uplink.

In a future work, we will investigate the problem of
determining an appropriate LISL range for balancing net-
work latency and average satellite transmission power in an
FSOSN. This will require the problem to be formulated as a
multi-objective mathematical programming problem. We will
further examine the problem of determining an appropriate
LISL range for an FSOSN for balancing average satellite
transmission power and network latency over multiple inter-
continental connections (multiple source-destination pairs)
simultaneously for that FSOSN. A LEO satellite constellation
at a higher altitude requires fewer satellites to achieve the
same coverage, which can affect the network latency and av-
erage satellite transmission power, and we will investigate the
effect of satellite constellation altitude on the tradeoff between
network latency and satellite transmission power. The power
consumption for optical amplification and signal regeneration
is also important in terms of the total power consumption, we
will examine the tradeoff between network latency and the
satellite total power consumption in future. In this work, we
haven’t considered the mobility of the satellites and its impact
on the tradeoff between network latency and average satellite
transmission power, and we will examine this important factor
in future. In this work, we don’t consider the effect of different
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Algorithm 1: Dijkstra’s Algorithm to Find a Shortest Path
Over an FSOSN.

Inputs:

Adjacency matrix containing propagation distances of

laser links between satellites and between satellites and
ground stations

e Y, i.e., the set for the satellites and ground stations
Output:

e Shortest path from g; to g4

BEGIN

1:S={}

2:X=Y

3: D(x;) = oo for each node x; in X

4: D(gs) =0

5: move g; from X to S

6

7:
8:
9:
10:
11:
12:
13:
14:

15
16

:Whileg,; ¢ S

. pick ¢ in X that is closest to g

move ¢ from X to S

update D(q) = dist(q)

For each p; adjacent to g in X
If dist(p;) > dist(q) + d,, p,

dist(p;) = dist(q) + dg,p,

End If

End For

: End While

: Output S, i.e., the set containing the shortest path from

8s 10 gq

END

satellite constellation parameters, such as number of orbital
planes, number of satellites per plane, inclination angle, etc.,
on the tradeoff between network latency and average satellite
transmission power, and we will examine the effect of these
parameters in future.

APPENDIX

The Dijkstra’s algorithm we discussed in Section III are also
described in the pseudocode in Algorithm 1, where Y is the set
for the satellites and ground stations; dist(x;) is the distance for
a node x; (i.e., a satellite or g;) to the source ground station
gs: and dy ), is the distance of the laser link between nodes ¢

and
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