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Abstract—Low Earth orbit (LEO) satellite mega-constellations
are beginning to include laser inter-satellite links (LISLs) to extend
the Internet to the most remote locations on Earth. Since the
process of establishing these links incurs a setup delay on the
order of seconds, a static network topology is generally established
well in advance, which is then used for the routing calculations.
However, this involves keeping links active even when they are not
being used to forward traffic, leading to a poor energy efficiency.
Motivated by technological advances that are gradually decreasing
the LISL setup delays, we foresee scenarios in which it will be
possible to compute routes and establish dynamic LISLs on demand.
This will require considering setup delays as penalties that will
affect the end-to-end latency. In this paper, we present a non-
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linear optimization model that considers these penalties in the
cost function and propose three heuristic algorithms that solve
the problem in a tractable way. The algorithms establish different
trade-offs in terms of performance and computational complexity.
We extensively analyze metrics including average latency, route
change rate, outage probability, and jitter, in Starlink’s Phase I
version 2 constellation. The results show the benefit of adaptive
routing schemes according to the link setup delay. In particular,
more complex schemes are able to decrease the average end-to-end
latency, in exchange for an increase in the execution time. On the
other hand, depending on the maximum values of tolerated latency,
it is possible to use less computationally complex schemes which
will be more scalable for the satellite mega-constellations of the
future.

Index Terms—Dynamic links, laser inter-satellite links, link
setup delay, low Earth orbit, on-demand routing, satellite mega-
constellations.

I. INTRODUCTION

HILE the standardization of 6G is still an ongo-

ing process, the IMT-2030 draft documents from
the International Telecommunication Union (ITU) offer
a glimpse into the key differentiators from 3G, 4G,
and 5G. In addition to targeting an order of magnitude
improvement in data rate and latency, 6G aims to intro-
duce a groundbreaking objective of providing inclusive
connectivity (bridging the digital divide), ubiquitous cov-
erage (anytime, anywhere), reliability, and sustainability.
Achieving these ambitious goals affordably necessitates a
pivotal consideration: the seamless integration of terres-
trial and non-terrestrial networks (NTN) [1]. This impera-
tive, coupled with the advancements in launcher and satel-
lite technologies, has revitalized the interest in deploying
mega-constellations of low-Earth orbit (LEO) satellites.
Interconnected through inter-satellite links (ISLs), they
can form satellite mesh networks capable of providing
connectivity to areas where terrestrial infrastructure is not
cost-effective. Moreover, laser inter-satellite links (LISLs)
are gradually replacing radio frequency (RF) ISLs due to
their numerous advantages, including higher link capacity,
reduced antenna size, higher directivity, lower power con-
sumption, and diminished susceptibility to interception
and interference [2]. An RF ISL can achieve a capacity
of around 2.5 gigabits per second (Gbps) [2, 3], whereas
there exists LISLs technology carrying 10 Gbps of capac-
ity [2], [4]. In addition, recent studies show that the link
capacity of LISL will increase rapidly towards hundreds
of Gbps [5, 6] and even terabits per second (Tbps) range
[7] with technological advancements. This will reduce the
queuing delays significantly for LISL based network and
thus perform better than an RF ISL based network in
terms of latency and throughput.

However, given the relative mobility of LEO satellites
with respect to each other, and with respect to the ground
stations, numerous challenges must be addressed [8].
These include topology planning and establishment, and
the computation, management, and utilization of time-
varying routes to forward traffic. The present paper delves
into the existing trade-offs when establishing LISLs to
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Figure 1. Pointing, acquisition, and tracking processes
carried out in the establishment of a LISL. Sender satellite
initiates the link establishment process by pointing its
laser beam (shown by red color) towards receiver satellite.
Also, receiver satellite aligns its laser beam (shown by
green color) towards arriving beam. After accurate point-
ing and acquisition, both of the laser beams are aligned
and the LISL is established.

form on-demand routes capable of delivering the required
quality of service (QoS) to end-users. Special importance
is given to the incorporation and modeling of link setup
delays. Due to highly directional laser beams, establishing
a new LISL takes a few seconds [9]. On the contrary,
it could take less than 1 ms for an RF ISL [10]. Thus,
dynamically establishing an ISL has a major impact on
latency for LISL based satellite networks rather than an
RF based one.

When two satellites are required to establish a LISL
with each other, they follow a step-by-step procedure
governed by the pointing, acquisition, and tracking (PAT)
system [11] as shown in Fig. 1. First, the sender satellite
points its laser beam towards the receiver satellite and
slowly scans the uncertainty area. Next, the receiver
satellite aligns its laser beam towards the arriving beam
and performs acquisition. Lastly, sender and receiver
satellite continue pointing and acquisition process as the
communication goes on and they track each others’ laser
beams [12]. As a result of this procedure, the establish-
ment of a new laser link requires a certain amount of
time, hereby termed as LISL setup delay [13]. These
delays represent a penalty that especially affects routes
calculated on demand in energy-efficient routing schemes.
By tackling these complexities, this paper aims to pave the
way for a more seamless and energy-efficient integration
of LEO mega-constellations, enabling global connectivity
and ushering in the era of 6G wireless communication.

A. Background and Related Work

Although the first laser communication link between
satellites was successfully demonstrated in 2001 by the
European Space Agency [14], it was not until recently
that such links began to be used in mega-constellations of
satellites. Works such as [2], [13], and [15] have proposed

classifications of LISLs and the different topologies that
can be formed. From the topological point of view, LISLs
can be considered as permanent or temporary [16]. While
permanent links can be maintained indefinitely, temporary
links may stop being feasible due to constraints such as
distance or skew rate. From a demand-based perspective,
LISLs fall into two categories: static and dynamic [13].
A static LISL remains operational continuously, even
during periods of inactivity (i.e., no traffic is sent through
the link) by transmitting just enough power to maintain
the link up for tracking purposes which is lower than
the power required for communications. In contrast, a
dynamic LISL is established in response to varying levels
of traffic demand. In addition to these classifications,
[15] divides topologies into full grid-mesh, non-full grid-
mesh, and non-grid-mesh. In the full grid-mesh topology,
each satellite is connected to two neighboring satellites
in the same orbital plane, and two neighboring satellites
in adjacent orbital planes. In the non-full grid mesh
topology, some of the previous links are disabled, in order
to save energy, while maintaining end-to-end reachability.
Finally, the non-grid-mesh topology is the most flexible
scheme, but also the most challenging, since it implies a
greater degree of freedom in establishing links between
satellites in different orbital planes and with different
relative velocities.

Different studies have used these categories of LISLs
to analyze topological and network metrics. Among the
first papers, [17] analyzes the use of LISLs in the Starlink
constellation, assuming a full grid-mesh topology. This
work performs an evaluation of the multiple routes that
exist between arbitrary origins and destinations, and ana-
lyzes the end-to-end latency considering the propagation
time component. Complementing this work, [18, 19] eval-
uate and design crossover function with various scenarios
in which lower latency can be obtained as compared to
the use of terrestrial fiber networks.

In addition, [20] focuses on the problem of designing
the topology, by means of link selection patterns, called
motifs. It proposes schemes that have a reduced computa-
tional complexity and shows the trade-offs of the solutions
in terms of latency and number of hops. Along the same
lines, [15] evaluates strategies to eliminate LISLs in order
to improve the average bandwidth utilization, incurring
a slight latency increase as a penalty. ISLs with higher
length consume more power as the signal has to travel
more and the received signal strength must be higher than
a threshold to avoid outage. On the contrary, an end-to-
end route will have lesser intermediate hops with longer
ISLs which in turn will reduce the end-to-end delays. This
latency versus power consumption trade-off in optical
satellite networks is investigated in [21, 22].

Furthermore, [23] explores the performance and com-
putational complexity of different on-demand routing
algorithms that consider not only the propagation delay,
but also the number of hops, which incur additional delays
due to packet processing and queuing times. Among the
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contributions, a technique is proposed to reduce the search
space and, therefore, the computational complexity.

Finally, other works, such as [24-26], have begun
to analyze the effect of traffic congestion and queuing
delays on end-to-end latency, noting that these delays
may contribute even more than the propagation delay. In
[27], the authors propose a queuing delay and available
bandwidth aware decentralized routing algorithm through
reinforcement learning based training process. In addition,
there could be heterogeneous applications which require
different QoS and priority. This necessitates treating the
packets differently, and hence the routing algorithms need
to adapt to it. In [28], the authors present a QoS aware
routing orchestration using software-defined networking
based centralized approach. The algorithm considers QoS
requirements of a flow such as delay, bandwidth, packet
loss rate and jitter. Meeting end-to-end QoS requirement
has two significant parts: handling the end-to-end de-
cisions (routing) and handling the packets intelligently
within a satellite node (queue management). Along with
handling end-to-end routes according to type of a packet,
the authors of [29] also explore the merit of priority and
weighted round robin scheduling to differentiate different
types of packets.

The large body of recent work in this area reflects the
importance of designing efficient routing schemes capa-
ble of dealing with the continuously changing topology
in satellite mega-constellations. Most of the described
optimizations only consider the propagation delay, and
more recently, queuing and processing delays have been
included in the cost function. However, to the best of the
authors’ knowledge, there has been no previous work that
takes into account the link setup delay as an important
component contributing to latency in routing schemes.
This turns out to be the main motivation for the present

paper.

B. Motivation

In general, setup delays have been overlooked due to
the fact that the time required to establish LISLs is cur-
rently in the order of seconds [9]. Therefore, performing
on-demand routing, together with just-in-time' topology
establishment, would directly transfer these unacceptable
delays to the end-to-end latency. Presently, Mynaric’s
laser terminals, known as CONDOR require 30 seconds to
establish an LISL between two satellites during their ini-
tial interaction. Following the exchange of orbital param-
eters between the satellites, the subsequent establishment
of a LISL takes around 2 seconds [9]. Meanwhile, both
Tesat [30] and General Atomics [31] have developed laser
terminals intended for LEO constellations, featuring LISL
setup delays in the range of tens of seconds. To avoid the
impact of these delays on the QoS, most schemes assume
that both topology establishment and route calculation are

ljust-in-time is an inventory management method in which goods are
received from suppliers only as they are needed.

performed well in advance and are pre-configured in the
satellites so that the links and routes are available when
required.

Nevertheless, these approaches offer a low energy
efficiency as they establish more links than necessary
(and for longer), and compute an excessive number of
routes. This results in a communication overhead, on-
board satellite memory usage, and computational bur-
den. We argue that the setup delays will decrease with
the advancement of LISL technology in next-generation
(NG) and next-after-next-generation (NNG) free-space
optical satellite networks (FSOSNs) [16] by sophisticated
scanning strategies for target acquisition, fast automatic
calibration technologies, and optimized PAT operations
[32], among others. With a reduced setup delay value, it
will become increasingly feasible to compute and use on-
demand routes to forward traffic. While this will allow
the development of more energy efficient schemes, it will
bring with it the challenge of considering the setup delay
as part of the latency cost that needs to be minimized.

Hence, the LISL setup delay emerges as a crucial fac-
tor in the formulation of on-demand routing algorithms,
as it directly contributes to the overall end-to-end latency.
The importance of the link setup delay was recognized
in [16], [20], and [33] and a first study analyzing the
implications was performed in [13]. The present work ex-
tends [13] significantly by designing and evaluating novel
routing algorithms that provide different operating points
in terms of performance and computational complexity.
We also study how these solutions will behave in future
scenarios in which the setup delay is expected to decrease
from the order of seconds to the order of milliseconds.

C. Contributions

The main contributions of this work are as follows:

e We formulate an optimization model for the on-
demand routing problem in scenarios with dynamic
LISLs, in non-grid mesh topologies, that introduce a
link setup delay penalty on the end-to-end latency.

e We propose three heuristic algorithms that solve the
optimization problem with varying performance and
time complexity.

e We analyze and compare the performance and time
complexity of the three designed algorithms with a
baseline algorithm in Phase I version 2 of the Star-
link constellation. The analysis encompasses several
performance metrics, including average end-to-end
latency, latency distribution, route change rate, time
complexity, outage probability, and jitter.

e We introduce emerging research directions that sug-
gest expanding upon this study by developing rout-
ing schemes that address the anticipated require-
ments of forthcoming LEO satellite networks.

The remainder of the paper is organized as follows.
Section II provides a description of the network archi-

3

Authorized licensed use limited to: National Research Council Canada. Downloaded on September 17,2024 at 15:31:04 UTC from IEEE Xplore. Restrictions apply.
© 2024 |IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.



This article has been accepted for publication in IEEE Transactions on Aerospace and Electronic Systems. This is the author's version which has not been fully edited and

content may change prior to final publication. Citation information: DOI 10.1109/TAES.2024.3415571

Active LISL

Potential but inactive LISL

Figure 2. An exemplary network architecture where a
source ground station communicates with a destination
ground station. To establish an end-to-end route, only a
subset (red lines) of all potential LISLs (green lines) is
established.

tecture along with the variables and definitions used.
Then, in Section III these definitions are included in
the formulation of the on-demand routing optimization
problem. Subsequently, Section IV provides the design
of three heuristic algorithms that are then evaluated and
compared in Section V. Finally, the paper is concluded
in Section VI by summarizing the main findings and
motivating future work.

II. NETWORK ARCHITECTURE

We consider a network of LEO satellites with regener-
ative payload, and source and destination ground stations
(GS) as ingress and egress point to the core satellite
network as shown in Fig. 2. Each satellite is capable of
establishing a LISL link with another satellite only when
the distance between the two satellites is equal to or less
than the LISL range. As a consequence, a flexible non-
grid mesh topology is considered, where a satellite may
establish connections with a varying number of neighbors.
Similarly, a ground station can only establish an optical
link with a satellite only if the distance between the
satellite and the GS is equal to or less than the GS range.
To capture the dynamic movement of LEO satellites,
we consider a virtual topology model similar to those
presented in [34-36]. Through this approach, we capture
the network’s topology by taking IV snapshots, effectively
dividing the simulation time into N discrete time slots,
each of which is denoted by the time index ¢. In each
snapshot, the topology is assumed to be fixed. The cost
of each edge consists of two components, propagation
and node delays. Propagation delay is the length of the
edge’ divided by the speed of light in vacuum, and node
delay is the sum of processing, transmission, and queuing
delay. Processing delay is defined as the time taken by
a node to process a packet to perform tasks such as
reading packet header, finding the action from routing

2The length of an edge is defined by the distance between two satellites
associated with that edge.

table, etc. Transmission delay can be calculated as the
packet size divided by data rate of a link. Queuing delay
is the time a packet is stored in the buffer before it
gets the opportunity to be transmitted. Although when
considering traffic, queuing delay will vary with time in
different nodes, we assume a negligible queuing delay in
order to explore the effect of LISL setup delay on routing
decisions. A complete route, denoted by r, from a source
GS to a destination GS is an ordered list of edges. The first
edge of the list has the source GS as the source vertex,
and the last edge has the destination GS as the target
vertex. For all the other edges, the source vertex of the
2" edge is the same as the target vertex of the (z — 1)*?
edge. We also denote R as a set of all observable routes
for a given source-destination pair during N time slots.
As the LEO satellites are mobile, the end-to-end delay of
a route r changes with time and it is denoted as 5'[1] at the
it" time slot. 6@ is the sum of the cost of all the edges
associated with the route 7.

In Fig. 2, a snapshot of the network is exemplified.
Fig. 2 shows if there is a traffic demand between the
source and the destination GS, to establish an end-to-end
route, only a few ISLs are established and rest of the ISLs
are kept inactive. The ISLs in red colour represent the
active edges whereas the green ISLs are inactive edges.
Furthermore, we define a set of active LISLs as the edges
which are active at time slot i and we denote this as Al
For a technical clarification regarding static and dynamic
LISLs, let us denote the set of all edges at time slot ¢
as £V, In the static LISL framework, all edges remain
active at all times, meaning A"l = £, Conversely, within
the dynamic LISL paradigm, only a specific subset of
edges remain active, that is, Al ¢ £, Considering a
scenario with one source-destination GS pair connection
in the network, only the edges associated with a particular
route r will be active, leading to Al c R,

For routing table calculation and distribution or-
chestration, we consider a software-defined networking
(SDN) architecture where GSs and satellites work as
switches, and logically centralized controllers are phys-
ically distributed across the Earth. Ground controllers
are responsible for calculating and distributing optimal
routes, along with link information (Al so that nodes
(GSs and satellites) associated with those routes, can
establish the necessary links. Using the SDN architecture
approach, ground controllers are able to communicate
with GSs and satellites in a multi-hop fashion. Initially,
when a traffic demand reaches the source GS, there is
no installed route. Therefore, the source GS contacts
with a ground controller which in turn calculates and
distributes the route, along with the links that must be
established accordingly. The source GS may not be within
the communication range of the ground controller, but
it can communicate through multiple satellites to reach
the controller. Although this initial configuration imposes
a delay on the communication in the very beginning,
it can be considered as a configuration mode, which is
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Table I. Notation & Variables Used.

[ Notation | Definition ]
N Number of time slots
) Time slot index
r List of edges of a route
R Set of all possible routes
(5?1 End-to-end delay of a route r at time slot 4
Al Set of active edges at time slot ¢
£l Set of all edges at time slot 4
Ns LISL setup delay
ay] Route activation indicator
D Delay matrix
S Route selection matrix
K Number of all routes
A Route change rate
Ndelay End-to-end delay component for N time slots
Npenalty Penalty component for N time slots
NLE Total end-to-end delay for /N time slots
NLE Average end-to-end delay per time slot

beyond the scope of this paper. After configuring, we
assume that the ground controller has the information of
the traffic demands for which a route must continue to be
provided. Now, as the optimal route from the source GS
to the destination GS changes over time, the controller
needs to calculate and distribute a new route before the
route is required. This means that by the time a new
route is required, the route and the link information need
to be present in the associated nodes. Thus, we assume
that the time stamp difference between two consecutive
routes is greater than the time required to calculate the
new route by the controller, plus the time required to
distribute the new route and link information. Then, when
the end-to-end route changes, new LISLs are established.
In addition to this, and in order to minimize size, weight
and power (SWaP), we assume that satellites do not
have spare optical terminals to serve a given demand.
Therefore, changing routes implies incurring a LISL setup
delay, denoted as 7. Note that 7, will be included in the
end-to-end latency only once even if multiple LISLs are
established. This is because the information on the new
LISLs, which are to be activated, is already present in the
respective nodes. Therefore, new LISLs can be established
independently and simultaneously at the same time. For
the sake of simplicity, we assume the same LISL setup
delay value to establish any new LISL irrespective of the
relative velocity between the associated nodes. Among
all the routes in R, if route r is active at time slot i, we
define a binary variable ay] as 1; otherwise, it is set to O,
as illustrated below:

, _ Al
all =L r=A (1)
0 r# Al

All the variables and their significance are listed in
Table I for a quick reference.

[ll. PROBLEM FORMULATION

First, we define the delay matrix D and route selection
matrix S whose elements are 5?1 and ay], respectively.
Both matrices have N number of columns and [R| = K
number of rows as shown below:

5%1] 5%2] 5%3] 5£N]
sl ol s s

D= . . . .. |, 2)
st ol o s
ol ol QB o
oyl ol of oM

S=| . . e 3)
odd o QB oY

As r denotes the list of edges of a particular route, in (2)
and (3), rather than using r in the subscripts, we use an
integer route ID assigned to r. Some of the elements in D
could be infinity as a route r may not exist for a particular
i due to the mobility of LEO satellites. For example, D
and S for N = 4 and K = 3 where each element of D
represents the latency in milliseconds, are shown below:

26 27 28 oo 1100
D=(27 26 25 25|,S=(0 0 1 0]. @
0o 28 27 26 000 1

The end-to-end delay component for one source-
destination GS pair, and for N time slots, is denoted as
Ndelay- 1N€ Ndelay can be calculated as follows:

N
Nactay = D > 61!, 5)
i=1rerR
The penalty component for a source-destination GS
pair, resulting from the LISL setup delay experienced over
N time slots, is denoted as Mpenaity. The Npenairy can be
determined as follows:

N-1
Npenalty = s Z (1 - Z ay]ayjq]). (6)
=1 reER

To explain (6), we use the example of (4) where we
consider a total of 3 available routes in 4 time slots. In
the 1st and 2nd time slot, route 1 is active; in 3rd time
slot route 2, and in 4th time slot route 3 is active. When
the active route is the same (i.e., from time slot 1 to 2),
Y orer ay]ayﬂ} is 1 leading 7penqity to zero. Similarly,
when the active route changes (i.e., from time slot 2 to 3,
and from 3 to 4), > o ol s 0 leading Mpenaity
to 7ns.

Now, from (5) and (6), we define the total end-to-end
delay for N time slots, nrg, as the sum of 7gerqy and
TNpenalty given below:

NLE = MNdelay + Tlpenalty- (7)

5
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Dividing (7) by N, we get the average end-to-end delay
as given below:

N-1
NLE = Ndelay + Z
=1

From (6), we define route change rate, A, as how
frequently the end-to-end route is changing and it is
represented in percentage as shown below:

1
_ _ [1+1]
A= I El (1 g aolf ) x 100%. 9

reR

= allalit). (®)

reR

Using (8) and (9), g can be related to A\ as follows:

TLE = Taclag + —2- . (10)

100
With the objective of minimizing 7y g, from (7), we
formulate the following minimization problem:

N
FID 9 SLUTERE SIS SN
[rl] i=1rer rerR
(11a)
st Y alfl = L, Vi=1,2.,N, (11b)
TER
ol e (0,1); VreR,i=1,2,..,N. (11c)

The minimization problem (11a) finds the optimal a[ﬁ ]
V r, i. (11b) ensures there is only one active route at each
time slot and (11c) defines aq[f] as a binary variable. Due
to the existence of the sum of products of two binary
variables in (11a), this problem is an integer non-linear
programming (INLP) problem. Now, to convert it to an
integer linear programming (ILP) problem, we substitute
the product of two binary variables as a single binary
variable, and the necessary constraints are as follows:

N N—-1
min 33 oflall 40, 30— 3B (20
ol gl TSR i=1 rer
st. Y all = L, Vi=12.,N, (12b)
reR
ol € (0,1);vreR,i=1,2,..,N,  (12)
il <all:vreRr, i=1,2..,N -1, (12d)
il <ol vreR i=1,2.,N -1,
(12e)
Bii] > a[rﬂ + a[ri"'l] —1;VreR,
i=1,2..,N—1. (12f)

Now, (12a) represents an ILP problem and ILP prob-
lems are proven to be NP-hard [37],[38]. As the route
calculation has to be done in a limited amount of time
in order for a new route to be present in the respective
nodes before it is required, exhaustive search of this
NP-hard problem is not possible. Thus, to solve (12a)
with a tractable complexity, we propose three heuristic
algorithms that are discussed in the next section.

IV. PROPOSED HEURISTIC ALGORITHMS
A. General Principles

Before discussing the technical descriptions of the
proposed algorithms, we first provide a general overview
of all presented algorithms. Each algorithm has two
orthogonal perspectives: how the route is selected, and
how long the selected route is active. Route selection
can be based on the instantaneous or average latencies
of the routes. The route, once selected, can be kept
active for as long as possible (i.e., multiple time slots)
or route selection can be performed in each time slot.
In our benchmark algorithm, we apply Dijkstra’s shortest
route (DSR) algorithm [39] in each time slot. As this
algorithm finds the route based on instantaneous latencies
and route selection is performed in every time slot, the
benchmark algorithm is termed as instantaneous latency
based slotted routing (ILSR) algorithm. Considering a
binary heap-based priority queue implementation of DSR
algorithm, the time complexity of ILSR can be written as
O(N(V+E)logV), where N is the number of timeslots,
V is the number of satellite nodes, and E is the number
of edges in the network.

Our first proposed algorithm termed as instantaneous
latency based persistent routing (ILPR) also selects the
shortest route using DSR based on instantaneous laten-
cies, but keeps the selected route active as long as the
route exists. In average latency based persistent routing
(ALPR), route selection is based on the average laten-
cies of the available routes, and the selected route is
persistently used for as long as possible. Finally, in in-
stantaneous stability and activeness based slotted routing
(ISASR) algorithm, the route is selected based on the
stability of the LISLs and whether the link is already
active or not. In addition, ISASR finds the route in each
time slot.

B. Instantaneous Latency based Persistent Routing
(ILPR)

In ILSR, the end-to-end route is decided based only
on the edge cost (propagation plus node delays); as a
result, the end-to-end route changes whenever the shortest
route changes. This significantly affects the end-to-end
latency, particularly when the LISL setup delay is high. To
tackle this, we design ILPR as an elementary algorithm to
avoid unnecessary link establishment for a high 7 value
and to be persistent on the selected route from source to
destination as long as the route exists. In general, ILPR
searches for the shortest route from source to destination
and keeps that route as active as long as possible. When
the route breaks (i.e., when any of the edges in the route
no longer exist in the new time slot), ILPR calculates the
shortest route at that time slot and keeps that route as the
active route.

We present the steps of ILPR in Algorithm 1. As
inputs, we need the number of time slots we want to solve
the problem, N, and all the edges with the corresponding
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Algorithm 1 ILPR
Input: N, EdgeDelay
Initialization: ay I = 0,Vinr
Output: a[ﬁ]; Vi, r

1: for =1 to N do

2:  if i==1 then

3: All=DSR(EdgeDelay|i])

4:  else

s: if Al'~1 C EdgeDelay[i] then
6: Al = Ali-1]

7: else

8: All=DSR(EdgeDelay|i])

9: end if

10:  end if

11: a,[f'] . =1

12: end fO;_A

delay information for all N time slots as EdgeDelay. Also,
we initialize zero to a[f],v i,r. For each time slot 1,
EdgeDelay|[i] represents a key-value pair mapping with
edge as the key and delay as the value. At the beginning
(i.e., the 1°¢ time slot), we apply DSR on EdgeDelay|i]
to obtain the list of edges as the current active route Al
(lines 2 to 3). After the first time slot, we check whether
the old active route A~ exists. If A~ is a subset of
EdgeDelay([i], it means that all the edges of A~ exist in
the current timeslot . Thus, we retain the old active route
as the current active route (line 6). On the contrary, if any
of the edges does not exist in current timeslot i, (i.e., the
old active route no longer exists), we again apply DSR
on EdgeDelay[i] to calculate the current shortest route as
the new active route Al (line 8). Finally, we set ay]=1
for the route r = Al (line 11).

For time complexity analysis of ILPR, an outer loop
iterates N times. Line 3 introduces a complexity of
O((V + E)logV). In a worst-case scenario, the condi-
tion check in line 5 consistently fails, resulting in the
repeated invocation of DSR N times. The complexity of
the condition check in line 5 depends on the number
of edges in Al'~Y, expressed as O(V) in worst case.
And finally, the complexities of straightforward lines
like 2 and 11 are constant, denoted as O(1). Thus, the
worst-case time complexity of ILPR can be expressed as
ON(V+E)logV+V+1)=0N(V+E)logV).

C. Average Latency based Persistent Routing (ALPR)

It is important to note that ILPR only handles a high
value of 7, by avoiding a change in route as much as
possible. However, for NG (mid to late 2020s) and NNG
(early to mid 2030s) satellite mega-constellations, when
s gradually decreases, a more appealing approach would
be a routing algorithm that is adaptive to the value of 7.
In addition, selecting the shortest route as the end-to-end
route by ILPR is not optimal. This is because the shortest
route is based only on the delay of the edges in the

Table II. Example of ALPR Principle.

(a) List of instantaneous delays.

[ Route | End-to-end delay ]
Route 1 {26,26.5,26.8,27,27.2,27.4}
Route 2 | {26.5,26.6,27.2,27.6,27.8,28.1,28.3,28.4,28.7,28.9,29.1}
Route 3 {26.6,26.9,27.5,27.8,28,28.1,28.4}
Route 4 {27.1,27.2,27.4,27.9,28.2,28.4,28.7,28.9}

(b) Average delays for different LISL setup delays.

[ Route | ns=1ms [ s = 1000 ms |

Route 1 26.98 193.48
Route 2 28.02 118.84
Route 3 27.76 170.47
Route 4 28.1 152.97

network, without considering the penalty 7ns. Motivated
by these shortcomings of ILPR, we present an approach
adaptive to 7 in Algorithm 2 termed as ALPR. In ALPR,
instead of selecting the instantaneous shortest route, we
consider the long-term cost of different routes, select the
average shortest route, and keep that route active for as
long as it exists. The fundamental working principle of
ALPR is as follows: (i) ALPR computes the average
latency of different routes including 75 for the time slots
a route exists, (ii)) ALPR selects the route with the least
average latency and uses the route until it expires, and
(iii)) ALPR only considers disjoint routes in the search
process to reduce the complexity.

To explain the working principle of ALPR, we present
an example in Table II. In Table Ila, we list the end-to-
end delay values for all available routes (assuming 4).
It is important to note that the number of delay values
for the routes could be different because a route may
expire with time. Now, the question is among these routes
which one to select. To determine this, we calculate the
average latency as the sum of all the end-to-end delays
of a route plus 75, and then divide by the number of
time slots the route exists. The route with the lowest
average latency is selected for the time duration in which
the route exists. Table IIb shows the average delay of 4
routes with two different 7, values. We note that when
ns value is small, the route with the least instantaneous
end-to-end delays (i.e., route 1) has the least average
delay. This is because, when 7, value is small, averaging
leads to a higher priority for instantaneous end-to-end
delay compared to n,. Therefore, in this case, the route
with the least instantaneous end-to-end delay is selected.
On the contrary, when 7, value is high, more priority is
given to 77, and the longest existing route will be selected
(i.e., route 2). Ideally, we should consider all possible
routes from the source to destination GS but in mega-
constellations that is not a scalable approach. Keeping this
in mind, we only consider disjoint routes from the source
to destination GS, as disjoint routes will be limited in
number. To calculate the disjoint routes, first the shortest
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route from source to destination GS is calculated. Then all
the edges associated with that shortest route are removed
from the network topology. Next, again a new shortest
route is calculated from the updated network topology
and this process is continued until no more end-to-end
route exists.

In Algorithm 2, the outline of ALPR is illustrated.
ALPR takes one additional input 7, along with that of
ILPR. Initially, we calculate the number of disjoint routes
from the source to destination GS as the minimum number
of edges associated with the source and destination GS
(line 2). From lines 3 to 6 in Algorithm 2, we first calcu-
late the shortest route by applying DSR to EdgeDelay|:]
(line 4). Next, we remove all the edges of that route from
EdgeDelay[i] to find a new disjoint shortest route (line
5). This process is repeated for the number of disjoint
routes to obtain all the disjoint routes. Next, from lines
7 to 9, for each route in DisjointRoutes, we calculate
the average end-to-end latency including 7, for the time
slots in which the route exists. To calculate the average
end-to-end latency including 7 of a route r at time slot i,
we sum all the end-to-end latency values from the current
time slot 7 to the last time slot the route exists (denoted
as /) along with the LISL setup delay 7, and then divide
this sum by the number of time slots the route exists from
the current time slot. Mathematically, the average end-to-
end latency including 7, denoted by T)y’ Vis calculated as
follows:

l
. 1
L [K]y.
. l_i+1(ns+§ ;") (13)

k=i

After we obtain the average end-to-end latencies of
all the disjoint routes, we select the route with the least
average end-to-end latency (line 10) and keep the route
active from time slot ¢ to [ (line 12). Finally, we set the
time slot index ¢ as [ because the end-to-end route is to
be determined from time slot [ + 1 (line 15).

Now we analyze the worst-case time complexity of
ALPR. The execution of line 2 involves a time complexity
of O(E), as all the edges must be checked to calculate the
number of disjoint routes. Lines 3 to 6 can be executed
a maximum of V — 1 times, considering the fact that in
an undirected graph, the maximum number of edges a
node could have is V' — 1. The execution of line 4 has
a complexity of O((V + E)logV). Since a route can
have a maximum number of edges on the order of V,
worst-case time complexity of line 5 is O(V). Moving
forward, line 8 iterates in order of V in the worst-case
scenario. In line 8, first the delay values of the edges
associated with a route need to be accessed, with a worst-
case complexity of O(V). This operation needs to be
repeated for the duration the route exists, which could be
on the order of NV at maximum. Calculating the average of
these N latency values contributes to a time complexity
of O(VN + N). Due to a maximum of V number of
disjoint routes, line 10 requires a complexity of O(V).
For the worst case scenario, the selected route exists

Algorithm 2 ALPR
Input: N, 7n,, EdgeDelay
Initialization: al =0, v i,
Output: cn[f]; Vi,r
1: fori=1to N do
2:  NumbDisjointRoutes=min(Src.edges,Dst.edges)
3:  for j =1 to NumDisjointRoutes do
4: DisjointRoutes[j]=DSR(EdgeDelay|i])
5 Remove edges in DisjointRoutes[j]
EdgeDelay|]

from

end for
7. for j =1 to NumDisjointRoutes do
8: Calculate average end-to-end latency of

DisjointRoutes[j] using (13)
9: end for
10:  jmin = arg min; { DisjointRoutes[j]. AvgLatency }
11: for k=1itol do

12: Al*l =DisjointRoutes|[j,i,, |
13: olF! =1

14:  end fof‘:A[k]

15 =1

16: end for

for only one timeslot, making the rest of the algorithm
O(1) in complexity. However, the outermost for loop is
executed NV times. Combining all of these components,
we express the worst-case time complexity of ALPR as
ON(E4+V(V4+E)logV4+V)+V(VN+N)+V+1)) =
O(NV(NV + (V+ E)logV)).

D. Instantaneous Stability and Activeness based
Slotted Routing (ISASR)

In ALPR, we consider the disjoint shortest routes from
the source to destination GS to reduce the complexity of
the algorithm. However, there may exist a better route
that shares edges between two disjoint routes, and due to
considering only the disjoint shortest routes, we may lose
a better route by not even considering it. This downside
can be addressed by considering all possible routes, but
the solution will not be scalable for mega-constellations.
Thus, for a better and scalable solution, we design ISASR,
where we do not consider all possible routes, but we
modify the existing cost of edges by quantifying the
stability and activeness of the individual edge and then
apply DSR at each time slot. We also remove some
edges from the network search space whose stability
related cost is higher than a certain threshold value to
reduce computational complexity. Modification of edge
cost involves adding a weighted sum of the stability and
activeness-related cost of an edge (denoted by cost,; and
cost,t, respectively) with the old cost. ISASR sets costg;
of an edge proportional to 775 and inversely proportional
to the number of time slots in which the edge exists.
This increases the modified cost of an edge when 7
is high and/or the edge exists for fewer time slots. On
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the other hand, cost,.: is set as a positive value for an
edge that is not active and set as zero for an active edge.
Combining these costs with the old cost of an edge leads
to the selection of more stable and already active edges
when 7, is high. Similarly, when 7, is low, more unstable
edges can be selected and more frequent route change is
inevitable.

In the detailed step-by-step procedures of ISASR
shown in Algorithm 3, along with the required inputs
mentioned in ALPR, additional inputs are required in
ISASR. LinkDetails is a key-value paired map input
where the key is an edge and the value is an array of
time slot indices for which the edge exists. costip,sp 1S
a threshold value to compare the stability-based cost of
an edge, cost,; for deciding whether to keep or remove
the edge from the search space, EdgeDelay. Furthermore,
v is required as an input—a weight factor used to adjust
the edge costs. As mentioned earlier, the old cost of an
edge (referred to as cost,;q) is modified to obtain cost,,,q

as follows:
COSty0d = COStorg + Y{COStsy + COStyer }- (14)

Initialization or updating of costs; follows (15), as
shown below:

0 =N
; e ) < di<N
costl] = { T=7+1 ! fan (15)
i [ <iSI<N
00 I <1 <N.

In (15), denoting f and [ as the first and the last time
slot (f < I) an edge exists in the network, if [ = N,
signifying that a route will not break for the edge within
N timeslot and costs; is assigned as 0. Conversely, if
I < N there are three possible cases: (i) current timeslot
index 4 is lesser than f, and costy; is set to 7y divided
by the number of timeslots the edge exists; (ii) ¢ is in
between f and [, and cost,; is calculated as 75 divided by
the number of remaining timeslots the edge exists; and
(iii) ¢ is greater than [, and costy, is set to co.

From line 1 to 4, cost,.; and cost,; of all the edges in
LinkDetails are initialized. Initially, as there is no active
route, for each edge, cost,; is set to 7, (line 2) and costg;
is initialized using (15) (line 3).

From line 6 to 11, search space, i.e., the size of
EdgeDelay is reduced and costs of edges are updated
accordingly. First, we check for edges between two satel-
lites and have the stability cost (i.e., costs;) higher than
costyprsn. These edges are removed from EdgeDelay|i]
(lines 7 to 9). ISASR keeps all GS to satellite edges
irrespective of their costs, as that could lead to lack of
any connection between a GS to the satellites. Next, we
modify the costs of the edges in EdgeDelay[i] using (14)
in line 10.

After modifying the costs, we find Al by applying
DSR to EdgeDelay[:] (line 12) and ol accordingly (line
13). Now, we find the RouteBreakPoint of the selected
route Al which is the minimum time slot index of the

Algorithm 3 ISASR
Input: N, n,, LinkDetails, cost;p,sn, v, EdgeDelay
Initialization: aL"] =0,Vir
Output: a[ﬁ]; YVi,r
1: for edge in LinkDetails do
2: COStyet = 1s
Initialize costy; using (15)
end for
: for i=1 to N do
for edge in EdgeDelay[i| do
if costy; >costy,rsn then
Remove edge from EdgeDelay][i]
end if
10: Update cost of edge using (14)
11:  end for
12 Al=DSR(EdgeDelay/[i])

D A

13: alf] =1
r=All
14:  RouteBreakPoint=CalcRouteBreak (A",
LinkDetails)
15:  for edge in Al do
16: if 7 # RouteBreakPoint then
17: costger = 0
18: else
19: COStaer = Ms
20: end if

21:  end for
22:  for edge in LinkDetails do

23: Update cost,; using (15)
24:  end for
25: end for

last time slots that the edges in Al exist (line 14). For
example, let us assume that the last time slot indices that
the active edges exist are {105,117,93, 155, 148}. Thus,
RouteBreakPoint for this active route will be 93 as this
route will break after time slot 93.

From line 15 to 21, cost,.: of only the edges of active
route is updated as for the inactive edges, it will be
unchanged. Until ¢ reaches to RouteBreakPoint, cost,.;
of active edges are set to O (line 17) so that active
edges get priority of getting selected at the current time
slot. When the time slot index reaches RouteBreakPoint,
one or more edges of the active route expire, and the
route breaks. At this point, as the inclusion of penalty
is inevitable, cost,.; of all the edges should be the
same, as there is no significance of giving priority to old
active edges anymore. Hence, when the time slot reaches
RouteBreakPoint, cost,.; of all the active edges is set as
ns (line 19). After updating cost,.; of the active edges,
we update the cost,; of the edges using (15) in lines 22
to 24.

In a worst-case scenario, LinkDetails can reach a
maximum size of NE, assuming all the links exist for
only one time slot. Initialization of cost,.; and costgs
each takes O(1) in complexity, resulting in a total time
complexity of executing lines 1 to 4 as O(NE). Lines

9

Authorized licensed use limited to: National Research Council Canada. Downloaded on September 17,2024 at 15:31:04 UTC from IEEE Xplore. Restrictions apply.
© 2024 |IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.



This article has been accepted for publication in IEEE Transactions on Aerospace and Electronic Systems. This is the author's version which has not been fully edited and

content may change prior to final publication. Citation information: DOI 10.1109/TAES.2024.3415571

Table III. Simulation Parameters.

[ Parameter [ Value ]
Number of satellites 1584
Number of orbits 24

Number of satellites per plane 66
Orbit inclination 53°
Orbit altitude 550 km
Speed of a satellite 7.6 km/s [40]
Satellite LISL range 1500 km
GS range 1000 km
Node delay 1 ms
N 600
Duration of a time slot 1 second
COStehrsh 100

6 to 11 have a time complexity of O(E). In the worst
case, no edge is removed from the search space, and
EdgeDelay retains all E entries contributing to a com-
plexity of O((V + E)log V) in line 12. Moving forward,
the number of edges in a route is, at most, in the order
of V, as discussed previously. Therefore, line 14 has a
time complexity of O(V'). Similarly, lines 15 to 21 and
lines 22 to 24 include time complexities of O(V) and
O(NE), respectively. Finally, considering that lines 5 to
25 are executed NV times, the worst-case time complexity
of ISASR can be expressed as, O(NE + N(E + (V +
E)logV+V+V+NE)) = O(N(NE+(V+E)logV)).

V. SIMULATION RESULTS
A. Simulation Settings

In this section, the simulation results for four con-
tenders (ILSR, ILPR, ALPR, and ISASR) are discussed.
We simulate Starlink’s Phase I version 2 constellation of
1584 satellites using Ansys’s Systems Tool Kit (STK)
[41]. This constellation has 24 orbits and each of them
has 66 satellites at 550 km altitude with 53° of inclination
angle [42]. At 550 km of altitude, the satellite speed is
calculated to be 7.6 km/s [40]. We consider LISL range
as 1500 km and GS range as 1000 km [13]. As 5016 km
is the maximum LISL range for Starlink Phase I version
2 constellation calculated in [43], by keeping LISL range
to 1500 km, we ensure that there is no Earth blockage
to the ISLs. In this simulation, we use Walker Delta
constellation with number of neighbours of a satellite
varying with time due to satellites in motion. Considering
very high data rate (tens of gigabits per second) LISLs,
the transmission delay is assumed to be negligible. Also,
as congestion is beyond the scope of this paper, queuing
delay is not considered. In addition, the processing delay
is set to be 1 ms [44], resulting in a total node delay in
each satellite being 1 ms. All the simulation parameters
are listed in Table III. Using constellation parameters, first
we generate the constellation in STK and by interfacing
STK with Python, we extract constellation dataset e.g.,
vertices, edges, and length of edges for 600 time slots
with each time slot being 1 second. Then the constellation

dataset is used to perform the algorithms in Python. First,
we show the average end-to-end latency performance of
the four routing algorithms with different 7, values for
New York-London and New York-Hanoi inter-continental
connections. Next, we show how these algorithms are
adapted with different 7, values in terms of balancing
between the average delay component, 7geiq, and the
route change rate, A\. In ISASR, the parameter ~ is kept
proportional to 7 and in the simulation, we consider v =
7s. In this regard, we show a numerical proof and intuitive
reasoning that « is to be proportional with 7;. We set
costyprsp to 100 unless specified otherwise by observing
the histograms of costy; in such a way that no edges are
removed to show the highest performance of ISASR. We
also compare these algorithms in terms of time complexity
and provide insights into performance versus complexity
trade-offs. Finally, we present a comparative analysis of
histograms of the instantaneous end-to-end latencies of
these four algorithms along with outage probabilities and
average jitter performance.

B. Average End-to-End Latency

Fig. 3 shows average end-to-end latency 7z g variation
with 7, for New York -London (Fig. 3a) and New York-
Hanoi (Fig. 3b) inter-continental connection. Clearly, 7z
increases with 7, as the penalty component increases
with 7s. We can observe a very high value of 7pg for
ILSR compared to the other three algorithms, unless 7
is very small. This is because ILSR does not consider
7)s into account and changes the end-to-end route based
only on the delay component, 74e1qy, Which affects 775
significantly for medium to high 7, values’. In contrast,
being in the selected old shortest route as long as possible
by ILPR gives a significant improvement in 5. As dis-
cussed earlier, ILSR and ILPR are not 7, aware whereas
ALPR and ISASR are. ILSR and ILPR always select the
shortest route (current or old), whereas ALPR selects the
route that is the best average-wise. Therefore, for high 7;,
ALPR selects a more stable route that may not always be
the shortest, and for low 7, ALPR focuses more on the
delay component rather than the penalty. Thus, we can
see a clear improvement in ALPR as compared to ILSR
and ILPR for medium to high 75 for both inter-continental
connections. In the lower range of 7, as depicted in the
zoomed-in portions, both ILPR and ALPR exhibit the
same performance. At lower 75 values, ALPR’s approach
to calculate the average delay for multiple disjoint routes
assigns higher significance to instantaneous latency over
the penalty, 1. Consequently, this leads to the selection
of the instantaneous shortest route and keeps the route
active, effectively converging towards ILPR behavior as
7 1s reduced. An additional performance improvement is
evident in ISASR across all 7, values compared to ALPR.
Interestingly, for ; = 1 ms, the performance of ILSR

3Low, medium, and high values of 75 are in the range of 1 to 10 ms,
10 to 100 ms, and 100 to 1000 ms, respectively.
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becomes slightly better than that of ILPR and ALPR. This
is because of the tendency of ILPR and ALPR to stick
with a chosen route even when better alternatives exist,
and route changes incur only minor penalties. On the other
hand, ISASR still outperforms ILSR for 7, = 1 ms be-
cause of its adaptive cost modification and the flexibility
to switch routes at any time slot. Comparing the end-to-
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Figure 3. Plot of average end-to-end latency (j.g) Vs
LISL setup delay (7s) for 2 inter-continental connections
(New York-London and New York-Hanoi). The general
trend shows that higher 7, leads to a higher 775 for all
four algorithms (ILSR, ILPR, ALPR, and ISASR). For
medium to high values of 7, the g is maximum for
ILSR (depicted by the solid black line) and minimum
for ISASR (represented by the solid red line). As shown
in zoom-in squares, for very low values of 7n,, ALPR
(represented by the solid blue line) and ILPR (represented
by the solid green line) have marginally higher values of
nre compared to ILSR.

end latencies in Fig. 3a and Fig. 3b of a specific algorithm,
the average latency of New York-Hanoi is higher than
New York-London. This is straightforward because both
the delay and penalty components of New York-Hanoi are
greater compared to those of New York-London. As the
delay component comprises propagation and node delays,
a longer source-destination connection implies higher
propagation delay along with increased node delay owing
to a greater number of intermediate hops. Furthermore, a
longer connection entails more edges along the end-to-
end route, elevating the likelihood of route disruptions.
Consequently, this contributes to an increased A value and
subsequently a higher penalty component.

Using (10), we present the breakdown of 7.z as
shown in Fig. 4 of New York-London as the average
delay component, 7geiqy and the route change rate, A.
This visualization is intended to offer enhanced clarity
into the dynamics of the four algorithms. Starting with
ILSR and ILPR algorithms, both 7gcqy; and A exhibit no
variations with respect to 7, as they are not adaptive to
7ns. Compared to ILSR, in ILPR, 7geqy is slightly com-
promised to focus more on A for improved performance
in 7. However, this policy is effective only for high 7,
values, necessitating a proper balance between 7ge4, and
A for any given 7,. Moving forward to ALPR and ISASR
algorithms, we observe a greater degree of compromise on
Ndelay and more focus on A for high n, values. However,
as 7, is reduced, the emphasis shifts from A towards 7geiqy
such that the combined effect of 7geiqy and A on 7 is
minimized. For lower values of 7,, both of the metrics
Ndelay and A\ of ILPR and ALPR tend to converge which
essentially leads to the same average latency performance,
as discussed earlier.

C. Selection of v in ISASR

In Fig. 5, we show how 7z g varies with ~ in ISASR
for New York-London inter-continental connection for a
specific 7 value. Note that for two different 75 values, we
use two different y-axis scales for ease of visualization.
The purpose is not to compare these two curves with each
other, but rather to show that beyond the specific value of
7s, the g obtained has a convex nature that allows for
optimization by fine-tuning the v parameter. When ~ is
smaller than the optimum, from (14), we can say that less
priority is given to costs; and cost,., and more priority
to the old cost, i.e., the delay component that leads to
unnecessary route change affecting nrz. Similarly, for
a higher ~, more priority is given to costs; and costye
along with less priority to delay component, leading to
an increase in the delay component in 777 g and eventually
nLe- We also note that the optimal value of ~ increases
with 7, which motivates us to select y proportionally
to ns. This is simply because, with the increase in 7,
more priority is required to costs; and cost,.; which also
means more priority to the penalty component. We show
how close our operating points are to the optimal region.
Finding and using the optimal + in ISASR is beyond the
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Figure 4. Plot of average delay component (7geiay)
and route change rate (A\) vs LISL setup delay () for
New York-London inter-continental connection. Differ-
ently than ALPR (shown by solid blue line) and ISASR
(shown by solid red line), ILSR (shown by solid black
line) and ILPR (shown by solid green line) are not
adaptable with 7, thus having a constant 7gejqy; and A
value with respect to 775. On the other hand, for ALPR
and ISASR, higher 7, leads to a higher 7geiq, and lower
A. For med to high 7 values, ALPR has maximum values
of 7gelay While ISASR has minimum values of .

scope of this study, and one can easily build a recursive
model such as gradient descent to find the optimal ~.

D. Time Complexity Analysis

In this discussion, we present a comparative analysis
of the computational time for end-to-end route calcula-
tions for 600 time slots. We record the computational time
for 100 iterations and show how the average computa-

I —_F=1)s = 50 ms
@ Operating point for n, = 50 ms
¥ =0—7. =1 ms Y

@ Operating point for n, = 1 ms

(ms)

TILE

107! 10!

1073

v
Figure 5. Plot of 7. vs 7 in ISASR for two different
LISL setup delay (ns) values along with the operating
points for respective 7. The orange curve with ns = 50
ms uses the left y-scale and the purple curve with ny, =1
ms uses the right y-scale. In both curves, g shows a
convex nature with respect to ;.
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Figure 6. Plot of computational time vs LISL setup delay
(ns) for New York-London inter-continental connection.
Differently than ALPR (shown by solid blue line) and
ISASR (shown by solid red line), ILSR (shown by solid
black line) and ILPR (shown by solid green line) are not
adaptable with 7, thus having a constant computational
time with respect to 7. On the other hand, for ALPR and
ISASR, higher 7, leads to a lower computational time.

tional time varies with the LISL setup delay in Fig. 6.
In this analysis, computations were performed on a com-
puter equipped with a 2.3 GHz CPU-Intel(R) Core(TM)
i5 processor and 20 GB RAM. Clearly, ILPR has the
least complexity because of its simplicity. As ILPR only
applies DSR when the previous shortest route expires and
holds on to the selected route as long as possible, DSR
is applied only on the first time slot and whenever the
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route changes. This makes ILPR the least computationally
complex among all three proposed algorithms. In addition,
it can be observed that among the three algorithms, the
higher the complexity, the better is the performance. ILPR
has the least computational time and worst performance
compared to ALPR and ISASR. Similarly, ISASR has the
highest computational time and best performance. This
shows the trade-off between complexity and performance.
The rationale behind the constancy of ILSR and ILPR
curves with respect to 7, is evident. As discussed earlier,
for a higher 75, ALPR tends to select a route with higher
stability, i.e., a route that exists for the longest time.
Consequently, if ALPR selects a route with the longest
duration of existence, the number of times the algorithm
runs to find an end-to-end route for N time slots is less.
This leads to a lesser computation time. Conversely, as 7
decreases, stability becomes less pivotal, allowing greater
emphasis on the delay component. Thus, the selection of
the route gradually moves from the highest stable route
to the shortest route. So, as 7y decreases, the chosen
routes exhibit reduced existence times. As a consequence,
the number of times the algorithm runs increases and
this leads to increase in the computational time. Next, to
analyze ISASR, we split Algorithm 3 into three segments
that vary with 7y as follows: lines 7 to 9 entail the
elimination of edges from the search space (computational
time= 7); line 10 modifies edge costs (computational
time= 79); and line 12 is to find the shortest route by
applying DSR on the network with modified edge costs
(computational time= 73). It is worth noting that certain
lines are not included in 7., ¢ = 1,2,3 because the
computational time of those excluded lines does not vary
with 7. In this comparison study, for four 7, values,
we keep costn,sn, fixed at 1 for ISASR. With costg;
being directly proportional to 7,, costy; increases with
7s, necessitating the elimination of more edges. This
contributes to an increase in 77. Paradoxically, this has
a converse impact on 7y. As 7, increases, more edges are
removed from the search space, results in fewer edges
necessitating cost modifications, thereby reducing 7. In
addition, fewer edges exist in the search space, leading
to DSR being applied on the truncated network, and
consequently reducing 73. Given that 75 + 73 surpasses 71,
the collective outcome of these factors results in a decline
in computational time as 7, is increased in ISASR.

E. Outage Probability

Until now, we have discussed the performance of
the routing algorithms from the perspective of average
end-to-end latency. However, from the user experience
perspective, along with the average latency performance,
worst-case delay is also relevant for acceptable QoS.
Although the proposed algorithms are not designed to
handle worst-case delays, we compare these algorithms
from the outage probability perspective, where an outage
event is defined as the instantaneous end-to-end latency
being greater than the QoS constraint, i.e., an end-to-

end latency threshold. In this context, we first discuss the
histogram plots of the instantaneous end-to-end latencies
for four 7, values in Figs. 7, 8, 9, and 10. It is worth
highlighting that each of the histograms presented in Figs.
7, 8, and 9 has been separated into two distinct figures.
This division is due to a notable gap that exists between
two sections within the complete histogram. The portion
with lower end-to-end latencies are the occurrences where
there is no route change, and higher end-to-end latencies
are those with the route change events. In addition, the
latency gap between these two portions is in the order
of n, value, as expected. In Figs. 7, 8, and 9, we can
observe that there are fewer occurrences of ILPR in the
higher latency portions compared to ILSR and more in
the lower latency side. This is simply because ILPR has
a lower route change rate than ILSR. As expected, the
histograms do not change for ILSR and ILPR with #;.
On the contrary, in ALPR and ISASR, as shown in Fig.
7 that most of the occurrences are in the higher side of
the low latency portion of the histogram. This is due to
the fact that in order to avoid the inclusion of a high
penalty, ALPR and ISASR must go through longer and
more stable routes in the network. As 7, is reduced (Figs.
8-10), this dense occurrence part of ALPR and ISASR in
the low latency portion of the histogram gradually shifts
left which signifies ALPR and ISASR gradually move on
from longer stabler routes to shorter less stable routes, as
the inclusion of penalty for establishing a route reduces.

In Fig. 11, we show a comparative analysis of out-
age probability for the four routing algorithms, and for
four different 7, values. As discussed before, ns may
be reduced from tens of seconds to milliseconds, and
the QoS constraint will be more stringent in the future.
Therefore, we consider a decreasing QoS constraint, 7¢g
as 40,35,30, and 27 ms for 7, as 1000, 100, 10, and
1 ms, respectively*. In Fig. 11, for n, = 10,100, and
1000 ms, outage probabilities are basically represented
by respective route change rates. This is because the
respective QoS constraints are in between the two portions
of the histogram, and the portions with higher end-to-
end latencies are due to the route change events. Thus,
ILSR and ILPR outage probabilities are constant, and
ALPR and ISASR curves are decreasing for those three
ns values. This concept is not applicable for n, = 1
ms scenario as the lower and higher histogram portions
overlap with each other in this case.

F. Average Jitter Performance

In Fig. 12, we present the comparative study of
average jitter of four routing algorithm varying with ;.
The average jitter is measured as the average of the
differences in the end-to-end latencies of two consecutive

4QoS constraint for ns = 1 ms is considered as 27 rather than 25 as the
minimum end-to-end delay for New York-London with 1500 km LISL
range is more than 26 ms
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Figure 7. Histogram of instantaneous end-to-end latency with 1000 ms LISL setup delay.
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Figure 12. Plot of average jitter vs LISL setup delay
(ns) for New York-London inter-continental connection.
The general trend shows that higher 7, leads to a higher
average jitter for all four algorithms (ILSR, ILPR, ALPR,
and ISASR). The average jitter is maximum for ILSR
(depicted by the solid black line) for any 7. On the other
hand, for medium to high values of 7, the average jitter
is minimum for ISASR (represented by the solid red line),
whereas, for low values of 7;, ALPR (represented by the
solid blue line) and ILPR (represented by the solid green
line) show the minimum average jitter.

time slots, as shown below:
;N

Average Jitter = ¥ 1 ; |ol) — gl (16)
As 7, increases, the fluctuation in end-to-end latencies
increases as well, which eventually leads to an increase
in the average jitter. Interestingly, for ILSR and ILPR,
the average jitter increases at the same rate, as they are
not adaptive to 7s. On the contrary, as ALPR and ISASR
reduce the route change rate with an increase in 7, the
rate at which the average jitter increases, reduces for
them with the increase in 7,. For the lower range of 7;,
as ILPR and ALPR essentially become the same, their
average jitter values also become the same. In the medium
to high range of 75, ISASR performs the best from the
average jitter performance perspective owing to its low
path change rate compared to the other three algorithms.
On the other hand, as 7, is reduced, in ISASR, the end-
to-end route changes more frequently than that in ILPR
and ALPR. This degrades ISASR performance compared
to ILPR and ALPR.

VI. CONCLUSION AND FUTURE WORK

Improving the energy efficiency of NG and NNG
FSOSNSs will require the calculation of on-demand routes
and the consequent establishment of dynamic LISLs. This
will involve considering link setup delays as penalties that
will affect end-to-end latency. In this work, we formulated

a mathematical optimization framework to determine the
routes that minimize average end-to-end latency for a
source-destination ground station pair, and for any LISL
setup delay.

To solve the problem with tractable complexity, we
designed three heuristic algorithms with a varying degree
of complexity. These algorithms were compared with a
benchmark algorithm in terms of average latency in two
inter-continental scenarios: New York-London and New
York-Hanoi. The results show that ILPR, ALPR, and
ISASR schemes are able to reduce the average end-to-end
latency in exchange for an increase in execution time. In
general, this is achieved by selecting routes that may not
have the lowest instantaneous latency, but are more stable
over time, and incur a lower route change rate and setup
delay penalties. In addition to this, the ALPR and ISASR
schemes are adaptive to the setup delay value, and can
trade off between minimizing instantaneous latency, and
incurring a route change, as the setup delay penalty is
reduced.

Furthermore, we presented a comparative study of the
computational time of the proposed and benchmark algo-
rithms, and highlighted the trade-off between performance
and complexity. Finally, we studied the distributions of
instantaneous end-to-end latencies along with outage and
average jitter performance, which emphasized the impor-
tance of worst-case delay based routing.

As future work, we envision the following extensions
as compelling lines of research:

e Queue status of different satellites associated with
respective active LISLs plays a crucial role in se-
lection of routes and eventually the set of active
links at a particular time. In addition to propagation,
node, and link setup delays, traffic flow can lead to
congestion in different parts of the network causing
additional delays. Considering queuing delays in
satellites along with link setup delay in the route
selection may provide additional advantages to those
studied in this paper. In particular, we envision the
use of machine learning models to predict congestion
situations even before they occur, and use these
predictions as input to the route selection and link
establishment process. In this regard, usage of ad-
ditional laser terminals can mitigate the affect of
LISL setup delay at a cost of size, weight, and
power (SWaP) of the payload and communication
overhead. This also necessitates the evaluation of
payload power consumption. On the other hand, if
the link establishment process is done too conserva-
tively, this may lead to decreased energy efficiency.
This motivates the study of the energy efficiency-
latency trade-off in next-generation satellite mega-
constellations.

e In the next 10-20 years, there will be satellite con-
stellations of different generations, companies, and
agencies, with different PAT technology. This im-
plies that LISL configuration delays may be highly
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heterogeneous. Furthermore, depending on the rela-
tive velocities of two satellites, which may be in dif-
ferent orbits, the LISL configuration delay will vary.
This indicates the importance of having efficient
routing algorithms that can handle heterogeneous
LISL setup delays across the satellite network.
This work focused on the establishment of a route
between a pair of terrestrial endpoints. However,
the inclusion of different types of traffic (voice,
data, video), link and node capacities, and required
reliability, may demand the use of more than one
route. In this sense, it is also necessary to consider
the cases of one source with multiple destinations
(site diversity), and multiple sources with multiple
destinations having a different traffic load for each
source-destination pair.

While the primary goal of this work was to minimize
average latency, our findings indicate that worst-case
latency and jitter are equally crucial performance
indicators for ensuring a smooth user experience.
Designing algorithms that optimize these metrics
will be the central focus of our future research.
Finally, to ensure scalability in implementation along
with performance improvement, exploring alterna-
tive strategies for identifying a finite set of routes,
rather than solely considering disjoint routes, could
be advantageous.
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