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Abstract

Efficient delivery of content to areas where terrestrial Internet service is unavailable can be possible via content caching at low earth
orbit (LEO) satellites. Cached content in several LEO satellites must be delivered via inter-satellite links (ISLs) with appropriate routing
techniques. Until now, content caching and routing techniques have been optimized independently. To tackle this issue, the optimization of
selecting a content-cached satellite and routing is jointly performed, using the example of Earth observation data cached across multiple
satellites. In this paper, we first formulate a dynamic power minimization problem constrained by the queue stability of all LEO satellites,
where the control variables are the selection of content-cached satellite and routing in every satellite. To solve this long-term time-averaged
problem, we leverage Lyapunov optimization framework to transform the original problem into a series of slot-by-slot problems. Moreover,
we prove that the average power consumption and the average queue backlog by the proposed algorithm can be upper-bounded via theoretical
analysis. Finally, through extensive simulations, we demonstrate that our proposed algorithm surpasses existing independent content-retrieval
algorithms in terms of power consumption, queue backlog, and fairness.
©2024 The Author(s). Published by Elsevier B.V. on behalf of The Korean Institute of Communications and Information Sciences. This is an open

access article under the CCBY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Recently, companies like SpaceX, Telesat, Amazon, and
OneWeb have been making significant efforts to provide global
Internet access using low earth orbit (LEO) satellites. In addi-
tion, LEO satellite networks not only provide typical Internet
services but also handle the transmission of content delivery,
such as video clips on earth observation. Recently, the satellite
traffic for this content delivery has been rapidly increasing,
leading to severe congestion of inter-satellite links (ISLs)
between source and destination [1]. Fortunately, however, LEO
satellite networks are structured in a mesh network topology,
which makes it easy to route data through alternative paths.
Therefore, we can alleviate link congestion and enhance trans-
mission rate by distributing traffic load through alternative
routes.

Content caching is a well-known technique that signifi-
cantly reduces backhaul loads and content retrieval time in
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terrestrial networks. Similarly, caching content on LEO satel-
lites can significantly reduce the retrieval time of the content
thanks to the short distance between the destination and the
cached satellites. For example, in the case of earth observation,
observed video clips can be transmitted efficiently by pre-
caching them on nearby satellites with the destination area.
It would be the best to pull this content from the nearest
satellite with low-congested links. However, since the wireless
channels and the content request pattern change over time,
the content must be dynamically retrieved from the satellite
among multiple cached satellites with consideration of the
time-varying parameters.

The transmission power of satellites in ISLs is crucial, as
they rely on solar panels to store energy in their batteries,
unlike routers in terrestrial networks [2]. High power con-
sumption for data transmission shortens the lifespans of the
satellites, especially for small LEO satellites with approxi-
mately a five-year span. Moreover, recent LEO satellites have
provided more various functions, which escalate the usage of
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power. Therefore, it is essential to develop the power-efficient
operations of the data transmission in LEO satellites.

Hitherto, a few studies have addressed content caching and
routing algorithm together in satellite networks, e.g., [3] where
they not only independently optimize the content caching
and routing but also propose the routing algorithm without a
consideration of link congestion. In this paper, we are first to
propose a joint cached node selection and congestion-aware
routing, namely JCCR algorithm, that stabilizes transmission
queues and minimizes the power consumption of all satel-
lites in the ISL-based LEO satellite networks by leveraging
Lyapunov drift-plus-penalty framework [4]. The proposed al-
gorithm captures dynamic aspects of the wireless channel
gains, network loads of ISLs, and content request rates. Our
contributions are as follows.

e To the best of our knowledge, this paper is the first to op-
timize cached satellite selection and routing jointly. We
propose the distributed JCCR algorithm that determines
the cached satellite node, delivery links, and transmission
power every time slot to minimize average transmission
power constrained by queue stability.

We theoretically prove the upper bounds of average
transmission power and average queue backlog forr the
proposed algorithm.

Through extensive simulations, we demonstrate that
JCCR consumes less power for the same delay per-
formance and shows superior performance in terms of
queue stability and fairness compared to the existing
independent control algorithms.

2. Related work

Recently, advancements in satellite onboard computers en-
able us to efficiently deliver content by storing it directly
on the satellites. For example, some papers [5,6] addressed
content placement in satellites aiming to minimize the latency
of the content delivery. However, they relied on one-shot opti-
mization and did not account for dynamic variations of satellite
topology and wireless channel gains. Meanwhile, there were a
few studies on predicting cached contents in the satellites and
routing control algorithm [3]. However, they focused solely on
determining the content-cached satellites and used the shortest
path routing leveraging the conventional Dijkstra algorithm.

There were various routing schemes aimed at minimizing
data transmission delay [1] or transmission failure [7] for
LEO satellite networks. Originally, the back-pressure routing
algorithm is a widely used technique in terrestrial multi-hop
networks, which dynamically distributes traffic loads over the
entire networks [8,9]. In satellite networks, Deng et al. [10]
redesigned the backlog of backpressure routing technique us-
ing the inter-satellite distance to suit the satellite environment
while reducing delivery time and ensuring network stability.
More practically, Chen et al. [11] proposed a theoretical model
to estimate the ISL hop count between any users by consid-
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Fig. 1. A content-cached satellite selection and routing framework. (For
interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

ering constellation in mega-constellation networks based on
LEO satellites. Afterward, a similar group [12] proposed an
explicit or analytical algorithm to solve the Shortest distance
path problem based on LEO constellation topology and ISL
distance. They contribute practical insights that can be lever-
aged to approach the joint optimization of cached satellite
selection and routing more realistically.

In summary, most prior works did not consider the trans-
mission power consumption of satellites nor model the time-
varying nature of wireless channels and the content requests.
Moreover, there were no effective joint optimization algo-
rithms of dynamic routing and cached satellite selection.
Hence, we first propose an online-fashioned optimal cached
satellite selection, delivery links, and transmission power con-
trol algorithm.

3. System model

Fig. 1 illustrates a content-cached satellite selection and
routing framework. There are N satellites in networks. We
consider earth observation data (e.g., video clips) as the con-
tent. In this framework, we account for a series of time slots
indexed by t € T = {0, 1, ..., T —1} where each time slot has
a duration of Az (in seconds). Each satellite node n € N is
connected by optical ISLs. The content is only requested from
an area covered by the destination satellite. We assume that a
few satellites are equipped with a cache to store content, and
the same content is cached in the satellites. When a user re-
quests the content, one of content-cached nodes' is selected as
the source node. Then, each node determines the delivery link
and transmission power considering the queue backlog and
wireless channel states of the link between neighbor satellites.
Finally, at the destination node, the content is downloaded to
the terrestrial networks with a fixed transmission power.

1 Hereinafter, we name satellite as node.
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3.1. Satellite content delivery model

The transmission power consumed by satellite node n at

9 pn,max}~ By
applying Shannon’s capacity formula [13], the transmission

time slot ¢ is defined as p,(t) € {0, pumin, - - -

rate [, (1) of the link is modeled as follows.

pn(t)hnb(t))

2
where §,,(t) € {0, 1} represents the delivery link selection

Hnp(t) = 8 (1) By 10g2(1 + ey

Oth

variable among candidate nodes connected to the current node
n, o} is the thermal noise power, and B, is the ISL bandwidth.
Here, §,,(t) = 1 indicates that the link (n, b) is determined

as the delivery link at time slot 7. The thermal noise power is

+2
<lth

the power spectrum density of thermal noise. Here, we have

expressed by o, )+ B, where (i2) is the average value of

(ifh) = kTy, where k denotes the Boltzmann’s constant and

Ty represents the temperature of the system. Moreover, the
channel gain h,,(¢) between node n and b at time slot ¢ is

).

where n'/", G'/", L'/" represent the optical efficiency, trans-

expressed as follows [2,14].

w

- 2
A d,,() @

By (1) = n’n’GtG’L’L’<

mitter/receiver gain, and pointing loss factor of the transmit-
ter/receiver, respectively, w is the operating wavelength, and
d,(t) represents the distance between node n and b at time slot
t. The transmitter gain G' is defined as G’ = 16/(0")?, where
O' is the full transmitting divergence angle. The receiver gain
G" is defined as G" = (D"«/ w)?, where D’ is the receiver
telescope diameter. The transmitter/receiver pointing loss L'/"
is defined as L'/" = exp(—G'/"(0'/")?), where 6'/" is the
transmitter/receiver pointing error.

A node n has a queue backlog Q,(t), which represents the
congestion level for delivering content to the destination node.
The transmitted content from node n to other nodes is denoted

as X,(t) = Z,ivzl WUnp(t), and the content transmitted from
other nodes to node n is denoted as Y,(r) = Zfl\’:l Han (),

where X, (1) < Xpax, Yn(t) < Y,ax. The caching indicator
of the content in node # is denoted by I, € {0, 1}, e.g., I, = 1
when node n caches the content. Let U(r) € {0, 1} be an
indicator of whether a user requests the content, assumed to
be independent and identically distributed in every time slot.
When the user requests the content, i.e., U(f) = 1, one of
content-cached nodes is determined as a source node. The
source node indicator for node n can be denoted by K,(¢) €
{0, 1}. Note that K, (f) changes as time goes by. If a source
node is selected, i.e., K,(t) = 1, the requested content with
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a size of sy arrives at the transmission queue Q,(t) of source
node n. Transmission queue Q,(¢) for node n evolves as

+

+ Yn(t) +stil(t)7
[ S—
arrival by content request

0.t +1)= [Qn(t) - xnm] 3)

where [x]*= max(x, 0). After the content arrives at the desti-
nation node, similar to (1), the arrived packets are transmitted
to the terrestrial area with a constant transmit power so that
the end user can receive the content.

4. Problem formulation

We consider a long-term optimization problem aiming to
minimize the average transmission power consumption con-
strained by network queue stability of all nodes as follows.

T—1 N
1
P): min lim — (1),
P) 1?,1;,1}, TLIEQTZZP )
=0 n=I
1 T-1
st (C1): limsup - > 0u(t) <00, Vn e N,
T—o00 =0

(C2): K,(t) € {0, 1},

where (K, 8, p) £ {(K, (1), 8,(1), )2y, Vn € N}. The
constraint (C1) implies that the queue length of every node
must be maintained as finite, i.e., all content requests should
be serviced within a finite time. The constraint (C2) means that
cached nodes can be selected as a source node or not.

VI, = 1,

4.1. Lyapunov optimization approach

We design a joint cache selection and congestion-aware
routing (JCCR) algorithm by employing the Lyapunov opti-
mization approach [4]. To achieve this, we first define the Lya-
punov function L(¢) and Lyapunov drift A(L(t)) as follows.

1 N
L) = 5 00y,
“

n=1

A(L@) = ]E|:L(t + 1) — L) | Q(r)],

where Q(t) = {Q,(t), Vn € N'}. Next, we define the Lyapunov
drift-plus-penalty function as follows.

N
A(L1)) + VIE[Z pa(0) | Q(r)], ©)
n=1

where V is a trade-off parameter between power and queueing
delay. Here, the penalty function is the sum of the transmission
power consumed during time slot #.> Now, the minimization
problem of (5) every time slot becomes equivalent to the
original problem, (P) [4].

Then, using the following Lemma 1, we derive an upper
bound of the Lyapunov drift-plus-penalty function.

2 Note that the minimization problem of average transmission power can
be directly decomposed into a series of power minimization problem every
time slot.
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Lemma 1. For all feasible sets of control variables (K,(t),
anb(t)v pn(t)), we have.'

N
A(L®) + VE[Z Pa(®) | Q(r)]

n=1

N
<B+ VE[Z pa(®) | Q(t)} 6)
n=1

+ E[i(gm(n(z) +5Ka() = X,(0)) )| Q(t)},

n=I1

2 2
where B = %N((Ymax ~|—Sf) + (Xmax> )

Proof. From the queueing dynamics (3), utilizing the value
of Xpmaxs Yimax and the fact that [x]? < x2, we have:

Qut+ 17 = 00 + 20,0 (Yalt) + 5, K1) = X,(1))

+ (Vnaw +57) + (Xoar) ™

For all nodes, by summing up (7) and the expected trans-
mission power consumption, we obtain the upper bound of the
Lyapunov drift-plus-penalty function (6). [

JCCR can be developed by minimizing the upper bound of
the Lyapunov drift-plus-penalty function for each time slot.

By expressing for node n, we can reorganize the upper
bound as the following problem.

N N
VY o+ Y spKa(0)Qu(0)

min
Kn(1),8,p(1), pn(t)

n=1 n=1
N
-y unbm[Qn(t) - Qb(r)}. ®)
n,b=1

5. Joint cache selection and congestion-aware routing
(JCCR) algorithm

The JCCR algorithm jointly determines the source node,
delivery link, and transmission power (K, (t), §,5(t), p,(¢)) in
a distributed manner every time slot. Since this algorithm
is operated in an online manner, it can achieve long-term
optimization without requirements of any statistics on future
wireless channel states and content arrivals. Then, the JCCR
algorithm is operated according to the following procedures.
Determining source node phase: For every time slot, the
JCCR algorithm first checks whether there is an arrival for the
content request or not. If there is an arrival for the content
request, the algorithm makes a decision of a source node
among content-cached nodes so as to satisfy the following
problem.

N
min ;stann(r), VI, =1. (10)
Here, we assume that the queue backlog information (i.e.,
0,()) of cached nodes can be received via a centralized
satellite such as medium earth orbit (MEO) or geostationary
earth orbit (GEO) satellites. The data size of this information
is approximately a few bytes, so the load of exchanging

ICT Express 10 (2024) 1199-1205

Algorithm 1 JCCR Algorithm: At each time slot 7.

initialize: o2, n'/", L'", G'/", w, and I,.
input: Q, (1), duy(t), U(t). output: K, (1), 8,p(1), p(?).
Determine source node phase:
if a user requests a content then
Find K;(t) = argming , S0 s K, (1)Q,(t), VI, =
1.
end if
Buffering phase:
if node n is the selected source node then
Update the queue by Q,(t+1) <= Qpx(t)+Yy<(t)+s55.
10: else
11:  Update the queue by Q,(r + 1) < Q,(¢) + Y, (¢).
12: end if
13: Routing phase:
14: if node n is not the destination node then
15:  for all transmittable candidate nodes of node b do
16: Calculate channel gain £,,(¢) by (2).

BANF-I A

Find (8}, (1), pi(1))

N
— argmin Vp,(1) - Zunm)[gnm - Qb(r)]
Snp(t),pn(t) b=1
©))

18:  end for

19:  Get the next hop b, transmit packets p on link (n, b).
20: else

21:  Download to the terrestrial with constant power.

22: end if

+
23: Update the queue by Q,(t + 1) < [Q,,(t) — Xn(t):| .

information among satellites is negligible, and thereby, there
is no issue with operating the JCCR algorithm in a distributed
manner. Despite its simplicity being its strength, choosing a
node with a short queue backlog as the source node also
significantly reduces transmission power consumption.
Buffering phase: At each node, packets for the requested
content are arrived at the transmission queue with respect to
the determined source node. Here, the input of the transmis-
sion queue for the source node is the sum of all incoming
packets from neighbor nodes and the amount of requested
single content. Then, the transmission queue of the source
node evolves as follows.

Ot + 1) < Qpx(1) + Yy (1) + 5. (1D

On the other hand, if the node is not a source node, the input of
the transmission queue for the node is the sum of all incoming
packets from neighbor nodes as follows.

On(t +1) < Qu(1) + Y,(0). 12)

Routing phase: If node n is not a destination node, the
delivery link and the transmission power are determined by
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solving the following problem.

min
Sup (1), pu(t)

N
Vpult) = Zunbm[gn(r) - Qba)}. (13)
b=1

Here, the first term with V strives to minimize the transmission
power, and the second term without V operates so as to
minimize the difference in the queue backlog between node
n and b. For the same V value, as the transmission power
increases, the JCCR algorithm selects a delivery link that is
able to stabilize queues with a small transmission power. On
the other hand, as the queue difference between n and b
becomes larger, the JCCR algorithm increases the transmission
power to reduce the queue difference regardless of wireless
channel states. The power-delay trade-off is controlled by the
parameter V. As V increases, the transmission power can be
reduced by trading a longer delay. By applying the determined
delivery link and transmission power from (13), the packets are
transmitted to the next hop, i.e., node b. Then, the transmission
queue evolves as follows.

Ot +1) < 0,(1) = X,(2). (14)

On the other hand, if node n is a destination node, the
content is downloaded to the terrestrial networks with constant
transmission power. It is worth noting that because the JCCR
algorithm stabilizes the queues of all nodes, it can compensate
for the weakness of distributed load balancing in satellite
networks, which is the inability to consider the entire traffic
load [15].

5.1. Theoretical analysis

The long-term optimization problem (P) always has an
optimal policy as the following Theorem 1.

Theorem 1. For any average arrival E[s;U(t)] = A within
the capacity region A L € A, there exists a stationary
randomized policy m* that determines (K,(t), 8,(t), pu(t))
every time slot while satisfying the following condition.

E| X, (8", pnm”*)} > E[m) + st,,m”*],

E pn(t)”*} = p(h), (15)

where p(A) is the minimum average transmission power that
can be achieved through control to serve a given arrival rate A.
Then, we can derive the upper bounds of average transmission
power and queue backlog as follows.

Theorem 2. Assume that there exists € > 0 such that

A+ € € A. Then, the JCCR algorithm achieves the following
peiformance bounds.

lim sup — Z E[Z Qn(t)i| w

T—o0

=N 5 (16)
hmsup—ZIE[an(t)] < p(k-}-g)_}_ —
T—00 t=0 n=1

3 1t is the set of arrivals of a requested content that the system can serve
within a finite time
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Fig. 2. Network topology. Content-cached nodes are displayed in yellow-
colored, and the destination node is displayed in red-colored. (For
interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

Table 1
Simulation settings.
Parameter Value
User request B(%)
ISLs bandwidth [GHz] 10
Downlink bandwidth [GHz] 2
ISL transmission power [W] [0, 0.1, ..., 1] [2]
Downlink transmission power [W] 20
Content size [Gbits] 290
Distance between satellites [km] N (3000, 1000%) [2]
Laser wavelength [nm] 1550 [2]
Transmitter/Receiver optical efficiency 0.8 [2]
Full transmitting divergence angle [urad] 15 [2]
Receiver telescope diameter [mm] 80 [2]
Transmitter/Receiver pointing error [prad] 1[2]
Noise power density of the destination —174 [16]
node [dBm/Hz]
Downlink wireless channel gain N(0.5,0.1%)
Temperature [Kelvin] 289.85 [14]

Proof. Given the arrival rate of A + € € A, applying the
stationary randomized control policy according to Theorem 1
to Lemma 1 is as follows.

N
<B4+ Vplh+e) — EEI:Z 0,(1) | Q(t)i|.

n=1

N
> @] Q)

A(L®)) + VIE[
n=1

7)

By taking expectation over the random Q(¢) and summing
overt ={0,1,...,T — 1}, we have:

T—1
+VY E

N
E[L(T) - L<0>] [Z pn(r)} (18)
N
<TB+TVp(h+e)—e ZE[Z Q,,(t)]
=0 n=1

By dividing both sides by 7', disregarding the negative terms,
and taking as 7 — oo of each in terms of power and queue,
this completes the proof of Theorem 2. [J

6. Performance evaluation

Fig. 2 illustrates the network topology, following a Manhat-
tan network [17]. Table 1 represents major parameters for our
MATLAB simulations. We evaluate the performance in terms
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Fig. 3. Performance comparison of power-delay trade-off. The trade-off
parameters V of JCCR, SR and PBP are 0 ~ 2.2 - 104, 0 ~ 8-10!2,
and 0 ~ 7- 103, respectively.

of average power consumption, queue backlog, and fairness for
the queueing backlog among nodes, employing Jain’s fairness
index [18], defined as follows.

(X

2
i—14i)
n 2
nY 14
We compare the performance with the following existing
algorithms.

J(al,ag,.. (19)

'9an)=

e SR: This is a static routing algorithm in which the
content is retrieved from node 1, and the routing path
is predetermined. According to (13), each node adjusts
only the transmission power in each time slot [19].

e OP: This algorithm dynamically transmits packets from
node 1 with a minimum power of 0.1 W to the node with
the best wireless channel [20].

e OQ: This algorithm dynamically transmits packets from
node 1 with a maximum power of 1 W to the node with
the shortest queue backlog in the queue [21].

e SDP: This is the shortest distance path, a widely used
routing technique in existing content caching research
in satellite networks. This dynamically transmits packets
from node 1 with a maximum power of 1 W to the node
with the best wireless channel [3,6].

e PBP: This algorithm considers transmission power based
on back-pressure routing. From node 1, the delivery link
and transmission power are dynamically controlled to
reduce the largest queue backlog difference and power
according to (13). This allows us to obtain the impact of
dynamic cache node selection [22].

6.1. Simulation results

(1) Power-delay trade-off. Fig. 3 represents the trade-off be-
tween average transmission power consumption and queueing
backlog. We can find that JCCR can save approximately 84%
of transmission power by trading the average queue backlog
by only 1000 Gbits (66 Gbits per node) every time slot.
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Fig. 4. Avg. queue backlog vs. avg. arrival rate. The trade-off parameter V
of JCCR, SR, and PBP is 0.

When wireless channel states are good, the transmission power
increases to send more packets to the next node. On the other
hand, when wireless channel states are bad, the transmission
power decreases to save average satellite power, which in-
creases the length of the transmission queue. Furthermore,
we can observe that JCCR saves considerably on average
transmission power compared to other algorithms with the
same queue backlog. Interestingly, even when JCCR does not
consider transmission power saving (V = 0), it achieves lower
power and queue backlog simultaneously compared to both
0OQ and SDP, meaning that dynamically selecting the source
node helps to save the average power consumption and average
queue backlog. Additionally, the 66% power savings of JCCR
than PBP is also thanks to the dynamic source node selection.
It is worth noting that JCCR consumes less power than OP
by adapting to the wireless channel and queue congestion,
reducing average power consumption. Although SR considers
transmission power saving, the performance of JCCR is better
due to the dynamic routing path selection.

(2) Network stability. Fig. 4 depicts network stability ac-
cording to the average arrival rate. Here, the arrival rate can
vary depending on the content size and/or request rate of the
content. We can find that JCCR outperforms other comparing
algorithms in terms of achievable stability region, i.e., JCCR
can accommodate more content-requested arrivals to serve the
content requests within a finite time since it adaptively selects
the source node with respect to the dynamic queue backlog
and considers queue backlog differences between nodes. In
addition, the transmission queue of OP diverges at the earliest
stage since it does not consider queue backlog at all.

(3) Delay fairness. Fig. 5 illustrates delay fairness among
nodes. For a fair comparison, SR considers fairness only for
six nodes corresponding to the path. We can observe that
JCCR achieves the highest performance, with Jain’s fairness
index of 0.91. In addition, OP, OQ, and SDP show lower fair-
ness performance since they do not consider fairness between
nodes. While PBP and SR select the source node in a static
manner, JCCR selects the source node in a dynamic manner,
which improves delay fairness. Therefore, we can prove that
dynamically selecting the source node and routing depending
on the time-varying queue statistics are crucial in terms of
traffic distribution over entire networks.
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Fig. 5. Jain‘s fairness index. The trade-off parameter V of JCCR, SR, and

PBP is 3-10'3.

7. Conclusion

As a way to prolong the lifespan of LEO satellites and avoid
congestion, we proposed a content-cached satellite selection
and routing framework that delivers content to users through
ISLs when content is stored on multiple satellites. On top
on that, we proposed the distributed JCCR algorithm that
minimizes average transmission power constrained by queue
stability, ensuring performance without additional approxima-
tions. Additionally, the performance bounds of the proposed
algorithm for average power and average queue backlog were
shown via theoretical analysis. Through extensive simulations,
we observed that JCCR demonstrates superior performance in
terms of queue backlog, transmission power consumption, and
traffic distribution fairness compared to existing algorithms.
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