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Abstract—As a promising complement to terrestrial cellular
networks, satellite networks have recently drawn increasing atten-
tion, offering seamless coverage cost-effectively. However, with the
rapidly increasing users’ demand for multimedia content, how to
achieve efficient content transmission seamlessly becomes a critical
but knotty problem. To provide an efficient solution from the rout-
ing perspective, in this paper, we propose an opportunistic content-
aware routing scheme. Qur scheme combines the features of
in-network caching and content awareness of information-centric
networking (ICN) architecture. The basic idea of the proposed
scheme is to sense users’ requests and find the optimal route
solution with the largest potential gain. Moreover, considering the
limitation of real-time signaling collection in satellite networks,
we design a cached content prediction method. The method is
capable of inferring the probability of content being cached based
on historical popularity information, providing essential informa-
tion for measuring potential gains. Extensive simulation results
demonstrate that the proposed opportunistic content-aware rout-
ing scheme outperforms baseline approaches with significantly
reduced delay and traffic consumption.

Index Terms—Satellite-terrestrial integrated networks, content-
aware, opportunistic routing, cache prediction.
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I. INTRODUCTION

S a promising complement to the terrestrial cellular sys-
A tem, satellite networks have experienced rapid develop-
ment to stride toward large-scale satellite-terrestrial integrated
networks (STINs) in the 5G/6G era [2], [3], [4], [S]. Due to the
characteristic of high altitude and broadcast nature, satellite net-
works can provide seamless coverage without the requirement
of infrastructure [6], [7], which is attractive to terrestrial users
located in rural areas, oceans and etc. Along with the rapid ex-
pansion of satellite constellation and tremendous advancements
in communication technologies, it can be foreseen that terrestrial
users can obtain ubiquitous services such as Internet access and
content retrieval through STINs [8].

According to the latest report, by 2028, global mobile traffic
is expected to increase about three times compared to today,
and the number of IoT devices will reach more than 24 billion
by 2030 [9], [10]. Consequently, the demand for multimedia
content by users and devices expands tremendously in recent
years [11]. Increasing content traffic generated by numerous
applications challenges the capability of data delivery in satellite
networks. The challenge mainly stems from the limitation of the
capacity of the inter-satellite link (ISL) in the STIN: the limited
link capacity is difficult to meet the ever-increasing content
transmission requirements, that is, higher content transmission
traffic burden and lower content transmission delay.

With the development of the storage capability of satel-
lites [12], [13], [14], it becomes promising and feasible to
develop on-board caching of low earth orbit (LEO) satellites in
the STIN to improve the efficiency of content transmission. By
actively caching frequently requested contents on edge satellites,
popular contents can be delivered directly to users instead of be-
ing retrieved from remote servers through backhaul links. Thus
precious on-board resources of LEO satellites, e.g., link capacity
and communication energy, can be significantly saved [15], [16],
[17], [18], [19], [20], [21]. On this basis, as the scale of the
satellite network increases, in-network caching can bring new
vitality to inter-satellite networking and routing. For example,
the existing studies further adopt a new network architecture,
combining the information-centric networking (ICN) [1], [22],
[23], [24], [25], [26], [27] architecture with the STIN. The
ICN architectures are characterized by two major features, i.e.,
routing-by-name and in-network caching, to offload the redun-
dant traffic from users’ requests for popular content and thus
significantly improve the efficiency of content transmission in
satellite networks.
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Although the effectiveness of caching technology and ICN
architecture has been verified in satellite networks, most of
the existing research focuses on the optimization of caching
and transmission strategies, and efficient routing design with
content-aware functions is still lacking in satellite networks.
In order to realize content-aware routing, it is necessary to
collect global cache information, i.e., the cache status of cache-
enabled nodes, in real-time to provide the necessary infor-
mation for routing. Then satellites can more accurately route
user requests to the nearest cache-enabled node to retrieve
the desired content and deliver it to users. By doing this,
the delay and traffic consumption of content transmission can
be reduced. However, due to satellite networks’ highly dynamic
network topology and the limitation of communication over-
head, global cache information is challenging to collect in real
time through ISLs. Therefore, current content-aware routing de-
signs in terrestrial networks cannot be directly applied to satellite
networks [28], [29]. In this case, how to design an efficient
content-aware routing scheme becomes a critical but unsolved
problem.

In this paper, we propose an opportunistic content-aware
routing and forwarding scheme. Considering the difficulty of the
real-time collection of global cache information, we use medium
earth orbit (MEO) and geostationary earth orbit (GEO) satellites
to periodically collect and distribute signaling to reduce com-
munication overhead. Signaling is the set of popularity tables for
cache-enabled satellites, recording information for each request.
In order to enable LEO satellites to know the cache status of
cache-enabled satellites more accurately and provide helpful
information for our content-aware routing, we propose a cache
prediction method that can predict cache based on periodically
distributed signaling. Furthermore, we propose a potential gains
model to calculate the delay in retrieving contents from different
nodes, including cache-enabled satellites and the ground station.
Overall, the proposed scheme can route user requests to the
optimal node in the network, that is, the node with the largest
potential gains, thereby reducing content retrieval delay and
traffic overhead. Finally, the scheme also gives the process of
different satellites processing for requests and data packets,
which provides a reference model for designing opportunistic
content-aware routing schemes that utilize cache capabilities.

The contributions of this paper are summarized as follows:

® We design a cache prediction method to estimate the prob-

ability that contents are cached in the network through
historical popularity information and satellites’ cache strat-
egy. The prediction method can obtain a more accurate
cache status of cache-enabled nodes with less communi-
cation overhead, thus providing necessary information for
subsequent decision-making.

® We design an opportunistic content-aware routing scheme

in the satellite network, which can route user requests to
the optimal node at a small cost. We also give the paradigm
of opportunistic content-aware routing.

® We conduct extensive simulations compared with existing

schemes to evaluate the proposed opportunistic content-
aware routing performance. The results show a significant
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reduction of the proposed schemes in terms of content
retrieval delay and traffic consumption compared with
traditional routing and content-aware routing schemes.
The rest of the paper is organized as follows: The related
works are introduced in Section II. The system model is proposed
in Section III, and the cached content prediction method and
theoretical analysis are discussed in Section IV. After that,
the opportunistic content-aware routing design is proposed in
Section V. Then, the performance evaluation and analysis are
conducted in Section VI. Finally, the conclusions and future
works are drawn in Section VII.

II. RELATED WORKS

The development of satellite storage capabilities has opened
up new possibilities for improving content transmission effi-
ciency in the STIN. By actively caching frequently requested
content on satellites, popular content can be delivered directly
to users, eliminating the need for retrieval from remote servers
via backhaul links. Motivated by this advantage, Lai et al. [15]
proposed a framework for building a global content distribution
network using LEO satellites and cloud platforms, minimizing
storage and traffic costs while maintaining low-latency content
access. Han et al. [16] combined caching and multicast beam-
forming to propose a joint optimization problem. In summary,
the long-term cache storage and the short-term content trans-
mission problems were jointly considered to improve the cache
utilization and spectrum efficiency in the STIN. Besides, the
authors in [17] proposed a cooperative strategy to reduce satellite
communication transmission delay, including cache placement
algorithm for downlink and peer selection algorithm for uplink,
thereby improving the performance in terms of delay, hit rate,
channel rate, and handoff rate. An et al. [18] explored the in-
corporation of wireless content caching into hybrid satellite-to-
ground relay networks, proposed two cache placement schemes,
and demonstrated their significant performance improvements in
terms of outage probability and spectral efficiency. Li et al. [19]
proposed a cooperative transmission scheme by introducing a
cache-enabled LEO satellite network as part of the radio access
network (RAN). The cooperative transmission scheme achieved
significant improvements in traffic offload and energy efficiency,
which is suitable for coping with the mobile traffic explosion
growing demand. In addition, Jiang et al. [20] divided the
satellite network into blocks of different sizes and performed
appropriate cache-enabled satellite deployment according to
the ground user density. The proposed method can improve
user experience and achieve efficient content distribution. Zhu
et al. [21] proposed a framework for a three-tier cooperative
caching that enables caching at satellites, base stations, and
gateways. They formulated the cache placement problem as
an optimization problem of minimizing the average retrieval
latency over the network.

The above studies concentrate on caching optimization, which
is concerned on the cache performance on a single satellite.
By caching popular contents on the cache-enabled satellites
and responding to users when the requested content is cached,
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Fig. 1. Network architecture of our scheme.

it can improve the efficiency of content transmission. On this
basis, as the scale of the satellite network increases, in-network
caching can bring new vitality to inter-satellite networking and
routing. For example, the existing studies further adopt a new
network architecture, combining the ICN [22] architecture with
the STIN. The ICN architectures are characterized by two ma-
jor features, i.e., routing-by-name and in-network caching, to
offload the redundant traffic from users’ requests for popular
content and thus significantly improve the efficiency of content
transmission in satellite networks. For example, Galluccio et
al. [23] and Tomaso et al. [24] first introduced ICN into satellite
networks and designed the specific protocol architecture to
achieve content-aware function and the extensive simulation
results also showed effectiveness the ICN in satellite networks.
Based on that, Li et al. [25] further proposed a novel architecture
that combines software-defined networking (SDN) and ICN to
provide flexible management and efficient content retrieval for
the STIN. The MEO and GEO satellites were considered the
controllers to globally control LEO satellites’ caching strategy
and content delivery process. After that, Yang et al. [26] focused
on the specific content retrieval process in ICN-based satellite
networks and devised a reliable and efficient content retrieval
scheme through a coding-enabled multicast model to provide an
interference-tolerant, low-latency, and efficient content delivery
service. Tang et al. [1] proposed a content-aware routing scheme
for satellite networks based on ICN architecture, using a cached
content prediction model to route users’ requests. Besides, Xu
etal. [27] proposed a hybrid caching strategy for [CN-combined
LEO satellite networks, considering node classification and
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popular content awareness, and dynamically divided satellite
nodes into core nodes and edge nodes to improve content dis-
tribution efficiency and overcome satellite node mobility and
dynamic topology brought challenges.

Most of the aforementioned studies have predominantly fo-
cused on the optimization of caching and transmission strategies,
yet it still lacks the design of content routing in conjunction
with satellites’ cache. Therefore, in this paper, we present an
opportunistic content-aware routing approach. By predicting
satellites’ cache, our routing scheme can route user requests to
the optimal node, thereby reducing content retrieval delay and
minimizing bandwidth consumption.

III. SYSTEM MODEL
A. Network Model

As shown in Fig. 1, we consider a cache-enabled STIN
consisting of terrestrial and satellite networks. The terrestrial
network is composed of the content providers’ server and its
ground station, which is denoted as gs. The satellite network
comprises LEO satellites and MEO/GEO satellites. LEO satel-
lites are denoted as £. The LEO satellites that provide Internet
access services for ground users are called access satellites, de-
noted as L,s = {as1,ass,...asy }. In addition, LEO satellites
with cache capabilities are cache-enabled satellites, denoted as
Les = {cs1,¢82,...,csn,}. Note that all LEO satellites can
provide Internet access for users, while constrained by high de-
ployment costs, only part of LEO satellites are cached-enabled,
ie., Los = L, L.s C L. Furthermore, MEO/GEO satellites are

Authorized licensed use limited to: University of Science & Technology of China. Downloaded on October 04,2024 at 07:30:43 UTC from IEEE Xplore. Restrictions apply.



TANG et al.: OPPORTUNISTIC CONTENT-AWARE ROUTING IN SATELLITE-TERRESTRIAL INTEGRATED NETWORKS

the assistant satellites in the network, responsible for periodi-
cally collecting global cache information and distributing it to
all access satellites.

B. Popularity Table Model

The set of contents files requested by users is denoted as
M ={f1, fay..., far}. Without loss of generality, we assume
that these contents have the same size, denoted as f bytes. The
cache-enabled satellite has certain cache storage c¢- f bytes,
i.e., one cache-enabled satellite can cache c pieces of contents
at most. To record each cache-enabled satellite’s cache status,
we use the popularity table to describe the cache information
of cache-enabled satellites. The structure of the cache-enabled
satellite popularity table is shown in Fig. 1. Popularity table
PT;(t) records the requested contents” information on the cache-
enabled satellite cs; until time ¢. For a specific content f,,,
the requested information on cs; is recorded as R; ,,, which
includes the last accessed time 7 ,,,, the requested content local
popularity p; ,,, and request average arrival rate A; ,,,. The last
accessed time T7; ,,, can be obtained from each request directly.
Besides, the content’s local popularity p; ,,, € [0, 1], and can be
calculated by

(D

where N; ,,, and N; represent request times for content f,,, and
the total request times on cache-enabled satellite cs;, respec-
tively. We assume that the arrival process of requests on cache-
enabled satellite cs; obeys the Poisson process with arrival rate
Ai, and each content request arrival process obeys the Poisson
process [30] with arrival rate A; ,,,, which satisfies

)\i,m = A Pim- (2)

When cache-enabled satellites receive requests from other satel-
lites or users, they should update the request information of the
requested contents in their popularity table.

In addition, assistant satellites collect the popularity ta-
bles of all cache-enabled satellites in the entire network
every 7' time and distribute them to all access satellites.
The popularity tables of all cache-enabled satellites are
recorded as the signaling, which is denoted as PT's(nT) =
{PT\(nT), PTy(nT),...,PTN.(nT)}.

C. Request Model

Users can directly send a request r,,, for content f,, to the
access satellite serving it. One request contains the content
provider and its ground station’s address as well as the requested
content name so that access satellites can retrieve the correct
content. We assume that each user can only connect to one
access satellite. When the access satellite receives a request
for content f,, from a ground user, it can forward it to the
content provider’s ground station, or forward it to a nearby
cache-enabled satellite to retrieve the required content. As shown
in Fig. 1, after the access satellite as; receives the user’s request
f1, it forwards the request to the ground station to obtain the
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content from the content provider. On the contrary, access satel-
lite aso forwards the request for f5 to the nearby cache-enabled
satellite csy instead of forwarding the request to the ground sta-
tion, thereby reducing content retrieval delay and saving traffic
overhead.

Note that when the access satellite forwards the request to a
cache-enabled satellite, the content is retrieved in an opportunis-
tic manner. The opportunistic situation means the requested con-
tent may not be retrieved successfully due to the cache-enabled
satellite does not cache the requested content. The reason for this
phenomenon is that the access satellite can only obtain popular-
ity tables of the cache-enabled satellite periodically and cannot
know the real-time cache status of the cache-enabled satellite.
Therefore, it is necessary and pivotal to correctly weigh the risks
and benefits of going to different cache-enabled satellites to
obtain the requested content. We describe in Section V how we
comprehensively consider the risks and benefits of forwarding
requests to cache-enabled satellites.

IV. CACHE PREDICTION

In this section, we first introduce a local caching strategy
for cache-enabled satellites in the STIN. Second, because the
synchronization of cached information on the entire network is
difficult to achieve in real time, especially for large-scale net-
works, we propose an online prediction method. The prediction
method enables access satellites to deduce the probability of
content being cached on cache-enabled satellites based on the
historical popularity tables. Obtaining the probability that the
content is cached by different cache-enabled satellites is a nec-
essary decision basis for executing opportunistic content-aware
routing.

A. Local Caching Strategy

The local caching strategy refers to the cache decision made
locally by the cache-enabled nodes according to the arrival of
requests. Common local caching strategies include least recently
used (LRU), firstin first out (FIFO), least frequently used (LFU),
most popular caching (MPC), and random caching (RC) [31].
Compared with other caching strategies, the LRU caching strat-
egy is simpler and easier to implement, and due to it being
based on the least recently used criterion, the cached contents are
often popular currently. Therefore, we assume the cache-enabled
satellite replaces and deletes content according to the LRU cache
policy. The main idea of the LRU caching strategy is to remove
the content that has not been requested for the longest time when
the cache is full and make space for caching the latest content.
When the cache-enabled satellite is not full, it will cache any
requested content.

Since the LRU strategy replaces the content that has not been
requested for the longest time when the cache is full, we can con-
clude that in the cache of the cache-enabled satellite deploying
LRU strategy, the cached c pieces of contents are the recently
requested ¢ contents. Let rank; ,,, () € {1,2,...,|M]|} denote
the rank of f;,,’s last accessed time in popularity table PT; ,, (t)
of cache-enabled satellite cs; at time ¢. According to LRU
caching strategy, if the content f,,, is the latest requested content
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at cache-enabled satellite cs;, it means that the content f,,, has
the largest last accessed time 7; ,,, and the rank rank; ., (t) = 1.
Further, we can conclude that if content f,, is cached on the
cache-enabled satellite cs;, its accessed time rank at time ¢
should satisfy

rank; ,(t) < c. 3)

In other words, the top ¢ pieces of contents with the largest last
accessed time in the popularity table PT;(t) are the contents
cached by cache-enabled satellite cs; at time t. According to
this conclusion and periodically distributed popularity tables
of cache-enabled satellites, we can predict the cache of cache-
enabled satellites.

B. Cache Prediction

Considering that the real-time interaction of cached infor-
mation on each cache-enabled satellite is a huge overhead,
especially for large-scale satellite networks, a more practical
approach is to introduce additional nodes for periodic collec-
tion and update. Therefore, we consider using satellites with
wider coverage as assistant satellites and use interlayer links
to periodically collect and distribute the popularity tables of
cache-enabled satellites. Since this operation is not performed
in real time, it is difficult for each access satellite to obtain
the exact cache content of other cache-enabled satellites. For
example, at time ¢,nT <t < (n+ 1)T, the popularity table
of the cache-enabled satellite cs; owned by access satellites is
the popularity table PT;(nT') distributed by assistant satellites
at time nT, not the real-time popularity table PT;(t) of the
cache-enabled satellite. Consequently, the access satellite cannot
know the real-time cache status of cache-enabled satellites.
Thus, we design a cached content prediction method. In specific,
for each access satellite as,,, the proposed method can predict the
cached contents on other cache-enabled satellites, which refers
to the probability that the content f,,, has been cached on the
cache-enabled satellite cs; at time t.

On the cache-enabled satellite cs;, the content set in its
popularity table is recorded as M,(¢), which can be di-
vided into two parts. One is the set MJ""(¢), whose last
accessed time rank is smaller than the content f; ,,, i.e.,
rank; ny (t) < rank; m(t), foy € M*7(t). Another part is set
M (t) whose last accessed time rank is not smaller than the
content f; ., i.e., rank; p(t) > rank; m, (t), fo € M;”Jr(t).
The content set in cache-enabled satellite’s popularity table
satisfies M (t) = M7 (t) + M T (2).

According to the definition before, the time for assistant
satellites to periodically collect and distribute the signaling
is kT, where k = {1,2,...,n,---} represents the number of
periods. Atthe time ¢, ¢ = nT + 7, (0 < 7 < T'), after assistant
satellites send the global cache information for the n-th time,
let P/ (t) € [0,1] denote the probability of content f,, being
cached on the cache-enabled satellite cs;, and P71t (t) € [0, 1]
denote the probability of not being cached.

We consider the worst case for caching, i.e., the cache-enabled
satellite cs; does not receive any requests for content f,,, after
time n7" and also the number of requests for different contents

IEEE TRANSACTIONS ON MOBILE COMPUTING, VOL. 23, NO. 11, NOVEMBER 2024

in the set M? (nT') are more than ¢ — | M} (nT')| within
(nT,t) time. In this situation, the last accessed time rank of
content f,, in time ¢ satisfies

rank; m, (t) > rank; ,(nT) + ¢ — ’M;"’+ (nT)|
= ‘Mf”(nT)‘ +c— ’M:’H(nTﬂ
=c, “4)

which means the cached content f,, at time n7" will be dis-
carded and will not be cached by cache-enabled satellite cs; at
time ¢.

In the worst case, the probability that content f,,, does not
receive any request within (nT,t) is expressed as P, (t)
where PP, (t) € [0,1]. According to the previous definition,
the arrival process of requests for content f,, on the cache-
enabled satellite cs; follows the Poisson process with parameters

A m» hence

po

i,m

(t) = Pr(Nim(nT,t) =0)

= Pr(N;m (nT,nT +7) =0)

=ehimT, S
On the other hand, the probability that the number of requested

content items in M7~ (nT') are greater than ¢ — M " (nT)],
is expressed as P, (t). That is

P! (t)=Pr (K}, (t) > c— M (nT))|), (6)

i,m

Where K},m(t) = Zm/EM?F (’ILT) ]I(Ni,m’(nT,t)Zl) and Variable
H(N- /(nT,t)>1) satisfies

I [ 1, when N,y (nT,t) > 1 )
(Niw (T)21) = 10, when Nj ,(nT,t) = 0.

From the properties of the above functions, we can deduce

that Iy,  (nr.t)>1) + L(N, . (nT,t)=0) = 1, then we can further

represent K} (1),

K}, (t) =

2

i,m ]I(Nivml(nT,t)Zl)
m'eMP (nT)
= Z (1 - I[(N,,Ym, (nT,t):O))
m'eMP (nT)

= |M(nT)| - Z ]I(Niym/(nT,t):O)' ®)

m'e

M (nT)
Bring the result of the (8) into the (6), we can obtain that
Pl (t) =Pr (K}, (t) > c— Mt (nT)))

,m

m/'eM (nT)

= Pr ]I(N /(nT,t):O) S |MZ(TLT)‘ —C (9)

i,m

Denote X; ,(nT,t) = I(n, ,(n7,+)=0), Which satisfies

1, when N; y(nT,t) =0

Xiﬂn/(nT’ t) = { 0, when Ni,m’(nT7 t) > 1 1o

Besides, the probability in (9) can be replaced by
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1
Pim

(t) =Pr (K}, (t) > c— IMP T (nT)]|)

2

m'eM*™ (nT)

=Pr Xim(nT,t) < |M;(nT)| —c|. (1)

For each item X, ,,,»(nT,t), if the content f,,, is not requested
once within time (nT, t), the value of X, ,,(nT,t) is 1, other-
wise is 0. Then, according to the Poisson process property, we
can deduce that

Pr (N; o (nT,t) = 0) = e *m'T, (12)

and

Pr (N (nT,t) > 1) =1— e tim'™, (13)

Therefore, variable X ,,,(nT,t) obeys the binomial distribu-

tion with mean value f; ,,y = e™* and variance aim, =

e M T(1 — e im' ™), e, Xy (NT,t) ~ B(1,e *im'T).
We then analyze that the sequence sum of random variables in

(11), > wentr (1) Xisme (0T, 1), obeys Gaussian distribution

through Theorem 1 and its proof, and then derive the probability
Theorem 1: The sum of random variables

im!T

o= > Xiw(nTt), (14)

m/'eM* (nT)
follows a Gaussian distribution, and it’s meanvalue
is =2 emm (nry€ o7 and variance is o° =

S et gy € (L= e R T).
Proof. Please see Appendix A, available online, for detailsC]
After proving that the sequence sum of random variables
Y omre M= (nry Xiw (T, t) follows Gaussian distribution, we
can further solve for the probability in (9) as
pl

i,m

(t) =Pr(® < |M;(nT)| —¢)
_p (2o Mi(nD)| —c—p
=pe (< BT

_ % (1+erf((|Mi(nT)I\/§Cu)/ﬁ»’ (15)

where erf(z) is the Gaussian error function, the param-
eter (1=, scnm-(nry€ o7 and the parameter o? =
Zm/e/\/l;”’(nT) e—)%m/'r(l _ e—)»i,mm—)'

Considering that we deduce the above process in the worst
case, the probability that a certain cached content f;,, in cache-
enabled satellite cs; at time nT" will no longer be cached satisfies

P(t) < PRy (t) - Pl (t)

_ bt <1 o <<|Mz-<nT>| ) /ﬁ))_

V2
(16)

Therefore, the probability of cache-enabled satellite cs; cache
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fm satisfies

P (8) = 1= Pt (t) > P2, () - Pl (1)

e e (IMT) e ) /o
=e " 2<1+ef< 7 ))

a7)

In order to conservatively estimate the probability, we might
as well consider the probability of cache-enabled satellite cs;

still cache content f,,, at time ¢ is equal to e %im7 . % (1 +

erf( (lM'i("T)\gC_”)/‘/g) if rank; ., < c. Besides, if a content

is not cached on cs; at time n1’, we still think it will not be
cached on cs; at time ¢. Therefore, if rank; ,(nT) > ¢, we
have P} (t) = 0.

In the analysis of this subsection, we propose a method
that can predict the probability of content being cached on
the cache-enabled satellite based on the regularly distributed
global cache information PT(nT"). This approach avoids the
huge overhead of real-time signaling interactions while ensuring
efficient predictions of the probability of contents being cached.
The probability that content is cached in different cache-enabled
satellites significantly determines the risks and benefits of ob-
taining content from that cache-enabled satellite, which will
have anon-negligible impact on our routing selection. Therefore,
the accuracy of cache prediction will directly affect the overall
performance of our proposed scheme: the more accurate the
prediction, the more pronounced the performance improvement
will be.

Nonetheless, we also recognize that there are factors that
affect forecast accuracy. For example, a longer signaling dis-
tribution period, a smaller cache space, etc., will affect our
prediction results and further affect the overall solution. We will
elaborate on the impact of these factors in the simulation part in
Section VI.

V. OPPORTUNISTIC CONTENT-AWARE ROUTING

In the last section, we obtain the probability that cache-
enabled satellites cache the content required by the user, which
can also be considered as the probability of successfully re-
trieving the content from the cache-enabled satellite. In this
section, based on the cache prediction method, we propose
an opportunistic content-aware routing scheme. Opportunistic
content-aware routing allows access satellites to retrieve the
content from cache-enabled satellites with a certain probability,
thereby reducing the content retrieval delay. First, we outline
the overview of our routing scheme, which is divided into three
routing ways. Then, we present an evaluation of the potential
gains, which comprehensively consider both risks and benefits,
when retrieving contents from different caching satellites with a
certain probability. Based on this assessment of potential gains,
we select the optimal node for each request. Finally, we analyze
the workflow and the complexity of our routing algorithm.
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Fig. 2. Route the request and retrieve the content in different ways.

A. Overview of Routing

When an access satellite receives a user’s request for a spe-
cific content, it performs opportunistic content-aware routing
to select the most suitable destination node for this request.
As depicted in Fig. 2(a), if the ground station is chosen as the
destination node, the desired content can certainly be obtained.
However, due to longer paths and limitations imposed by the
terrestrial network, there is often a higher delay and greater
traffic consumption. On the other hand, when attempting to
retrieve the required content from a cache-enabled satellite, due
to the inability to accurately know the real-time caching status
of the satellite, there is only a certain probability of successfully
retrieving the content. Nevertheless, compared to forwarding the
request to the ground station, the path is typically shorter, and
the delay is lower. For example, as shown in Fig. 2(b), once the
content is successfully retrieved from the cache-enabled satel-
lite, it significantly reduces the content retrieval delay and traffic
consumption. However, if the request is mistakenly forwarded
to a caching satellite that does not have the requested content
cached, as shown in Fig. 2(c), rerouting becomes necessary.

Therefore, selecting the most suitable destination node, i.e.,
the optimal node, for each request becomes the core of our
opportunistic content-aware routing algorithm. We need to as-
sess the risks and rewards of retrieving contents from different
cache-enabled satellites and then select the optimal node for
each request.

B. Potential Gains Model

We utilize a potential gain model to assess the overall risk
and reward of retrieving content from different cache-enabled
satellites. The potential gains of the access satellite to retrieve
the user-required content f,,, from cache-enabled satellite cs; at
time ¢t as Gain,; ,,(t) is denoted as

Gaing p,(t) = P;j;n (t)S;m(t) — PP

,m

() Wim (2).

Among them, Piifjn (t) represents the probability that the content
fm 1is in the cache of c¢s; at time ¢, which also represents the
probability that the content f,,, can be successfully retrieved on
cs;. While P{1(t) means that the probability that content is
not cached by cache-enabled satellite cs;. In this situation, we
cannot retrieve content f,,, from cs;. Besides, S; (t) represents
the delay saved by successfully retrieving the content from the
cache-enabled satellite cs; without retrieving the content from

(18)

(a) Directly retrieve the content from content (b) Successfully retrieve the content from the
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the remote content provider. Similarly, suppose the content is not
cached on the cache-enabled satellite cs; and cannot be retrieved
from it. In that case, the request must be forwarded back to
the access satellite and then rerouted by the access satellite to
the content provider’s ground station. The wasted delay in this
processis denoted as W ,,, (¢). Generally, the delay in the process
of retrieving contents is mainly composed of the following
three parts of delay, including propagation delay, transmission
delay, and queuing delay. Note that our potential gain model can
measure the gains from multiple dimensions. However, since
we are primarily concerned with content retrieval delay, we only
take the parameter of delay into consideration in our calculation.
Specifically, we introduce how to calculate the saved delay
Si.m(t) and wasted delay W ,,, () in the following.

On one hand, in the STIN, the distance between satellites
is usually thousands of kilometers, and the distance between
multi-hop satellites is greater than this number, contributing
to a nonnegligible propagation delay. Denote the propagation
delay between the access satellite and the cache-enabled satel-
lite ¢s; as 7} 7" = —%_and the propagation delay between

Cradio

the access satellite and the content provider’s ground station

as Ty TP — cmjm, where c¢,q4io 1S the propagation rate of
radio.

On the other hand, since the size of request packets and data
packets are different, which contributes to different transmission
delays in the forwarding request process and returning content
process. On the other hand, there is a difference between the
satellite’s transmission rate and the ground station’s transmis-
sion rate. When calculating the transmission delay, the factors
mentioned above need to be considered. Denote the transmission
rate of satellites as 7" and the transmission rate of ground
stations as 7'9. Denote the size of the request packet as s” and
the size of the data packet containing the requested content
as s?. Hence, on one satellite, the transmission delay of the

request packet is TZ Jans ;—2, the transmission delay of the

data packet is TCIT;“”“’ = #=. Similarly, the transmission delay

ST

of the request packet in the ground station is ’7'3: ¢ = 77, and
.. . d
the transmission delay of the data packet is ngans = 75

Finally, we also consider the queuing delay on the node. Since
the real-time queuing situation of each node cannot be obtained
at a low cost, we use 72%¢U¢ to represent the average queuing
delay on a satellite and use TQQ"”W to represent the average
queuing delay on the ground station.
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Note that the delay experienced by packets between ground
stations and content provider servers is not considered in this
paper since we mainly focus on the routing problem in STIN.
Besides, the information related to delay calculation mentioned
above, such as the path and number of hops, can be obtained
based on the routing tables.

The distance from the access satellite to the cache-enabled
satellite cs; is denoted as d;, and the number of hops experienced
to cs; is h;. Similarly, the distance from the access satellite
to the ground station is dg4, and the number of hops to gs is
hg, where the first h, — 1 hops happen between satellites, the
last hop happens between the satellite and the ground station.
As shown in Fig. 2(b), when the access satellite successfully
retrieves the content f,, from the cache-enabled satellite cs;,
instead of retrieving the content from gs, which is described in
Fig. 2(a). The saved delay in this situation is:

Sim(t) = S (8) + ST (1) + S (8).

7,m

(19)

Among them, the saved propagation delay Sf 2P (t) is repre-
sented as

Sf&op(t) _ 7_;37-01) _ 7_iProP. (20)
The saved transmission delay can be represented as
Sg:;ans (t) _ (hg o 1) (ng’ans 4 nggans) + ngans
+ Tg:;‘ans o h’L (ngans + Tg:;’ans) , (21)

which includes the saved transmission delay in both forwarding
the request packet process and returning the data packet process.
The saved queuing delay is represented as

SiQ’:f“e(t) =2 (h, — 1) 7Queue ¢ 27';9“6“6 — QhTQuene,
(22)
Further, the saved delay in (19) can be further calculate as

Sim () = 747 4 (hy — 1) (17" 710 4 2720)
+ TZQTans + T(g:;"ans + 2TgQueue - TZProp
—h; (TTT:STans +T$:ans +7_3Queue) _ Qhﬂ,sQueue'
(23)

Suppose that the access satellite forwards the request to the
cache-enabled satellite cs;, but at time ¢, the cache-enabled
satellite c¢s; does not cache content f,,, then the cache-
enabled satellite will forward the request packet back to the
access satellite. After that, the access satellite forwards the
request to the content provider’s ground station to retrieve the
content. The above process is shown in Fig. 2(c), and the time
wasted in this process is

Wi (£) = W22 (8) + WErems (b) + W2 (1)

im (24)
Similar to computing the saved time, the wasted time in this
process can be further expressed as

Wi,m(t) _ TZProp + hi(TZ:ans + Tg:rans 4 TQucue)

S S

+ 2R Tuene, (25)
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C. Optimal Node Selection

When the access satellite receives request r,, from users
at time ¢, it calculates the potential gains of going to differ-
ent cache-enabled satellites to retrieve content f,, according
to the signaling distributed by assistant satellites at time n7'.
Denote cache-enabled satellite with largest potential gains as
N£8, which can be calculate as follows

m

N2 = argmax | Gaing ,,(t) |,Ves; € Les, (26)

and its potential gains is denoted as Gain{,;. Then we compare

the potential gains Gaing,; with 0. If it is bigger than 0, we select
N¢£2 as the optimal node for request 7, because it can reduce
content retrieval delay compared to gs. Otherwise, we still select
gs as the optimal node for request r,,. Therefore, the optimal
node for request 7, is

N, it Gaing: >0

gs, it Gaing; < 0. 27)

optimal __
Neptimal _ {

D. Workflow of Routing

The workflow for our proposed scheme can be described as
shown in Fig. 3. When a user’s request reaches the access satel-
lite, the access satellite attempts to execute opportunistic routing
decisions. This process mainly consists of the following steps:
predicting the probability of different cache-enabled satellites
caching the requested content, calculating the potential gain
for different cache-enabled satellites, and selecting the optimal
node with the largest potential gain. If the optimal node is still
the ground station operated by the content provider, there is no
need to modify the destination address of the request. If the
optimal node is a cache-enabled satellite, the destination node
of the request packet is modified to that cache-enabled satellite,
and then the request is forwarded. It is important to note that
opportunistic content-aware routing attempts are only made at
the access satellite, and no further attempts are made after the
first unsuccessful attempt.

When the request packet reaches the destination node, if
the destination node is the content provider’s ground station,
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Algorithm 1: Opportunistic Content-Aware Routing.

Input: request r,,, ground station gs, current time
t =nT + 7, last popularity tables PTs(nT);
Output: the path to the optimal node for retrieving
content f,,: P(Ngptimal),
Stepl Cache prediction:
Initialize a set Lo m = 0;
for cache-enabled satellite cs; € L.s do
Calculate the probability P;7, (¢) according to (17);
if P/" () > 0 then
‘ Ecs,m — Lesm + Csi
end
end
Step2 Potential gains calculation:
Initialize NoPt™al=gs, Gaincs=0;
for each cache-enabled satellite cs; € Ls,, do
Calculate the potential gains Gain; ,,(t) according

N R . T N I S

[
R = S

to (18);
13 if Gain; ,,(t) > Gaings then
14 | Ngptimal=cs; Gain$i=Gain; m,(t);
15 end
16 end

17 Step3 Optimal node selection:

18 Select the optimal node N2P*™a! for request r,,
according to (26) (27);

19 Step4 Find path to the optimal node:

20 Change the destination as N2P*"™al for request 7,,;

21 Find path P(N2Pt™al) according to routing tables;

22 return P(Ngptimal)

which can definitely be retrieved the content. It will fill the
requested content into the data packet, then forward it to the
access satellite. If the destination node is a cache-enabled satel-
lite, the cache-enabled satellite will first identify the requested
content and try to retrieve the content from its cache. Suppose
that the content is cached on the cache-enabled satellite. The
cache-enabled satellite will fill the data packet with the requested
content and forward it back to the access satellite. If not cached,
it will return the request packet to the access satellite. When the
packetreturns to the access satellite, it will update the probability
according to the packet type to know the latest status of the
cache-enabled satellite. If the packet is a request packet which
means the cache-enabled satellite does not cache the requested
content, the access satellite will update the probability that the
cache-enabled satellite caches the content as 0 and then reroute
the request to the ground station. However, if the packet is a data
packet, the access satellite will update the probability as 1. After
the access satellite receives the data packet, it will deliver the
retrieved content to users.

The opportunistic content-aware routing is shown as Algo-
rithm 1. Step 1, including lines 1 to 8, mainly involves predicting
the probability of the requested content f,,, being cached by dif-
ferent cache-enabled satellites at the current time. We predict the
probabilities based on the global cache information PT's(nT’)
from the previous period. Step 2, including lines 10 to 16, is
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to calculate the potential gains of retrieving content f,,, from
different cache-enabled satellites. The greater the potential gain
in retrieving content f,, from a certain cache-enabled satellite,
the greater the probability of successfully retrieving the desired
content from that cache-enabled satellite with lower latency.
Step 3, including lines 18 to 22, is involved in selecting the
optimal node with the largest potential gains and modifying the
destination address of the request packet to the selected optimal
node. Step 4, lines 20 to 22, is to find the next hop that forwards
request ,,, to the optimal node according to the routing table.

E. Complexity Analysis

In the cache prediction method, i.e., step 1 of Algorithm 1,
denote the cache-enabled satellites that cached content f,,
at time n1" as Ls . For each cache-enabled satellite cs; in
Lecs m.itneeds | M~ (nT')| additions operations to calculate the
probability Pff}n (t) that come from the process of calculating the
parameters . and o2 in (17). Therefore, the complexity of cache
prediction method, is O([Lcs| - [M]). Step 2 of Algorithm 1
calculates the potential gains of going to different cache-enabled
satellites belonging to L., ., to retrieve content f,,. Thus, the
computational complexity of step 2 is O(|L.s|). For step 3, the
complexity is O(1). For step 4, the complexity is also O(1)
when there is a routing table. Therefore, the complexity of
Algorithm 1 is O(|Les| - |[M]).

For each request, executing opportunistic content-aware rout-
ing requires knowing the probability of successfully retrieving
the requested content on each cache-enabled satellite, i.e., re-
quiring cache prediction. Based on the probability obtained by
the cache prediction method, the potential gains of retrieving
content from different cache-enabled satellites can be calculated,
and further, the optimal node, that is, the cache-enabled satellite
or the ground station with the largest potential gains, can be
calculated. Considering that for each request, the cache predic-
tion process and the optimal node selection process are required
only once at the access satellite, and no additional processing is
required during the forwarding process. Hence, the complexity
O(|Les| - |[M]) is acceptable for a complete content retrieval
process. To better investigate the overhead issues in practice,
we provide the specific computational overhead of the proposed
routing scheme in Section VI.

It should be noted that the proposed routing scheme is compat-
ible with the traditional routing schemes without content-aware
ability. Inherently, Algorithm 1 provides an extra content-aware
routing computation process independent of the traditional rout-
ing process. From step 1 to step 3, for each content request,
Algorithm 1 calculates its potential gains by exploring both risk
and reward and then finding the optimal destination node to
retrieve the content. In step 4, the routing table that provides the
forwarding path can be updated by arbitrary classical routing
algorithms, e.g., the Dijkstra algorithm in OSPF [32], [33] and
the Bellman-Ford algorithm in RIP [34]. Thus, if steps 1-3 are not
executed, the designed routing scheme can be easily degraded
to the traditional routing process for non-content data trans-
mission, which is friendly to practical implementation in STIN
systems.
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TABLE I
SIMULATION PARAMETERS

Parameters Values
Constellation Type ‘WalkerStar
Height of Orbits 1050km
Orbit Angle 90°
Number of LEO 100
Number of Planes 10
Transmission Rate of Satellites 50Mbps
Transmission Rate of Groud Station 200Mbps
Size of Request 5KB
Size of Content 0.IMB
Size of Popularity Table 0.1MB
Request Rate 0.2s7!
Caching Strategy LRU
Number of Request 100000

VI. PERFORMANCE EVALUATION

We adopt an open-source large-scale satellite network sim-
ulator (LSNS) [35] as our simulation environment. We take a
real-world dataset based on MovieLens [36], which has 100,000
requests for 1682 movies. In the experiments, we randomly se-
lect access satellites for each request, i.e., the request’s locations
are randomly distributed. At the same time, in order to ensure
the validity of the dataset, we generate requests according to the
actual request order of the dataset and let the terrestrial users
send the requests to the access satellites. All experiments were
performed on a PC with four 3.6 GHz CPUs, 16 GB RAM,
and Windows 10 OS. The simulation parameters are shown as
Table I.

For performance comparison, we adopt the following five
schemes:

® SPFR: Shortest path first routing, which is searched by the
Dijkstra algorithm without content-aware capability.

® CR: Content-aware routing, which is without cache pre-
diction and considers cache-enabled satellites’ caches un-
changed.

® OCR: Opportunistic content-aware routing, which is based
on the cache prediction method proposed in this paper.

e Optimal: Real-time content-aware routing, which can ob-
tain cache-enabled satellites’ cache status in real time. This
scheme is the optimal case for content-aware routing.

® NCPCA: Node classification and popular content aware-
ness scheme, which is derived from [27]. This scheme
selects the core nodes as cache-enabled satellites and takes
a probabilistic caching scheme on cache-enabled satellites.

For strategy SPFR, the access satellite receives the user’s re-
quest without any processing and directly forwards the user’s re-
quest to the original destination node, i.e., the content provider’s
ground station. Strategy CR believes that the cache of the cache-
enabled satellite does not change, so at time ¢, it believes that the
cache status of the cache-enabled satellite is still consistent with
time nT'. Hence, it will forward the request r,,, to the closest
cache-enabled satellite, which cached content f;,, at time n7".

Strategy OCR is our proposed solution, which considers the
change of cache-enabled satellites’ cache status. After receiving
the request r,, from users, it will predict the probability of
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content being cached by our cache prediction method and select
the optimal node according to our proposed potential gains
model. The optimal strategy can obtain the cache status of
cache-enabled satellites in real-time and forward the request
., to the closest cache-enabled satellite, which caches the
content f,,, at time ¢. Note that this strategy is ideal due to
the huge overhead of obtaining the real-time cache status of all
cache-enabled satellites in a highly dynamic satellite network.

A. Prediction Accuracy Analysis

Fig. 4 shows the effect of the signaling distribution period
T on the prediction accuracy. Define § = #ﬁvw as the
prediction accuracy [1], where Ny, .. represents the number of
requests that the requested content was successfully retrieved
in the cache-enabled satellite and Ny is the number of re-
quests that the requested content was failed retrieved from the
cache-enabled satellite. It can be observed that as the collecting
and distributing time of signaling increases, the accuracy of
opportunistic routing requests decrease. This phenomenon is
because the period of the signaling collected and distributed by
assistant satellites is longer, making it impossible for access
satellites to obtain the more current cache status of cache-
enabled satellites. Consequently, access satellites mistakenly
think that some contents that have been replaced are still in
the cache of cache-enabled satellites and forward the requests
to these cache-enabled satellites. This failed way increases the
proportion of prediction errors. Compared with the CR scheme
without prediction, our proposed scheme can significantly im-
prove the performance of opportunistic routing’s accuracy and
avoid the situation that the required content cannot be retrieved
on the optimal node. In addition, when the period of signaling
collection and distribution is 7" = 1000 s or 7" = 2000 s, the
prediction accuracy of our proposed scheme OCR is above 95%,
and the performance in terms of content retrieval delay and traffic
consumption is very close the optimal strategy.

B. Performance Under Different Cache Settings

In this subsection, we evaluate the performance of different
cache settings, including the cache size and the number of
cache-enabled satellites. Fig. 5 shows the effect of the number
of nodes with caching enabled on the scenario. The situation
is similar to terrestrial content distribution networks, which
allow access satellites to retrieve contents from closer satellites
rather than the remote content provider. In addition, compared
with SPFR, CR, and NCPCA, OCR is closer to the theoretical
optimal scheme. Fig. 6 shows the performance of different cache
sizes. It can be observed that content retrieval delay and traffic
consumption decrease as the cache space increases. With the
increase of the cache size, cache-enabled satellites can cache
more popular contents. Hence, access satellites are more likely
to successfully retrieve content from cache-enabled satellites
after receiving users’ requests. It should be noted that when the
cache space is 10, the content retrieval delays of OCR and CR are
higher than NCPCA. What’s more, the content retrieval delay
of CR is even higher than SPFR without cache capability. The
reason for this phenomenon is that due to the tiny cache space,
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the cached contents set of the cache-enabled satellite will always
be in a highly variable state under the LRU caching strategy.
Therefore, there is a big difference between the cache set at nT’
time and the cache setatt = n’T" 4 7 time. Scheme CR considers
that the cache of the default node does not change, which leads to
incorrectly forwarding the request to a cache node that does not
cache the content and further contributes to an increase in content
retrieval delay. Fortunately, with the proposed cache prediction
method, i.e., in scheme OCR, the content retrieval delay and
traffic consumption can be reduced even though the cache space
is tiny and the gap with NCPCA and the optimal solution is also
decreasing. However, when the cache space is large, since the
cached contents set of cache-enabled satellites will not change
widely, the OCR is significantly better than NCPCA and also
better than the solution CR without cache prediction.

C. Performance Under Different Dataset

To verify our proposed scheme’s generality, we adopt different
synthetic datasets, which obey the Zipf [37] distribution with
different parameters. The larger the parameter of the Zipf distri-
bution, the higher the proportion of requests for certain contents
in the request data set, i.e., the more concentrated the popular

Signaling distribution period T(s)

(b) Content retrieval delay verse different 7.

Signaling distribution period T(s)

(c) Consumed traffic verse different 7.

1.0 T T T T T T
EZlocrR R CR B optimal
09 X SPFR [l NCPCA

o
®

o
3

o
3

Average consumed traffic(MB)
o o
IS >

o
w

L )
L )

N
N
N
N
N
N
N
N
§ .
N
N
§ -
N
N
\ B
N
N
N
§ .
N
N

0.2
0 5 10 15 20 25

Cache-enabled satellites ratio(%)

(b) Consumed traffic verse different cache-enabled satellites
number.

contents. The first four columns in Fig. 7 represent the requested
datasets of different exponent parameters in Zipf distributions,
and the last column represents the real-world dataset. We can see
that OCR has less content retrieval delay and traffic consumption
compared to SPFR, CR, and NCPCA, regardless of whatever
dataset is conducted. Meanwhile, it can be observed that OCR
has different gain effects on datasets with different popularity
distributions. With the increase of the Zipf distribution param-
eter, the performance improvement for using OCR is more
prominent. This phenomenon is because users’ requests con-
verge on several popular contents with the increasing distribution
parameter «v. Thus cache-enabled satellites prefer to cache them
for lower content retrieval delay and traffic consumption. Since
a small number of content accounts for the vast majority of
requests, cache-enabled satellites also cache these contents most
of the time, and access satellites can successfully retrieve these
popular contents from cache-enabled satellites.

D. Performance Under Large-Scale Network

In order to verify the performance of our scheme in a large-
scale LEO satellite network, we adopted the OneWeb constel-
lation design [38], which has 648 LEO satellites, a total of
18 orbital planes, and each orbital plane has 36 satellites and
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orbit height is 1200 km. Fig. 8 shows the performance under
different cache settings in the large-scale network. It can be
found that the scheme with caching enabled prominently reduces
the content retrieval delay compared with the scheme without
caching enabled. Even when the number of cache nodes is small,
or the cache space is small, the performance of content-aware
routing is significant compared with scheme SPFR. This phe-
nomenon shows that in large-scale networks, enabling caching
can bring considerable benefits. Besides, the performance will be
further improved and closer to the theoretically optimal scheme
if combined with our cache prediction method and potential
gains model. As shown in Fig. 8(b), compared with NCPCA,
our proposed solutions, OCR and CR, perform better when
the number of cache-enabled satellites and the cache space
are larger. However, when the cache space is limited, similar
to Fig. 6(a), the performance of CR and OCR is worse than
the NCPCA scheme. This is attributed to the fact that the
cache of a cache-capable satellite changes dynamically when
the cache space is small. Consequently, it frequently occurs that
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the required content cannot be retrieved from the cache-enabled
satellite by our schemes, leading to the necessity of rerouting and
resulting in suboptimal performance. In large-scale networks,
i.e., Fig. 8(b), this phenomenon is more apparent compared to
Fig. 6(a) due to the larger number of cache-enabled satellites.

E. Additional Computational and Transmission Overhead

Our proposed scheme incurs additional computation and
transmission overhead compared to the basic routing scheme
SPFR. On the one hand, the additional computational over-
head mainly comes from the process of cache prediction in
Algorithm 1. On the other hand, the additional transmission
overhead mainly comes from the interactions of global cache
information. Table II shows the additional computational and
transmission overhead required by OCR, where cache space ¢
is 50 and the number of LEO satellites is 100.

For each request, the access satellite selects the optimal node
according to Algorithm 1 and forwards it according to the routing
table. In the case where the network has |L.s| cache-enabled
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TABLE II
ADDITIONAL COMPUTATIONAL AND TRANSMISSION OVERHEAD

Cache-enabled Satellites [Les] =5 |Les| =10 |Les] =15 |Les| =20 |Les| =25
Computational Overhead by SPFR (CPU Cycles) 9.82 x 10° 9.83x 10° 9.81 x 10° 1.04 x 10° 1.07 x 10°
Computational Overhead by OCR (CPU Cycles) 1.16 x 10 1.29 x 105 142 x 10° 1.61 x 10°  1.76 x 10°

Additional Computational Overhead (CPU Cycles) 1.8 x 10° 3.1 x 10° 4.4 x 10° 58 x10° 6.9 x 10°
Consumed Traffic by SPFR (GB) 84.332 84.332 84.332 84.332 84.332
Consumed Traffic by OCR (GB) 77.852 73.062 69.732 67.292 65.132

Saved Traffic (GB) 6.42 11.27 14.60 17.04 19.20
Additional Transmission Overhead by OCR (GB) 0.25 0.50 0.75 1.00 1.25

satellites, a total content set the size of | M|, and a routing table,
the complexity of executing Algorithm 1 is O(|Ls| - |[M|) as
we analyze in Section V-E. The calculation process of Algo-
rithm 1 is the additional computational overhead of our scheme
compared to the basic routing scheme SPFR. In our simulation
environment, we evaluate the computational overhead for each
request generated by scheme OCR and scheme SPFR. The
results are shown in the 2-4 lines of Table II. We can find that
the more cache-enabled satellites, the greater the computational
overhead OCR needs. This is because our scheme requires cache
prediction for each cache-enabled satellite, which increases the
computational overhead. Considering that Algorithm 1 only
needs to be executed once at the access satellite and does not
need to be processed during the forwarding process. Hence,
the additional computational overhead is acceptable for us.
Besides, we believe that the additional computational overhead
can be better solved with the development of computer hardware
technology.

Compared with the basic routing scheme SPFR, our OCR
scheme requires additional transmission overhead to interact
with the global cache information, providing necessary con-
ditions for opportunistic content-aware routing. The additional
transmission overhead mainly comes from the collection and
broadcast of global cache information by assistant satellites.

When the number of cache-enabled satellites in the network
is |Lcs|, the size of popularity table PT;(nT") of cache-enabled
satellite is .S MB, we can deduce that the transmission overhead
for the interaction of global cache information in one period is
2 |Les| - S MB. The 7-8 lines of Table II compare the saved
traffic and the additional transmission overhead caused by the
interaction of global cache information. The comparison shows
that the additional transmission overhead caused by global cache
information interaction is far less than the traffic saved by our
proposed scheme OCR. This is because we use broadcasting to
deliver global cache information and collect and distribute sig-
naling at a larger interval simultaneously. Thus, the transmission
overhead caused by global cache information exchange can be
significantly reduced.

VII. CONCLUSION

In this paper, we proposed an opportunistic content-aware
routing scheme to provide efficient content delivery service in
the STIN. The basic idea is to leverage the cached contents on
cache-enabled satellites and find the optimal route solution for
each request with the largest potential gains, i.e., how much
delay can be reduced. In addition, considering the overhead of
real-time information collection in dynamic satellite networks,
each satellite can only be informed of the cache status of other
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satellites periodically. Thus, we also designed a cache prediction
method based on historical popularity information. That is, a
satellite can predict the probability of a certain content being
cached in other cache-enabled satellites according to the cache
information periodically collected and distributed by assistant
satellites. Extensive simulations showed that the opportunistic
content-aware routing scheme based on the cached contents
prediction method outperforms the traditional shortest path first
scheme and content-aware routing scheme regarding content
retrieval delay and traffic consumption.

In our future work, we will further improve the performance
of the solution and gradually reduce the additional overhead
it brings while ensuring low content retrieval delay and traffic
consumption.
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