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Abstract: To solve the transmission correlation issue arising from traditional named data network-
ing (NDN) caching during segmenting contents, where users must obtain data blocks related to the
requested file blocks to recover the source data, in this paper, we propose an NDN-based coded
caching strategy for low Earth orbit (LEO) satellite networks, using coding operations to remove the
transmission correlation of data. To achieve efficient content distribution, the satellite node’s coded
package is strategically placed with the objectives of minimizing the backhaul link load and content
acquisition latency. The optimization problem is solved by using a multi-colony ant colony algorithm,
enabling fast content retrieval. We designed a cluster cooperative distribution mechanism to simplify
the satellite network’s management and reduce the load of satellite links for content distribution
when covered by multiple satellite nodes. Finally, we compare the multi-objective coded caching
(CCMO) introduced in this paper with the most popular (MP) strategy and the random-based coded
caching (CCR) strategy; the average cache hit ratio, backhaul link load, and content acquisition delay
are compared and analyzed. The results show that CCMO performs better.

Keywords: named data networking; low Earth orbit satellite networks; coded caching strategy;
content distribution; multi-colony ant colony algorithm

1. Introduction

Low Earth orbit (LEO) satellites can be used as extensions of terrestrial communica-
tion networks due to their broad coverage, low latency, and distributed load [1–3]; they
also offer advantages in remote areas, mountainous, lake, and maritime networks, emer-
gency communication, data broadcasting, and other scenarios [4,5]. However, due to the
limited resources of satellites, satellites face significant energy consumption and communi-
cation resource pressures when transferring large amounts of data, which seriously limit
improvements in satellite data communication time and quality of service.

Therefore, the idea of exchanging the storage space of satellite nodes with the con-
sumption of the satellite’s ground wireless link has been put forward. The cache in the
satellite can reduce the communication traffic of the satellite’s return link, reduce the
communication pressure of the satellite, reduce the service delay of the user, and greatly
improve communication efficiency. A new caching scheme, denoted as SatCache, was
proposed in [6]; it utilizes the broadcasting characteristics of satellite communication media
and creates network user preference profiles to estimate potential interest in a given content.
The authors of [7] proposed a double-layer satellite network model for content distribution,
which used the satellite as a caching module to cache high-frequency content in the net-
work, and the downlink consumption between the satellite and core network was reduced.
At the same time, the cache distribution of the large-scale satellite constellation has also
been studied. The authors in [8] proposed a dynamic cache allocation algorithm-based
matching game, which considered cache collaboration and cache redundancy between
satellites to improve the utilization rate of the cache. The load balancing and allocation of
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cache resources in multi-layer satellite networks are investigated and a distributed cache
strategy based on the Stackelberg game is proposed in [9].

In recent years, some studies have begun to consider the use of fine-grained coded
caching solutions. Coded caching [10] allows files to be divided into coded segments
through coding and then caches them into different cache nodes. Users obtain different
files from different cache nodes. Coding segments then decode those chunks into the full
request file. The authors in [11] proposed a coded caching strategy applied to the satellite’s
unmanned aerial vehicle (UAV)–vehicle integrated network, which greatly reduced the
backhaul traffic between geosynchronous Earth orbit (GEO) satellites and UAVs, saving
more transmission energy consumption. In addition, some studies have introduced coded
caching into satellite networks to achieve more efficient content distribution. The authors
in [12] proposed a heuristic online coded caching scheme based on satellite networks, in
which the auxiliary controller searched for opportunities in the aggregation window for
linear network coding, according to the content cached in each access satellite. However,
this scheme requires the auxiliary controller to go to the ground core end to retrieve
the user’s required content, code the content, and then distribute the content to LEO
satellites. This solution is not very suitable for scenarios where users have large-scale and
diverse requests.

With the development of the LEO satellite networks, the future satellite communication
networks will develop toward the trend of denseness. With the increase in the number
of satellites, on the one hand, terrestrial users can enjoy the coverage of multiple satellite
nodes at the same time. On the other hand, terrestrial users can realize the transmission
characteristics, such as robustness enhancement and bandwidth aggregation, which are
similar to terrestrial networks through multi-point cooperative transmission [13–16].

In this paper, we propose a coded caching scheme of low Earth orbit satellite networks
based on named data networking (NDN) [17]. Based on traditional NDN caching for con-
tent file segmentation, coding operations are used to remove data transmission correlation,
while clustering is carried out based on the geographical location of satellites to simplify
the management of satellite networks and reduce the satellite downlink consumption when
the user is covered by multiple satellite nodes. Then, according to the different content
popularity types, and to minimize the backhaul link load and the link content acquisition
delay as the optimization goal, the satellite nodes are placed with different numbers of
coded packages, and the optimization problem is solved through the multi-colony ant
colony optimization algorithms [18], then an efficient content retrieval and cooperative
distribution mechanism is achieved.

The remainder of the paper is organized as follows. Section 2 presents the satellite
networks model; we discuss the satellite network model in this paper and the process of
clustering satellite nodes. Section 3 presents the coded package naming lookup and cache
placement. In Section 4, we discuss the coordinated distribution of the coded packages.
In Section 5, the simulation results and discussions are provided and the conclusions are
finally drawn in Section 6.

2. Satellite Network Model and Cluster

With the application of satellite network communication and new internet technolo-
gies, satellite networks are becoming more dense, and terrestrial users may be covered
by multiple satellites within a certain period. As shown in Figure 1, the satellite network
architecture of this article is divided into the GEO layer, LEO layer, and terrestrial layer. The
control layer of software-defined networking (SDN) [19,20] consists of three GEO satellite
constellations, which are responsible for the status collection of LEO satellites and the
calculation of cache placement positions. LEO satellites are equipped with NDN routers
for in-network caching and content forwarding. The terrestrial layer is composed of Earth
stations and content service providers. Since the caching mechanisms in the NDN networks
greatly improve the efficiency of content transmission, this paper combines the coded
caching strategy and uses multiple satellites to achieve efficient content data distribution.
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Assuming that the storage space of the satellite node is C (for the convenience of re-
search, the storage spaces of all satellite nodes are set to be the same in this paper). There are
pieces of content in the network, which can be represented as sets F = { f1, f2, · · · , fN}. The
size of each piece of content is M, which can be represented as sets M =

{
m1, m2, · · · , mN

}
.

Each content package is divided into k data blocks of equal length, which can be repre-
sented as sets f1 = { f11, f12, · · · , f1k}. In this paper, the maximum distance separable
(MDS) code [21] is used to encode the content data package, and k equal-length data blocks
can be coded into any number of coded blocks through the Vandermonde generator matrix,
and stored in the satellite nodes. With MDS coding, the satellite node does not need to
consider the correlation between content blocks when caching content, as long as the user
is guaranteed to receive a sufficient number of coded packages, and then the original data
package can be reconstructed.

Earth Station

Internet Service Provider

GEO Satellites

LEO 
Satellites 
Cluster

LEO 
Satellites 
Cluster

Cluster Head 
Nodes

Cluster Head 
Nodes

control 
link

satellite-
terrestrial 
link

SDN controllerNDN router

Users Users Users

Figure 1. Architecture of the satellite networks.

To simplify the management of the satellite networks and realize the cooperative
distribution mechanism of the satellite clusters, this paper divides the clusters into multiple
LEO satellite clusters according to the geographic locations of the satellites [22]. The cluster
head selection mainly considers the connection degree of the node.

The topology of the satellite networks can be viewed as an undirected graph G = (V, E),
where V is the set of nodes in the networks and E is the set of links in the networks. If
{i, j} ∈ E, there is a bidirectional link between node i and node j, which can communicate
with each other.

Due to the predictability and periodicity of the satellite node movement, the satellite
operation period can be discretized into N sufficiently small time slices, and it is assumed
that the topology of the satellite network does not change in each time slice [7].
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The connection degree degreei of node i in a period can be calculated as follows:

degreei =
1
N

N

∑
t=0

n

∑
j=0,j 6=i

at
ij (1)

where N is the number of divided time slices, at
ij represents the degree of node i in the t

time slice. If node i is connected to node j in the t time slice, there is at
ij = 1; otherwise,

at
ij = 0.

For satellites Si and Sj, with the latitude and longitude given, the geocentric angle θ
between the satellites is derived by

θ = arccos[sin(ϕi) ∗ sin(ϕj) + cos(ϕi) ∗ cos(ϕj) ∗ cos(λi − λj)] (2)

where ϕi and λi represent the latitude and longitude of satellite Si, and ϕj and λj represent
the latitude and longitude of satellite Sj.

The distance dij between node i and node j is derived by:

dij =
√

R2
i + R2

j − 2RiRj cos θ (3)

where Ri and Rj are the orbital radii of Si and Sj, respectively.
The process of clustering satellite nodes is as follows:

• In the initial stage, the node calculates its degree of connection degreei according to
the formula, periodically broadcasts the hello package to exchange information with
neighbor nodes, obtains the degree of connection degreej of neighbor nodes and the
distance dij between nodes, and adds the above information to the node’s neighbor
list; the list is sorted in the ascending order of the distance between nodes.

• Each node compares the connection degree with its neighbor nodes; if it finds that its
connection degree is the largest among the one-hop neighbors, and it is an unclustered
node, it will become a cluster head node and broadcast a clustering message.

• All nodes listen to the message. If the node is not the cluster head and receives the
clustering message, it sends a joining request to the cluster head node with the highest
connection degree. The cluster head node selects nodes to join the cluster from top
to bottom according to the neighbor list nodes. The node that successfully joins the
cluster broadcasts the joining message. If nodes with higher connection degrees among
the neighboring nodes have broadcast the joining message, then the current node is
designated as the cluster head node and proceeds to broadcast the clustering message

• The above process is iterated multiple times until all nodes are classified into the
cluster structure. When a node enters a cluster, the head node of the cluster will
randomly assign the identity of the node (Node ID) to this node.

After clustering, we can use W = {w1, w2, · · · , wu} to represent the cluster of satellite
nodes; u is the maximum cluster structure number, wu = {wu1, wu2, · · · , wuν} represents
the clustered collection of satellite nodes, and wuv represents the satellite node v of the
cluster u.

3. Coded Packages Naming Lookup and Cache Placement
3.1. Naming and Finding Coded Packages

In traditional NDN, each data block has its unique corresponding content name. After
network coding is adopted, due to the different naming granularity of interest packages [23],
an interest name no longer corresponds to a single data package [24], but to multiple coded
packages. The user requests content from the access satellite by sending interest packages.
The request arrives at the satellite networks and is forwarded to the cluster head node. The
cluster head node checks its cache table. The cache table adopts a secondary directory, as
shown in Figure 2. To reduce the number of first-level directory entries in the cache table,
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the granularity of the recorded content name is the file level. If the cluster head node finds
the corresponding content, it will look for the secondary directory of the cache table. The
secondary directory of the cache table is arranged in descending order, according to the
number of file-coded blocks, and it also records the Node ID where the coded block is
located. The cluster head forwards the request to the corresponding satellite node, and
the node retrieves its own content storage (CS) table to find the stored coded package and
deliver it.

/par.com/video

/par.com/image

File Name

..
.

/soho.com/video

Number of 

Coded Blocks
Node ID

... ...

File Name ID

1

2

n

.
.
.

Number of 

Coded Blocks
Node ID

... ...

Number of 

Coded Blocks
Node ID

... ...

Figure 2. The structure of the cluster head node’s cache table.

To reduce the large amount of stored entry data in the satellite node’s CS table, this
paper uses the naming dictionary tree to store it. Assuming that the content requested
by the interest package is /par.com/video, the node will search for the prefix of the local
cache entry using the dictionary tree. This search aims to find a matching complete string,
extending from the root node of the dictionary tree to any leaf node that aligns with the
content concatenation to constitute a content name; at the same time, the child nodes of
any node on the concatenation path share the same naming prefix. As shown in Figure 3,
when the satellite node retrieves node 4 and completes the matching, the content of the leaf
node of node 4 /par.com/video/chunk1 and /par.com/video/chunk2 are the required
coded packages.

1

4

2

10

3

76

5

98

par.com google.com

video

chunk2

video

chunk1
chunk2

Figure 3. The structure of the naming dictionary tree.
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3.2. Quantity Decisions for Coded Packages

In this paper, we consider generating different numbers of coded blocks for content
with different popularity types for storage. The more popular content generates more
coded blocks, and the less popular content generates fewer coded blocks; the number of
cached coded blocks for the content is proportional to its request probability.

Oi = pi
C

mmax
k (4)

and
pi =

1/iω

∑N
j=1 1/jω

(5)

where Oi represents the number of coded blocks of the ith content, pi represents the request
probability of the content, C is the storage space size of the satellite node, and mmax is the
maximum content size.

For a larger pi, the obtained Oi may be far greater than k, resulting in serious cache
redundancy. Therefore, to balance the amount of cached content, the number of coded
packages is adjusted based on matching the number of coded packages, and based on the
request probability above. The specific algorithm is shown in Algorithm 1.

Algorithm 1 Chart of the coded package number decision algorithm based on request
probability matching.

1: initialize the number of data packages k, content request probability pi and number of
content N

2: for i← 1 to N do
3: if pi

C
mmax

k ≤ k then
4: Oi = pi

C
mmax

k
5: else
6: Oi = k + k

O1−k (pi
C

mmax
k− k)

7: end if
8: end for

Output: the number of coded packages Oi

If Oi < k, it means that the content is not very popular; we then keep the results of the
number of coded packages; if Oi > k, we map the number k−Oi of coded packages to the
interval of k− 2k, and round up the final result. Since the content is divided into k data
packages, every k-coded package stored by the satellite node is equivalent to storing a copy
in the non-coded cache. We cache the same cache benefit, so the upper limit of the number
of coded packages is 2k.

3.3. The Location of the Coded Packages

The placement of the number of satellite-coded packages is expressed as Owst,i ={
Owst,1 , Owst,2 , . . . , Owst,N

}
, where Owst,i represents the number of coded packages of the ith

file stored on the tth satellite of the sth cluster.

min U =
N

∑
i=1

pi
mi
k
(k−min

{
u

∑
s=1

v

∑
t=1

Owst,i , k

}
) (6)

min T = ∑
i

piRt

(
1− sgn(

ν

∑
i=1

Owst,i − k)

)
+ pi Ht sgn(

ν

∑
i=1

Owst,j − k) (7)

fmin = min[U, T] (8)
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s.t.



N

∑
i=1

Owst,i

mi
k
≤ C

Owst,i
= {0, 1, . . . , k}

u

∑
s=1

v

∑
t=1

Owst,i
≤ Oi

(9)

where sgn is the step function, when ∑ν
t=1 Owst,i − k ≥ 0, the function value is 1, which

means that the required coded block can be obtained in a satellite cluster. Assuming
that the number of hops in a cluster is H, when ∑ν

t=1 Owst,i − k < 0, the function value is
0, which means that it is necessary to obtain code blocks from other clusters or content
servers. Assuming that the number of hops passed at this time is R, H < R, t represents
the transmission delay of one hop of the inter-satellite link.

The contents are arranged in descending order according to popularity, starting from
the most popular content and placing it in sequence. Based on satisfying the cache capacity
constraints, we solve the location of each node’s coded package to minimize the backhaul
link load and content acquisition delay.

3.4. Solving Multi-Objective Optimization Problems Based on the Multi-Colony Ant
Colony Algorithm

Since the multiple objectives of the multi-objective optimization problem are mutually
constrained and exclusive, each objective cannot reach its optimal value at the same time;
generally, only a set of optimal solution sets can be obtained, which is called the Pareto
optimal solution [25]. This paper uses a multi-colony ant colony algorithm to solve the
optimization problem. The ant colony algorithm is divided into multiple groups according
to the number of objective functions, the searches are independent of each other, and the
pheromone exchange between the groups is carried out according to certain rules; finally,
the Pareto optimal unties.

In this algorithm, the solution variable is Owst,i , and the value interval of each variable
is divided into {0, 1, . . . , k} nodes; each Owst,i has k + 1 selection nodes. Ant q will choose
the path with a high pheromone concentration as the moving direction with a higher
probability. The transition probability can be derived as follows:

Pq
(Owst,i ,Owsr,i )

(t) =


[
τOwst,i ,Owsr,i

(t)
]α[

ηOwst,i ,Owsr,i
(t)
]β

∑
Owsr′ ,i∈allowedq

[
τOwst,i ,Owsr′ ,i

(t)
]α[

ηOwst,i ,Owsr′ ,i
(t)
]β , Owsr′ ,i ∈ allowedq

0, otherwise

(10)

where Pq
(Owst,i ,Owsr,i )

(t) is the probability that ant q transfers from the node with the number

of Owst,i coded blocks under the satellite node wst to the node with the number of Owsr,i

coded blocks under the satellite node wsr at time t. τOwst,i ,Owsr,i
(t) is the pheromone concen-

tration on the link at time t. ηOwst,i ,Owsr,i
(t) is the heuristic degree of the link at time t, and α

and β represent the importance of pheromone and heuristic function factors, respectively;
allowedq is the node set of the number of coded blocks that ant q can still access under the
satellite node wsr.

ηOwst,i ,Owsr,i
(t) is the expected degree of the ant moving from the Owst,i coded block

number node under the satellite node wst to the Owsr,i coded block number node under the
satellite node wsr at time t. For the multi-objective optimization model proposed in this
paper, the backhaul link load and content acquisition delay are inversely proportional to
the expected degree, which can be expressed as the following formula:
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ηOwst,i ,Owsr,i
(t) =


1

UOwst,i ,Owsr,i
1

TOwst,i ,Owsr,i

(11)

When ant q passes through a path, it will update the pheromone content on the path,
so that the pheromone on the path will increase ∆τ

q(
Owst,i ,Owsr,i

)(t). When all ants complete

an iteration, the pheromone increment on the path will be ∑Z
q=1 ∆τ

q(
Owst,i ,Owsr,i

)(t); ρ is

the pheromone volatile factor, and 0 < ρ < 1; the local pheromone is updated by the
following formula:

τOwst,i ,Owsr,i
(t + 1) = (1− ρ)τOwst,i ,Owsr,i

(t) + ∑Z
q=1 ∆τ

q(
Owst,i ,Owsr,i

)(t) (12)

Under the backhaul link load target and content acquisition delay target, when the
backhaul link load and content acquisition delay of the selected path is smaller, the
pheromone concentration on the selected path increases more, inspiring more ants to
choose this path. Therefore, the pheromone increase under two targets is set as follows:
UOwst,i ,Owsr,i

and TOwst,i ,Owsr,i
are the function values of the two targets after the current search

is completed, Umin and Tmin are the optimal values of the functions of the two targets cur-
rently found, and Q is the total amount of pheromones of an ant for one pathfinding.

∆τ
q(
Owst,i ,Owsr,i

)(t) =


Q∣∣∣UOwst,i ,Owsr,i
−Umin

∣∣∣
0

ant q passed by
(
Owst,i , Owsr,i

)
otherwise

(13)

and

∆τ
q(
Owst,i ,Owsr,i

)(t) =


Q∣∣∣TOwst,i ,Owsr,i
−Tmin

∣∣∣
0

ant q passed by
(
Owst,i , Owsr,i

)
otherwise

(14)

After each population completes an independent search, the searched solutions are
arranged in ascending order, according to the objective function of the population, and the
solution of a certain group is substituted into the objective function of another population
from top to bottom. If this solution is better than the worst solution searched for by another
population, and this solution is not in the Pareto solution, then we add this solution to
the Pareto solution set, and update the global pheromone according to Formula (15), and
0 < e < 1 . If this solution is inferior to the worst solution searched for by another
population or the newly searched solution is repeated with a certain Pareto solution in the
solution set, we reduce the pheromone on this path and update the pheromone according
to Formula (16).

τOwst,i ,Owsr,i
(t + 1) = τOwst,i ,Owsr,i

(t) + e ∗Q (15)

and
τOwst,i ,Owsr,i

(t + 1) = (1− ρ)τOwst,i ,Owsr,i
(t) (16)

The process of solving the satellite’s coded package placement based on the multi-
population ant colony algorithm is shown in Algorithm 2.
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Algorithm 2 Algorithm for solving the satellite’s coded package placement based on the
multi-colony ant colony.

1: set the number of algorithm iterations Nc, clear the taboo visited, and initialize parame-
ters α, β, ρ, and Z

2: initialize the pheromone τOwst,i ,Owsr,i
(t) under the backhaul link load target and the

content acquisition, delay the target, respectively
3: place Z ants of the two populations at the starting node, respectively
4: for i← 1 to Z do
5: set the taboo table visited index s = 1
6: put the starting code block number node of the ith ant in the table, visitedi
7: select the next number of node-coded packages to move forward according to the

formula
8: move the ant to the selected node and insert the node into the table visitedi
9: if the current node is the destination node then

10: s = s + 1
11: else
12: select the next node
13: end if
14: end for
15: locally update the pheromones on each path according to Formula (12)
16: for s = 1 to Z do
17: read the full path of Z nodes in the visited table of the two populations
18: rank the solutions searched for by the ant colony in ascending order, based on the

optimization objectives of the population
19: if this solution is better than the worst solution searched for by another population

and the solution is not in the Pareto solution then
20: add this solution to the Pareto solution set, and update the pheromone according

to Formula (15)
21: end if
22: if this solution is inferior to the worst solution found by another population or this

solution is already in the Pareto solution then
23: update the pheromone according to Formula (16)
24: end if
25: end for
26: set Nc = Nc+1
27: if Nc < Nmax then
28: clear the table visited, go to step2
29: else
Output: the solution set Pareto
30: end if

4. Coordinated Distribution of Coded Packages

To control the distribution of coded packages more precisely, as shown in Figure 4,
this paper adds a rank field in the interest package to mark the number of coded blocks
required by the user. When the user receives the required number of coded packages,
they can decode and restore them to obtain the original data packages. In the process of
distributing the coded package, the cluster head node checks the rank field of the interest
package and the connection status of each satellite node to control it.
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content name

control character

random number

Original NDN Interest Package

content name

control character

random number

Coded NDN Interest Package

Rank

Figure 4. The structure of the original interest package and coded interest package.

If the required coded package is found on the satellite in the cluster and is connected
to the user, the cluster head node controls the unified distribution of the coded package
of each satellite node. If there is a required coded package on the satellite node but it is
not connected to the user, the cluster head node controls each satellite node to forward the
coded package to the access satellite node closest to the user and delivers it to the user.

If the cluster head node does not find the required content or the number of coded
packages sent by the cluster head node is less than the value of the rank field, i.e., the
coded packages in the cluster do not meet the needs of the user. Then, the cluster head
node forwards the interest package to the GEO satellite and modifies the value of the
rank field, and the GEO satellite retrieves the cache entry table of each cluster except this
cluster. If the GEO satellite finds the required content, it forwards the interest package to
the corresponding cluster head node; the cluster head node searches the cache table to find
the corresponding satellite node, returns all the cached coded packages of the node to the
satellite closest to the satellite cluster that issued the original interest package, and then
sends them to the user. If the GEO satellite does not retrieve the content requested by the
interest package, we forward the request to the ground gateway to obtain the required
content from the content server. The distribution process of the coded package is shown in
Figure A1.

5. Results
5.1. Simulation Parameters

This article uses the Iridium constellation [26] as the forwarding layer, which con-
tains 66 LEO satellites evenly distributed on 6 orbital planes and uses 3 GEO satellites as
controllers to control the entire network in real time. According to [27], this paper sets
the content number to 500; the content size in the network is a random number in the
range of 1–50 MB; the requests arriving at the node obey the Poisson distribution with
λ = 100 req/s; the parameter ω of Zipf [28] ranges from 0.2 to 1.6; finally, the default value
is 0.7.

The value of the parameters in the ant colony algorithm has a great influence on
the performance of the algorithm. The authors in [29,30] conducted a large number of
experimental analyses on important parameters in the ant colony algorithm and determined
the parameters that make the algorithm’s convergence speed and solution performance
optimal. This article refers to the above references Nmax = 200, Z = 100, α = 1, β = 5,
ρ = 0.7, Q = 100, where Nmax represents the maximum number of iterations, Z represents
the number of ants in the colony, α represents the pheromone, β represents the importance
of heuristic function factors, ρ represents the pheromone volatile factor, Q represents the
total amount of pheromone for an ant to find its way at one time.
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5.2. Performance Analysis of the Simulation

Based on the above parameters, we compare our coded caching based on multi-
objective (CCMO) factors in this paper with the most popular (MP) strategy currently in
use and coded caching based on random (CCR). The average cache hit ratio, backhaul link
load, and content acquisition delay are compared and analyzed.

Figure 5 shows the distribution diagram of the Pareto solution of the coded caching
strategy based on multi-objective optimization, when there are two satellites accessed
by users. It can be seen from the figure that the number of Pareto solutions to the cache
placement problem in this paper is 14, the distribution is relatively uniform, and each point
represents a cache placement strategy that satisfies Pareto.

Figure 5. Distribution diagram of Pareto solutions.

Figure 6 shows the relationship between the average acquisition delay of user content
and the number of iterations. As the number of iterations continues to increase, the average
user content acquisition delay continues to decrease, i.e., the individual fitness in the ant
colony algorithm gradually increases, and there is a convergence trend at about 20 iterations;
it gradually reaches convergence at about 60 iterations. At the same time, the change data of
the average acquisition delay of user content are fitted to better represent the performance
of the algorithm.

Figure 7 compares the content acquisition delay of each caching scheme under the
number of satellite nodes accessed by different users. From this figure, it can be seen that
as the number of users accessing satellite nodes increases, the content acquisition delay
of each caching scheme decreases. When the number of satellites accessed by users is 8,
compared with MP and CCR, the average acquisition delays of the content of CCMO are
reduced by about 25% and 13%. As the number of users accessing satellite nodes increases,
the content required by users can be better coordinated and distributed, the user service
needs can be met within one time slot as much as possible, and the content acquisition
delay of each caching scheme is reduced. However, because the coded cache decouples the
transmission correlation between data blocks, only the required coded packages need to be
transmitted when transmitting the content required by the user, rather than transmitting all
the content, reducing the content acquisition latency compared to the most popular cache
placement strategy. Compared with the random-based coded caching strategy, the coded
caching strategy based on multi-objective optimization proposed in this paper can select
and place popular content more accurately, thereby reducing the content acquisition delay.
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Figure 6. The relationship between the average content acquisition delay and the number of iterations.

Figure 7. Content acquisition delay diagram under the number of satellite nodes accessed by
different users.

Figure 8 compares the backhaul link load of each caching scheme under different user
access satellite node numbers. From this figure, it can be seen that as the number of users
accessing satellite nodes increases, the backhaul link load of each caching scheme decreases.
When the number of satellites accessed by users is 0, the backhaul link load is the same
for the three strategies. When the number of satellites accessed by users is 1, compared
with MP and CCR, the backhaul link loads of CCMO are reduced by about 46% and 30%.
As the number of satellite nodes accessed by users increases, the coordinated delivery of
content within a time slot is higher, and coordinated delivery can reduce the load on the
backhaul link. Coded caching transforms the smallest content transmission unit into a
coded package, leading to a reduced backhaul link load compared to the most popular
cache placement strategy. Compared with the random-based coded caching strategy, the
code caching strategy based on multi-objective optimization proposed in this paper caches
more popular content, and this content will be requested more, so there is a lower backhaul
link load.

Figure 9 compares the average cache hit rate of different caching strategies. Compared
with MP and CCR, the average cache hit rates of CCMO are improved by about 14%
and 30%, respectively. The node cache capacity increases, the content that can be cached
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increases, and the cache hit rate naturally increases. At the same time, the average cache hit
rate of the CCMO caching strategy proposed in this paper is higher than that of the other
two caching strategies. This is because, compared with the non-coded cache, the coded
caching strategy in this paper can occupy less cache space to achieve the same cache benefit
as the non-coded cache. Compared with the CCR cache strategy, the MP cache strategy
can obtain a higher average cache hit rate because the cached content is more popular, and
there are relatively more user requests for popular content.

Figure 8. Backhaul link load diagram under the number of satellite nodes accessed by different users.

Figure 9. Comparison of the average cache hit rates of different cache strategies.

6. Conclusions

To achieve efficient content distribution in satellite networks, in this paper, we design
an NDN-based code cache strategy for low-orbit satellites; we use coding operations to re-
move the transmission correlation of data, place satellite node-coded packages to minimize
backhaul link loads and content acquisition delays, solve the optimization problem through
a variety of ant colony algorithms, and realize the rapid retrieval of content. Through the
cooperative delivery mechanism of the cluster, the management of the satellite network is
simplified, and the user can reduce the load of the satellite link for content delivery when
covered by multiple satellite nodes.



Electronics 2023, 12, 3756 14 of 16

In the simulation experiment section, we compare the coded caching based on the
multi-objective (CCMO) method proposed in this paper with the most popular (MP) strat-
egy and coded caching based on random (CCR). We conducted a comparative analysis of
the indicators, such as the average cache hit rate, backhaul link load, and content acquisition
delay. The simulation results show that CCMO performs better in various aspects.

For the coded caching of satellite networks, since the coded caching needs to code
the original data blocks, it is necessary to attach the coding coefficient to the header of the
generated coded data blocks, so as to facilitate the subsequent linear decoding operation.
For the coding overhead of coded caching, further research is needed.
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published version of the manuscript.
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